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ABSTRACT 

The activity of hippocampal pyramidal cells (place cells) is correlated with the 

position of a rat in a given environment, suggesting that the rat hippocampus may contain 

a cognitive map of the environment, bitemally-generated information about the motion of 

the rat may be the strongest initial determinant of place-cell firing. With experience in a 

given environment, cues and landmarks may gain control over place-cell firing, allowing 

the correction of errors or drift in the self-motion information. This 'binding* of cues to 

the hippocampal map may involve long-term potentiation (LTP). Because hippocampal 

LTP is impaired in aged rats, cues and landmarks should be poorly bound to the 

hippocampal map in aged rats. 

To test this prediction, aged and adult rats were trained to run back and forth on a 

linear track. The position of the start box was changed from trial to trial, so that self-

motion information (i.e., the distance of the rat from the start box) and visual-cue 

information (the position of the rat in the room) were mismatched. In this situation, self-

motion information controls place-cell firing during the initial portion of each journey. At 

some point in each journey, however, the hippocampal map realigns, so that place-cell 

firing is controlled by visual-cue information. If age-related LTP deficits impair the 

binding of cues to the hippocampal map, this realignment should be delayed in aged rats. 

As predicted, the realignment occurred nearer to the end of the track in the aged rats. 

Moreover, the delayed realignment was correlated with the rats' ability to find a hidden 

goal at a position relative to the visual cues. The results suggest that some of the spatial-
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learning deficits observed in aged rats may be due to impaired binding of cues to the 

hippocampal map. 

In addition, despite the &ct that the animals in the present study had never been 

trained with a stable start box (the anchor point for self-motion information), place-cell 

firing was controlled by self-motion information for a large portion of each outbound 

journey. This result supports a strong initial role of self-motion information in 

determining the hippocampal representation of a rat's position. 
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CHAPTER 1: INTRODUCTION 

What can rat navigation tell us about human memory? At first glance, the question 

seems nonsensical. What possible relationship could there be between the two topics? On 

closer inspection, however, a connection begins to take shape. The common thread is a 

brain structure called the hippocampus. This evolutionarily ancient piece of the brain is 

thought to be involved in navigation in rats (OfCeefe et al., 1975; OXeefe and Nadel, 

1978; Morris et al., 1982; Redish, 1999), birds (Bingman et al., 1987; Bingman et al., 

1990; Bingman and Yates, 1992), monkeys (Mahut, 1972; Parkinson et al., 1988; Angeii 

et aL, 1993; Gaffan and Parker, 1996) and humans (Corkin, 1965; Smith and Milner, 

1981; Pigott and Milner, 1993; Maguire et al., 1996). To be precise, the hippocampus is 

thought to be involved in the learning and recall of spatial information in those animals. 

Furthermore, this same structure has been implicated in more general forms of memory in 

humans, such as the learning and recall of specific episodes in a person's life (Scoville 

and Milner, 1957; Squire, 1992). 

Could it be that our ability to remember specific events, which some consider a 

decidedly human characteristic, depends on a brain structure that we share with birds, 

from whom we are separated by some 200 million years (Raven and Johnson, 1989)? If 

so, it is possible that research into the iimer workings of the hippocampus of the rat, a 

much closer relative, could tell us something about the fimction of our own hippocampus. 

More specifically, examining how rats leam, or fiiil to learn, about a single environment 

may tell us something about how humans leam, or &il to leam, about their world. 
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The rat hippocampus has densely-packed layers of cell bodies that make extracellular 

recordings of cell activity relatively simple (e.g., Andersen, 1975). It receives highly-

processed inputs from, and projects back to, areas of the brain that carry information from 

all sensory modalities, giving it a potentially critical position in the associative processing 

of many different Qpes of data (Swanson, 1983). 

The hippocampus appears to be an early target of age-related structural changes 

(Hasan and Glees, 1973; Tomlinson and Henderson, 1976). The changes are specific to 

particular hippocampal subfields, cell types, and receptor molecules (for review, see 

Barnes, 1994). In parallel with the structural changes, aging causes deficits in long-term 

potentiation (LTP), which may be the experimental analog of memory formation in the 

brain (for review, see Barnes, 2001). Aging also causes deficits in spatial learning in rats 

(for reviews see Barnes, 1988; Gallagher and PeOeymounter, 1988; Barnes, 1990). 

The strongest correlate of hippocampal pyramidal cell activity is spatial in nature -

cells fire according to the position of the rat in a given environment (OlCeefe and 

Dostrovsky, 1971). Because the activity of ensembles of these 'place' cells can accurately 

represent a rat's position in that environment, the hippocampus is thought to contain a 

cognitive map of the environment (OlCeefe and Nadel, 1978). It has been suggested 

(McNaughton et al., 1991; Knierim et al., 1995; McNaughton et al., 1996; Touretzky and 

Redish, 1996; Redish and Touretzky, 1997; Samsonovich and McNaughton, 1997; 

Redish, 1999; Guazzelli et al., 2001) that intemaUy-generated information about the 

motion of the animal is the strongest initial determinant of place-cell firing, and that cues 

in the environment acquire control over place-cell firing as the rat gains e}q>erience in the 
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environment. As LTP is currently the best experimental model of associative memory 

formation, it is possible that this experience-dependent binding of cues to the cognitive 

mi  ̂involves an LTP-like process. 

The current study examined two questions regarding hippocampal function in aged 

and adult rats. First, are aged rats deficient in their ability to encode the location of cues 

and landmarks into their hippocampal mq[>s? If LTP is required for cues and landmarks to 

acquire control over place-cell firing, the LTP impairments in aged rats may impair this 

binding process. Aged rats might therefore depend on self-motion information more 

heavily than do adult rats. These deficits might be partially responsible for the spatial 

learning deficits in some aged animals. 

Second, does the internally-generated signal regarding the rat's motion actually 

represent the initial metric of the hippocampal map? Though suggested by multiple 

investigators (see above), the strongest experimental support for this hypothesis comes 

fi-om a single study (Knierim et al., 1995). Because the hypothesis and is not imiversally 

accepted (e.g., Jeffery and OlCeefe, 1999), further examination of the issue is merited. 

To clarify the specific motivations behind these questions, the characteristics and 

functions of the hippocampus in aging and adult animals are reviewed in detail in the 

folloMong chs^ters. The topics include hippocampal anatomy, hippocampal involvement 

in various forms of memory, memory deficits associated with aging, possible 

mechanisms of synaptic plastici ,̂ and spatial correlates of hippocampal cell activity. 
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CHAPTER!: HIPPOCAMPAL STRUCTURE AND ITS CHANGES 

WITH AGE 

This chapter will provide a broad overview of hippocampal morphology and 

connectivi  ̂in the rat, and will also mention key changes in those features with age. For 

a more complete review of these topics, the reader is referred to Amaral and Witter 

(199S), Brown and Zador (1990), and Barnes (1994; 1999). For individual citations 

regarding the anatomy and coimectivity of the adult rat hippocampus, please refer to 

Amaral and Witter (1995), &om which most of the information presented here was 

obtained. 

Right 
onguiat* 
cortex Longrtudinal 

Assure V. Left 
ctngulate 
cortex 

Amygdala 

Mammillary 
t>ody 

Flgnrc 1. The huinaa hippocampns (and other stmctnres). Note the smaU size of tiie hippocampns 
reiatfve to tile neocortex. Figure firom PInei (2000). 
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Gross anatomy, fields, and nomenclature 

The hippocampus, although technically a cortical structure, is considered archicortex 

('old cortex*) rather than neocortex ('new cortex'), corresponding to its earlier origins. 

Because of the significant evolutionary expansion of the neocortical sur&ce area in 

primates, the hippocampus makes up a small portion of the human brain's sur&ce area 

(Figure 1). In rats, however (Figure 2), it has been estimated that the sur&ce area of the 

hippocampus is 1.2 cm ,̂ almost as large as the estimated neocortical surfiice area of 1.S 

cm  ̂(Swanson, 1983; Swanson et al., 1987). 

Figure 2. The position of the hippocampus in the nt brain. The rostral end of the nervous system is 
toward the lower left of the figure. The hippocampus is looped around the thalamus. The fornix (I) 
descends from the septal pole ofthe hippocampus. Note the large size of the hippocampus relative to 
the neocortex. Figure adapted from Amaral and Witter (1995). 

The entire cylindrical structure of the hippocampus is looped in a semicircle around 

the thalamus (Figure 2). When examining cross-sections of the cylinder, it is apparent 

that the hippocampus has folded in onto itself form two interlocking C-sh^pes (Figure 
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3, Figure 4, and Figure 5). The interlocking structure is reminiscent of a seahorse, hence 

the name 'hippocampus' from the Greek 'seahorse'. The structure reminded Lorente de 

N6 of a ram's horn, hence some of the fields of the hippocampus are named comu 

canmonus ('Ammon's horn'). According to the nomenclature used in this dissertation, the 

hippocampus includes the dentate gyrus (or fascia dentata) and the fields CA3, CA2, and 

CAl (comu ammonus 3,2, and 1). CA2 is a small band between CA3 and CAl (Lorente 

de No, 1934), but is often considered a portion of CA3. This dissertation will follow the 

latter convention and therefore not discuss CA2 separately, but see Amaral and Witter 

(199S) for a discussion of neuroanatomical distinctions between CA2 and CA3. The more 

general term 'hippocampal formation' will refer to the hippocampus phis the entorhinal 

cortex and subiculum (not the presubiculum or the parasubiculimi). Note that these 

definitions may not conform to those of other investigators (e.g., Amaral and Witter, 

1995; Nadel and Moscovitch, 1997). In addition, 'parahippocampal region' will refer 

specifically to the cortical areas near the hippocampus; perirhinal cortex (Brodmann areas 

35 and 36), parahippocampal cortex (postrhinal cortex in the rat, areas TH and TF in the 

monkey) and entorhinal cortex. Finally, the term 'hippocampal complex' moU refer to the 

collection of ail of the structures mentioned above - the hippocampus and nearby regions 

of cortex. 

Regarding the axes of the hippocampus, this chapter will follow the conventions of 

Amaral and Witter (1995). The longitudinal axis of the hippocampus, which is firequently 

referred to in terms of dorsal and ventral position, will instead be termed the septo-

temporal axis, referring to the structures near the ends of the hippocampus (Figure 4). 
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The curved axis nmning through a cross-section of hippocampus from the dentate gyrus 

to the entorhinal cortex will be termed the transverse axis, with positions closer to the 

dentate gyrus considered proximal, and positions closer to the entorhinal cortex 

considered distal 

Figure 3. A scliematic diagram of a slab of hippocampal tissue cut perpendicular to the long axis of 
the hippocampus. Note the interlocking cell sheets. Abbreviations: lEC, biteral entorhinal cortex; 
mEC, medial entorhinal cortex; pS, pre- and para-suUculum; S, subiculnm; CAl, comu ammonus 1; 
CA3, comu ammonus 3; DG, dentate gyrus or fascia dentata. Figure adapted from McNaughton 
(1989) and Burgess and 0*Kecfe (1996). 
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CAI 

CA3i 

OG 

Figure 4. Cutaway view of tlic rat lilppocampus. Laiieb on the entire brain indicate septal (S) and 
temporal (T) poks of the hippocampus, as well as the transverse axis (TRANS). Labels on the slice 
indicate the dentate gyrus (DG), CA3, CAI, subiculum (S), perforant path (pp  ̂SchafTer collaterals 
(sc), and mossy fibers (ml). Figure from Amaral and Witter (1989). 

Most regions of cortex have six layers. The hippocampus and the subiculum, 

however, have only three layers (Figure 5). In areas CA3 and CAI these are the 

polymorphic layer {stratum oriens\ pyramidal layer {stratum pyramidale\ and molecular 

layer {stratum radiatum and stratum lacunosum-molecuiare). In the dentate gyrus these 

are the polymorphic layer {hilus), granular layer {stratum granulosum), and molecular 

layer {stratum moleculare). Cell bodies are most densely packed into the pyramidal and 

granular layers, with the surrounding layers being relatively acellular. 

In addition to the principal cells (granule cells in the dentate and pyramidal cells in 

CA3 and CAI), the hippocampus has a diverse population of inhibitory intemeurons. The 

activity of inhibitory cells profoundly affects the fimction of any neural network, but the 

details of the intemeuronal characteristics and distributions are beyond the scope of this 

brief review. Therefore, the types of intemeurons thought to be present in each 
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hippocampal subfield will only be mentioned, not fully described. Please see Freund and 

Buzs  ̂(1996) for a complete discussion of hippocampal intemeuronal anatomy, 

connectivity, and neurochemistry. 

CAS 
sr 

CA2 ^s l-m 

CA1 

DG PoOG 

'S ML 

PrS 

ab J" ' 
rhinal 
sulcus 

EC 

Flsure 5. Crosf-scctfonal view of tiie rat iiippocampai. Roman nomerais are layers of cortex. Dotted 
lines indicate cell-body layers. EC: entorUnai cortex. 1X2: dentate gyros. CA3: coran ammonns 3. 
CA2: coran ammonns 2. CAl: coran ammonns 1. S: snbicninm. PrS: presnbicninm. PaS: 
parasnbicninm. ab: angniar bnndle. so: stratum oriens. pel: pyramidal cell layer, si: stratum 
Inddnm. sn stratum radiatum. s l-m: stratum lacnnosnm mokcnlare. PoDG, GL, and ML: 
pofymorphic, granular, and molecular layers of tlie dentate gsrrus, respectively. Figure from Amaral 
and Witter (199S). 
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Information flow through the hippocampus 

An abridged description of hippocampal circuitry (compare to Figure 6) makes up 

what has been called the tri-synaptic circuit: Cortical projections innervate the entorhinal 

cortex, which projects to granule cells of the dentate gyrus through the perforant pathway 

(synapse 1); the granule cell projections (the mossy fibers) innervate the pyramidal cells 

of area CAS (synapse 2); the CA3 pyramidal cell projections (the Schaffer collaterals) 

innervate the pyramidal cells of area CAl (synapse 3); CAl then projects to the main 

hippocampal output, the subiculum. 

Another attractive simplification was the concept of the lamellar organization of the 

hippocampus (Andersen et al., 1971). That is, it was thought that most hippocampal 

projections remained within a &irly narrow septo-temporal slice of the hippocampus. The 

concept of independent lamellae wired in parallel has important implications for 

modeling of hippocampal function. In addition, this idea led to the development of the 

hippocampal slice preparation, in which the hippocampus is cut into cross-sectional slabs 

300 - 500 ̂  thick (Skrede and Westgaard, 1971). The slices are kept alive for a few hours 

by perfiising them with artificial cerebro-spinal fluid (aCSF), and the electrophysiology 

and plasticity of the cells and synapses can be studied during that time. Because this 

allowed investigators to record cell activiQr intracelhilarly, to bathe the slices in aCSF 

with particular concentrations of certain ions, and to apply various drugs to the slices, the 

slice preparation has been invaluable for research into the mechanisms of induction and 

expression of long-term potentiation. 
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Advances in neuroanatomical methods, however, have revealed that both the 

trisynaptic circuit and the lamellar organization of hippocampal connections are outdated 

concepts (for review and complete citations, see Amaral and Witter, 1995). Most of the 

intra-hippocampal projections mentioned below, for example, are as broadly distributed 

along the septo-temporal axis of the hippocampus as they are along its transverse axis 

(Amaral and Witter, 1989). The notable exception is the mossy fiber projection to CAI. 

Thus the lamellar concept is no longer a viable computational model, though the progress 

made through study of the hippocampal slice preparation is not invalidated by its passing. 

A more complete description of hippocampal connectivity is summarized here and in 

Figure 6. The principal cortical inputs to the hippocampus come from polymodal 

association cortex, through the perirhinal cortex, to the entorhinal cortex (though there 

are also direct cortical connections with the subiculum and CAI). The entorhinal cells 

then project (as the perforant path) to the granule cells of the dentate gyrus, though they 

also send projections to directly CA3, CAI, and the subiculum, and also make recurrent 

connections in the entorhinal cortex itself. The granule cells of the dentate gyrus have 

recurrent projections that remain in the dentate gyrus, and also send projections (mossy 

fibers) to the pyramidal cells of CA3. The CA3 pyramidal cells have a massive network 

of recurrent collaterals, but also send projections (Schaffer collaterals) to the pyramidal 

cells of CAI. CAI pyramidal cells project to the subiculum (the principal cortical ou^ut 

of the hippocampus) as well as the entorhinal cortex and, to a lesser extent, directly to 

neocordcal areas. The subiculum projects to the entorhinal cortex, both directly and 
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through the pre- and parasubicuhim, and back to die neocortex. A detailed description of 

each step of the informational flow follows. 

Subcortical Inputs Subcortical Outputs 

Cortical Interconnactions 
ParifMnal CoiMx 
MadW Fronlai CerHK 

Figure 6. Intrinsic connections of tiie rat hippocampust plus some of its cortical and subcortical 
connections. For simplicity, cortical and subcortical structures arc grouped. This does not Imply that 
each hippocampal field Is connected with each extrahippocampal structure. CAl, for example, has 
direct reciprocal connections with pcririilnal cortex and retrosplenlal cortex, but not medial frontal 
cortex. EC: entorhinal cortex. DG: dentate gyrus. CA3: comu ammonus 3. CAl: comu ammonus 1. 
S: sublculum. PrS: presubicninm. PaS: parasublculum. Figure firom Amaral and Witter (1995). 

Inputs to the hippocampus 

Inputs to the hippocampus come fiom association cortex of all sensory modalities, 

including piriform, perirhinal, medial prefrontal, and retrosplenial cortex. This has led 

some to suggest that the hippocampus is the hi^est level of associational cortex 
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(Swanson, 1983). That is, the diversity of hippocampal inputs might allow the 

hippocampus to form associative memories involving all aspects of an experience. This 

concept meshes well with the observations of episodic memory deficits after 

hippocampal damage (see Memory and the hippoccnnpus). Note that the cortical inputs 

are not confined to the entorhinai cortex, but also arrive directly at area CAl and the 

subicuhun. 

In addition, the hippocampus receives information from multiple subcortical areas 

(Figure 6). Most of the subcortical inputs, many of which are neuromodulatory, run 

through the fimbria-fornix, a collection of fibers which enters the hippocampus at its 

septal pole. The prominent neuromodulatory inputs are serotonergic from the raphe 

nucleus, cholinergic and GABAergic from the septum, noradrenergic from the locus 

coeruleus, and possibly dopaminergic from the ventral tegmental area. 

Finally, the hippocampus receives input from the contralateral hippocampus through 

the hippocampal commissure. The entorhinai cortex, dentate gyrus, CA3, CAl, and the 

subiculum all receive some form of contralateral input. 

Entorhinai cortex 

The entorhinai cortex is composed of two general areas, the lateral entorhinai area 

(LEA) and the medial entorhinai area (MEA), though the names do not actually indicate 

location in the transverse plane of the brain. In addition to being distinguishable 

cytoarchitectonicalfy, these two areas mark the initial stage of topography ui the 

hippocampus (Figure 7). Though the entire entorhinai cortex projects to all hippocampal 

subfields, the projections of the two entorhinai areas remain distinct in all cases, hi the 
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projections to both the dentate gyrus and CA3, the LEA projects to the outer 1/3 of the 

apical dendrites of the target cells, while the MEA projects to the middle 1/3 of those 

same dendrites. In the projections to CAl and the subicuhun, the separation is along the 

transverse axis (recall that 'proximal' is closer to the dentate gyrus, 'distal' is closer to 

entorhinal cortex): the LEA projects to the distal region of CAl and the proximal region 

of the subiculum, while the MEA projects to the proximal and distal regions 

(respectively) of those structures. Because this segregation of projections continues 

throughout the hippocampus, and even into hippocampal outputs (Figure 7), information 

may be able to flow along different channels (Amaral and Witter, 1995). 
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Entorhinal 
Cortax 

1. Entorhinal Cortax 
2. Perirhinal Cortex 
3. Infralimbic Cortax 
4. MafflmiUary Nudaua (roatral) 
5. Nudetia Accumbona 
6. Lateral Septal nogien 

Dentate CA3 
Gynia 

u a 

CA1 Subicuhjm 

1.MldinoThaiwnua 
2. Entorhinal Cortax 

1. Ratrosplenial Cortex 
2. Proiiihiriiliiiii 
3. Anterior Thatamie Complex 
4. Mamminaty Nudaua (caudaQ 
5. Entorhinal Cortax 

Ffgore 7. PoHible segregation of information flow tiirongli the liippocampal formation. Scliematic 
diagram of connections according to position in tlie transverse axis of tiie Add (*proximai* Is cioscr to 
tile dentate gyms, 'distal' is cioscr to tiw entorliinal cortex). Note the rough topography at each step, 
most notably at the CAI projection to snhicninm, wiiich is then maintained in snhicnlar projections 
to other brain regions and to particular portions of entorhinal cortex. Figure from Amaral and 
Witter a995). 

In addition, the projections of entoriiinal cortex have septo-temporal specificity. The 

lateral region of the entorhinal cortex (not the LEA, but the region in the lateral portion of 

the entorhinal cortex relative to the transverse plane of the brain; see Figure 8) projects to 

the septal ends of the target fields. The medial region projects to the temporal ends of the 

target fields. As with the LEA-MEA segregation, this topographic organization may have 

functional implications (Amaral and Witter, 1995). Because the lateral region receives 
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most of the cortical input, the septal portions of the hippocampus might be expected to 

process sensory (exteroceptive) information preferentially. In contrast, the medial region 

receives most of the input from the amygdala, and therefore might preferentially process 

interoceptive information. This suggestion may affect the interpretation of hippocampal 

activity, in that most pyramidal cell recordings have been obtained from the septal 

hippocampus (exceptions include Jung et al., 1994; Poucet et al., 1994). Also, there has 

been some indication that lesions of the septal hippocampus, rather than lesions of 

temporal hippocampus, are most detrimental to spatial learning: Moser et al. (1993) 

found that temporal hippocampal lesions did not impair spatial learning unless the entire 

temporal portion of the hippocampus was removed. Lesions of septal hippocampus, in 

contrast, had only to include 20% of the total hippocampal volume to cause spatial-

learning deficits. 

Entorhinal cortex also has direct projections to cortical and subcortical targets. These 

include ol&ctory cortex, perirhinal cortex, temporal cortex, frontal cortex, septum, 

amygdala, and nucleus accumbens. 
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Figure 8. Dual, orthogonal topographic projections from the entorhinai cortex. The fiH patterns 
(dots, horizontal Unes, diagoniri lines, and gray shading) indicate tlie combined medial-lateral and 
MEA-LEA position of ceOs in the entorhinai cortex. The projections of LEA vs. MEA neurons arc 
topographically organized as described in Hgure 7. The projections of the medial and lateral regions 
(outlined in red and blue, respectively) are topographic r^tive to the septal-temporal axis of the 
Uppocampus. Thus, more lateral regions of the entorhinai cortex project to more septal regions of 
the hippocampus, while more medial regions of tlie entorhinai cortex project to more temporal 
regions of the hippocampus. Projections from three cortical regions to the entorhinai cortex are also 
shown (RSP Ctx.: retrosplenial cortex). Figure adapted fhim Amaral and Witter (1995). 

Dentate gyrus 

The dentate gyrus, one of the interlocking C-shapes of the hippocampus, consists of 

qsproximately 1 million granule cells, plus at least 9 types of intemeurons (chandelier, 

basket type 1, basket type 2, HIPP, HICAP, MOPP, spiny CR, IS-1, and IS-2 cells; see 

Freund and Buzsdki, 1996). The granule cells receive input from approximately 2(X),000 

entorhinai cells, and in turn project to approximately 300,(X)0 pyramidal cells in CA3. 

This divergence and subsequent convergence has led to the suggestion that the dentate 

gyrus mi^t reduce the similari  ̂of overk^ping incoming information (e.g., 

McNaughton and Morris, 1987; Levy, 1989; Itolls, 1989; McNaughton and Nadel, 1990). 
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Such ortfaogonalizatioii can increase the efiBciency of an associative neural network, 

allowing the storage of more memories in it (e.g., French, 1991; Kortge, 1993; for review 

see McClelland et al., 1995). See Long-term potentiation for a discussion of the 

catastrophic interference that occurs when neural networks store too many memories. 

The mossy fiber projections to CA3 do not appear to be topographic, in that each 

mossy fiber extends throughout the proximal-distal axis of CA3 (Figure 7). Moreover, the 

mossy fiber syns^ses may be particularly influential on the activity of the CA3 pyramidal 

cells they innervate, due to the large specialized synaptic complexes formed by the pre-

and post-synaptic cells. The pyramidal cells' large, many-lobed post-synaptic process is 

called a thorny excrescence, and is surrounded by the large mossy-fiber pre-synaptic 

process. Up to 37 synaptic contacts can be made at one of these formations. 

In addition to the mossy fiber projection to CA3, each mossy fiber has approximately 

seven thin collaterals that stay in the polymorphic layer of the dentate gyrus. These 

collaterals appear to innervate both excitatory and inhibitory intemeurons. It is not clear 

if this recurrent network is extensive enough to support the associative fimctions ascribed 

to area CA3 (see CAS, below). 

CA3 

Area CA3, comprised of about 300,000 pyramidal cells and at least 9 types of 

intemeurons (chandelier, basket type 1, basket type 2, O-LM, bistratified, radial 

trilaminar, spiny CR, IS-1, and IS-2 cells; see Fretmd and Buzs ,̂ 1996), receives its 

major inputs from the dentate gyrus and the entorhinal cortex. Because of the parallel 

nature of the entorhinal projection, CA3 may be receiving the same information in two 
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different modes: monosynjqiticaUy, in raw form, from the entoriiinal cortex; and 

disynapticaUy, in orthogonalized form, from the dentate gyms (Figure 6). The inputs 

from the entorhinal cortex are somewhat topographic (see Figure 7 and Entorhinal 

cortex, above). The main CA3 ou^uts are to CAl, both ipsilaterally and contralaterally, 

and to the lateral septal nucleus. The projection to CAl is highly topographic, in that 

distal portions of CA3 project to proximal portions of CAl (Figure 7). 

CA3 is also endowed with a powerful network of reciurent connections. It is 

estimated that a single CA3 pyramidal cell contacts approximately 6,000 other CA3 

pyramidal cells (2% of the total number). Such connectivity can allow a neural network 

to perform autoassociations, allowing the completion of incomplete patterns of 

information and the storage of sequences of information (McNaughton and Morris, 

1987). 

CA1 

Area CAl has ̂ proximately 400,000 pyramidal cells and at least 11 types of 

intemeurons (chandelier, basket type 1, basket type 2,0-LM, bistratified, horizontal 

trilaminar, radial trilaminar, back-projection, spiny CR, IS-1, lS-2, and IS-3 cells; see 

Freund and Buzs ,̂ 1996). Similar to CA3, CAl receives parallel input of (potentially) 

identical information in different forms: monosynapticaUy, in raw form, from the 

entorhinal cortex; and trisyni^tically, in twice-processed form, from CA3. Both inputs 

are topogr^hically organized: the projection from LEA reaches the distal region of CAl, 

the projection from MEA reaches die proximal region of CAl, and the CA3 projection is 

organized as described above (Figure 7). CAl also receives input from retrosplenial 
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cortex and perirhmal cortex, suggesting that the entorhinal cortex is not the sole cortical 

input to the hippocampus. 

CAl *s main ou^ut is a topographic projection to the subiculum. CAl also sends a 

projection to the septum. In addition, however, CAl sends a return projection to 

entorhinal cortex, and also to retrosplenial cortex and perirhinal cortex. Thus, the 

subiculum is not the sole hippocampal ou^ut to the cortex. 

Subiculum 

The subiculum receives topographic inputs from CAl and entorhinal cortex. The 

topography of the CAl input is maintained in subicular outputs to the rest of the brain 

(Figure 7). Thus, the distal portions of subiculum project to particular cortical and 

subcortical structures, the medial portions of the subiculum projects to the midline 

thalamus, and the proximal portions of subiculum project to a different group of cortical 

and subcortical structures. In contrast, the topography of the entorhinal input is 

maintained only in the retum projection to the entorhinal cortex. Thus, proximal portions 

of subiculum project to LEA, and distal portions project to MEA. 

Changes in connectivity with age 

Aging does not, contrary to initial findings, cause general degeneration of the 

hippocampus. Rather, there are subtle effects of aging which are specific to each 

hippocampal subfield, and even to particular receptor Q^s within each subfield. In 

addition, some of the changes may actually be compensatory — an attempt by the aging 

brain to preserve function. 
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It has been noted that, in parallel with the cognitive deficits associated with normal 

aging, the hippocampus decreases in size with age in rats and humans (e.g.,. Reports 

using modem stereological cell-counting methods (West, 1993a), however, have 

uncovered no indication of hippocampal principal cell loss with age (e.g., Nichols et al., 

1993; West, 1993b; R£^p and Gallagher, 1996; Rasmussen et al., 1996). The results 

suggested that the age-related cognitive deficits might be due to changes in ceil size and / 

or changes in the axons and dendrites connecting the cells. One method of examining 

changes in hippocampal connectivi  ̂is the synapse count. Unfortunately, synapse counts 

in various hippocampal subfields have returned mixed results (e.g., Geinisman and 

Bondarefif, 1976; Geinisman, 1979; Anderson et al., 1983; Schefif et al., 1985; for review 

see Barnes, 1999), possibly because of synapse counting methods, accidental use of 

memory-intact aged animals, or both. Geinisman et al, (1992), however, avoided both 

pitfiills by using the stereological method to count synapses in memory-impaired aged 

rats. The authors found a decrease in the number of axospinous synapses in portions of 

the molecular layer of the dentate gyrus. Such decreases in network connectivity  ̂could 

very well cause some of the age-related deficits observed in humans, monkeys, and rats. 

Until the methods of Geinisman et al. (1992) are used to assess synaptic changes in 

other hippocampal subfields, however, the age related changes in the connectivity of 

those fields must be inferred from various electrophysiological measures. The results of 

those measures are summarized here and in Figure 9. 

In the dentate gyrus, the findings of Geinisman et aL (1992) are supported by an age-

related decrease in the pre-syn^tic fiber potential elicited by a given stimulus of the 
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perforant path (Barnes and McNaughton, 1980a; Foster et al., 1991). This decrease 

suggests that fewer axons are present in the stimulated area, which could cause the 

synapse loss observed by Geinisman et aL (1992). In addition, there is an age-related 

decrease in the excitatory post-syn^tic potentials (EPSPs) elicited from the granule ceQs 

by a given stimulus of the perforant path, as would be expected with synapse loss 

(Barnes, 1979; Barnes and McNaughton, 1980a; Foster et aL, 1991). 

The compensatory effects of aging, however, are evident when examining the ratio 

of EPSP size to pre-synaptic fiber potential: the ratio actually increases in aged rats 

(Barnes and McNaughton, 1980a; Foster et al., 1991). That is, for a given number of 

stimulated input axons, the granule cell response is larger in aged rats. In addition, both 

quanta! analyses and minimal stimulation protocols (designed to examine the 'unitary 

EPSP' - the response to a small number of stimulated axons; McNaughton et al., 1981) 

suggest that the remaining perforant-path —> granule cell synapses are stronger than those 

of adult rats (Foster et al., 1991). 

A final subtle twist of the age-related changes observed at synapses of the dentate 

gyrus regards particular receptor types. Two main types of ionotropic glutamate receptors 

are found in the hippocampus: NMDA receptors and AMPA receptors (see Long-term 

potentiation: Induction and expression mechanisms). AMPA receptors are thought to 

mediate most hippocampal fast synaptic transmission, and NMDA receptors are thought 

to be critical for the induction of long-term potentiation (LTP; a possible analog of 

memory formation through synaptic strength adjustments). When these components of 

the EPSP were assessed separately, it was revealed that, while the AMPA-receptor-
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mediated EPSP at a given synapse increased in strength with age, the NMDA-receptor-

mediated EPSP decreased in strength with age (Rao et al., 1994). Furthermore, the 

decreased NMD A response led to an increase in the threshold for LTP induction (Barnes 

et al., 2000a). If the shifted threshold is not compensated for by the increased strength of 

the AMPA response, the net result could be a deficit in the induction of syn^tic 

plasticity. 

Presynaptic fiber potential 

RetdEPSP 

ReM EPSP / 
presynaptic fiber potential 

AMRA sensitivity 

Unitary EPSP 

Quantal size 

NMOAEPSP 

NMDAEPSP/ 
AMPA EPSP 

Figure 9. Rcgioii-specific ciianges in dcctropliysiology and connectivity witii age. Left: Summary of 
eiectropiiysiological results. Right: Anatomical changes that could cause these results. The data are 
consistent with a loss of axons into the dentate gyms, a compensatory strengthening of the AMPA-
receptor-mediated response at the remaining synapses, and a reduction of the NMDA-receptor-
mediated response at the remaining sjmapses. In CAl, In contrast, there are no losses of input axons, 
but each axon makes fewer sjmaptic contacts onto the pyramidal cells. The flmction of the remaining 
synapses appears unchanged. Figure adapted and updated from Barnes (1994). 

In area CAl, the story is somewhat different (Figure 9). Although, as in the dentate 

gyrus, the field EPSP decreases with age (e.g., Barnes et al., 1992; Bauman et al., 1992; 

Deupree et aL, 1993; Barnes et aL, 2000b; for review see Barnes, 1999), the pre-sym^tic 

fiber potential is unchanged in aged rats (Kerr et aL, 1991; Barnes et al., 1992; Barnes et 
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al., 2000b). The results suggest that, rather than a loss of incoming axons, CAl suffers a 

loss of synaptic contacts from those axons. Also in contrast to the changes in the dentate 

gyrus, there are no changes in the unitary EPSP (Barnes et al., 1992), quantal size 

(Barnes et al., 1992), or the relative strengths of the AMPA-receptor-mediated and 

NMDA-receptor-mediated EPSPs (Barnes et aL, 1997a). Thus, although LTP-induction is 

impaired in area CAl (see Long-term potentiation: How does aging qff^t LTP?\ the 

impairment is not caused by deficits in the NMDA-receptor cascade (Barnes et al., 1996), 

but may be caused by the simple loss of synapses (or other &ctors; Rosenzweig et aL, 

1997). 

Two other age-related electrophysiological changes must be mentioned, both of 

which affect the dentate gyrus, CAl, and CA3. The first is a decrease in the slow 

cholinergic EPSP. This EPSP lasts on the order of two minutes, and is elicited by tetanic 

stimulation of the polymorphic layer. Shen and Barnes (1996) observed an approximately 

50% decrease in the amplitude of this phenomenon in all three subfields examined 

(DG,CA3,CA1), suggesting that the cholinergic neuromodulatory input to the 

hippocampus is defective in aged rats. Such neuromodulatory change could radically alter 

the behavior of the hippocampal network. The second change is in the amount of 

electrotonic coupling between principal cells in the hippocampus. Barnes et al. (1987b) 

observed an increase in the electrotonic coupling of cells in the hippocampi of aged rats. 

The increase was likely mediated through g;ap junctions, and may represent the 

engagement of another compensatory mechanism in the aged hippocampus. 
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Finally, most of the basic cellular characteristics of dentate granule cells, CAl 

pyramidal cells, and CAB pyramidal cells are not changed with age (for review, see 

Barnes, 1994). This includes measures such as resting membrane potential, input 

resistance, amplitude and duration of both Na^- and Ca^-mediated action potentials, 

spontaneous firing rates, EPSP rise time and half width, and membrane time constant 

One potential exception is the after-hyperpolarization in CAl, which was increased in 

some studies of aged rats (Landfield and Pitler, 1984; Kerr et al., 1989; Moyer et al., 

1992), though other results have been obtained (Potier et al., 1992; Potier et al., 1993). 

Summary 

The rat hippocampus receives highly processed input from all sensory modalities, 

phis subcortical input that may be largely neuromodulatory. Information flow is largely 

unidirectional from the entorhinal cortex, through the dentate gyrus, CAB, and CAl, with 

major ou^uts coming from the subiculum. The information flow is not serial, however, 

as was once thought Parallel projections from the entortiinal cortex to all hippocampal 

fields, phis recurrent connections in the entorhinal cortex, dentate gyrus, and area CAB 

suggest that many hippocampal fields may work in concert to process information. In 

addition, there are direct cortical coimections to both the subiculum and CAl, further 

evidence against a serial-processing scheme. The concept of lamellar units in the 

hippocampus is also outdated, as there is evidence for broad connectivi  ̂along the septo-

temporal axis in all projections except that from the dentate ̂ rus. Information flow, 

while not serial, may be segregated into discrete channels through the hippocampus. 
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These channels may direct particular types of information to particular targets of the 

hippocampus. 

In aged rats, there are subtle changes in hippocampal connectivity, rather than 

wholesale degeneration of the hippocampus or extreme changes in basic cellular 

characteristics. These changes are specific to a given hippocampal subfield, and even to 

difi^ent receptor types within that subfield. Some of the changes may directly cause 

impairments, while others may only cause problems of synaptic plasticity, and still others 

may represent attempts to preserve normal function in the face of the other changes. 
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CHAPTER 3: MEMORY AND THE HIPPOCAMPUS 

This chapter summarizes a large body of work devoted to addressing one question: what 

is the involvement of the hippocampus in learning and memory? The topic has been 

addressed from many angles in multiple species, and has occupied entire books (e.g., 

O'Keefe and Nadel, 1978; Redish, 1999). I will attempt to highlight the areas of particular 

interest, and mention some methodological confoimds that may have caused confusing 

and seemingly contradictory results. 

Humans - anterograde amnesia 

Beginning in the middle of the twentieth century, an unfortunate patient with the 

initials H.M. gave new insight into hippocampal function in humans (e.g., Scoville and 

Milner, 1957; Corkin, 1984; Corkin et al., 1997; Corkin, 2002). This man suffered from 

debilitating epileptic seizures that left him unable to work. The unresponsiveness of his 

epilepsy to various drugs forced H.M. to undergo a "frankly experimental operation" 

(Scoville and Milner, 1957) in an attempt to reclaim his life. The reader may judge for 

himself or herself whether or not the operation was successfiil in that regard. 

On September 1,1953, large portions of H.M.*s medial temporal lobes were 

removed bilaterally. The removed structures, as assessed by magnetic resonance imaging 

in 1992 and 1993 (Corkin et al., 1997; see Figure 10), included the amygdala, the medial 

temporal polar cortex, the entoriiinal cortex (which carries most of the cortical input to 

the hippocampus; see Amaral et aL, 1987; Insausti et al., 1987), the anterior half of the 

rest of the hippocampal formation (dentate gyrus, CAS, CAl, and subiculum), and some 
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of the perirhinal cortex. The effect on H.M. was disastrous. It seemed, at first, that he had 

become completely unable to form new long-term memories. Thirty minutes after eating 

lunch, for example, he was unable to name a single item he had eaten, and in &ct did not 

recall that he had eaten at ail (Scoville and Milner, 19S7). He could no longer recognize 

the hospital staf  ̂find his way to the bathroom, or leam the address of his new home 

(Scoville and Milner, 19S7). As Scoville and Milner (19S7) put it, he '*appear[ed] to 

forget the incidents of [his] daily life as fast as they occur[red]." This condition is called 

anterograde amnesia. 

Fignre 10. kslon. Xl-wclglitMl MRI of the left side of H.M.'s hrain shows tlw extent of his 
medial temporal lobe resectioii. The asterisic indicates the missing region, while the arrow Indicates 
the spared hippocampal tissne. Damage to the right side of the brain was similar. Figure from 
Corldn et aL (1997). 

Interestingly, H.M/s memory deficit was not complete. His short-term memory (also 

called immediate memory or working memory) was nearly normal, in that he could carry 

on a coherent conversation or remember a short string of numbers, as long as he was not 

distracted. With distraction, however, his extreme memory deficits reappeared: the string 
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of digits was lost, as was the &ct that he had been asked to remember numbers in the first 

place. See Corkin (2002) for a review of H.M.'s performance on various psychological 

exams. 

Even more interesting was the realization that H.M. could form new long-term 

memories, but that he was not aware of the things he had learned (but see Corkin, 2002, 

mentioned below). On a mirror-drawing task, for example, H.M.'s performance improved 

over multiple days of training, even though he had no day-to-day recollection of having 

performed the task previously. Thus, HAf. learned a new motor-control skilL Similarly, 

H.M. demonstrated learning of new perceptual skills, such as mirror-reading (Gabrieli et 

al., 1986). H.M. also showed priming effects, in that he was more likely than chance to 

complete a word-stem with a previously-experienced word, even though he did not recall 

the original viewing of the word (Gabrieli et al., 1994; see Memory deficits associated 

with aging for a more complete explanation of word-stem completion). It was recently 

noted that when H.M. was tested using words that came into use after his surgery, he did 

not display normal priming (Postle and Corkin, 1998). Also, although it was originally 

thought that H.M. was able to acquire new cognitive skills (the Tower of Hanoi task; 

Cohen et al., 1985), more sensitive retests have called the result into question (Xu and 

Corkin, 2001). Finally, recent work has shown that, with thousands of learning trials, 

H.M. is able to form and recall new long-term memories (Corkin, 2002). Specifically, 

H.M. was able to leam the layout of a house he moved to in I9S8, five years after his 

surgery. He had learned the layout within eight years (first test in 1966), and still recalled 
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the infonnatioii three years after moving out of the house (moved in 1974, second test in 

1977). 

Together, these results suggest that memory in humans is not a single phenomenon, 

but that it may involve different phenomena encoded in different brain structures. Many 

current discussions revolve around the exact taxonomy of memory types and their 

respective localizations in different brain regions (e.g.. Squire and Zola-Morgan, 1991; 

Squire, 1992; Markowitsch, 1995; Tulving, 1995; Vargha-Khadem et aL, 1997; Gabrieli, 

1998; Squire and Zola, 1998; Tulving and Markowitsch, 1998). Though there is no 

consensus as to the correct taxonomy, the most common divisions of memory are, first, 

along temporal lines (short-term vs. long-term), and second, along recoUective lines 

(explicit or declarative vs. implicit or nondeclarative). Part of one memory taxonomy is 

shown in Figure 11. 

LONG-TEfW MEMORY 

coNomoNmo 

SIMPLE 
CUkSSICAL 

NONASSOCIATIVE 
LEAfwma 

FACTS' EVENTS 

BIOIIOIML SKBCTM. 

MCOML TBMPOfML LOK SIMATUM NBKOKTEX MfVOOMA CEfOaxUM mnjBt 
OKNCCPHAUJN PATHWAYS 

Fignte 11. One taxonomy of tong-term memory. Proposed sites of each memory type are listed at tiie 
iMttom of tlM figure. Figure from Milner et aL (1998). 
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The concept of multipie memory Qpes is generally accepted today, but the 

assignment of those types of memories to single brain structures is probably an 

oversimplification. That is, any one of the diverse forms of learning and memory is 

unlikely to be performed entirely by an island of brain tissue. Moreover, taxonomies 

constructed according to human descriptions of experience (i.e., subjects are aware of 

explicit memories, but unaware of implicit memories) seem rather arbitrary. It may be 

that the computational demands of a given task determine what brain structures are 

necessary to complete that task. 

An illustration of the problem with the explicit / implicit taxonomy regards the 

'classical conditioning* memory category (Figure 11). When classical conditioning elicits 

a response of the skeletal musculature, as in eyeblink conditioning (association of a tone 

or light with an air puff onto the eye), this form of learning is dependent on the 

cerebellum. If, however, a delay is imposed between the tone and the air puff, this task 

becomes dependent on the hippocampus as well (for review, see Green and Woodruff-

Pak, 2000). The delay is on the order of one second or less, depending on the test species, 

and it is hard to &thom how such a brief delay could make the task 'explicit' (and 

therefore sensitive to hippocampal damage). It is reasonable, on the other hand, to 

suppose that the hippocampus might provide a partictilar computational service (the 

bridging of a temporal gap) to cerebellar systems engaged in learning the task (see The 

hippocamptts and time, below). Thus, the current taxonomies are convenient constructs at 

best, and should be regarded as such. This dissertation will occasionally use terms such as 
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'explicit' and 'implicit' for convenience's sake, but use of those terms should not be 

confused with the endorsement of a particular memory taxonomy. 

Many patients since H.M. have fueled the debates over memory types and 

localizations. R.B., for example, suffered an ischemic episode that, after his death in 

1983, was shown to have damaged only the CAl regions of both his hippocampi (Zola-

Morgan et al., 1986). His anterograde amnesia, while not as severe as H.M.*s, suggested 

that even isolated lesions of the hippocampus can disrupt the formation of new explicit 

memories. Another patient, E.P., suffered viral encephalitis that caused lesions even more 

extensive than those of H.M. (Stefanacci et al., 2000). The &ct that his memory 

impairments were generally similar to H.M.'s provided a clarification of the specific roles 

played by particular structures in the region of the hippocampus. 

Recently, studies of patients who suffered hippocampal damage at or soon after birth 

revealed that, although they had obvious anterograde amnesia for episodic memory (i.e., 

the same types of deficits describe in H.M.), they had managed to develop speech and 

language skills in the low average to average range (Vargha-iChadem et al., 1997; Gadian 

et al., 2000). This finding supported the separation, within 'declarative' memory, of 

'episodic' and 'semantic' memory sub^es, which roughly represent memory of events 

and fects, respectively (Tulving, 1972; Tulving, 1983; Tulving, 1995). Furthermore, the 

results suggested that the human hippocampus may be necessary for episodic memory but 

not semantic memory (Vargha-Khadem et aL, 1997; Mishkin et al., 1998; Tulving and 

Markowitsch, 1998; Gadian et aL, 2000; but see Reed and Squire, 1998; Squire and Zola, 

1998, for dissenting views and data). 
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Humans - retrograde amnesia 

Thus &r, we have discussed issues of anterograde amnesia - the inability to form 

new memories. H however, had another memory deficit that we have not yet 

mentioned - the loss of memories of events before his surgery. This condition is called 

retrograde amnesia. The initial report of Scoville and Milner stated that H.M. could not 

recall events for up to three years preceding his surgery (Scoville and Milner, 1957). 

Later reports set the figure higher, to eleven years preceding his surgery (Corkin, 1984). 

Recollection of events from H.M.'s childhood, however, seemed undiminished. Thus, the 

condition has been called temporally limited retrograde amnesia. This deficit has been 

observed in many patients since H.M., with varying degrees of severity, temporal extent, 

and affected memory type (for review, see Squire and Alvarez, 199S). It has been 

suggested that the extent of damage to the hippocampal formation and / or the 

surrounding parahippocampal region (together called the hippocampal complex", see 

Hippocampal structure and its changes with age) correlates with the severity of the 

memory deficit (Squire and Alvarez, 1995; Nadel and Moscovitch, 1997; Reed and 

Squire, 1998). 

Temporally-limited retrograde amnesia had also been observed in patients prior to 

H.M. (e.g., Ribot, 1881; Bumham, 1903; Russell and Nathan, 1946). bi addition, Muller 

and Pilzecker (1900; summarized in Lechner et al., 1999) had suggested that memory 

storage is not immediately permanent, but that memories take time to be consolidated 

from a vulnerable to a robust state. Along similar lines, Hebb (1949) proposed that 

memories are initially stored as reverberatory activity among groups of cells, but that the 
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reveifoerations would eventually strengthen specific synapses within the networic, thereby 

converting the memory to a more permanent form. When these ideas and observations 

were combined with the relative specifici  ̂of H.M/s lesion and the extent of his 

retrograde amnesia, a new hypothesis regarding human memory emerged. According to 

this hypothesis, the hippocampal complex is initially important for the storage and / or 

recall of long-term memories, but the importance of the hippocampal complex for 

successful recall decreases with time (e.g., Glickman, 1961; McGaugh and Herz, 1972; 

Squire, 1992). Though the idea differs from the original proposals of Miiller and 

Pilzecker, it is called the consolidation theory of memory. This hypothesis has driven 

clinical studies (e.g., Sanders and Warrington, 1971; Squire et al., 197S; Kritchevsky and 

Squire, 1989; Squire et al., 1989; Warrington and Duchen, 1992), animal research (for 

reviews, see Nadel and Moscovitch, 1997; Murray and Bussey, 2001; Squire et al., 2001), 

and theories and models of memory (e.g., Wickelgren, 1979; Squire et al., 1984; Teyler 

and DiScenna, 1986; Milner, 1989; Alvarez and Squire, 1994; Treves and Rolls, 1994; 

McClelland et al., 1995) for almost SO years. 

Modem descriptions of consolidation theory (Alvarez and Squire, 1994; Squire and 

Alvarez, 1995) can be summarized more concretely: 1) A given event (or fiict) is encoded 

by both the hippocampal complex and multiple neocortical structures. Note the lack of 

differentiation between semantic and episodic memory. 2) Because sensory inputs during 

a given event are muhi-modal, the neocortical encoding must take place in multiple, 

separate regions of association cortex. 3) The hippocampal complex is necessary to bind 

the disparate parts of the memory into a single unit. 4) Over time, repeated simultaneous 
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activation of the separate neocortical ensembles (i.e., the recall of the memory) causes 

strengthening of the connections between them. Eventually, the cortico-cortical 

connections are strong enough that the hippocampal complex is no longer necessary for 

successful recall of the event or &ct. 

There are, of course, problems with the interpretation of retrograde amnesia data. 

One is the variability of naturally-occuiring lesions in a (thackfally) tiny patient pool. 

Even with current MRI lesion assessment, the data points are too few to allow truly 

informative questions to be addressed. This has led to use of animal models of retrograde 

amnesia (see below), which have had their own lesion-specificity confounds, but are 

becoming more consistent from lab to lab. Another issue is the presence of other potential 

influences on learning and memory, such as the anticonvulsants many epileptic patients 

continue to take after their surgeries. Similarly, the seizures themselves (in the epileptic 

patient pool) may confound the determination of date of initial damage. Viskontas et al. 

(2000) recently found that retrograde amnesia for episodic memory was just as bad in 

epilepsy patients waiting for a unilateral temporal lobectomy as in epilepsy patients that 

had already had the procedure. In addition, Blake et aL (2000) foimd that patients with 

epileptic foci in the left temporal lobe showed impaired retention eight weeks after 

learning a verbal memory task. Patients with epileptic foci in the right temporal lobe were 

unimpaired in retention of the task. The potential effects of these results on interpretation 

of retrograde amnesia data are illustrated by our original patient, H.M. Recall that his 

retrograde amnesia extends back eleven years, to the year 1942. Coincidentally, this was 

also the year of his first major epileptic seizure! Thus, it is not clear that H.M. has any 
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retrograde amnesia whatsoever - his 'retrograde' deficit (relative to surgery) may 

actually be completely 'anterograde* (relative to his first major seizure). This does not 

invalidate all of the retrograde amnesia data, as other, non-epileptic amnesic patients have 

suffered hippocampal lesions due to viral encephalitis (Stefimacci et aL, 2000), anoxia 

(Zola-Morgan et al., 1986), or head injury (Tulving et al., 1988). Rather, it serves as an 

interpretational caution: researchers must be careful when assessing the anterograde or 

retrograde nature of a memory deficit. 

Recently, there have been challenges to the basic tenets of consolidation theory 

(Nadel and Moscovitch, 1997; Nadel et al., 2000; Rosenbaum et al., 2000; Viskontas et 

al., 2000; Murray and Bussey, 2001; Ryan et al., 2001; Sutherland et al., 2001). Nadel 

and Moscovitch (1997) reviewed the himian and animal literature on retrograde amnesia 

and found consolidation theory inadequate to explain some aspects of the data. In 

particular, Nadel and Moscovitch were concerned with 1) the fi'equent lack of a temporal 

limit to the retrograde amnesia, especially in tests of autobiographical memory (i.e., 

personal episodic memory); and 2) the relative preservation of semantic memories 

acquired during periods for which there were no remaining episodic memories. The 

patient K.C., for example, who suffered closed-head injuries in a motorcycle accident, 

"does not remember a single personal event or happening fix>m any time of his life" 

(Tulving et aL, 1988). Despite this complete loss of episodic memory, K.C.'s semantic 

memory is relatively preserved (Tulving et al., 1988). It should be noted that K.C.*s brain 

damage is more widespread than that of H.M. or E J*. (Rosenbaum et aL, 2000), which 

might be the cause of his complete episodic memory loss. Nadel and Moscovitch, 
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however, found other examples of life-long retrograde amnesia in humans and 'flat' (not 

temporally limited) retrograde amnesia in animals (Nadel and Moscovitch, 1997; Murray 

and Bussey, 2001). 

Because consolidation theory seemed inadequate to explain these results, Nadel and 

Moscovitch proposed the multiple trace theory of memory. The theory is founded on the 

same initial ideas as consolidation theory: a given event (and all the information 

associated with it) is encoded by both the hippocampal complex and multiple neocortical 

structures, and the hippocampal complex is used to bind the memory into a single unit 

According to the multiple trace theory, however, the hippocampal complex is always 

required for the recall of the episode. Consolidation, according to this theory, is the 

duplication of memory traces each time they are recalled, so that older traces that have 

been reactivated many times will be resistant to partial damage to the hippocampal 

complex. Consolidation may also cause the factual information in an episodic trace, 

encoded in the neocortex, to become largely independent of the episode itself. 

In addition to the literature available at the time, support for the multiple trace theory 

has come from the woric of Viskontas et al. (2000), who observed a dissociation between 

episodic and semantic retrograde memory deficits in epilepsy patients. Though the 

episodic memory deficits in these patients (some of whom had undergone unilateral 

temporal lobectomy) extended back into earliest childhood, semantic memory in the 

patient group was nearly indistinguishable from that of controls. In contrast. Reed and 

Squire (1998) found no dissociation of episodic and semantic retrograde memory deficits 

in two post-encephalitic patients, E J*, and G.T. Patient E.P. had retrograde amnesia that 
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extended back ̂ proximately 40 years, and that affected both his episodic and semantic 

memories equivalently. Patient G.T., who had more extensive temporal cortical lesions 

than E.P., had complete retrograde amnesia (extending well into his childhood). Like 

E.P., his episodic and semantic memories were equivalently impaired. 

Predictions of consolidation theory and multiple-trace theory have also been tested in 

functional imaging experiments. Ryan et al. (2001) and Maguire et aL (2001) performed 

functional magnetic resonance imaging (fMRI) on healthy subjects while they retrieved 

remote and recent episodic memories. The authors of both studies found no differences, 

in memories of different ages, in hippocampal activation. Though it is not clear that 

equivalent hippocampal activation represents identical cognitive fimction, these results 

support the idea that the hippocampus is involved in the recall of an episode, regardless 

of its age. In contrast, Haist et al. (2001) found the right hippocampal area preferentially 

activated when healthy subjects attempted to recognize famous feces from the 1980s and 

1990s, but not femous feces from the 1970s or before. One possible explanation for the 

discrepant results is that the femous-feces task is substantially different than the episodic 

recall task. 

The research on animal models of human retrograde amnesia has added to the 

consolidation debate. As discussed above, Nadel and Moscovitch (1997) found nimierous 

cases of *f]at' retrograde anmesia (i.e., anmesia with no temporal gradient) in the animal 

literature, hi contrast. Squire et al. (2001) observed a temporal gradient in 11 of the 13 

animal studies that they reviewed, hi an attempt to reconcile the contradictory results, 

Murray and Bussey (2001) described some potential methodological confounds that make 
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cross-study comparisons difficult These confounds included 1) belween-subjects vs. 

within-subject experimental design (i.e., was a single animal taught tasks at various times 

before surgery, or were the different time points established with different groups of 

animals); 2) training of animals to a learning criterion vs. training of animals on a fixed 

number of trials; 3) exact extent of the lesion, especially whether or not it included 

damage to the peririiinal cortex and / or entortiinal cortex; and 4) type of task taught to 

the animals. Murray and Bussey (2001) suggest that, for useful discussions regarding 

consolidation, these issues need to be addressed both in the interpretation of previous 

experiments and the design of future studies. 

A final wrench is thrown into the works by recently-renewed studies of a 

phenomenon known as reconsolidation. First described by Misanin et al. (1968), 

reconsolidation is the renewed vulnerability to disruption of a supposedly consolidated 

memory. This renewed vulnerability is caused, surprisingly, by the 're-activation' of the 

memory, hi fear conditioning, for example, a tone that has been paired with a footshock 

will later cause a fear response without the footshock. This association is vulnerable, for a 

limited time, to various forms of disruption, such as electroconvulsive shock or protein 

synthesis blockade (i.e., the memory seems to undergo consolidation). Beyond the critical 

time period (i.e., after consolidation is complete), the same disruptive treatments have no 

effect on the memory. however, the tone is replayed to the animal at a later time 

(beyond the critical time period), and the disruptive treatments are s^lied, the memory 

seems to diss^ipear (Misanin et aL, 1968; Pr '̂byslawski and Sara, 1997; Land et aL, 

2000; Nader et aL, 2000a; but see Cahill et aL, 2001). These results suggest that whatever 
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processes are occurring are more complicated than the scenarios described by either 

consolidation theory or the multiple trace theory (for discussions, see Miller and Matzel, 

2000; Nadel and Land, 2000; Nader et aL, 2000b; Sara, 2000b; Sara, 2000a; Millin et al., 

2001). 

Thus, it is clear that the hippocampal complex is critically involved in the acquisition 

of new episodic memories, and that it is necessary for recall of episodic memories for a 

large portion of the human lifespan. What has not been established, in either humans or 

rats, is the exact duration of involvement of the hippocampal complex in memory 

consolidation, or if that involvement is differential with respect to episodic and semantic 

memories. 

Humans - space 

The prevalence of spatial information in the rat hippocampus (see Ratŝ  below, and 

Place fields and the hippocampal map) led to the suggestion that the hippocampus is 

particularly well-suited to process and store spatial information (OXeefe and Nadel, 

1978). Some investigators have therefore examined the hypothesis that, in humans, 

spatial learning (a subtype of explicit memory) is more sensitive to hippocampal damage 

than are other forms of explicit memory. 

Patients with severe anterograde amnesia, like H.M., are nearly unable to learn new 

information, so their spatial-learning deficits (Smith, 1988) are difficult to separate from 

their other explicit-memory deficits. Even in patients with less-severe anterograde 

anmesia, the amount of impairment on a spatial learning task is equivalent to the 

impairment on a non-spatial learning task (Cave and Squire, 1991). Other tests of spatial 
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learning after hippocampal lesions have produced mixed results (for review, see Maguire 

etaL, 1996). 

Maguire et aL (1996) noted, however, that most tests of spatial learning were 'table-

top* tests, and did not demand the perspective shifts common in real-world exploration 

and navigation. Furthermore, the authors noted that many previous reports found no 

spatial learning deficits in patients that showed obvious signs of just such deficits in their 

everyday lives, while other reports foimd spatial learning deficits in patients with no signs 

of navigational troubles. To avoid these confounds, the authors used a task designed to 

approximate normal navigational experience. Subjects were shown video of two 

overlapping routes, then were tested on various aspects of the spatial information they 

had acquired regarding the environment on the video. The patient groups were composed 

of previously-epileptic people who had undergone either right or left unilateral temporal 

lobectomy and who had no known memory deficits, either anterograde or retrograde. The 

navigational tasks, however, revealed previously unsuspected patient deficits in learning 

about novel environments. The deficits were present in both groups of patients (right and 

left unilateral lesions), rather than specific to the right-lesion group as might have been 

expected according to some accounts of human hemispheric asymmetry (e.g., Pigott and 

Milner, 1993). The authors concluded that the human hippocampus, in its entirety, is 

particularly important for spatial learning, as the patient groups exhibited spatial learning 

deficits without any measurable non-spatial learning deficits. Further tests of patients 

with non-hippocampal lesions would he  ̂support this interpretation. M addition, it 

would be useftil to test hippocampally-lesioned patients on other spatial-navigation tasks. 
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such as the human Morris maze (Newman and Kaszniak, 2000) and the virtual-reality  ̂

navigation task (Mofi&t et aL, 2001). See Memory deficits associated with aging for 

descriptions of these tasks. 

Recent reports have examined remote spatial memory in patients with retrograde 

amnesia (Teng and Squire, 1999; Rosenbaum et aL, 2000). Teng and Squire (1999) 

examined E.P.'s memories of the neighbortiood in which he grew up, while Rosenbaum 

et aL (2000) did the same for patient K.C. The results are somewhat surprising, in that 

both patients retain much of the spatial information about their neighborhoods from long 

ago. One interpretation is that, much like H.M.*s recently-reported ability to leam the 

layout of his house (Corkin, 2002; see above), many thousands of exposures allowed 

these patients to store spatial information outside the hippocampus. 

OveraU, it is clear that the human hippocampus is important for the initisd encoding 

of spatial information. Further tests of seemingly-unimpaired patients with unilateral 

hippocampal lesions are necessary to address the claim that the hippocampus is more 

necessary for spatial learning than for other forms of explicit learning. 

Monkeys - anterograde amnesia 

The development of a non-human primate model of hippocampal-lesion-dependent 

anterograde amnesia was relatively simple; researchers simply lesioned the hippocampus 

in a monkey (but see the lesion confounds described below). What was required. 
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however, was a task that was sensitive to the hippocampal lesion'. The task most often 

used is the delayed-non-match-to-sample task, a test of recognition memory (DNMS; 

Gaffiin, 1974; Mishkin and Delacour, 1975). In this task, monkeys are first shown a 

single object which covers a food well (Figure 12). By displacing the object, the monkeys 

can retrieve the food reward undemeath. After a delay, during which the monkey cannot 

see the object it just displaced, the monkey is presented with the same object and a novel 

object. In this second phase of the trial, the original object covers an empty food well, 

while the novel object covers another food reward. The monkey must therefore remember 

the object it saw in the first phase of the trial and choose the novel object instead. 

' Note the dangerous circularity here - on one hand, the task is designed to explore the effects of 

hippocampal damage; on the other hand, hippocampal damage must have the desired effects on the task. 
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Figure 12. The dciayed-noiHnatcii-to-f ample tasic (DNMS). A: Tlie monkey obtains a food reward by 
displacing an object covering a food welL B: Ascrcen is lowered during a delay period. C: The 
original object is presented, along with a novel objcct. D: The monkqr can obtain another reward by 
displacing the novel object. Adapted from Find (2000) and Mishldn and Appenieller (1987). 

At delays of a few seconds, monkeys with bilateral lesions of the medial temporal 

lobes are unimpaired in this task, much as HM. was able to remember strings of digits 

when not distracted. With longer delays, however, lesions of the medial temporal lobes 

cause impaired performance (e.g.. Squire and Zola-Morgan, 1991), much as the amnesic 

patients quickly forget the events of their lives. Thus the performance of hippocampally-

lesioned monkeys on the DNMS task seemed to parallel the deficits observed in amnesic 

humans (a good thing, considering the circularity of the logic involved, see Footnote 1). 
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As researchers began to vary the lesion and task parameters, however, contradictory 

results began spearing in the literature (for review, see Murray, 1996). Eventually, 

researchers realized that entorhinal and perirhinal cortex were frequently damaged during 

aspiration lesions of the hippocampus and / or amygdala (Figure 13). With recently-

developed ibotenic acid lesions (see RatSy below), however, it became possible to 

selectively lesion the hippocampus without damaging nearby structures or fibers of 

passage, and the picture cleared slightly. The current consensus is that damage to the 

perirhinal cortex, rather than the hippocampus itself, consistently impairs performance of 

the DNMS task (Meunier et al., 1993; Buffalo et al., 1999; Baxter and Murray, 2001b). In 

contrast, because the three studies of DNMS performance after selective hippocampal 

lesions report contradictory results (Murray and Mishkin, 1998; Beason-Held et al., 1999; 

ZjoIh et al., 2000), the effects of damage to the hippocampus itself are still hotly debated 

(Baxter and Murray, 2001a; Baxter and Murray, 2001c; Zola and Squire, 2001). 
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Figure 13. Approximate position of major brain structures in the monkey medial temporal lobe. 
Left: Schematic ventral view of the brain. Right: Schematic coronal slice through the brain. Note the 
position of the entorhinal and perirhinal cortex ventral and lateral to the hippocampus, a position 
tliat leaves both structures vulnerable to collateral damage during aspiration lesions of the 
hippocampus. Also note that the perirhinal cortex actually extends slightly beyond the rhinai flssnre 
(e.g  ̂Suzuid, 1996). Figure from Pinel (2000). 

However, an interpretatioa consistent with all six studies (three of hippocampal 

lesions and three of perirhinal cortex lesions) has been offered by Barnes (personal 

communication). Barnes noted that in both studies that observed a DNMS deficit 

(Beason-Held et al., 1999; Zola et al., 2000) the animals had not been trained on the task 

before surgery, while in the one study that found no DNMS deficit (Murray and MishJdn, 

1998) the animals had been given extensive DNMS training before surgery. Barnes also 

noted that peririiinal cortex lesions caused a DNMS deficit whether or not the animals 

received training before surgery (Meunier et aL, 1993; Buf&lo et al., 1999; Baxter and 

Murray, 2001b). Barnes therefore suggested that the hippocampus is necessary for the 
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initial acquisition of the task, and that hippocampal-perirhinal interactions during training 

modify the perirhinal cortex so that it can eventually perform the task on its own. 

The suggestion of Barnes leads to an interesting set of questions. Are there other 

hippocampus-dependent tasks that might become hippocampus-independent with 

pretraining? Could tasks like trace eyeblink conditioning or trace fear conditioning, for 

example, become impervious to hippocampal damage if a pretraining scheme could be 

devised, or would the tasks need to be more complex (i.e., require many training trials 

before reaching criterion)? Might some of the contradictory results in hippocampally-

lesioned rats (see below) be explained according to differences in the pre-surgery training 

of the animals? What about the effects of pretraining on correlations of LTP with learning 

and memory (Bannerman et al., 1995; Otnaess et aL, 1999; see Long-term potentiation: 

Correlation of LTP with learning and memory)? 

Another task has recendy been evaluated for its sensitivity to hippocampal lesions 

and perirhinal lesions. The visual paired comparison task (VPC), originally used in 

himians, has been ads^ted for monkeys (e.g., Bachevalier, 1990) and rats (Ennaceur and 

Delacour, 1988). In this task, the subject is shown two identical objects or pictures. After 

a delay, the subject is shown a novel item and one of the previously-viewed items. 

Knowledge of the identity of the already-presented item is assessed by the subject's 

preference for visually examining the novel item (or exploring near the novel item, in the 

case of rats), hi monkeys, this task is sensitive to damage of the hippocampus itself 

(Bachevalier et al., 1993; Pascalis and Bachevalier, 1999; Zola et aL, 2000), but it is also 
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sensitive to damage of the perirhinal cortex (Buf&lo et al., 1999). It is not yet known if 

there are effects of pretraining on this task. 

Thus, investigators can induce a non-human primate analog of the anterograde 

amnesia evident in hippocampally-lesioned humans. This suggests that the function of the 

hippocampal complex may be largely conserved across human and non-hiunan primates. 

Furthermore, the current difficulties in reconciling the various results may eventually 

yield a deeper understanding of the potentially dynamic relationships between brain 

structures diiring normal learning. 

Monkeys - space 

The correlation of hippocampal damage with spatial learning deficits has faced some 

of the same hurdles as both the DNMS tasks described above (collateral damage during 

surgery), as well as the spatial-learning tasks used in early human studies (questionably 

'spatial' tasks). Early studies found significant impairments of spatial learning with 

lesions of the medial temporal lobe (e.g., Paridnson et aL, 1988; Angeli et al., 1993; 

Malkova et al., 1995). In all of those studies, however, the lesion included the subicular 

complex and the parahippocampal cortex (Murray and Mishkin, 1998). When Murray 

and Mishkin (1998) lesioned only the hippocampus and amygdala, they observed no 

deficits on the spatial-leaming task. It should be noted that the monkeys had extensive 

pretraining on the DNMS task, but not the spatial-leaming task itsel£ 

It is not clear how 'spatial' the spatial-leaming task was. The task used is a form of 

delayed-non-match-to-place (DNMP): in Malkova et aL (1995) and Murray and Mishkin 

(1998), for example, the apparatus contained 10 food wells in 3 rows. During the sample 
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phase, one of the fi)od wells was covered with a gray plaque, which the monkey could 

displace for a food reward. After the delay period, the monkey was shown two identical 

gray plaques, one covering the location previously sampled, and one covering a novel 

location. The food reward was located at the novel location. A more difBcult version was 

also performed, in which the monkey had to remember two different locations 

simultaneously. In both tasks, Murray and Mishkin (1998) found no effects of selective 

lesions of the hippocampus and amygdala. Because the 'spatial' nature of this task is 

reminiscent of the table-top 'spatial' tasks used in the early tests of spatial learning in 

human amnesics (see Humans — space above), it is not clear that DNMP performance 

should require a network specialized for spatial-learning. In support of this interpretation, 

similarly-lesioned monkeys were impaired on a task in which they had to leam where to 

reach within a two-dimensional scene (i.e., a task that seems more spatial; Murray et al., 

1998). An even more informative task would be the monkey version of the radial 8-arm 

maze, created by Rapp et al. (1997). See Memory deficits associated with aging: 

Monkeys  ̂and Figure 18 for an explanation of this task. In addition, if the radial 8-arm 

maze task is dependent on the hippocampus, does pretraining alleviate that dependence 

(see Barnes' interpretation of DNMS results, above), or is performance always dependent 

on an intact hippocampus? In my opinion, until this task has been performed by 

hippocampally-lesioned monkeys, the results are inconclusive regarding the spatial nature 

of the hippocampus in monkeys. 
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Rats 

Because the strongest spatial correlates of hippocampal activity have been found in 

rats, the rat hippocampus has been suspected of being especially important for spatial or 

contextual memory (OlCeefe and Nadel, 1978; Redish, 1999). Though these ideas have 

been mentioned above with reference to humans and monkeys, it is in the rat literature 

that the matter has been most heavily debated. 

As with the hippocampal lesions in humans and monkeys, the exact extent of 

hippocampal lesions in rats was the source of many potential confounds (for review, see 

Janrard, 1993; Clark et al., 2001). This was true despite the more advantageous 

positioning of the hippocampus in rats (relative to monkeys) that allows a dorsal, rather 

than ventral, ^proach to the lesion site. As with the human and monkey data, the field 

was full of contradictory reports at the end of the 1980's. In 1993, however, Jarrard 

(temporarily) brought a measure of clarity to the field with his selected review of 

hippocampal lesion data (Jarrard, 1993). Jarrard reviewed only those studies which used a 

particular lesion method and which showed selective damage of the hippocampus alone. 

The lesion method is one created by Jarrard (1989), in which ibotenic acid, an analog of 

the excitatory neurotransmitter ghitamate, is injected into multiple sites in the 

hippocampus. The treatment causes the death of all cells within the hippocampus without 

damaging fibers passing through or near it. Jarrard pointed out that, in comparison, 

aspiration, radio frequency (heat), and electrolytic lesions can cause significant collateral 

damage (Jarrard, 1993). Even worse, cuts of the fimbria-fornix (commonly used to 

Mesion' the hqipocampus) destroy non-hippocampal fibers while sparing the subicuhun. 
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the major hippocampal ou^ut pathway (Jairard, 1993). Therefore, only complete and 

selective ibotenic acid lesions of the hippocampus were considered. Note that it was 

recently suggested that ibotenic acid lesions are inappropriate for studies of retrograde 

amnesia due to the potential for extended 'noisy' output from the dying hippocampal 

cells (Anagnostaras et al., 2001). It is not known how this issue might affect studies of 

anterograde amnesia, which are described here, but the results of Mumby et al. (1996; see 

below) iising ischemia-induced lesions suggest that dying cells may indeed cause extra-

hippocampal damage. It should also be noted that, because Jarrard developed the ibotenic 

acid lesion method in 1989, most of the ibotenate-lesion experiments available in 1993 

had been performed in his own lab. A brief summary of Jarrard's findings follows. 

One critical test of spatial-learning abilities is the 8-arm radial maze (Potegal, 1969; 

Olton and Samuelson, 1976). See Memory deficits associated with aging and Figure 21 

for a description of this task. In the version of the task used by Jarrard (1993), food 

rewards were placed on four of the eight arms, and rats were allowed to retrieve the 

rewards. Because the same four arms were baited every day, entries into arms that had 

never been baited were scored as spatial-reference-memory errors. That is, entry into a 

never-baited arm suggested that an animal had fiuled to leam the location of the non-

rewarded arms. Jarrard found that selective hippocampal lesions caused impairments in 

the acquisition of this task. Note that afn'tnals were not pretrained on the task before 

surgery. 

In contrast, Jarrard found no reference-memory deficits in the same rats when they 

leamed a non-spatial version of the task (Jarrard, 1993). Textured inserts were placed on 
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the anns of the maze, and were moved randomly from trial to trial. Again, only four arms 

were baited, but in this case the baiting correlated with the textured insert, rather than the 

position of the arm in the room. Control rats learned this task as quickly as they learned 

the spatial version of the task, suggesting that the performance differences of the lesioned 

rats were not due to an inherently more difficult spatial task. 

Slightly different results were obtained in another common test of spatial learning, 

the Morris water maze (Morris, 1981). See Memory deficits associated with aging and 

Figure 22 for a complete description of this task. The water maze task requires the animal 

to learn the location of a hidden platform that allows escape from a pool of water. Morris 

et al. (1990) foimd that selective hippocampal lesions caused impairments in learning, but 

that rats did eventually learn the task. When lesions also included the subiculum, 

however, the rats never managed to learn the location of the escape platfonn. Jarrard 

interpreted the combined results of the radial maze and water maze experiments as 

indicative of a navigational deficit in hippocampally-lesioned animals, rather than a lack 

of access to stored spatial information (Jarrard, 1993). In later studies, it was shown that 

pretraining on the task does not alleviate the deficits of the lesioned animals (Bannerman 

et al., 1995; Moser and Moser, 1998), though such pretraining did alleviate deficits 

caused by NMDA-receptor blockade (Bannerman et aL, 1995; Saucier and Cain, 1995; 

see Long-term potentiation). 

The spatial-learning issue was also extended to a more general concept — context 

(Nadel et al., 1985; Redish, 1999). Selden et al. (1991) tested classical fear conditioning 

in rats with selective h^pocampal lesions. A clicking sound was made just before the 
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onset of an electrical shock, and the rats were later tested for their responses to the 

clicking sound and to the shock box itself. The authors found that, although the rats 

exhibited the conditioned response (suppression of drinking) to the conditioned stimulus 

(the clicking sound), the rats showed no aversion to the conditioned contextual stimulus. 

That is, the hippocampally-lesioned rats were just as likely to explore the box in which 

they had been shocked as they were to explore a 'safe' environment 

Similar results were obtained in an j^jpetitive version of the contextual conditioning 

experiment Honey and Good (1993) taught rats to ̂ proach a reward site upon 

presentation of a particular stimulus (a light or tone). When control rats were transferred 

to a new environment and given the stimulus, they showed incomplete transfer of the 

conditioned response. In lesioned rats, however, the transfer was complete, suggesting 

that the hippocampal lesion had prevented the rats from recognizing (or attending to) the 

changed environment 

At the time of Jarrard's review, non-spatial learning in hippocampally-lesioned rats 

had also been tested in a rodent version of the DNMS task (see Figure 14). Some 

researchers had found impairments related to the lesion (Olton and Feustle, 1981; 

Raffaele and Olton, 1988), while others had not (Aggleton et al., 1986; Rothblat and 

Kromer, 1991; Mumby et al., 1992; Otto and Eichenbaimi, 1992). Because the results had 

been obtained with fimbria-fornix or aspiration lesions, Jarrard repeated the experiments 

using the ibotenic acid lesion method. Jarrard found no impairments in the lesioned rats, 

even at delays of 2 minutes (Jarrard, 1993), and concluded that selective hippocampal 

lesions did not affect this measure of non-spatial memory. 
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Figure 14. Tlie rodent version of the DNMS taslc. Top: Daring the sample pliase, the rat retrieves a 
food reward by displacing an object blocking a food welL Middle: Daring the delay phase, the rat is 
constrained to the middle section of the apparatus and cannot see the reward sites. An object 
identical to the one used in the sample phase is placed over an empty food well, and a novel object is 
placed over a baited food welL Bottom: During the choice phase, the rat mnst displace the novel 
object to retrieve the reward. Figure from Clark et aL (2001). 

Jarrard therefore concluded that the rat hippocampus is indeed of particular 

importance for spatial learning and memory, and that extrahippocampal structures such as 

the entorhinal cortex and subiculum may be more relevant than the hippocampus for 

learning of non-spatial associations (Janrard, 1993). 

Some experiments conducted since 1993 have clarified and extended Jarrard's 

conclusions, while other results are in direct conflict with them. Mumby et aL (1992; 

1994) showed that, similar to results found in monkeys, combined damage of the 

perirhinal and entorhinal cortex was the best indicator of performance on the DNMS task. 
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Thus, Jarrard*s concern regarding lesioning methods and octrahippocampal damage was 

given strong support. It should be noted that the rats were pretrained extensively in these 

studies. 

The work of Wood et aL (1993), however, seemed inconsistent with Jarrard's 

conclusions. The authors temporarily blocked flow through the carotid artery in an 

attempt to duplicate the selective hippocampal damage shown by patient RB. (who had 

suffered loss of cells in area CAl after an ischemic episode; see above and Zola-Morgan 

et aL, 1986). In contrast to Jarrard's results, the lesioned rats were impaired on the 

DNMS task, whether or not the animals received pretraining. At face value, the result 

suggested that partial damage to the hippocampal region could be more detrimental than 

complete hippocampal removal (which Jarrard had shown to leave DNMS performance 

intact). 

Though this interpretation was feasible, Mumby et aL (1996) designed an elegant 

series of surgeries to test an alternate hypothesis. They suggested that ischemia caused 

subtle extrahippocampal damage, possibly due to the activity of the dying CAl cells. 

They therefore induced ischemia as had Wood et aL (1993), then performed a bilateral 

hippocampal removal either one hour later, one week later, or not at all. While the latter 

two groups of rats were impaired on the DNMS task (like the rats of Wood et al., 1993), 

the rats that had received the immediate hippocampectomy were unimpaired. All groups 

of rats were pretrained on the DNMS task. Further support for the interpretation of 

Mumby et aL (1996) was provided by Duva et aL (1997), who found that partial cytotoxic 

hippocampal lesions of either DNMS-pretrained or naive animals did not impair DNMS 
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performance, but did impair water maze performance. That is, partial hippocampal 

lesions were not more detrimental than complete lesions. The combined results of both 

experiments supported the spatial-specificity of the rat hippocampus, suggested that 

partial hippocampal lesions are not more detrimental to performance than complete 

lesions, and shed light on potential confounds arising firom different lesion methods .̂ 

Recently, in contrast with the results of Janard (1993) and Mumby et al. (1992), 

Clark et al. (2001) observed DNMS impairments in rats with selective ibotenic acid 

lesions of the hippocampus. The authors discussed potential sources of the contradictory 

results, including lesion size and specifici ,̂ duration of the imposed delays between 

sample and choice phases of the task, and the effects of pretraining on task performance. 

I will discuss only the latter here. It appears that the pattern present in the monkey DNMS 

results does not hold for rats performing the DNMS task. Jarrard (1993) did not pretrain 

the rats, yet still observed no DNMS deficit. Clark et aL (2001) also tested naive (not 

pretrained) rats, yet observed a DNMS deficit. Mumby et al. (1992) pretrained the rats 

extensively, and observed no deficit. In addition, Mimiby et al. (1994) also used 

pretrained rats, and still found a DNMS deficit after combined lesions of the perirhinal 

 ̂The suggestion of ischemia^induced extrahippocampal damage caused by dying cells, however, 

recalls the similar objection of Anagnostaras et al. (2001) to ibotenic acid lesions. Cells treated with 

ibotenic acid essentially die of overactivity, and might cause damage similar to that suggested by Mumby et 

al. (1996). In general, however, ibotenic acid lesions seem to cause fewer deficits than other fomis of 

lesions, suggesting that the ischemia may cause extrahippocampal damage in a manner unrelated to high 

firing rate. 
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and entoiiiinal cortex (similar to the results in monkeys). It is possible that one of the 

studies of naive rats (Jarrard, 1993; Clark et al., 2001) was flawed. If the results of Jarrard 

are ignored, the pattern of results matches that seen in monkeys. I  ̂on the other hand, the 

results of Clark et al. are ignored, the data suggest that acquisition of the DNMS task by 

rats does not require the hippocampus. With so few data points, further tests of naive rats 

with ibotenic acid hippocampal lesions are required to adequately address these 

possibilities. 

In addition, Clark et al. (2000) tested naive rats with selective hippocampal ibotenic 

acid lesions on a rodent version of the visual paired comparison task (VPC; see Monkeys 

- anterograde amnesia). As with the monkeys, VPC performance was impaired with 

hippocampal lesions. 

Despite the conflicting results of Clark et al. (2001) and Jarrard (1993), hippocampal 

researchers have reached an uneasy partial consensus regarding the involvement of the 

hippocampus in spatial tasks (like the water maze) vs. recognition-memory tasks 

(DNMS, VPC): Spatial tasks are more sensitive to hippocampal damage than are the 

DNMS or VPC tasks. Whether this is due to a primarily spatial nature of information 

processing in the rat hippocampus (e.g., Jarrard, 1993) or the greater computational 

demands of the spatial tasks themselves (e.g., Clark et al., 2001) is not agreed upon. 

Other tasks have recently been used to examine the importance of space in rat 

hippocampal function. Bimsey and Eichenbaum (199S) tested rats on a social olfiictory 

learning task developed by Galef and colleagues (Galef and Wigmore, 1983; Galef et aL, 

1988). In this task (Figure 15), a demonstrator rat eats a distinctively-scented food, then 
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interacts with a subject rat When the subject rat is later presented with a choice between 

similarly-scented food and food with a novel scent, it chooses the food that smells like 

the food the demonstrator rat had eaten. Bunsey and Eichenbaum found that rats with 

subicular or hippocampal ibotenate lesions were unimpaired on the task, but that 

combined lesions of the hippocampus and subicuhim caused impaired performance in the 

24-hour delay condition (Bunsey and Eichenbaum, 199S). The result suggested that 

hippocampal and subicular lesions could impair a clearly non-spatial task. Unfortunately, 

Burton et al. (2000) were unable to replicate the findings, despite extensive adjustment of 

the experimental parameters in an attempt to do so. It is not known if the replication 

feilure was caused by experimental error in one of the studies or by a fiulure to isolate the 

critical variable affecting learning of the task. As with the results of the DNMS studies, 

replication of the results should provide some answers. 
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Figure 15. Hie social olfactory memory task. Top: The demonstrator rat eats a scented food. Middle: 
The demonstrator rat interacts with the subject rat. Bottom: The subject rat, wiien presented with 
similarly-scented food and food with a novel scent, preferentially eats the similarly-scented food. 
Figure from Bunsey and Eichenbanm (1995). 

Finally, Dudchenko et al. (2000) have tested the 'list-learning* abili  ̂of 

hippocampectomized rats. First, rats were tested on an 'odor-span' task, in which they 

had to choose the novel scent from an increasing number of ̂ miliar foils (Figure 16). 

Both control and hippocampally-lesioned rats performed with nearly 80% accuracy when 

asked to remember up to 24 previously-experienced odors. In contrast, hippocampally-

lesioned rats performed at chance on a 'spatial-span' task, in which the rats had to ignore 

previously-experienced locations, rather than odors (Figure IT). Moreover, the lesioned 

rats performed at chance on a spatial DNMS task in which they had to visit a novel 

location after a delay of up to five minutes. These results, like many of the other smdies 
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mentioned here, support a primarily spatial fixnis of learning and memory in the rat 

hippocampus. 

Figure 16. The odor span task of Dndchenko et aL Span 0: The rat digs in scented sand to retrieve a 
food reward. Span 1: Tlie rat, after iieing removed from tlie platform, must dig in tlie sand with tlw 
novel scent. Span 2: The rat must now ignore the two prcvionsfy-czperienced foils and dig in the sand 
with the novel scent Rats were able to remember up to 24 odors. Figure from Dndchenko et aL 
(2000). 

Figure 17. Tlie spatial span task of Dudchenko et al. Span 0: The rat digs In unscented sand to 
retrieve a food reward. Span 1: The rat, after being removed from the platform, must dig In tiie sand 
at tlie novel location. Span 2: The rat must now ignore tlie two previous-experienced locatfons and 
dig in tile sand at the novel location. Control rats were only able to remember approximately 6 
locations. Figure from Dudclienko et aL (2000). 

The hippocampus and time 

A final word concerns the hippocampal-dependence of tasks that fall outside the 

umbrella of'explicit* learning. As mentioned earlier in this chapter, taxonomies of 

memory that are determined according to human descriptions of experience are rather 

arbitrary. Despite that, most of this cluster compares spatial and non-spatial memory 

tasks (considered 'explicit'), and has largely ignored other hippocampus-dependent tasks 

that are generally considered 'implicit'. Trace conditioning, for example, is dependent on 

a working hippocampus (e.g.. Green and Wbodntfi^Pak, 2000). bi this classical-
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conditioning task, a delay is imposed between the end of the conditioned stimulus (a light 

or tone) and the beginning of the unconditioned stimulus (an airpuff to the eye, or an 

electric shock). Though the delay is brief (one second or less), it determines whether or 

not the hippocampus is necessary to acquire the conditioned response. In re-examining 

the results presented in this chapter, one finds a similar delay-dependent need for the 

hippocampus: H.M.'s memory deficits are not noticeable until a delay is imposed, nor are 

hippocampectomized animals impaired at the DNMS task with delays of 10 seconds or 

less. 

It may be that the hippocampus can keep information available to the rest of the 

brain for longer periods of time than can the other structures of the brain on their own. If 

so, then the hippocampus should be required for tasks that require the maintenance of 

information during a period when the information is no longer available from the external 

world. Rawlins (1985), Wallenstein et al. (1998), Levy (1989), and Redish (1999; 2001) 

presented theories of hippocampal function consistent with this idea. The authors also 

attempted to account for the spatial-learning deficits seen in hippocampally-lesioned 

subjects. The model of Wallenstein et al. (1998) could, in &ct, leam paths through a 

simple environment. Similarly, Redish and Touretzky (1998) and Blum and Abbott 

(1996) constructed models in which the hippocampus was used to encode sequences of 

spatial locations. The models were able to solve the Morris water maze. 

Thus, an alternate interpretation of hippocampal fimction, which is not completely at 

odds with the interpretations found in this dissertation, is that the hippocampus may aid 

the bridging of temporal discontinuities in information input. The necessity of the 
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hippocampus for spatial-learning tasks could result from this underlying non-spatial 

computational function. 

Summary 

In humans, damage to the hippocampus (or possibly the hippocampus and associated 

cortical regions) causes a severe anterograde anmesia for episodes, while leaving implicit 

learning largely intact. The effect on semantic memory is still debated, though the bulk of 

the literature suggests it is relatively spared. Recent tests suggest that the human 

hippocampus may be especially important for spatial learning. Finally, the hippocampal 

complex is involved in episodic memory recall for a large portion of the human lifespan, 

but it not known if the duration is limited, or if the involvement extends to semantic 

memory. 

In monkeys, recognition memory as assessed by DNMS performance may only 

require the hippocampus during initial training. In contrast, damage to nearby perirhinal 

cortex is consistently detrimental to recognition memory. The effects of selective 

hippocampal damage on spatial learning are not yet clear, as lesioned monkeys have yet 

to be tested on definitively spatial tasks. 

In rats, the importance of the hippocampus in spatial learning is clear. What is not 

yet clear is whether this learning is truly selective for space or context, or also includes 

non-spatial forms of'̂ explicit* learning. 

It is possible that, in all three species, a computational fimction performed by the 

hippocampus allows the rest of the brain to bridge temporal gsq;>s in information input. 
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and it is even possible that hippocampus-dependent spatial-learning abilities result from 

these same computations. 
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CHAPTERS: MEMORY DEFICITS ASSOCIATED mTH AGING 

Humans 

Until recently, there were no formal diagnostic criteria to differentiate pathological 

and non-pathological aging (Krai, 1977). Thus, studies of the effects of aging on memory 

frequently included subjects with Alzheimer's disease, multi-in£irct dementia, and other 

pathological conditions. In 1986, however. Crook (1986) established criteria to 

distinguish such subjects from 'normally-aging' subjects, allowing investigators to test 

the learning and memory capacities of aged subjects without confounding pathological 

conditions (but see Petersen, 1995). 

It was soon shown that, in accordance with anecdotal evidence from everyday life, 

aged humans have deficits in recalling events and specific episodes (e.g.. Light and 

Singh, 1987; see Backman et al., 2001 for review). If, for example, subjects are asked to 

leam a word list, aged subjects are impaired at recalling which words were on the list. 

This form of memory is often called explicit memory, in that subjects are aware of the 

knowledge they possess (see Memory and the hippocampus). 

Tests of implicit memory, in contrast, assess changes in behavior or performance, 

indicative of learning, that occur without the conscious recollection of the information 

learned. Aged subjects are sometimes implicit-learning impaired and sometimes not, 

depending on the task (e.g.. Light et al., 1986; Light and Singh, 1987; Woodruff-Pak and 

Thompson, 1988; see Backman et aL, 2001 for review). If subjects examine a word list 

on some fidse pretense, then are subsequently asked to complete ambiguous word stems 
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that inchide the beginmngs of some of the studied words (e.g., if'motel' had been on the 

list, the stem 'M-O-T' would be presented), both aged and aduh subjects are more likely 

than chance to choose the studied words as the correct completions. In contrast, aged 

humans are impaired in trace eyeblink conditioning (Woodrufif-Pak and Thompson, 

1988), an implicit, hippocampally-dependent task that requires subjects to associate two 

temporally-separated events. Age-related deficits in implicit learning therefore appear to 

be task-specific (raising again the objections to categorizations of memory as 'explicit', 

'implicit', etc.; see Memory and the hippocampus). 

In addition, there were early indications that aged adults had particular trouble with 

remembering spatial locations (e.g., Naveh-Benjamin, 1987; Read, 1987; Naveh-

Benjamin, 1988). More recently, Uttl and Graf (1993) found that aged subjects were 

impaired in their ability to recall the locations of items they had seen in a museum 

exhibit. Wilkniss et al. (1997) asked subjects to recall a route they had traversed, to 

recognize landmarks they had seen along the route, and to order those landmarks 

temporally. The aged subjects were able to recognize the landmarks, but were impaired in 

both route recall and landmark ordering. In a second experiment within the same report, 

Wilkniss et al. had subjects learn a route using a map, and then navigate the route fi»m 

memory. In this case, aged subjects were impaired in both the initial memorization of the 

route and the ensuing navigation. Newman and Kaszniak (2000) tested subjects on a 

version of the Morris water maze (see below) ad^ted for humans. During the task, 

subjects were explicitly instructed to learn the location of a landmark relative to cues at 

the perimeter of a 73 meter enclosed arena. Subjects were then required to place the 
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landmark in the correct location after a number of environmental manipulations. Aged 

subjects were impaired relative to young subjects whenever spatial learning was 

necessary for accurate completion of the task. Similarly, Mofi&t et aL (2001) tested 

subjects on a virtual-reality navigation task, and found aged subjects impaired in spatial 

learning. 

Thus, the specific deficits of explicit memory and certain forms of implicit memory 

support the existence of multiple memory systems in the brain (an idea suggested by the 

lesion literature, see Memory and the hippocampus), and suggest that these systems do 

not deteriorate equivalently with age. Moreover, the mixed results of the tests of implicit 

memory suggest that that it may be an arbitrary category, and not a unitary Q^pe of 

memory formation in the brain. Finally, though the dissociation from explicit memory is 

not clear, aged humans display impaired spatial memory. 

Monkeys 

Monkeys also appear to lose some capacity for spatial learning as they age (Lai et al., 

1995; Rapp et al., 1997). In a task designed to mimic the 8-arm radial maze task 

commonly used with rats (see below), Rapp et al. (1997) tested the spatial working 

memory of aged and adult rhesus monkeys (Figure 18). Monkeys retrieved food rewards 

from eight food wells at the perimeter of an octagonal platform. Re-visiting a reward 

location during a single trial constimted an error. Aged and adult monkeys learned the 

task at similar rates, but using radically different strategies. After retrieving a reward and 

returning to the center of the platform, aged monkeys simply traveled to an adjacent 

reward site (~72% of the time), while adult monkeys performed a more random search. 
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This suggested that old monkeys were using a sequential response strategy, rather than a 

spatial strate .̂ This behavior is also common in aged rats (see below). 

Figure 18. The behavioral tasic of Rapp et aL (1997). Monkeys were tethered to the center of the maze 
to prevent exploration lieyond the perimeter of the maze. Rewards were iiidden behind iiinged doors 
at eight kications around the perimeter of the maze. The maze was surrounded by curtains on which 
there were visual cues. Note tluit the figure is not to scale; the curtains were lietween 4 and 10 feet 
away from the edge of the platform. Figure from Rapp et aL (1997). 

Rapp et aL (1997) then imposed delays of 5 minutes to 4 hours between the retrieval 

of the first four rewards and the last four rewards. At long delays (30 minutes and 2 

hours), the performance of the aged animals was impaired relative to adults, suggesting 

that the aged monkeys had not learned the spatial locations of the visited reward sites. 

Furthermore, a probe trial in which the cues on the walls were scrambled caused a severe 

decrement in the performance of the adult monkeys, but had no effect on the aged 

monkeys. This result confirmed that the adult monkeys, but not the aged monkeys, were 

using the spatial arrangement of the distal cues to navigate the maze. 
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Like humans, aged monkeys generally display impaired recognition memory (Presty 

et aL, 1987; Moss et al., 1988; Rapp and Amaral, 1991; but see Rapp et al., 1997), a form 

of memory thought by some to be analogous to explicit memory in humans (e.g.. Squire, 

1992). These impairments are observed when aged monkeys are tested on a delayed-non-

match-to-sample task (DNMS), a task used extensively in the hippocampal-lesion 

literature (see Memory and the hippocampus  ̂Figure 12). The task requires monkeys to 

view a single object or stimulus (the sample phase) and obtain a reward. When presented 

with both the original and a novel object sometime later (the choice phase), the monkeys 

must choose the novel object to obtain another reward. The general result is that when 

delays between sample and choice phases are short (~10 seconds), aged monkeys are 

unimpaired in this task. At longer delays (30 seconds to 10 minutes, depending on the 

study), however, aged monkeys show slight impairments in choosing the novel object. 

These results are broadly consistent with those obtained in monkeys with lesions of the 

hippocampal complex (see Memory and the hippocampus). It should be noted, however, 

that Rapp et al. (1997) failed to replicate these results, despite the &ct that age-related 

DNMS impairments had previously been found in the same laboratory. It is possible that 

the same confounds observed in the lesion literature (see Memory and the hippocampus) 

may affect tests of recognition memory in normal aging. The bulk of the evidence, 

however, suggests that, like aged humans, aged monkeys have impairments in both 

spatial and recognition memory. 
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Rats 

Rats show distinct age-related deficits in spatial learning of many tasks (e.g., Barnes, 

1979; Barnes et al., 1980; Wallace et al., 1980; de Toledo-Morrell et al., 1984b; Gage et 

al., 1984b; Barnes and McNaughton, 1985; Gage and Bjdridund, 1986; E(app et al., 1987; 

for reviews see Barnes, 1988; Gallagher and Pelleymounter, 1988; Barnes, 1990). A brief 

review of selected results follows. 

Barnes (1979) developed the circular platform task, in which rats leam which of 18 

holes (at the perimeter of a 1.2 m circular platform) leads to a dark escape tunnel (Figure 

19). Rats are given one trial per day, up to four minutes per trial. Many reports indicate 

that aged rats are impaired in both learning the location of the hidden tuimel and retaining 

the memory of that location (e.g., Barnes, 1979; Barnes and McNaughton, 1985; 

Markowska et al., 1989). Bach et al. (1999) found the same result with aged mice, and 

noted that the aged mice were imimpaired in the acquisition of a cued version of the task. 
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Figure 19. The Barnes circular platform. The platform had 18 holes, one of which kd to an unlit box 
and allowed the rat to escape the brightly lit surface of the platform. In this particolar experiment, 
the platform was surrounded by curtains on which there were visual cucs. Adapted firom Barnes et 
aL(1980). 

Bames et al. (1980) tested aged and adult rats on a T-maze in which one of two arms 

always held a reward (Figure 20a). The task could be solved by the rats with one of three 

strategies: a local-cue strategy, in which the rat learned to enter the arm which had (or 

did not have) a rubber mat on the track sur&ce; a response strate ,̂ in which the rat 

learned to make a tum of a particular direction; or a place strate ,̂ in which the rat 

learned to enter the arm located in a particular part of the room (as denoted by the 

position of visual cues on the curtains surrounding the maze). Probe trials, especially 

ones in which the start arm was moved to the opposite side of the maze (Figure 20b), 
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revealed that aged rats were more likely than adult rats to use a response strategy to solve 

the task, and that adult rats were more likely than aged rats to use a place strategy to 

solve the task. 

CONTROL PROaC 

Figure 20. Hie T-maze used liy Barnes et aL (1980). Hie maze was surrounded by curtains on wliich 
tiierc were visual cues. A: A standard training configuration. In this case, the goal arm was on the 
right side of the figure and had a rubber mat^ray rectangle) on its surface. B: A probe 
configuration assessing the use of a response strategy by the rats. The start arm was moved to the 
opposite side of the maze, so that a response strategy (In this case, a right turn) would send the rat to 
the arm on the left side of the figure (solid arrow). Adapted from Barnes et aL (1980). 

Another task commonly used to assess spatial memory in rats is the 8-arm radial 

maze (Potegal, 1969; Olton and Samuelson, 1976). See Figure 21. Rats can retrieve 

rewards at the ends of the arms. In one variant of the task, each of the arms is baited, and 

the rat is allowed to forage at wilL Re-entries into arms already visited during the trial are 

considered errors of spatial working memory. Another variant imposes a delay between 

the retrieval of the first four rewards and the last four. In both situations, aged rats require 

more trials than do adult rats to reach a performance criterion (e.g., Barnes et aL, 1980; 

Davis et aL, 1983; de Toledo-Morrell et aL, 1984a; de Toledo-Morrell et aL, 1984b; de 

Toledo-Morrell and Morrell, 1985; Gallagher et al., 1985; Mizumori et al., 1996). 
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Figure 21. Tlie 8-arni nulial maze. Reward sites are at the ends of some or aO of the arms, depending 
on the variant of the task being nsed. The maae b surrounded by curtains on which there are visual 
cues. Adapted from Barnes etaL (1980). 

Interestingly, the deficits appear to be &irly specific to spatial information. Barnes et 

al. (1987a), for example, tested aged and adult rats on nonspatial versions of both the 

working-memory and reference-memory tasks. In the nonspatial reference-memory task, 

the correct arm was indicated by the presence of a particular tactile cue on the arm 

sur&ce. In the nonspatial working-memory task, four baited maze arms were available to 

the rat, each with a different tactile cue on its sur&ce. After the rat retrieved the reward 

from one of the arms, he was removed firom the room and the tactile cues and associated 

reward cups were shuffled. The rat was then required to recall which tactile cue he had 

already crossed and not to cross it again. In both cases, Barnes et aL found no age-related 

performance deficits, suggesting that a^d rats can learn even difSctilt nonspatial tasks as 

well as adult rats, and that it is spatial learning which is most problematic for the old rats. 
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A final task that has been used extensively to test spatial learning in rats is the Morris 

water maze (Morris, 1981). In this task, rats are put into a tank of cloudy water. To 

escape from the water, the rats need to leam the location of a platform hidden just below 

the water's sur&ce. The platform is always in the same location relative to the room. 

Aged rats are consistently much slower to leam the task than adult rats (e.g.. Gage et al., 

1984a; Gage et al., 1984b; Ets^p et al., 1987; Gage et al., 1989; Markowska et aL, 1989; 

Shen and Barnes, 1996; Barnes et al., 1997a; Rosenzweig et al., 1997; Shen et al., 1997). 

When taught a version of the task in which the platform is visible, however, aged rats 

perform just as well as adult rats (e.g., Rs^p et al., 1987; Shen and Barnes, 1996; Barnes 

et al., 1997a; Rosenzweig et al., 1997; Shen et al., 1997). 

Fignre 22. Tlie Morris water maze. Left: A rat, wearing a blacic Jacket to aid tracking, swimming in 
the water maze. The upper and lower arrows ideate tlie escape platform and the rat, respectively. 
The platform cannot be seen from a water-level view. The curtains surrounding the maze are hung 
with visual cues (not shown). Right: A successful rat sitting on the escape platform. 

Summary 

It s^pears that aging, rather than causing a global memory deficit, affects different 

forms of memory in different manners, bi humans, aging impairs ocplicit memory, and 
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may cause particular problems in explicit memory regarding space. Some forms of 

implicit memory are relatively spared, while others are more severely affected. In 

monkeys, aging also targets both spatial memory and recognition memory (a possible 

analog of explicit memory). In rats, spatial memory is greatly impaired, while even 

seemingly difBcult non-spatial tasks are unaffected by aging. The cross-species parallels 

in spatial-learning deficits suggest that studies of these deficits in aged rats may, at the 

very least, yield information regarding spatial-learning deficits in aged humans. In 

addition, the influence of aging on other forms of explicit memory may increase from rat 

to human. If this is due to an increased role of the human hippocampus in explicit 

memory function, the same studies may help address the more general explicit memory 

deficits shown by aged humans. 
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CHAPTERS: LONG-TERM POTENTIATION 

Aged rats are deficient in the induction and maintenance of long-term potentiation 

(LTP), a phenomenon that is potentially critical for learning and memory. This chapter 

will review what is currently known about LTP and about age-related LTP deficits. 

Theoretical background 

Many scientists believe that storage of memories must involve some form of 

synaptic modification. The guiding principle for such modification was proposed by 

Donald Hebb in his book The Organization of Behavior (Hebb, 1949). According to 

Hebb's postulate (translated into current terminolo^), if a pre-synaptic cell and a post

synaptic cell fire action potentials at the same time, the strength of the connection 

between the two cells will increase. Hebb extended the idea to more realistic weak 

synapses, in which multiple inputs had to arrive simultaneously to cause the target cell to 

fire. Imagine, for example, three pre-synaptic cells with excitatory syns^ses on a single 

post-syns^tic cell (Figure 23). Because the synapses are weak, all three input cells must 

fire together to elicit an action potential firom the target cell. With a 'Hebbian' 

mechanism in place, however, the simultaneous firing of pre- and post-synaptic cells 

would increase the strength of all three synapses, so that fiiture action potentials might be 

elicited with only two simultaneous inputs. This phenomenon, called pattern completion, 

is an important characteristic of associative neural networks. 
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Figure 23. Hebbian leaming and pattern completion. A) Schematic diagram of pre- and post
synaptic cells. B) Weak synapses necessitate slmoltaneous Input firing to elicit an action potential 
from the post-synaptic ceU. Q The combination of pre-synaptic activity with post-ssmaptic 
depolarization causes Hebbian strengtliening of aH three ssmapses. D) The stronger synapses aUow an 
action potential to be elicited by only two slmuUaneons Inputs. 

Extending the pattern-completion example slightly will help illustrate how memories 

can be stored through synaptic weight increases. Imagine that the target cell is in the 

hippocampus, a region of the brain that receives input from many different sensory 

systems. Now imagine that one of the input cells is bringing information from the visual 

system - the image of a basked)all, for example. The second input cell might bring audio 

information - the sound of the word 'basked>alL* The third cell might carry 

somatosensory information about the feel of a basketball in one*s hand. If you give a 

basketiiall to a young child and say **This is a basked)all," these three modalities of 



91 

infonnation are quite likely to be present simultaneously in the child's hippocampus. If 

Hebbian learning takes place, in the future the child should be able to hear the word 

'basketball* and remember how a basketball looks and feels. 

Discovery of long-term potentiation 

It took almost 25 years to discover a process that seemed to fit Hebb's postulate. In 

1973, Bliss, Lomo, and Gardner-Medwin observed a long-lasting increase of syn^tic 

strength in the rabbit dentate gyrus in response to high-frequency stimulation (Bliss and 

Gardner-Medwin, 1973; Bliss and Lomo, 1973). This synaptic enhancement, which 

eventually became known as LTP, was soon shown to meet three fundamental criteria 

implicit in Hebbian theory: 1) the enhancement must require co-activity of inputs; 2) the 

enhancement must be post-sym^tically specific; and 3) the enhancement must be pre-

synapticaUy specific. McNaughton, Douglas, and Goddard (1978) demonstrated the 

necessity for input co-activity when they weakly stimulated two separate sets of inputs to 

the dentate gyrus of the hippocampus. These inputs, the medial and lateral perforant 

paths, syn^se onto distinct sections of the same target neurons. If the stimuli were 

^plied asynchronously, no LTP (or very weak LTP) was observed. If, however, the 

stimuli were applied simultaneously, robust LTP was induced (McNau^ton et al., 1978). 

In the same study, the researchers demonstrated the post-sym^tic specificity of LTP by 

strongly stimulating one pathway or the other. They found that LTP was induced only at 

the stimulated pathway, proving that LTP is not merely an increase in the strength of all 

of a cell's synapses. Finally, Levy and Steward demonstrated the pre-syn^tic specificity 

of LTP by examining the sparse contralateral projections of tiie perforant path (Levy and 
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Steward, 1979). These projectioiis consist of branches of the same axons that project 

ipsilaterally, yet ipsilateral LTP induction failed to induce LTP contralaterally. In other 

words, one branch of a given cell's axon may undergo LTP, while another branch of the 

same axon will not These three results suggested that LTP could be considered as a 

mechanism underlying learning and memory. 

Induction and expression mechanisms 

When it became apparent that LTP might be the experimental analog  ̂of memory 

formation in the brain, researchers began to investigate mechanisms of LTP induction 

and expression, and possible correlations of LTP with learning and memory. Although 

the exact parameters affecting LTP seem to vary greatly by species, brain region, and 

experimenter, the core induction mechanism in the most commonly studied form of LTP 

centers on the NMDA receptor. The NMDA receptor is a ligand-gated cation channel 

selective for glutamate (the neurotransmitter mediating most of the fast excitatory 

synaptic transmission in the mammalian CNS). Unlike other glutamatergic receptors, 

however, the open NMDA receptor allows a considerable flow of Ca  ̂ions into the post

synaptic cell. Also unlike other glutamatergic receptors, the NMDA receptor requires 

both its preferred ligand and a large membrane depolarization in order to open 

^ The tenn ^experimental analog* is used because LTP is probably not equivalent to actual memory 

formation. LTP induction requires an inherently unnatural situation - the simultaneous activation of many 

afiferents. The utility of LTP research rests on the idea that menoory formation and LTP may share a 

common mechanism of induction and / or expression. 
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fimctioiiaUy. This requirement of concurrent depolarization and giutamate binding makes 

the NMDA receptor a useful tool for associating the activity of multiple inputs to a cell. 

If; for example, a single ghitamatergic input to a given cell is activated (see Figure 

24), the giutamate binds both NMDA and AMPA receptors on the post-syn^tic cell 

(AMP A receptors mediate most of the fast glutamatergic neurotransmission in the 

manmialian CNS). The giutamate causes both types of channels to change to an *open' 

conformation, but the NMDA receptor remains fonctionally closed due to its blockage by 

Mg  ̂ions. The open AMPA receptor allows a mixture of Na  ̂and fC ions to flow across 

it, causing a net depolarization of the cell. With only one active input, however, the 

depolarization is insufficient to unblock the NMDA receptor. The Mg'̂ -blocked NMDA 

receptor allows no Ca  ̂influx, and the event causes no lasting changes at the synapse. If, 

on the other hand, multiple ghitamatergic inputs are simultaneously active, the 

depolarization of the post-synaptic membrane is sufficient to displace the Mg  ̂block and 

allow Ca  ̂to flow into the cell. The Ca*  ̂influx begins a cascade that results in LTP (for 

review, see Malenka and Nicoll, 1999). 
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Figure 24. Schematic diagram of LTP imiuctioii. Left: pre-tymiptic glutamate release witlMat a large 
post-fynaptic depolarization. Glutamate binds and opens both AMPA and NMDA receptors, but the 
NMDA receptors remain ftinctionally blocked by magnesium Ions. Few calcium ions enter the post
synaptic celL Right: with sufficient post-synaptic depolarization, magnesium ions cease blocking tiie 
open NMDA receptors. Calcium ions enter tiie cell and trigger a cascade that leads to LTP. Figure 
from Malenka and NicoD (1999). 

The expression of LTP, historically a controversial issue, is now thought to involve 

the addition of AMPA receptors to the post-synaptic membrane (Luscher et al., 2000; 

Luscher and Frerking, 2001; Magee, 2002). Incoming Ca*  ̂ions bind to calmodulin and / 

or calcineurin, either of which can upregulate cascades that result in the net addition of 

AMPA receptors to the synapse. With more post-synaptic AMPA receptors available, 

subsequent pre-synaptic release of glutamate elicits a larger EPSP. 

Metabotropic glutamate receptors 

In addition to the NMDA and AMPA receptors, which are both ionotropic, there are 

three families of metabotropic (G-protein coupled) ghitamate receptors (mGhiRs) in the 

hippocampus (for reviews, see Anwyl, 1999; Bortolotto et al., 1999). Activation of these 

receptors with selective agonists causes a variety of effects, depending on the field of the 
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hippocampus being examined. These effects inchide inhibition of Ca  ̂and currents, 

activation of Ca ,̂ iC**, and non-specific cation currents, a slow EPSP, presynaptic 

inhibition of transmitter release, and potentiation of AMP A-receptor-mediated and 

NMDA-receptor-mediated synaptic responses. In both CAl and the dentate ̂ rus, for 

example, some mGhiR agonists can induce LTP when paired with postsynaptic 

depolarization. Interestingly, this form of LTP induction also requires the NMD A 

receptor and shares maintenance mechanisms with the tetanically-induced LTP discussed 

in this chapter. Though there is no consensus on the exact role of mGluRs in LTP, it has 

been suggested that, in certain cases, they function as a ̂ molecular switch' which allows 

NMDA-receptor-mediated LTP to be induced at a later time (Bortolotto et al., 1994). 

These receptors may also provide different modulatory fimctions in other hippocampal 

fields. 

Correlation of LTP with learning and memory 

The vast amount of research on LTP has confirmed that it couldhe the experimental 

analog of actual memory formation in the brain, but the key question remains: Is it? The 

definitive proof would come from a two-part experiment First, this experiment would 

show that natural experiences, like learning about a new environment or new task, elicit 

an LTP-iike response in the brain. Second, this experiment would show that selective 

erasure of the naturally-induced LTP selectively erases the memories of the new 

environment or task. At present, no investigators have come forward with either half of 

this holy graiL In the absence of definitive proo  ̂LTP researchers must press their case 

with copious amounts of indirect proof. 
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One type of indirect proof is that saturation of LTP can disrupt recently-acquired 

memories and prevent acquisition of new memories (McNaughton et aL, 1986; Castro et 

al., 1989; Barnes et al., 1994; Moser et al., 1998). Recall that an associative neural 

network can perform pattern completion - the network can retrieve an entire stored 

pattern when a fiagment of that pattern is presented (see Theoretical background  ̂earlier 

in this section). Unfortunately, a network that can complete patterns is severely restricted 

in its storage c£^)acity. As the nimiber of stored patterns increases, so does the likelihood 

of activation of an incorrect pattern, a phenomenon called catastrophic interference. 

Figure 25 provides an illustration of such interference. Thus, if memory formation is 

based on an LTP-Uke process, saturation of LTP in a given brain structure should prevent 

both the retrieval of any memories stored in that structure and the formation of new 

memories in that structure. This was the result observed when hippocampal LTP was 

saturated before or after animals learned a spatial task. 
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Add Pattern 1 Add Pattern 2 Add Pattern 3 Add Pattern 4 

Figure 25. Imagiiie diat a neural network is like a sheet of white paper on which silhouetted shapes 
can be stored. If the network stores too much information, it becomes useless. When only pattern I 
(stars) and pattern 2 (shcDs) have been stored, almost all the information about both patterns can 
still be accessed. With the addition of a tldrd pattern (triangles), the overlap of shapes makes it more 
difRcult to see all the objects. By the time the fourth pattern (squares) is added, much of die 
information in the network, about both old and new patterns, has been lost. Figure from Rosenzweig 
etaL(2002). 

Another indirect proof of the relationship between LTP and learning comes from the 

observation that blocking LTP can prevent the formation of new memories without 

disrupting retention or retrieval of already-formed ones. The LTP blockade has been 

accomplished both pharmacologically (e.g., Morris et al., 1986; Morris, 1989) and 

genetically (in mice; e.g.. Bach et al., 1995; Wilson and Tonegawa, 1997). Perhaps 

because of the difficulties inherent in behavioral assays of memory formation, as well as 

the uncertainties of assigning a particular type of memory to a particular brain region and 

/ or memory task, not all experiments found a strong link between LTP and spatial 

learning (for review, see Cain, 1997). Bannerman et al. (1995), for example, found that 

water maze learning deficits associated with pharmacological blockade of LTP were 

alleviated when animals were pretrained on a different maze in a different room. The 

learning deficits were not alleviated, however, when the pretraining was on a non-spatial 
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version of the task (although the opposite result was obtained by Saucier and Cain, 1995). 

hiterestingly, learning deficits caused by saturation of LTP (see above) were also 

alleviated with pretraining (Otnaess et al., 1999). It is possible that the water maze task 

can be solved with one of multiple strategies that do not require knowledge of the exact 

location of the goal (e.g., Morris et al., 1990; Whishaw et aL, 1995). If so, rats might have 

acquired sufficient knowledge during pretraining (regarding, for example, the distance of 

the platform from the edge of the pool) to solve the task in the novel environment. It is 

also possible that the pretraining caused extrahippocampal changes similar to those 

proposed by Barnes to explain the effects of lesions on monkey DNMS performance 

(personal communication; see Memory and the hippocampus). Despite the uncertainty 

regarding the strategies required for an animal to leam a given task, the results from the 

entire literature support the idea that, in some brain regions, LTP blockade prevents some 

forms of learning. 

A third type of evidence for LTP^s involvement in learning comes from recent work 

by Villarreal et aL (2002). The investigators took advantage of the frict that already-

established LTP is actively erased as animals form new memories (Xu et al., 1998; 

Villarreal et al., 2002), possibly to prevent saturation and catastrophic interference. The 

researchers first taught rats a spatial task, then blocked this naturally-occurring erasure, 

then tested the rats* recall of the task after six days. As expected if LTP is required for 

memory, the erasure-blocked rats remembered the task better than untreated rats. 

The results of all three types of e3q>eriment provide strong corroborative evidence 

that LTP is similar to biological mechanisms of learning and memory. Saturation of LTP 
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causes memory deficits expected due to catastrophic interference, blockade of LTP 

prevents spatial learning, and prevention of LTP decay preserves already-learned spatial 

information. 

How does aging affect LTP? 

Do aged rats have defective LTP? The grossly oversimplified answer is yes. As 

expected in any complex system, however, the differences in LTP between young and old 

rats depends heavily on the exact parameters of the experiment Was a robust, supra-

threshold stimulus protocol used, or was it a weaker, peri-threshold stimulus protocol? 

Was LTP measured at the Schafier collateral CAl synapse, or the perforant path —> 

dentate gyrus synapse? Were the data recorded from a living, freely-moving animal, a 

living, anesthetized animal, or from slices in vitrol Were the experimenters measuring 

LTP induction or LTP decay? A brief review of the results in each case follows. 

Initial experiments showed no age-related deficits in LTP induction. This was true in 

CAl in vitro (Landfield and Lynch, 1977), in CAl in vivo (Landfield et al., 1978), and in 

DG in vivo (Barnes, 1979). These results have been replicated many times (for review, 

see Barnes, 2001). When dentate gyrus LTP was measured in vitro and in anesthetized 

rats in vivo, however, the results were more varied (Tielen et al., 1983; Diana et al., 

1994a; Diana et al., 1994b; Lynch and Voss, 1994; McGahon et al., 1997; Mtirray and 

Lynch, 1998b; Murray and Lynch, 1998a; McGahon et al., 1999). Still, the majori  ̂of 

experiments suggest that there is no age-related deficit in LTP induction when robust, 

supra-threshold stimulation parameters are used. 
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It has been suggested that LTP induction with fewer stimulus pulses might provide a 

more accurate description of age-related LTP (Deupree et aL, 1993; Moore et aL, 1993). 

Such peri-threshold stimulation is still fiir from natural, as it causes the simultaneous 

activation of many more afferents than would ever be naturally co-activated. It may, 

however, reduce the chance of activating biochemical cascades that have nothing 

whatsoever to do with those of a brain in a non-experimental setting. In any case, under 

peri-threshold stimulation, aged rats do show LTP induction deficits at the Schaffer 

collateral -> CAl synapse (Deupree et aL, 1993; Moore et al., 1993; Rosenzweig et al., 

1997). It is thought that the deficits are not caused by defects in the NMDA-receptor-

mediated cascade (Barnes et al., 1996), but are caused by a combinatioa of synapse loss 

(Barnes, 1994) and deficits in the siunmation of post-synaptic responses to multiple 

stimuli (Rosenzweig et al., 1997). At the perforant path —> dentate gyrus synapse, no age 

group comparisons of LTP induction have been made under peri-threshold stimulation. 

However, one study demonstrated an increased threshold for LTP induction by 

combining weak pre-synaptic stimulation with direct depolarization of the postsynaptic 

granule cell (Barnes et aL, 2(X)0a). In this case, the deficit may be caused by a selective 

decline in the NMDA-receptor-mediated synaptic response (Rao et al., 1994). It is not 

clear whether, under a peri-threshold stimulation protocol, this deficit would be 

counteracted by the increased AMPA-receptor-mediated response at the same syn^ses 

(Foster et aL, 1991; Barnes et al., 1992). 

What about LTP maintenance? Over the course of an hour, there ̂ >pears to be no 

difference in LTP decay rates in aged and adult rats, assuming robust stimulation 
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parameters are used so that inductioii is equivalent across age groiq>s (Landfield and 

Lynch, 1977; Landfield et aL, 1978; Deupree et aL, 1993; Moore et al., 1993; Diana et 

al., 1994a; Diana et aL, 1994b; Norris et al., 1996; Shankar et al., 1998). Over a much 

longer time scale, however, age-related maintenance deficits appear. Barnes (1979), and 

Barnes and McNaughton (1980b) showed that, after multiple daily LTP induction 

sessions (3 and 12 days, in the respective studies), LTP decayed more quickly in aged 

rats than in adult rats. In addition, spatial memory performance was correlated, within 

each age group, with the rate of LTP decay. That is, a given rat's rate of LTP decay 

seemed to indicate how well that rat would perform on a spatial memory task (see 

Memory deficits associated with aging). 

In addition, recent in vitro experiments in mice imcovered age-related LTP 

maintenance deficits after three hours (Bach et al., 1999). These deficits correlated with 

the performance of the aged (but not adult) mice on the same spatial task used by Barnes 

in 1979 (the Barnes circular platform maze). The results parallel those found in rats, and 

provide further support for the argument that LTP, or a biological analog of LTP, has 

some role in learning and memory. 

Summary 

Long-term potentiation may represent the experimental analog of memory formation 

in the brain. It is induced by the simultaneous activity  ̂of multiple inputs to a neuron, and 

causes a specific strengthening of the synapses firom the active input cells onto the target 

ceO. In some cases, experimentally-induced deficits in LTP can disrupt certain forms of 

learning. 
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Old rats, who are impaired at certain memory tasks, are also impaired in some 

aspects of LTP. In some situations, the LTP deficit can predict an animal's performance 

on a task. The results are important both for strengthening the link between LTP and 

memory and for understanding potential causes of some of the memory impairments seen 

in aged animals. 
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CHAPTER 6: PLACE FIELDS AND THE HIPPOCAMPAL MAP 

Place fields 

The most striking correlate of cell activity in the rat hippocampus was discovered by 

O'Keefe and Dostrovsky (1971). They found that, just as many neurons in neocortical 

areas are tuned to particular values of a sensory ii^ut variable (e.g., angle of a bar for a 

neuron in the primary visual cortex Hubel and Wiesel, 19S9), the principal cells of the 

hippocampus are tuned to particular spatial locations in a given environment That is, 

when the rat occupies a particular portion of an environment, a ceil selective for that 

region fires action potentials at 10-20 Hz. When the rat is not in the correct region, the 

cell is almost silent (see Figure 26). The region of the environment to which the cell 

responds is called its place field, and is generally 30-50 cm. in diameter, depending on 

the environment and on the criteria used to determine place-field size (see Muller and 

Kubie, 1987; Muller, 1996). Since the discovery of place fields, enormous amounts of 

research have been devoted to describing their properties. A brief review of those 

properties follows. 
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Figure 26.0'Keefc and Dostrovsicy's figure showing piace-tpecific firing of • hippocampal celL Top 
section uses arrows to mark tiie sampled positions and orientations of tlie rat. Middle section SIMWS 
responses of tlie ceil to tiie different positions of the rat. Bottom two traces are Oner-temporal 
resolution traces of data from middle section. Calibration bar for bottom traces is 400 ms. Figure 
from O'Keefe and Dostrovskjr (1971). 

Characteristics of ensembies of piace cells 

As mentioned above, an individual pyramidal cell's place field is reflected in the 

cell's tendency to fire in a particular portion of a given environment Multiple cells may 

have overlapping fields, and even relatively small samples of cells (~S0, approximately 

1/8,000'*' of the 400,000 CAl pyramidal cells) generally have a sufBcient number of 

fields to cover a 1 m  ̂environment (e.g., Wilson and McNaughton, 1993). Moreover, a 

given cell will generally have the same place field every time the animal is in a given 

environment (but see Pletce fields: changes with aging). O'Keefe and Nadel (1978) 
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suggested that the hippocampus, in rats at least, is a cognitive map, and provides the 

animal with information about the spatial organization of its environment. 

In support of the presence of hippocampal maps, Wilson and McNaughton (1993) 

have shown that an experimenter can actually use place-cell activity  ̂to reconstruct an 

animal's trajectory through an environment in a recording session. Large ensembles of 

place cells (71-141 cells) were recorded while rats ran in a square arena (see Figure 27). 

The activity of the place cells was used to create an activity-based map. That is, for each 

location in the environment, the authors calculated the firing rates, at that location, of 

each of the place cells. One-second-long samples of cell activity were then taken and, 

using the activity-based map, the most likely location of the rat was determined for each 

time window. By doing this for many time windows, Wilson and McNaughton were able 

to reconstruct the rat's path in the environment with surprising accuracy (5 cm error for 

the two rats with 71 and 76 place cells, 2 cm error for the rat with 141 place cells), 

especially considering that their largest sample of place cells represented less than 0.04%, 

or 1/2837"', of the place cells in CAl. One can therefore imagine that the entire 

hippocampus can very accurately encode the animal's location. 
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Figure 27. Wilsoii and McNangiiton's euemble of 80 liippocanipal cells. Eacli pand shows a single 
ccll*s firing rate at each location in the square arena. Red pixels are Ugliest firing rates, darli blue 
pixcb are firing rates near lero. The six cells with high firing rates in the entire arena are inhibitory 
intemenrons, rather than place cells. Figure from Wilson and McNaughton (1993). 

A given ceil may also liave a place field in other environments (e.g., OlCeefe and 

Conway, 1978; Kubie and Ranck, 1983; Thompson and Best, 1989; Gothard et al., 

1996a). The position of the field in one environment, however, does not predict the 

location of the field in another (OXeefe and Conway, 1978; Kubie and Ranck, 1983; 

Muller and Kubie, 1987; Thompson and Best, 1989). for example, a cell has a place 

field near the wall fiirthest fit>m the entrance to environment X, that cell will not 

necessarily have a field near the wall &rthest firom the entrance to environment Y. 

Gothard et al. (1996a) extended this observation to ensembles of place cells by showing 
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that, as expected due to the unpredictable placements of fields firom one environment to 

another, the spatial relationships between the fields of cells were not conserved from one 

environment to the next. Thus, the hippocampus can contain not just one, but multiple 

independent maps, each providing information about a different environment. 

Place fields are present the first time an animal enters an environment (Hill, 1978), 

suggesting that maps are not dependent on learning for their initial formation. Later 

studies have found that the place-specificity of the fields increases over the course of the 

first half-hour in the novel environment (Wilson and McNaughton, 1993; Tanila et al., 

1997b). In addition, Kentros et al.(1998) found that NMDA-receptor blockade (which 

prevents LTP, a possible analog of synaptic plasticity; see Long-term potentiation) did 

not prevent the formation of coherent place fields in a novel environment These results 

suggest that a htppocampal m  ̂is available for each new environment, but that 

experience can fine tune the place fields that make up that map. 

The hippocampus does not use all of its cells to encode every environment. This was 

first noted by O'Keefe and Conway (1978), who observed that some cells only had place 

fields in one of two different environments. The silent-cell phenomenon is illustrated in 

Figure 27, in which many place cells show no firing in the square arena. To obtain an 

accurate estimate of the proportion of cells used to encode a given environment, 

Thompson and Best (1989) used both antidromic activation and the increased cell activity  ̂

during anesthesia as an indicator of the number of cells within recording range of their 

electrodes. They then compared these cell counts to the number of place fields observed 

during subsequent behavior, and found that {q>proximately 1/3 of the pyramidal cells in 
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the dorsal hippocampus have place fields in a given environment hi a more current 

method (Wilson and McNaughton, 1993), ceUs are recorded while animals rest before 

and after a behavioral session. During these rest periods (or brief periods of immobility), 

the hippocampus enters a state of Icp^e irregular activity  ̂or LIA, and all hippocampal 

pyramidal cells fire occasional spikes, regardless of the animal's location. 

More recent experiments suggest that environment size is a critical &ctor in 

determining the number of place fields used. Gerrard et al. (2001) recorded place cells 

while rats traversed a long (13 m) hallway. This environment is an order of magnitude 

larger than most previously-used environments. Gerrard et al. found that, as the rat 

entered new portions of the environment, new place cells were randomly recruited to 

encode the new region. Moreover, this random selection sometimes re-recruited a cell 

already used to encode a previous part of the hall. These results suggest that, given an 

infinitely large enviroimient, the hippocampus would use all of its place cells to represent 

that environment. In addition, the possibility of re-recruiting cells is consistent with the 

fact that many cells have more than one field in a single environment (e.g., OlCeefe and 

Conway, 1978; McNaughton et al., 1983b; OlCeefe and Speakman, 1987; Wilson and 

McNaughton, 1993; Shen et al., 1997). 

The feet that the hippocampus can represent multiple environments with overk^ping 

cell populations suggests that, unlike many neocortical areas, there is no fimctional 

topographic relationship between hippocampal pyramidal cells. That is, cells that are 

anatomically proximate do not have similarly proximate place fields, bi comparison, cells 

in primary visual cortex are organized in columns and hypercolumns according to the 
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cells* sensitivities to various attributes of the visual stimuli. Cells responsive to a bar 

oriented 45° clockwise from vertical, for example, tend to be nearer to each other than to 

cells responsive to a bar oriented 45° counterclockwise from vertical (Hubel and Wiesel, 

1959). 

Although most of the literature suggests a lack of functional topography in the 

hippocampus, there have been some reports of topographic relationships between 

hippocampal cells (Eichenbaum et al., 1989; Hampson et al., 1999; Hampson et al., 

2002). Recently, Redish et al. (2001) seemed to put the matter to rest using a dataset of 

3074 cells from 933 tetrodes (multi-probe electrodes used to record and isolate up to 20 

pyramidal cells simultaneously; see Materials and methods: Surgery and recording) in 

28 rats over 165 recording sessions. The recordings were made with multi-tetrode arrays 

in which the tetrodes were separated spatially by 350-1450 ̂ m (see Figure 43 in 

Materials and methods: Surgery and recording). The spatial and temporal correlations of 

simultaneously recorded pairs of cells were measured in two conditions: 1) when cell 

pairs were drawn at random from all simultaneously recorded cells; and 2) when cell 

pairs were drawn only from cells recorded on the same tetrode. In the first case, most 

pairs were recorded on different tetrodes, and the cells were therefore separated 

anatomically. In the second case, the cells in each pair were much closer to each other. 

The authors reasoned that, if there were functional topogr^hy in the hippocampus, the 

within-tetrode cell pairs would show a higher spatial and / or temporal correlation than 

would the across-tetrode cell pairs. There were no detectable dif^ences between the two 

pairing conditions, and the authors concluded that there is no fimctional topogrsq>hy in the 
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hippocampus, at least not at the scale being measured. The reports of functional 

topography (Eichenbaum et al., 1989; Hampson et al., 1999; Hampson et aL, 2002) have 

yet to be understood, though Hirase et al. (2001) have suggested that such topogr^hy can 

be found during LIA, when the hippocampus does not act in map-like fiishion. 

Influences on place-cell firing - visual and self-motion cues 

Since the discovery of place cells, researchers have wondered *^vhy they fire where 

they fire" (OlCeefe and Conway, 1978). O'Keefe and Conway found that place cell firing 

could be controlled by the visual cues available in the testing room, a result duplicated 

many times (e.g., Muller and Kubie, 1987; O'Keefe and Speakman, 1987; Knierim et al., 

1995). It was also noted by McNaughton et al. (1983a) that place fields are directional 

when the rat is running on a thin-armed maze (with arms 3-10 inches wide) instead of in 

an open arena. That is, a cell that fires when a rat is running toward the center of the 

maze may not fire if the rat occupies the same position while running toward the 

periphery of the maze. This led McNaughton et al. (1983a; 1991) to suggest that place 

cells, rather than responding to the animal's location in space per se  ̂ respond to the 

particular array of sensory cues avaUable when the animal faces a certain direction at a 

given point in space. This idea has been called the Mocal-view' hypothesis, which has led 

to some incorrect citations of its content (e.g., Muller, 1996), though the authors 

explicitly stated that cues are not limited to the visual modality (McNaughton et aL, 

1983a; McNaughton et aL, 1991). bi feet, data available at the time had already made it 

clear that place cell firing was not dictated by purely visual information. First, if animals 

are brought into an environment, and then all the visual cues are removed, the place cells 
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continue to have place fields [aldiough the position of die fields may rotate in a 

cylindrical arena\ MuUer, 1987 #232; OlCeefe, 1987 #585]. Second, place cells have 

place fields in the daric (O'Keefe, 1976; McNaughton et aL, 1989; Quiric et aL, 1990; 

Markus et aL, 1994). Third, blind rats have place fields, whether the rats were blinded 

late in life (Hill and Best, 1981) or one week postnatally (Save et al., 1998). 

Sharp et aL (1990) provided an additional demonstration of non-visual influences on 

place fields. Rats were tested in a cylindrical arena with a cue card attached to the inner 

wall and subtending 90**. The rats were always brought into the cylinder from its 

northwest edge. After a second, identical cue card was added to the opposite wall of the 

cylinder, place fields were measured again. In most cases, the fields remained the same, 

rather than 'doubling' as would have been predicted if visual information were the only 

influence on place-cell firing. Finally, with the second cue card in place, rats were 

brought to the arena from the opposite edge (southeast). As before, the fields did not 

double, but the fields rotated 180'* around the arena, as if the second cue card were the 

original card! This suggested that the rats had used the point of entry to the arena as a 

directional cue. These results together suggest that place cell firing is controlled by more 

than just visual information. 

The presence of place fields in the absence of visual cues, in the dark, and in blind 

rats (see above) suggests that place-cell firing may be influenced by self-motion 

information, also called path-integratory information or idiothetic information. Using 

self-motion information, many animak can take circuitous routes away from a starting 

point, then take a direct path back to that starting point (e.g., Mittelstaedt and 
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Mittelstaedt, 1980; Etienne, 1992; Alyan and McNaughton, 1999). This ability requires 

the animal to keep track of its movement through the environment using, for example, 

proprioceptive input or efiference-copy input regarding steps taken and body turns, 

vestibular input regarding direction changes, somatosensory input regarding the 

movement of the whiskers along a sur&ce, and visual input regarding optic flow along 

the retina. With these types of information available, the animal can keep track of its 

location relative to the starting point Further elaboration on the importance of idiothetic 

information has been provided by the work of Sharp et al. (1995), Knierim et al. (1995), 

Jefiery and O'Keefe (1999), O'Keefe and Burgess (1996), Gothard et aL (1996a; 2001), 

and Save et al. (2000), discussed in detail below. The local-view hypothesis, in which 

place cell firing is determined by external cues, is probably incorrect, as the results 

suggest that place cells can be updated by internally-generated information as well. 

Sharp et al. (1995) tested rats in a cylindrical arena whose wall and floor could be 

rotated separately. The wall was painted with vertical stripes so that movement of those 

stripes could provide a visual cue that the wall was moving, but the stripes were placed 

synunetrically so they did not have the polarizing properties of a cue card. The floor 

could be rotated either quickly (in which case the vestibular system could detect the 

rotation and allow the place fields to remain at a constant position in the room) or slowly 

(below the vestibular detection threshold, causing the place fields to follow the rat's 

actual body position). Various combinations of lighting, wall, and floor rotations 

suggested that both types of self-motion information (visual and vestibular) were 

important for place-cell firing. 
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Knierim et aL (1995) studied the effects of disorientation on the ability of visual cues 

to acquire control over place-cell firing. Rats were trained to randomly forage in a 

standard cylindrical arena with a large cue card on one side (as previously described). 

One group of rats was allowed to do this without any experimenter interference, while the 

other was subjected to disorientation before and after each training session. To disorient 

the rat, the experimenters placed it in a closed, opaque container, then introduced as 

many irregularities as possible into the travel of the container firom its origin to the 

recording arena. The most notable irregularity was a slow rotation of the box, at a rate 

that was hoped would be below the vestibular detection threshold of the rat (and the 

results suggest that this was indeed the case). After such training, both groups of rats 

were tested in the arena for the ability of the cue card to control the angular position of 

place fields. In the rats trained without the induced disorientation, rotation of the cue card 

successfiilly caused rotation of the place fields, replicating earlier work. In the rats that 

had been disoriented during training, however, the place fields often rotated relative to 

the cue card, changed position completely, disappeared, or appeared (if there had been no 

field previously). See Figure 28 and Figure 29. 
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Figure 28. Effectf ofdisoriciitatfoB on cue-card control of place-ceU firing. Each row shows a single 
cell's firing rate at each location in tiie square arena over each of four sessions (aO four sessions were 
recorded in a single day). Red pixels are highest firing rates, daric bine pixels are firing rates near 
zero. The Mack arc represents the location of the widte cue card during the session. A: Two 
simultaneously recorded cells from a rat trained in standard conditions. Note that the fields follow 
the cue card faitlifidly. B: Two simultaneously recorded cells firom a rat disoriented before and after 
each training session. Note that, despite the stable cue card, both fields rotate by ~135" for the third 
and fourth sessions. Figure firom Knierim et aL (1995). 
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Figure 29. Dlsorlentatloii-traincd rats sometimes remapped. Three simultaneously-recorded ceOs 
over the course of four sessions. Fields follow the cue card In sessions 1,3, and 4. During session 2, 
however, CeD 1 developed a different field. Cell 2 gained a field, and cell 3*s field rotated. All 
conventions as in Hgure 28. Figure from Knierim et aL (1995). 

These results are only surprising if one assumes that visual input is the initial 

determinant of place-cell firing. According to this view, the disorientation should have 

forced the rats to use the cue card as an orientation cue, just as himians look for 

landmarks when lost in a familiar environment. For example, when I exit an unfamiliar 

building in Tucson, Arizona, and am not sure which way I am feeing (i.e., I am lost 

despite the fiimiliarity of the environment), I quickly find the large mountain range on the 

Northern edge of the city and set my internal compass by it. Similarly, one might have 

expected that the cue card would have greater control over place-cell firing in the 

disoriented rats, since they should attempt to set their internal compasses by the cue card. 

The critical difference between myself and the rats ̂ )pears to be tfiat the disoriented rats 
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never had a chance to become ̂ miliar with the environment without being disoriented. 

Knierim et al. suggest that the disoriented rats perceived the cue card as unstable, since it 

was not always in register with the rats* internal direction sense. This suggests that the 

self-motion information has the stronger initial influence on place cell firing, and tfiat the 

visual cues acquire their influence secondarily. 

Further siqiport for this hypothesis is provided by the control-condition rats in the 

same study. It should be noted that, during the testing sessions, both groups of rats were 

disoriented before and after testing. After 16 such testing sessions (about four days), four 

of the five control rats displayed place-cell firing similar to that of the disorientation-

trained group. That is, the place cells of the control rats were poorly controlled by the cue 

card. This suggests that the self-motion signal is strong enough to override already-

learned visual-cue associations. 

Recently, Jeffery and O'Keefe (1999), in a set of experiments that differed slightly 

from those of Knierim et al. (1995), demonstrated the subtlety of the interactions between 

visual and self-motion information. They allowed their rats to remain oriented during 

transport to the square recording arena, then caused a mismatch of vestibular and visual 

directional cues using cue-card rotations and slow (0.13 rpm) rotations of the arena 

underneath the rat itself. The authors then compared the effects of opposing visual and 

vestibular rotations in 3 groups of rats; one group that had been allowed to watch the 

rotation of the cue card during earlier training, one group that had been covered for 3 

minutes while the cue card was moved, and one group that had been covered for 30 

seconds while the cue card was moved. Note that the differences between die groups 
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were only in the training phase, not the testing phase. In the group that had seen the cue 

card being moved, the place fields initially followed the cue card, but began to follow the 

vestibular cues after just one or two trials. In the group that had never seen the cue card 

being moved, and had had to wait for 3 minutes during the cue-card moving, the place 

fields continued to follow the cue card. This result is different finm that of Knierim et al. 

(199S). The third group, in which the covering time had been limited to 30 seconds, had 

mixed results: two rats learned to ignore the cue card, and two rats continued to follow 

the cue card. The authors suggest that the idiothetic signal may have actually attenuated 

during the 3-minute covering, allowing the visual cues to dominate, and that the 30-

second covering caused less attenuation (and therefore the mixed results). The authors 

also suggest an alternate possibility, that the idiothetic signal maintained its strength, but 

drifted while the rat was covered. When the rat was uncovered, the idiothetic signal was 

ignored in ftn^or of the visual cue because it was out of alignment with the comers of the 

arena. Thus, the critical difference between this expmment and that of Knierim et aL 

may be nothing more than the shape of the environment! In either case, the result 

confirms that the interaction between visual information and self-motion information is 

subtle and may be affected in unpredicted ways by seemingly small differences in 

experimental methods. 

O'Keefe and Burgess (1996) also conducted experiments that, according to one 

interpretation (McNaughton, 1996), reinforce the importance of idiothetic information in 

place-cell firing. Rats foraged randomly in a 61 cm x 61 cm square arena while place-cell 

activity was recorded. This small square was built to be independently expandable in both 
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length and width, so that the environment could be 'stretched' into a 61 cm x 122 cm 

horizontal rectangle, a 122 cm x 61 cm vertical rectangle, or a 122 cm x 122 cm large 

square. When place fields were recorded in the stretched environments, they fi«quently 

split into two fields, as if the fields encoded the rat's distance from the two walls that had 

been pulled apart (see Figure 30, left). Further analysis revealed that the fields were 

directionally selective, such that each field was only active when the animal ran a 

particular direction, though no such selectivity was present in the original small-square 

environment. In addition, fields that had split in this way seemed to encode the distance 

from the wall behind the rat (see Figure 30, right). These observations suggest that, in this 

situation, the self-motion information is the driving force behind the firing of the place 

cells. It should be noted, however, that O'Keefe and Burgess disagree with this 

interpretation, and suggest that their results support a more vision-based control of place-

cell firing (OlCeefe and Burgess, 1996). 
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Figure 30. Ltfii Smearing / splitting of place fields In a stretclied environment. A: Experimental 
setup. B, C, D: Individual panels (SS, HR, VR, and LS) show the place field of a single cell in each of 
the four environment configurations. Peak firing rates are shown in the bottom right comer of each 
paneLB: A cell mostly unaffected by the environmental changes. C: A cell wliose field smeared in the 
horizontal rectangle. D: A cell whose field smeared in the vertical rectangle and smeared and moved 
in the large square. Direction-specificity of smeared/split fields. A: A cell whose field 
smeared in the horizontal rectangle. B: A ceO wliose field spUt in the large square and disappeared in 
the vertical rectangle. C: The field of Cell A in the horiZDUtnl rectangle, replotted according to the 
direction of the rat's traveL D: The fidd of Cell B In the large square  ̂replotted according to the 
direction of the rat's travel. Note that in both cases the field seemed to shift to encode the distance 
from the waU behind the animal. Figures from O'Keefc and Burgess (1996). 

Another experiment on the interaction of idiothetic and visual-cue information was 

performed by Gothard et al. (1996a). Rats were trained to run back and forth on a linear 

track. After the animals had been trained sufSciently, recording sessions began, with one 

important change in the task: On each the start box was moved to a new position 

along the track while the animal was eating at the fer end of the track (Figure 31). 

Because the start box changed position from lap to lap while the reward site stayed fixed, 

a mismatch between the self-motion and visual cue infbmiation was created (Figure 32). 

That is, when the rat tan from the start box to the &r end of the track, the self-motion 
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cues provided information about the rat's position relative to the start box (behind the 

rat), while the visual cues simultaneously provided information about the rat*s position 

relative to the end of the track (in front of the rat). Because the start box had been moved, 

the two forms of information provided different estimates of the rat's position in the room 

(Figure 32). The mismatch was also present when the animals ran the other direction: the 

self-motion information provided information about the rat's position relative to the end 

of the track (as before, behind the rat), while the visual cue information provided 

information about the rat's position relative to the start box (as before, in front of the rat). 

Gothard et al. fotmd that, in each running direction, place cell firing was controlled by 

idiothetic information for a large portion of the journey, then switched to visual-cue 

information as the animal approached its goal. In essence, fields near the start box tended 

to fire at a constant distance from the start box (but at a variable position in the room), 

while fields near the end of the track tended to fire at a constant position in the room (but 

at a variable distance fix>m the start box; see Figure 33). These results provided fiuther 

support for the importance of self-motion information in place-cell firing. 

Gothard and colleagues later extended their findings to rats nmning the identical task 

in darkness (Gothard et al., 2001). They found that the lack of distal visual cues caused 

the rats to maintain box-aligned place fields for a longer distance down the track. This 

result strengthened the idea that, when mismatched, self-motion and distal visual 

information compete for control of place-cell firing. 
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Figure 31. The 5 configunitioiis of the linear tracic of GotliardctaL Figure from GotliardetaL 
(1996a). 
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Figure 32. Mismatcii of position information from self-motion and visual cues. Top: WItli a stable 
start box, the position estimate determined from sel̂ motion information (red star) always matches 
the position estimate determined from visual cue Information (blue star). Middle and Bottom: With a 
shortened track, the position estimates do not match when interpreted relative to a full-scale track. 
The position estimate determined fh>m self^notion Information is further away from the end of the 
track than the rat*s actual position. 
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Figure 33. Effects of mismatcli of scif-motioii information and visual-cue information on place fields. 
A: Place fields 0n each track configuration) of four cells active on outbound Journeys. Arrow 
beneath plot indcates running direction. B: Plot of each field's dependence on the position of the 
start box {sUtpe  ̂sec Materiab and mahods: FiM dope) as a function of the position of the fieM 
(ptotted as a firactionofthe length ofthe track). A shipe value of 1 indicates a cell that fires at a 
constant distance fh»m the start box (e.g., cell #1 in part A, a bex-attgned field), while a stope value of 
0 indicates a cell that fires at a constant portion in tlie room (e.g., cell #4 in part A, a room-tUigned 
field). Note that cells with fields near the box fire as a fimction of the rat's distance from the box, 
while ceOs with fields near tiK end of tile track fire as a flinction of the rat's position in tlw room. C, 
D: Similar plots for cells active on inbound Joum^s. Again, tlie preferred alignment of a field 
depends on its position on the track. Figure from Gothard et al. (1996a). 

A final set of experiments may have demonstrated both the limitations of the path 

integration system and the use of non-visual cues in the mi^ping of space. The early 

discussions of path integration in the hippocampal literature noted the error inherent in 

such a system (McNaughton et al., 1991). To test the extent of the error. Save et aL 

(2000) recorded place cell activity while rats foraged randomly in a cylindrical arena with 

a single cue card. Then, in full view of the rat, the cue card was removed, hi addition, two 
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other manipulations were (or were not) performed: the floor of the arena was cleaned of 

odor cues while the rat watched, and / or the lights were turned ofil Thus, there were four 

different conditions: (cleaned / lights ofiQ; (cleaned / lights on); (not cleaned / lights ofiO; 

and (not cleaned / lights on). Another recording session ensued, and the rotational 

stability of the place fields was assessed. Interestingly, the critical variable was the 

cleaning of the arena floor: when odor cues were removed, an average of only S% of the 

fields maintained their position. The rest either rotated or stopped firing altogether. 

Further analyses revealed that the changes had occurred within the first 8 minutes of the 

test session, and that the drift of the fields continued throughout the session. According to 

the authors, the results agree with the assertion of Fenton et al. (1998) that uncorrected 

path integration in the circular arena is only accurate for approximately 7 meters of total 

travel, which would be covered in less than 2 minutes at a mean running speed of 10 

cm/sec. Without odor cues on the sur&ce of the arena to help maintain the rat's sense of 

position, the place fields assumed new positions in the environment and continued to drift 

during the course of the session. In addition, the results underscore the idea that the 

hippocampus uses all available cues to assist in the mapping of space. 

A cautionary note is necessary regarding the attempts of Save et al. (2000) to remove 

all information not related to self-motion. As is common in experimental work, the 

researcher's manipulations reflect the assumptions made about how critical variables 

interact (in feet, this caution applies to aU experiments reported in this dissertation). Save 

et al., for example, presume that removing tiie cue card firom the cylinder wiU not afiect 

self-motion information (thou  ̂they also tested animals in the dark). But is such an 
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assumption justified? Optic flow may be a critical source of self-motion information, and 

optic flow information may be greatiy reduced in a featureless environment like the 

cylindrical arena. If animals normally use the relative movements (on the retina) of visual 

cues as part of their self-motion information, the complex nature of the interactions 

between visual and self-motion information is unsurprising. 

Influences on place-cell firing - task demands and non-spatlal cues 

Place cells also appear to be controlled by task demands. Markus et al. (1995) tested 

rats in a circular arena under two conditions. In the first, food was thrown randomly into 

the arena (the standard method for open-arena recordings), eliciting semi-random 

foraging behavior with few repetitions of any given trajectory. In the second condition, 

food was placed sequentially at the comers of an imaginary square, eliciting many 

repetitions of the same trajectories (see Figure 34). In approximately 40% of the recorded 

cells, the place fields were different in each condition. That is, simply changing the task 

demands caused the rats to encode the identical environment with a partially-changed set 

of place fields. It is also possible that the change actually occurred in all-or-none &shion 

(i.e., that a completely new map was used in the second condition), but that the map 

change did not occur in all recording sessions. It is impossible to differentiate these two 

possibilities, since the recording methods used at the time could not record from a 

sufficient number of cells to estimate re-m£^ping during a single session. In addition, the 

imaginary square was run both clockwise and counterclockwise, and the directionality of 

the place fields was assessed. It was found that there were a larger proportion of 
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directional cells in the imaginary-square task than in the random foraging task, 

suggesting that the directionality of place fields may be due to stereotyped trajectories. 

Oler and Markus (2000) recently extended the findings of place-field task 

dependency. They ran rats on a figure-8 maze, then converted the maze to a plus maze by 

removing two pieces of the track. Rats remained on the apparatus during the conversion, 

then ran on the resultant plus maze. Oler and Markus found that 63% of the place fields 

in adult rats had different fields in the two conditions. Thus, despite the identical reward 

sites and sampling of the central arms of the maze, the task demands alone were 

sufficient to cause changes in the hippocampal map. 

Recently, Kentros et al. demonstrated that, in mice, task demands actually affect the 

stability of place-field maps from day to day (Kentros et al., 2001). Because mice are 

spontaneously active in an open arena, Kentros et al. could record place-cell activity with 

no task demsinds whatsoever. They also recorded during random-foraging and during 

goal-directed spatial behavior (finding a hidden goal in the arena). The hippocampal 

maps were least stable in the no-task condition, intermediately stable in the random-

foraging condition, and most stable in the spatial-learning condition. Note that the m£^s 

were stable within a given session, similar to the findings of Barnes et al. (1997b) in rats. 

It remains to be seen if the differences between the random-foraging and spatial-learning 

conditions can be reproduced in rats. 

One of the most contentious issues in current hippocampal research is whether or not 

the rat hippocampus is primarily used for spatial learning, or if it is necessary for more 

general associations (see, for example, Marr, 1971; Teyler and DiScenna, 1986; Muller et 
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al., 1991; McNaughton et al., 1996; Eichenbaum et ai., 1999; Nadel and Eichenbaum, 

1999; OXeefe, 1999; Redish, 1999; Redish, 2001). The learning abilities of rats with 

hippocampal lesions suggest a primarily spatial role for the hippocampus (though this 

view is not universally accepted; see Memory and the hippocampus). Because lesion data 

need to be corroborated with other forms of evidence, it has been important to use 

electrophysiological recording methods to examine what information is actually present 

in the hippocampus. As mentioned above, space is consistently the strongest correlate of 

hippocampal pyramidal cell activity. Some reports, however, have shown correlations of 

hippocampal-pyramidal-cell activity with local cue type (Young et al., 1994), odor 

(Wood et at, 1999), task (Markus et al., 1995; Oler and Markus, 20(X), described above), 

or stage of task (Hampson et al., 1993). See Redish (1999) for review. A popular 

compromise that incorporates these results expands the role of the hippocampus from 

'space' to 'context' (e.g., Teyler and DiScenna, 1986; Mizumori et aL, 1999; Nadel and 

Eichenbaum, 1999; Redish, 1999; Sharp, 1999; Redish, 2(X)1). In essence, an 

environment is not just a place, but a place where things happen. The events that occur in 

a given environment are just as important as the locations at which they occur, and the 

hippocampus may well encode both types of information (e.g., Touretzky and Redish, 

1996; Redish and Touret2ky, 1997). Please note that this slight shift in perspective does 

not change the results or interpretations presented in this dissertation. 
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Figure 34. Two place fields changing as a result of a change In trajectories In an open arena. Colored 
pixeb represent positions occupied by tlie rat. Red pixels are highest firing rates, dark blue pizeb are 
firing rates near zero. Top: A cell whose field that shifted firom one task to the other. Bottom: A ceil 
which acquired another field in the directed-search task. Figure adapted from Markus et aL (1995). 

Behavioral correlates of place-cell firing 

So &r, I have presented evidence suggesting that the spatial information contained in 

the hippocampus is sufficient to allow a rat to use that information to determine its 

location in a given environment. That is, rats could use the hippocampus as a cognitive 

map. I have not, however, addressed the critical question rats use the hippocampus 

as a cognitive m£q>?" If rats do indeed use their hippocampi in this feshion, specific 

changes in that map should correlate with simultaneous changes in the rat*s spatial 
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'mindset* (i.e., the rat's concept of its location). These map changes should then have 

predictable effects on any task that requires spatial learning for its solution. 

Numerous studies have indirectly addressed this question by showing that genetic, 

pharmacological, surgical, or other experimental treatments that disrupt place fields also 

disrupt spatial learning in rats (e.g., Pico et al., 1985; Shapiro et aL, 1989; Markus et aL, 

1994; Mizumori et al., 1994; Bures et al., 1997; Cooper and Mizumori, 2001; Lenck-

Santini et al., 2001) and in mice (Wilson and Tonegawa, 1997; Rotenberg et aL, 2000). 

One study, however, correlated, on a trial-by-trial basis, place-cell activity with a rat's 

concept of its location (OlCeefe and Speakman, 1987). In this study of a 4-arm-radial-

maze task, removal of distal cues from the testing environment (with the rat absent) led to 

seemingly random rotations of the place fields relative to the trials performed with distal 

cues present (or the trials performed after distal-cue removal in the rat's presence; Figure 

35). As part of each such trial, the rat was given an opportunity to demonstrate where it 

thought the goal arm was located. When the place-field data were re-aligned according to 

the rat's choice (rather than the correct choice), the place fields returned to the same 

configurations obtained in the cues-present trials (Figure 35d). In other words, the rat's 

choice of goal arm (presumably a reflection of where the rat thought it was) corresponded 

with the information contained in the rat's place cells. Thou  ̂this analysis was only 

performed on 8 place cells, it represents the strongest evidence to date that a rat's concept 

of its location correlates with the location represented by the hippocampal map. 
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Fignre 35. Trial-by-trial correlation of place fickb with rat spatial behavior. Data are from one celL 
Contoor lines indicate increasing firing rates in steps of 13 ̂  N indicates number of trials used to 
generate plot. A: Trials conducted with all cues present. B: Trials conducted after distal cues were 
removed in rat's presence  ̂C: Trials conducted after distal cues were removed in rat's absence. Note 
the drastic change in the RehL D: Same data as C, but data were aligned according to rat's goal 
choice. When plotted this way, the field appears identical to the flehb in A and B. Tliis was true in aU 
8 units recorded. Figure from O'Keefe and Speakman (1987). 

Place fields in otiier species 

As mentioned above, place fields can be found in mice (e.g., I^:>tenberg et al., 1996; 

Wilson and Tonegawa, 1997; Rotenberg et aL, 2000; Kentros et al., 2001). In monkeys, 

however, the results are not as clear. Two labs have reported that hippocampal pyramidal 
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cells in the nonhuman primate have place-related activity (Tamura et aL, 1992; Ono et aL, 

1993a; Ono et al., 1993b; Rolls and O'Mara, 1995; Nishijo et aL, 1997; Rolls et aL, 1997; 

Rolls et al., 1998; Georges-Francois et aL, 1999; Matsumura et aL, 1999). Rolls and 

colleagues suggest that the cells are more view-related than place-related (Le., the cell 

fires when the monkey is looking at a particular location), while Ono and colleagues 

suggest that the cells are more strictly place-related. Though the behavioral tasks used by 

the labs are markedly different, there is no current consensus on the exact methodological 

differences that may have produced the contradictory results. It is interesting to note, 

however, that approximately 43% of the cells recorded by Ono and colleagues display 

place fields (Matsiunura et al., 1999), a proportion similar to that seen in the rat 

(Thompson and Best, 1989). In comparison. Rolls and colleagues find that approximately 

11% of their recorded cells have view-related activity (Georges-Francois et aL, 1999). 

Regardless of the 'true* nature of hippocampal cells in the monkey, the existence of 

spatial firing correlates in mice, rats, and monkeys provides a strong evolutionary link in 

hippocampal fimction among these groups. Extrapolation, in combination with the lesion 

results reported above (see Memory and the hippocampus), suggests that the human 

hippocampus may also be strongly grounded in a spatial representation (OlCeefe and 

NadeL 1978;Nadel, 1991). 

Place-field expansion 

Place fields appear to expand with repeated traversals of a given path. Levy (1989) 

and Abbott and Blum (Abbott and Blum, 1996; Blum and Abbott, 1996) predicted that, in 

a networic with Hebbian sym^tic plasticity, place fields would expand with repeated 
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exposures to an environment, bnagine, for example, that place cells A and B are 

comiected by weak excitatory sym^ses, and that they have overlapping place fields on a 

linear track (Figure 36). If the rat runs along the track many times, cell A repeatedly helps 

to excite cell B. The specificity of synaptic plasticity enhances only those synapses from 

cell A onto cell B, and not those firom cell B onto cell A. After such enhancement, less 

input from cell A is required to cause cell B to fire, so that cell B*s field has expanded 

backwards. That is, if cell B originally fired when the rat was 4S-75 cm. along the track, 

after expansion cell B fires when the rat is 40-75 cm. along the track. In an open field 

(rather than a linear track), this expansion would be in all directions, causing place fields 

to have larger diameters. 

Running directiaa 

1 Repeat Kquencc 1 1 A.B-C 1 Repot Mqueace 1 nanyiiaa* 1 —r^——n 1 DUytUMS 

flT lA Place 6dds expaod 
^ 

A B 

Figure 36. Place fleld expansion. A: Sclieniadc diagram of aree ceiis connected reciprocal̂ . After 
extensive ceU activation in the sequence A-B-C, tiie connections fram A to B and from B to C are 
strengthened (tldck red arrows). B: Schematic diagram of the effects of such asymmetric sjmapse 
strengthening on place fields. Repeated running from left to right causes tiie backwards expansion of 
tile gray fleM and the green flehL The red field, since it has no field immediately before it, shows no 
expansion, although such a boundary condition may not exist in the brain (l̂ e  ̂it is not clear that 
there is ever a *first* place field). 

There are at least two possible computational consequences of place-field expansion: 

signal enhancement and sequence coding. Signal enhancement could occur because. 



133 

within certain parameters, the activity of a population of broadly-tuned cells contains 

more information than the activity of a similar number of tightly-tuned cells. That is, if 

one were to try and decode the rat's position from the activity of a group of place cells, 

one would get more accurate results if the cells had 40-cm-wide fields instead of 20-cm-

wide fields. It should be also be noted, however, that the large number of place cells in 

the hippocampus might make the loss of data inconsequential, since the population might 

still encode the rat's position accurately. 

The second computational consequence, sequence coding, could occur in highly 

stereotyped situations like the linear track. The extensive repetition of a sequence of 

positions (and place fields) could eventually allow the activation of the first cell in the 

sequence to cause the activation of the rest of the cells in the sequence (Levy, 1989; 

Abbott and Blimi, 1996; Blum and Abbott, 1996). Investigators have constructed models 

in which such sequence encoding is used by the hippocampus to help a rat solve the 

Morris water maze (Blum and Abbott, 1996; Redish and Touretzky, 1998). 

Place-field expansion was first observed experimentally by Mehta et al. (1997). 

During a 17-lap nmning session, place field sizes increased by about 20%, while the 

centers of the place fields shifted backwards by about 1 cm. Recently, Ekstrom et aL 

blocked NMDA receptors with the compound CPP, and found that place fields showed 

no experience-dependent expansion under the resultant NMDA-receptor blockade 

(Ekstrom et al., 2001). The results suggest that place-field expansion is an LTP-Iike 

process. 
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Phase precession 

A final characteristic of hippocampal place cells is called phetse precession and is 

briefly described here. The hippocampus has two main global rhythms, reflected in two 

classes of electroencephalographic (EEG) output: theta rhythm, a sinusoid wave of 7-12 

Hz, and large, irregular activity (UA), composed of signals of multiple frequencies 

(Vanderwolf, 1969). Theta rhythm is generally observed during locomotion and REM 

sleep, while LIA is observed when the rat is in slow-wave sleep or a state of quiet, 

stationary wakefiilness. O'Keefe and Recce (1993) found that, as a rat makes a single 

pass through a place field, the firing of the cell gradually shifts to earlier phases of the 

theta rhythm (Figure 37). In general, on initial entry to the field a cell fires 90''-120° after 

the maximal pyramidal cell population activity, and firing precesses by approximately 

360° over the width of the place field (Skaggs et aL, 1996). This process does not appear 

to be dependent on NMDA-receptor-mediated LTP, as blockade of NMDA receptors did 

not prevent phase precession (Ekstrom et al., 2001), and phase precession was also 

observed in a novel enviroiunent (Rosenzweig et aL, 2000). 
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Figure 37. Place ceib fire at earlier phases of the theta rhythm as the animal traverses the field. A 
plot of one cell's firing phase (fraction of one theta cycle) vs. the rat*s position (x-axis is 
approximately 30 cm). Direction of travel Is left to right. Note diat the data are plotted twice (i.e  ̂in 
two theta cycles) for clarity. The black arrow marks a discontinuity in phase which b assumed to 
reflect die boundhury between field entry and field exit. Figure from Shen et aL (1997). 

As noted by O'Keefe and Recce (1993), phase precession represents an increase in 

spatial information content above and beyond that contained in the place field alone. That 

is, if a place field is merely a Oaussian function, a given firing rate could indicate a 

position on either side of the peak of the Gaussian. With the addition of phase 

information, however, one can unambiguously determine the rat's position in the field. 

Jensen and Lisman demonstrated that position reconstruction using phase information 

improved reconstruction accuracy by more than 43% (Jensen and Lisman, 2000). Thus, 

phase precession mi^t be critical for the fimction of the cognitive map. 

hi addition, Skaggs et al. (1996) demonstrated that phase precession can actuaUy 

compress temporal sequences by a fector of 10. That is, the sequence of active place 

fields would actuaUy be replayed once every theta cycle, so that traversal of the 
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overlapping fields A-B-C-D-E might cause the following activity (vertical bars represent 

theta cycle boundaries, adapted from Skaggs et al., 1996): 

.. .IABC|ABC1BCD|BCD|CDE|CDE1... 

Such temporal compression turns out to be critical for the place-field expansion described 

previously (Skaggs et al., 1996; Redish and Touretzky, 1998). Thus, phase precession 

may also be critical for the encoding of sequences by the hippocampus. 

Summary 

Hippocampal pyramidal cells in rats fire in particular portions of a given 

environment. The ensemble of hippocampal cells can accurately encode the rat's position 

at a given moment in time, as would a cognitive map. Different, but overlapping, groups 

of cells are used to encode different environments. There is no topographic organization 

of the place fields within or across environments. Place fields are strongly driven by 

visual cues and self-motion cues, and to a lesser extent by task demands and non-spatial 

cues. The relative influence of the visual and self-motion cues is not clear, but some 

evidence suggests that the m  ̂is initially based on self-motion, and that visual cues 

become bound to the map with experience. Rat spatial learning s^pears to correlate with 

place-cell activity. Place fields expand as a result of experience. Place cells fire at earlier 

phases of the theta cycle as the rat traverses the field. 
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CHAPTER 7: PLACE FIELDS: CHANGES ¥mH AGING 

Surprisingly few studies have addressed the changes in place fields with age. Bames 

et al. (1983) were the first, recording firom adult and aged rats performing a forced-choice 

radial 8-ann maze task (i.e., the rat was not required to remember any spatial 

information). They found that place fields finm both age groups had the same mean and 

maximum firing rates, and the same inter-spike interval (ISI) distributions. In general, 

these and other basic characteristics of place-cell firing, such as spike amplitude and 

spike width, have been found not to differ across age groups (Markus et al., 1994; 

Mizumori et al., 1996; Bames et al., 1997b; Shen et al., 1997; Oler and Maricus, 2000). 

Bames et al. (1983) also found, however, that place fields in aged rats were less place-

specific (broader) and less reliable (did not fire every time an animal ran through the 

field). This result was a seemingly sensible correlate of the spatial learning deficits 

exhibited by old rats (see Memory deficits associated with aging); intuitively, broader, 

less-reliable place fields should mean a less-reliable cognitive map (but see below and 

Place fields and the hippocampal map: Place-field eiqtansion). 

Recent experiments, however, have suggested that, in many ways, the place fields of 

aged rats are just as place-specific as those of adult rats, if not more so. Markus et al. 

(1994) found no age-group differences in spatial information content (bits of information, 

per spike, about the rat's location), directionality, selectivi  ̂(the cell's maximum firing 

rate divided by its mean firing rate), reliability, or effects of light I dark manipulations. 

Mizumori et al. (1996) found no age-group differences in selectivity on the forced-choice 



138 

8-ann maze task, but found that, when animals perfonned a memory task on the same 

maze, old rats had more selective place fields than did yoimg animals.̂  In contrast, fields 

recorded fiom the hilus of the dentate ̂ nus during the memory task were less selective 

in old rats than in young rats. Shen et aL (1997) found no age-group differences in 

number of fields per cell, but found smaller fields in old rats than in young. Tanila et aL 

(1997a) found no age-group differences in place field size, directionality, selectivity, 

reliability, or number of fields per cell.̂  Oler and Markus (2000) found no age-group 

differences in spatial information content, selectivity, or reliability. 

So what is going on? There are, as yet, no complete answers that can incorporate 

every result just described into a consistent whole. There are, however, some clues 

regarding age-related changes in other place-field characteristics that can critically affect 

the interpretation of place-cell data. Barnes et al. (1997b), while recording from large 

ensembles of place cells, discovered that when aged rats are brought into a fiimiliar 

environment, they occasionally *re-map' (Figure 38a). That is, there was an occasional 

wholesale change in the place fields of most or all of the cells being recorded - some 

fields changed location, some cells ceased firing (lost a field), and some previously-silent 

cells began firing (gained a field). If such re-mapping occurred during a recording 

session, the overall place fields would appear noisy, like the fields reported by Barnes et 

* Mizumori et al. used the tenn 'specificity' to describe this measure. Their calculation methods, 

however, are most analogous to the 'selectivity' method used in other papers mentioned here. 

 ̂This was tnie i^en using, as is cunent accepted practice, 'number of subjects* rather than 'number 

of cells' as their n. Note that Barnes et aL (1983) and Mizumori et al. (1996) used 'number of cells' as n. 
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al. (1983). Critically, Barnes et aL (1997b) showed that such re-mapping only occurred 

when animals re-entered an environment, never when an animal was left in an 

environment (Figure 38c). The reason, therefore, that re-mapping might have confounded 

only the results of Barnes et al. (1983) is a simple twist (pun intended) of technological 

&te. In 1983 neuroscientists had not yet begun using commutators to prevent rats from 

becoming tangled in the recording cables, and had to untangle the rats by hand. This 

required the removal of the rats from the maze between trials, giving the old rats the 

opportunity to re-map upon reentering the maze. 
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Figure 38. Old rats re-mapped in a familiar environment, but maintained a stable map within a given 
recording session. Left: Example of a re-mapped pair of sessions. The colored dots represent spikes 
assigned to a given place ceU. Note tlie changes in most fields across sessions. Right: A: Distribution 
of mean place-cell cross-correladons between same-day recording sessions in old rats. The 
distribution b blmodai; ~70% of the days had mean correlations centered near 0.7 and *^0% of the 
days had mean correlations centered near 0.10ndicatf ng a re-mapping). B: Same distribution for 
adult rats. The distribution is unimodai; all mean correlations but one were centered near 0.7. C, D: 
Witliin-session mean correlations for old and adult rats, respectively. Mean correlations were high 
for both groups, indicating no within-session rc-mappiî . Figure adapted from Barnes etaL (1997b). 

In addition to explaining the broader, less-reliable fields reported by Barnes et al. 

(1983), the tendency of old animals to re-map even in familiar environments may be one 

reason for the spatial-learning deficits seen in old rats. Barnes et al. (1997b), for example, 

analyzed the behavior of 98 adult and 93 old rats in the Morris water maze, and found 

that, even on the fourth day of training, old rats displayed bimodal behavior patterns. In 

other words, sometimes the old rats seemed to know the location of the platform, and 
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sometimes they did not, as might be expected if they occasionally used the wrong map. 

Recent work by Kentros et al. (1998) suggests that LTP deficits may be responsible for 

activation of an incorrect map. When adult rats were trained in a novel environment 

while under NMDA-receptor blockade (and therefore deficient in LTP induction, see 

Long-term potentiation) their hippocampal maps were stable within a given session, but 

unstable across sessions. In essence, a pharmacologically-induced LTP-induction deficit 

caused adult rats to have map stability problems similar to those of aged rats. 

Returning to the characteristics of place fields in aged rats, we find the issue of place 

field size still unresolved. After discounting the larger field sizes observed by Barnes et 

al. (1983), we are still left with the contradictory results of Shen et aL (1997) and Tanila 

et al. (1997a). Recall that Shen et al. found smaller fields in aged rats, while Tanila et al. 

found no age-group differences in field size (and their data show a strong trend toward 

larger fields in memory-impaired aged rats). One possibility is that the differences 

between the tasks might have somehow caused the contradictory results. Shen et al. used 

a 6-cm-wide rectangular track and rewarded the rats with food, while Tanila et aL used a 

10-cm-wide *plus' maze and rewarded the rats with lateral hypothalamic stimulation. 

Another difference between the studies is the method for finding place-cell boundaries. 

Shen et aL first 'linearized* their data, colk^sing all position data onto an idealized 

rectangle. They then defined a field as a contiguous set of pixels exceeding a preset firing 

rate threshold (age-group differences were identical using thresholds of 0.5,1.0, and 2.0 

Hz). Tanila et al. did not linearize their data, and defined a place field as an area of at 

least three adjacent pixels (each having a firmg rate at least three times the mean firing 
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rate for all cells), and having a mean within-field firing rate at least five times its mean 

firing rate over the entire maze. A final possibility is that the discrepant results are due to 

poor sampling in the study of Tanila et aL (1997a), who recorded averages of 28 place 

cells in each of four aged, memory-impaired rats, 35 place cells in each of three aged, 

memory-intact rats, and 21 place cells in each of seven young rats, hi comparison, Shen 

et al. (1997) recorded averages of 59 place cells in each of six aged rats and 41 place cells 

in each of six adult rats. It is not known which of the dififerences between the studies 

caused the opposing results. 

If the results of Shen et al. (1997) are correct, one might ask why the aged rats' fields 

are smaller than those of adult rats, and what are the computational consequences? It 

turns out that aged rats' place fields do not shrink per se, they simply fiiil to show 

experience-dependent place-field expansion, described earlier in this dissertation (see 

Place fields and the hippocampal map: Place-field expansion). Shen et al. foimd no 

evidence for an experience-dependent change in the aged rats in either place field size or 

location (Shen et al., 1997). Because the results of Ekstrom et al. (2001) suggest that 

place-field expansion is an LTP-like process, the expansion deficits in aged rats may be 

the result of the LTP deficits associated with aging (see Long-term potentiation). 

Furthermore, as described in Place fields and the hippocampal map: Place-field 

expansion, the phenomenon may increase the spatial information in a network and / or 

aid in the encoding of sequences. Thus, the lack of place-field expansion may put aged 

rats at a spatial-learning disadvantage relative to adult rats. The hippocampal m  ̂of the 
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aged rats may contain less information, and may be less able to store sequences of 

locations (paths throu  ̂an environment). 

Another deficit in the place fields of aged rats is in their ability to encode changes in 

context Tanila et al. (1997a) performed opposing manipulations of local and distal cues, 

and found that aged, memory-impaired rats were less likely than adult rats or aged, 

memory-intact rats to re-map in response to the changes (Figure 39). Oler and Markus 

(2000) extended the results into the realm of task demands. When a maze on which rats 

were running was converted from a figure-8 maze to a 'plus* maze, old rats were less 

likely than adult rats to re-map in response. Thus, the hippocampi of aged rats showed 

impaired responses to the change in task demands (or context). There is an important 

additional fiicet to the interpretation of the two experiments. It seems that aged rats attend 

to distal cues preferentially, while the adult rats attend to local cues preferentially. In the 

'double rotation' condition of Tanila et al. (Figure 39), the fields of memory-impaired 

rats were likely to follow the movement of the distal cues. Also note the results from the 

'distal scramble' and 'local scramble' conditions, hi each condition, one cue set was 

scrambled - A-B-C-D might become A-C-D-B, for example - while the other set was left 

alone (actually, local cues were rotated in the distal scramble condition). When distal 

cues were scrambled, aged, memory-impaired rats were the most likely to re-m ,̂ while 

adult rats were least likely to show any change at all (Figure 39). Moreover, the rate of 

re-m£q[}ping was similar to that of the adult animals in the 'double rotation' condition. 

Conversely, the local scramble condition elicited a re-m^>ping in aduh rats preferentially, 

also at a rate nearly identical to that seen in the 'double rotation' condition. The results of 
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Oler and Markus can be interpreted similarly: the conversion of the track affected local 

cues, but not distal cues, so the aged rats may not have attended to the changes as well as 

the adult rats. 
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Figure 39. Old rats may have trouble encoding contextual changes. Black and white diagrams show 
changes in local cues (numbers) and distal cues (letters) in each condition. Colors indicate percentage 
of place celb showing each response tjrpe. Figure from TanHa et al. (1997a). 

The results of Tanila et al. (1997a) and Oler and Markus (2000) provide an 

informative coimterpoint to the results of Barnes et al. (1997b). On the one hand, old rats 

re-m£qp when they should not - when the environment has not changed (Barnes et aL, 

1997b). On the other hand, old rats &il to re-m£q> when they should — when the local cues 

in the environment have changed (Tanila et aL, 1997a; Oler and Maricus, 2000). As 
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suggested by Redish et al. (1998) and Rapp (1998), these seemingly disparate results can 

make perfect sense when interpreted in the frameworic of a rigorous model of 

hippocampal fimction (although such modeling is beyond the scope of this dissertation). 

Summary 

Although many basic characteristics of place-cell firing are unchanged in aged rats, 

fields may be smaller in aged rats due to a deficit in place-field expansion. In addition, 

old rats sometimes re-map on entering a fiuniliar environment, and sometimes &il to re

map in response to changes in an environment 
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CHAPTERS: RATIONALE FOR EXPERIMENTS 

The work reviewed in the preceding cluqiters has suggested the following points: 

1. The activity of ensembles of hippocampal pyramidal cells can encode a rat's 

position in a given environment 

2. The initial metric of this *map' may be self-motion information, also called path 

integration. 

3. Experience in an environment is thought to give the cues and landmarks some 

control over cell firing, possibly through an LTP-like process. 

4. Cues and landmarks can subsequently override self-motion information, which is 

particularly useful to correct cumulative error in the self-motion signal. 

5. Aged rats, monkeys, and humans have deficits in spatial learning. 

6. In aged rats, LTP is harder to induce and decays more quickly than in adult rats. 

7. Cues and landmarks may therefore be poorly bound to the map in aged rats, and 

less able to control place cell firing or correct for path integration errors. This 

may cause some portion of the observed spatial learning deficits. 

This study assessed the relative strengths of self-motion and visual-cue information 

in old and adult rats. Because of the LTP deficits in aged rats, it was expected that aged 

rats would be more dependent than adult rats on self-motion information. A variant of the 

linear track task developed by Gothard et aL (1996a) was used, in which animals run 

back and forth along a track with a journey origin that changes fix>m trial to trial This 

task creates a mismatch between self-motion and visual cue information (see Place fields 
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and the hippocampal map: Influences on place-cell firing — visual and self-motion cues). 

Gothard et aL (1996a) showed that self-motion infonnation controls place-cell firing 

during the initial portion of each journey, and that visual-cue information controls place-

cell firing during the final portion of each journey. In a later experiment, Gothard et al. 

(2001) showed that darkness caused a delayed switch firom self-motion information to 

visual cues. That is, a reduction in the available visual-cue information (due to darkness) 

caused the self-motion information to dominate place-cell firing. The hypothesis outlined 

above predicts a similar shift of control in the aged rats in the current study, due to their 

potential deficit in binding visual-cue infonnation to the cognitive map. 

In addition, a spatial-leaming component was added to the linear track task: Rats 

were required to find an unmarked location at a particular point in the room. Because the 

goal location was only stable relative to the distal visual cues, this task required the 

animals to use these cues to navigate. It was predicted that the behavioral results would 

correlate with the electrophysiological estimates of visual-cue control over place-cell 

firing (see above). That is, animals whose place cells were weakly influenced by the 

visual cues were expected to perform more poorly than animals whose place cells were 

strongfy influenced by the visual cues. 

Finally, this study allowed further examination of the hypothesis that self-motion 

information provides the rough initial metric for the cognitive map, and that cue and 

landmark information is added secondarily (statements 2 and 3, above; McNaughton et 

al., 1991; Knierim et al., 1995; McNaughton et aL, 1996; Touretzky and Redish, 1996; 

Redish and Touretzky, 1997; Samsonovich and McNaughton, 1997; Redish, 1999; 
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Guazzelli et al., 2001). The primacy of self-motion information is supported by the work 

of Knierim et aL (1995), who foimd that, in rats disoriented during initial exposures to a 

cylindrical environment, place fields were poorly controlled by the single prominent 

visual cue in the environment The authors suggested that visual cues are bound to the 

cognitive ms  ̂secondarily, and that the visual cue could not be bound to any particular 

location on the map because the position of the visual cue was not always in register with 

the rat's internal direction sense. Thus, the poorly-bound visual cue could not control 

place-cell firing. 

The behavioral task used in this study provided the opportunity to extend the results 

of Knierim et al. (199S). Because the start box was moved between trials at all stages of 

training, the rats were never exposed to a stable configuration of the linear track, much as 

the rats in the study of Knierim et al. were disoriented before each session in the 

environment. Continued influence of self-motion information on place-cell firing in the 

face of an always-mobile start box would strongly support the initial importance of path 

integration to the cognitive map. 
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CHAPTERS: MATERIALS AND METHODS 

Subjects 

Ten male Fischer-344 rats were used in this study. Five were adults (10-12 months 

old) and five were aged (23-27 months old). Animals were motivated by food deprivation 

(but maintained at 80% of ad-libitum feeding weight or higher) as well as by medial 

forebrain bundle stimulation. Water was fi-eely available to the animals in their home 

cages. 

Training chronoiogy 

All animals were handled 1S min/day for a week and then were tested in the Morris 

swim task (Morris, 1984). See Barnes et al. (1997b) and Figure 22 in Memory d^cits 

associated with aging for procedural details. Both hidden-platform and visible-platform 

versions were used. 

The animals were then trained on an elevated rectangular track (93 cm x 43 cm, 10 

cm wide track). The apparatus also had a cross-track bisecting its length. Use of the 

cross-track was neither encouraged nor discouraged. Briefly, food was available at two 

comers of the track; two comers were imbaited. The direct path between the two baited 

comers was parallel to the cross-track. Each time the rat touched a comer, the food at the 

baited comers was replaced if nec^sary. Thus the animal could get food by going to an 

unbaited comer and then back to a baited comer or by going to the other baited comer. 

Well-trained animals generally alternated between the two baited comers. Animals 
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received one 30 minute session per day until they were eating 30-60 times in the session. 

This typically took S-8 days. 

Animals were then trained, in a different room, to shuttle back and forth on a linear 

track (182 cm x 16 cm; Figure 40). Distal cues were available around the walls of the 

room (~2 m away, large blocks of white and black curtains, and small white and black 

posters). The cue configuration was maintained throughout the remainder of pretraining 

as well as during the lineior track task (see below). The rats left a start box at one end of 

the track, proceeded to a barrier at the other end of the track, and returned to the box. 

After the animal returned to the box, he received a food reward, the box was closed, and 

the box and track were moved (as a unit) along the direction of the long axis of the track. 

Reward was never given at the far end of the track. If the rat did not travel a pre

determined distance down the track, he did not receive food reward upon returning to the 

box, and the box was not moved. In the early stages of training, rats had only to set all 

four paws on the track before returning to the start box. As rats learned the task, they had 

to travel further down the track to receive the reward. In the final configuration, a rat was 

considered to have reached the end of the track when he had crossed a point 10 cm from 

the barrier (the complete journey threshold  ̂see Figure 41 and Figure 44). For this task, 

position was monitored from a ceiling camera (Kohu, San Diego, CA) by an 

experimenter watching a video screen in another room, who identified when the animal 

had crossed the line. After the animal returned to the box, the experimenter monitoring 

the video screen told the animal handler whether or not the animal had reached the 
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complete journey threshold. Animals received one 30-minute session per day until they 

were running 20-48 l^s. This typically took 11-14 days. 

At this point in the protocol, the animals were implanted with stimulation and 

recording electrodes. Before surgery, animals received ad-libitum food and no training 

for 2—5 days. After surgery, animals were allowed an additional 2-5 days to recover. 

They were then run for 3—5 days on the rectangular track (using the protocol described 

above) and 5-7 days of shuttling on the linear track (using the protocol described above). 

This additional pretraining allowed the rats to adsqst to the weight of the implanted 

hyperdrive, headstage, and cable before learning the task used during recording. 

FiKure 40. The Hnear track. Tke start box is OB the kit, the barrier at the end of the track is OB the 
riglit;. The start iMx aad track slide aioBg tile OBderiyiag raiL The barrier, which b sBspeaded alMve 
the traclE, reBiains ia oBe positioa. 
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The linear track task was performed on the same {^)paratus and with the same cues as 

the pretraining shuttle task described above (Figure 40, Figure 41). Briefly, the rat 

performed the shuttle task but if the animal paused for greater than a minimum delay 

within the goal zone (8 cm long, centered 35 cm from the barrier), he received medial 

forebrain bundle (MFB) stimulation reward. The animal could receive a maximum of 

one reward before reaching the end of the track and one reward on the return joumey. 

Although the box and track were moved along the direction of travel after each trial, the 

goal zone remained at a constant position within the room throughout the task. For 

behavioral analysis, LED lights on the rat's recording headstage were tracked at 20 Hz 

via a ceiling camera (camera: Kohu; tracking hardware: San Diego Instruments, San 

Diego, CA). Crossing of the invisible line near the barrier (to determine if the animal had 

proceeded to the end of the track) and time spent in the goal zone were monitored 

automatically using in-house software written for Discovery (DataWave Technologies 

Inc., Boulder, CO). The linear track task is summarized in Figure 41. 
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Figure 41. The appamtas consisted of an elevated, linear tracic (182 cm x 16 cm), covered with tliin, 
gray carpet. Each trialitcgan with tile animalin tlie closed IMX (a). Tlie IMZ was opened, and tlie 
animal left tlie IMX (b). If tlie animal paused witldn the goal lone for longer than tlie minimnm delay 
(variahie by day from 0.1—1.5 sec) then he received medial forebrain bnndle stimolation (c). Animals 
could cam only one stimulation before crossing the complete Journey threshold 10 cm from the 
barrier (d). After crossing tlie threshold, anlmaia turned around, and returned to the box (d-f)> The 
animal could earn another stimulation reward on the inlNNind Journey if he paused in the goal zone 
for longer tiian the minimum delay (e). When the animal returned to the box, the box was closed (f), 
and the animal received a smaU food reward ̂  This marked the end of the triaL The box and track 
were moved (as a unit) along the long axis of the track before tlie beginning of tlie next trial (h). 
Because the goal zone remained constant in room cooniinates ̂ al location indicated by shaded 
square), local cues provided no information about the location of the goal zone. Figure from Redish 
etaL(2000). 

Animals received two 30-minute sessions on the linear track task per day, separated 

by a 20-minute rest period in a small box adjacent to the track. The initial mininmni 
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pause in the goal zone required to receive stimulation was 0.1 seconds (providing 

stimulation even for animals running at very &st speeds) and was increased daily until 

reaching a maximum of 1.5 seconds. Thus the required pause duration remained constant 

within a day, but varied from day to day. Data fix)m sessions with a required pause 

duration of less than 0.S seconds were excluded from all analyses. 

Surgery and recording 

After completing pretraining, the animals were implanted with a hyperdrive (a 

microdrive allowing individual manipulations of 12 tetrodes and 2 EEC probes; Wilson 

and McNaughton, 1993; Gothard et al., 1996b; Knierim et al., 2000), over the right dorsal 

CAS and CAl regions of the hippocampus (AP -3.8 mm, lateral +2.0 mm). See Figure 42 

and Figure 43. Each tetrode consisted of four twisted 14 ixm teflon-coated nichrome 

wires (McNaughton et al., 1983b; Wilson and McNaughton, 1993). The tetrode tips were 

gold-plated, resulting in impedances at 1 kHz of 0.5—1.0 M£2. 
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Fisure 42. A rat implaiitcd with a tiypcrdrive. Tlie cables attached to the iicadstage carry tlie signals 
to the recording equipment. Note that tiic rat pictured is of a different strain than the albino Fischer  ̂
344 rats used in tlie present study. 
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Figure 43. A, B: Interface of the hyperdrive and tlie hippocampus. C, D: Clustering of splices from 
different ceib. A: Dorsal view of the right hippocampus, showing the size and approiimate 
placement of the bundle of guide cannulae. Each circle is a single guide cannula, which contains one 
tetrode. B: Schematic view of a coronal section through the hippocampus, showing the approach of 
six tetrodes (vertical Unes) to the pyramidal ceU layer in CAl. C: Plot of two of the waveform 
parameters recorded from a single tetrode, showing the clustering that allows spikes to be assigned to 
particular cells. D: Waveforms of the five cells shown in C. Each cell has four waveforms, 
corresponding to the four wires of the tetrode. Figure adapted from Rcdish et aL QOOl). 

At the time of hyperdrive implantation, animals were also implanted with stimulation 

electrodes, placed stereotaxically into the medial forebrain bundle at AP -K) mm, 

lateral +/. i ,9 mm, ventral 8.5 mm, at a 19.4** angle. Stimulation electrodes consisted of 

two twisted, 125 ̂ m-diameter, teflon-coated, stainless-steel wires, with the insulation 

removed from the final 250 ̂ m of the two wires. The wire tips were separated vertically 

by 1 mm. 



157 

NIH guidelines were followed for all surgical procedures. Briefly, rats were deeply 

anesthetized with Nembutal (sodium pentobarbital. Abbot Laboratories, 32-40 mg/kg, 

depending on the rat's age), and placed in a stereotaxic apparatus. Bicillin (Wyeth 

Laboratories, 0.1 cc ijn. per hind leg) was given to combat infection, the skull was then 

cleared of skin and &scia, and 8 holes were drilled to accommodate jeweler's screws to 

anchor the implant Rectangular holes were drilled around the stimulation electrode entry 

sites. Stimulation electrodes were placed stereotaxically and then cemented in place with 

dental acrylic. A circular hole was drilled over the dorsal hippocampus on the right side 

of the brain, at coordinates of approximately 3.8 mm posterior to bregma and 2.0 mm 

lateral to the midline. The hyperdrive array was positioned in the hole and cemented in 

place with dental acrylic. After surgery, children's Tylenol was used to control post

operative pain. 

Neural signals were amplified on a headstage with unity gain and then again with 

variable gain amplifiers (up to SK) (Assembly Hunter amplifiers, Neuralynx, Tucson, 

AZ). Neural signals were filtered between 600-6000Hz. All waveforms crossing a 

threshold were recorded (Cheetah, Neuralynx, Tucson, AZ). Because a tetrode consists 

of four closely-spaced wires, spikes fix>m different cells produce differentiable patterns 

on the four channels (McNaughton et al., 1983b; O'Keefe and Recce, 1993; Wilson and 

McNaughton, 1993; see Figure 43). Putative ceUs (clusters in the feature space defined 

by the four channels) were separated subjectively using in-house software (XClusty M. 

Wilson, MClust, AJD. Redish, and BubbleClust  ̂P. Lipa) based on algorithms developed 

by McNaughton and colleagues (McNaughton et aL, 1983b; Mizumori et aL, 1989). 
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Cells were classified as pyramidal cells or intemeurons based on waveform shs ,̂ inter-

spike interval histograms, and average firing rate. Only cells with firing properties 

characteristic of pyramidal cells were included in analyses (Ranck, 1973; OlCeefe and 

Conway, 1978; Kubie and Ranck, 1983; Markus et al., 199S). All cells were required to 

have no inter-spike intervals less than 2 ms in order to ensure that spike trains had 

physiologically plausible refractory periods consistent with single units (Ranck, 1973; 

Markus et al., 199S). 

Each day, tetrodes were advanced until cells were observed or until each tetrode had 

been advanced 20-160 ̂ m (depending on the tetrode's proximity to the hippocampus). 

The recording quaUty of cells was assessed while the rat rested on a small platform next 

to the apparatus. 

During neurophysiological recordings a second, higher-sampling-rate tracking 

system was used. The LEDs on the rat's headstage were tracked at 60 HZ via the ceiling 

camera (camera: iCohu; tracking hardware: Cheetah system, Neuralynx). 

Position analysis 

The two-dimensional position of the rat on the video image was projected onto a line 

stretching along the length of the track (measured from the center of the back of the box 

to the center of the barrier). This produced a one-dimensional measure of position in the 

room used for all analyses. Only data from the track were analyzed; data taken while the 

animal was in the box were dropped from all anafyses. 
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Laps and Journeys 

A ]ap was defined as an excursion from the start box. That is, each time an animal 

left and returned to the box, he had completed one whether or not he had proceeded 

fai enough along the track to complete the trial, and whether or not the box was closed 

between excursions (see Figure 44). L^s were separated into outbound and inbound 

journeys by dividing the lap at the maximum point of traveL Thus all laps consisted of 

one outbound journey followed by one inbound journey. It is important to note that the 

outbound journeys did not consist of only outbound motion; animals occasionally turned 

around to retrace part of a path and then continued in the outbound direction. Inbound 

journeys were sometimes similarly heterogeneous. 
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Figure 44. [definition of die terms tap  ̂andjotun .̂ Plot siiows a nve-minute portion of one 
animal's position record. X-axis is dme, Y-axis is position of the rat in the room. Heavy bbick line 
crossing the top of the trace Indicates the compkujomn  ̂threahoU. Each aial consisted of an exit 
from the start box, a crossing of the complete Journey threshold, and a return to the box. Heavy 
green Hnes crossing the bottom of the trace indicate the front of the start box during each triaL Red 
Xs indicate the beginning and end of each triaL The box was moved between trials. Each tap 
consisted of an exit from and return to tlie start box, whether or not the animal reached the complete 
journey threshold. Durations of laps are marked in dark blue lines at bottom of figure. Outboiuid and 
UtbouHd Journeys divided each bip at the maximal point of travel on that lap. Note that one trial could 
include one or more laps, but each bip included only one outbound and one inbound journey. 
Durations of outbound aiid inbound journeys are marked in pink and light blue Hues, respectively, at 
bottom of figure. Figure adapted from Redlsh et aL QOOO). 

Estimation of tasic learning from speed 

Learning of the task was assessed by calculating each rat's frequency of success at 

obtaining stimulation reward. In addition, learning of the hidden goal location was 

estimated using a metfiod that may be independent of actual success in obtaining reward. 
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The analysis examined the possibiliQr that, even if a rat did not always remain motionless 

in the goal zone for a sufficient period of time to receive a reward, the mean speed of the 

rat near the goal zone might be significantly lower than its mean speed at other positions 

in the room. That is, the rat might have slowed down in the correct location, even if he 

did not remain in that location long enou  ̂to obtain reward consistently. 

The animal's running speed was calculated as the absolute value of the change in 

position from one sample to the next, divided by the change in time from one sample to 

the next Because rats generally remained motionless for up to a few seconds after 

receiving stimulation reward, data taken between the time of stimulation and the end of a 

journey (see Laps and journeys, above) were omitted from these calculations. For each 

session, mean nmning speed at each point on the track was calculated. Calculations were 

performed separately on outbound and inbound journeys. The resultant values were 

averaged over all sessions recorded from a given rat Finally, the values were normalized 

according to the animal's mean running speed. That is, speed was expressed as standard 

deviations from the mean running speed of the rat Normalization prevented bias due to 

the different mean running speeds of old and adult rats. 

The mean speed of the rat near the goal zone (133 — 147 cm) was then compared 

with its mean speed in a 'control* zone of equivalent size (Figure 45). The control zone 

(153 — 167 cm) was located between the goal zone and the end of the track. This location, 

rather than one between the start box and the goal zone, was chosen in order to prevent 

interpretational ambiguî  A rat approaching the goal zone might slow down because he 

knew the location of the goal zone, or the rat might slow down simply because he was 
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approaching the end of the track. A higher speed in a zone beyond the goal zone, 

however, would indicate that the rat increased its speed after passing the goal zone, and 

therefore knew the approximate location of the goal. 

OudWund vaiocily, 67B2 
Z-Sr 
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PotWon in room (cm) 

160 180 100 
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Figure 45. Using speed of animal to estimate tasic learning. Piotsiiows tiie mean normalized speed of 
a single adult animal at each position in the room. Approximate location of tlie gpal zone is indicated 
l»y red shading, location of die control zone is indicated by green shading. Note that tliis animal 
moved more slowly in the goal zone than in tlie control zone, indicating tiiat the rat had some 
knowledge of the goal location. 

Place field determination 

After action potentials had been assigned to a particular cell (see Surgery and 

recording, above), the correlation between the rat's location and the activity of each cell 

was computed. The resultant spatial tuning curve is called the place field of the cell 

(Figure 46). The place field of each cell was determined, in parallel, for two different 

coordinate frames: The room-aligned coordinate frame, which represents the rat's 

position relative to the laboratory as a whole, and the box-aligned coordinate frame. 
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which represents the rat's position relative to the start box of the experimental ̂ iparatus 

(see Figure 49). 
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Figure 46. An example place field. A: Spikes from a single cell recorded during a 30-minnte session. 
Black circles indicate single spikes from cell 6650lt08a_tt6 J. Line indicates position of the rat in the 
room (Y-axis) at each moment (X-axis). B: The resnitant place field. Note that position in the room is 
now plotted on the X-axis. 

In each coordinate frame, the determination of the place field required the following 

steps: 1) Spikes were separated according to journey type (inbound or outbound journey, 

see above). 2) Spikes recorded while the animal was in the start box were removed. 3) 

Spikes recorded while the animal was not moving (speed < 7 cm/sec) were removed. This 

minimized the contamination of the data with spikes recorded during a hippocampal state 

called large irregular activity  ̂or LIA. When the hippocampus is operating in this state, 

the firing of the hippocampal pyramidal cells is not correlated with the rat's position in 

space, and would therefore obscure the determination of place fields. Because LIA tends 

to occur when a rat is not moving, deleting all spikes fired during periods of immobility 

removes much of the contamination. 4) Spikes that did not occur within SOOO msec of 

any other spike from the same cell were removed. This elimination of 'single* spikes 

reduced the noise in the data, because place cells tend to fire multiple spikes at ~10 Hz 



164 

when the rat is in the cell's field. 5) Cells were then checked to see that steps 1,2, and 3 

did not bring their spike counts below 50 action potentials for each journey direction. For 

example, a cell with 79 action potentials on outbound journeys and 22 action potentials 

on inbound journeys would only be included in analyses of the outbound joumeys. The 

choice of SO spikes as the minimum acceptable value stemmed firom preliminary 

examinations of the data which revealed that, while cells that fired only SO-lOO spikes 

during the course of the 30-minute session sometimes had place fields, cells firing fewer 

than SO spikes seldom, if ever, had a place field. There was no difference between age 

groups in the percentage of cells that met this criterion (see Results: Cell and place-field 

counts and characteristics). 6) The remaining spikes were then classified according to 

the position the rat occupied when each spike was fired. This procedure involved dividing 

the spikes among 64 spatial bins, where each bin covered approximately 2.4 cm of space. 

7) The resultant values of spikes per bin were then divided by the time the rat spent in 

each bin, giving an average firing rate for each bin. 8) Field boundaries were determined 

according to criteria similar to those of Muller, Kubie, and Ranck (1987). The edge of a 

field is the location beyond which the cell's firing rate &]ls below 10% of its maximum 

firing rate for at least 3 bins (7.2 cm). As per Shen et al. (1997), an alternate method was 

also used, in which the threshold was 0.5 Hz rather than 10% of the cell's maximum 

firing rate. The alternate method does not change the results substantively. 

Finally, fields were tested for lap-to-lap field variability, as follows: 1) Fields were 

assessed on each lap, rather than over the course of the entire session. The data used for 

the single-lap fields had already been processed through steps 1-5, above. 2) The center 
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of mass of the field, or 'centroid* was found for each I .̂ 3) The centroids were then 

sorted according to the location of the start box on each lap, and a least-squares line was 

drawn through the centroids (Figure 47). This is similar to the method used by Gothard et 

al. to determine if a field is aligned to the start box or to the room (Gothard et aL, 1996a), 

see Field slope, below). 4) If the mean-squared error (MSE) of the residuals of the least-

squares line was greater than 20 cm. per data point, the field was considered noisy and 

was removed from further analyses. Mean-squared error was calculated as the square root 

of the sum of the squares of the residuals divided by the number of data points minus 

|y 
two, or J , where n is the number of data points and R is the vector of residuals 

V n - 2  

from the least-squares line. In general, a mean-squared error value above 20 was 

observed if the centroid of the field was unstable from lap to lap (Figure 47). There was 

no age-group di£ference in the percentage of fields, by animal, that that met this criterion 

(Adidt, 69 ± 5 %; Aged, 68 ± 4 %; p = 0.83). Figure 48 shows the distributions of MSE 

values for all cells of each age group. 
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Figure 47. Examples of cells with acceptable and unacceptable mean-squared error values. Each 
panel contains data fipom a single place ceU. The lap-by-lap positionof the field centroid Is plotted 
versus the position of the start box on that lap. Black lines are least-squares lines of best fit. Slope of 
the line (see Figure 50) and meauf̂ qnared error of the residuals of the line (MSE) are also shown. 
Cells In A, B, and C had MSE values below 20, and were therefore accepted for analysis. Cells in D. 
E, and F were not induded in anafyscs. Note that some variability in the centroid position was 
acceptable (C), but that a few laps with outlying results (D) or Ugh varfabiliQr tiuonghout the session 
(E, F) increased tiM MSE value above 20. AD six cells were recorded firom a single animal during a 
siî le session. Celb in A and B are tiM same cells shown in FIgare 50A and F^ure 50B, respectively. 
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Figure 4S. Distribotioiis of mcan-sqaared error (MSE) values in aged and adult rats (A and B, 
respective )̂. Vertical lines at MSE ~ 20 represent the cutoff applied to tlie data. For each age group, 
the fields of aU animals were combined before the distribution was plotted (calculations by animal 
yielded similar results, see text). For both groups, approximate  ̂30% of the fiehb had MSEs above 
20, and were therefore excluded from further anafysis. 

An important note concerns multiple place fields on a single journey type (e.g., two 

fields on outbound journeys): Because of the large number of spike trains recorded, it 

was not feasible to screen the spike trains for multiple fields manually. Therefore, to 

prevent multiple-field noise from impinging on the analyses, the place-field 

determination methods (see above) selected only one field for analysis. The net result is 

fiister data processing, but at the cost of potentially valuable data (the second, unanalyzed 

fields of the cells). 

Field-width difference ratio 

To estimate the extent to which a given place field was aligned to room coordinates 

or to box coordinates, we calculated the field-width difference ratio (FWDR) for each 

place field. This measure takes advantage of the fiict that, when plotted in the 'incorrect* 

coordinate fiame, a place field will î ypear wider than it would if plotted in the 'correct' 
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coordinate frame. In Figure 49, for example, a room-aligned field may appear 30 cm. 

wide when plotted in room coordinates. When plotted in box coordinates, however, the 

center of the field seems to jump from lap to lap, and the overall field (when all laps are 

combined) is therefore wider than 30 cm. The field-width difference ratio of a given 

place field is the width of the field in box coordinates, minus the width of the field in 

room coordinates, divided by the sum of the field widths in the two coordinate systems: 

(w ) 
\ The resulting number ranges from -1 to 1, with values less than 0 

indicating a box-aligned field, and values greater than 0 indicating a room-aligned field. 

Place fields plotted by position in 
the room 

I 

Place fields plotted by distance 
from the start box 

Flgiire 49. Place flehb arc wider WIMB plotted in the Incorrect coordinate system. Shown are 
schematic diagrams of the linear track in three different configurations. Red humps indicate 
hypotlietical place field of a box-aligned cell, green humps indicate liypothetical place fleld of a room-
aligned celL Top three sections show fields fhim single laps, bottom sections show net fields over aU 
three laps. A) When fields are plotted according to the rat*s position in the room, the centroid of tile 
box-aligned field appears to move from hip to lap, and the overafi field Is therefore relatively wide. 
The centroid of the room-al̂ ned field appears stable, and the overall field is therefore relatively 
narrow. B) When fields are plotted according to the rat's distance fiiom the start box, the situation is 
reversed: the box-aligned field appears stable and narrow and the room-aligned field appears 
unstable and wide. 
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Field slope 

Another method for estimating the alignment of a field was used, similar to a method 

used by Gothard et al. (1996a). The centroid of the field is determined on each lap, then 

the centroids are plotted versus the position of the start box on each (see Figure 47 

and Figure SO). A least-squares line is fit to the data, and the field slope is the slope of 

this line. Thus, if the place field is box-aligned, the centroid of the field (plotted on the y-

axis) will move with the start box (plotted on the x-axis), and the least-squares line will 

have a slope of 1. If the place field is room-aligned, the centroid of the field will not 

change, regardless of the position of the start box, and the least-squares line will have a 

slope of 0. 

• • * 
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Figure 50. Calcniation of field slope. Data points represent single spikes recorded from the cell, and 
are pkitted according to tlie position of die rat and the starting position of the particular Jouraey. 
Least-squares lines indicate the dependence of firing position on the position of the start box. A: A 
box-aUgned field, with a slope of approximateiy 1. B: A room-aligned field, with a slope of 
approximateiy 0. Note that the individual spikes are shown for illustrative purposes only. The 
analyses described in the text were performed on the field centroids from each Journey, rather tlian 
the individual spikes. See Figure 47A and Figure 47B for the centroids derived from th  ̂cells. 
Figure adapted from Redlsh cCaL (2000). 
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Transition point 

As noted by Gothard et aL (1996a) and Redish et al. (Redish et al., 2000), place 

fields near the start box tend to be box-aligned, and place fields near the end of the track 

tend to be room-aligned. According to one interpretation, this occurs because the 

hippocampal m  ̂realigns (from box coordinates to room coordinates) on each The 

rat generally passes through the fields near the start box before the realignment occurs, 

but reaches the fields near the end of the track after the realignment occurs. Examining 

the field-width difference ratios of all of a rat's place fields should therefore give an 

estimate of the average position of the realignment. In Figure SI, all the acceptable fields 

(on outbound joumeys only) of one rat are plotted versus the centroids of the fields. Note 

that there is a particular position at which the fields become more room-aligned than box-

aligned: the point in the room where the average field-width difference ratio rises above 

0. This point is called the transition point, or realignment point. One can also calculate 

the transition point from the field slopes, finding the point in the room where the average 

field slope drops below O.S. 
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Figure 51. All outlioiuMl-Joiiniey piace fields of one rat. X-axis is tiie position in tiie room of eacii 
field*s center-of-mass. Y-axis is tiie fieid-widtli difference ratio for eacli place field. Black line is the 
mean of the field-width difference ratio in 10 cm bins. Transition point is the point at which the mean 
rises ahove zero. In this case, the transition point is at 148 cm. 
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CHAPTER 10: RESULTS 

Cell and place-field counts and characteristics 

In total, 4440 spike trains were recorded from hippocampal pyramidal cells. Of 

these, 2520 were from aged rats and 1920 were from adult rats (see Table I). It is 

important to note that, because electrodes with many cells were generally not moved 

from session to session, these numbers almost certainly include multiple recordings from 

the same cells. Hence the use of the term 'spike train', rather than 'cell*. 

Of these spike trains, 2473 (1306 aged, 1167 adult) had sufiBcient numbers of spikes 

on the track (SO) to be examined more carefully for the presence of a place field. 975 

trains (589 aged, 386 adult) had sufficient spike counts on outbound journeys only, 582 

trains (315 aged, 267 adult) had sufficient spike counts on inbound journeys only, and 

916 trains (402 aged, 514 adult) had sufficient spike counts on both outbound and 

inbound joumeys (although not necessarily in the same location). There was no age-

group difference in the percentage of cells, by animal, that met the 50-spike criterion 

(Adult, 61 ± 5 %; Aged, 51 ± 3 %; p = 0.13). 

1893 of the spike trains (982 aged, 911 adult) had an acceptable place field on at 

least one journey type (Table 2; see Materials and methods: Place field determination for 

criteria). 831 trains (505 aged, 326 adult) had an acceptable field on outbound joumeys 

only, 670 trains (317 aged, 353 adult) had an acceptable field on inbound joumeys only, 

and 392 trains (160 aged, 232 adult) had an acceptable field on both oudx>und and 

inbound joumeys. Thus, 1223 acceptable fields (665 aged, 558 adult) were available for 
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analysis on outbound journeys, and 1062 acceptable fields (477 aged, 58S adult) were 

available for analysis on inbound journeys (each of these totals includes the trains with 

accq>table fields in both directions). 

Table 1. CcU counts. 'Spike trains* Is tlM number of spike clusters attributed to hippocampal 
psrramidai cells. Fifty or more spikes per journey type were required for a spike train to be evaluated 
for a place field on that Journey type. 

Rat Age Spike 
Trains 

>50 
Outbound 

Spikes 
Only 

>50 
Inbound 
Spikes 
Only 

>50 
Spikes in 

Both 

Percent 
of Spike 
Trains 

Accepted 
6591 Adult 601 134 109 182 71% 
6649 Adult 230 63 34 53 65% 
66S0 Adult 449 56 39 94 42% 
6792 Adult 430 91 68 113 63% 
6879 Adult 210 42 17 72 62% 
6504 Aged 423 104 48 38 45% 
6608 Aged 546 111 97 66 50% 
6682 Aged 446 143 38 76 57% 
6816 Aged 620 148 55 159 58% 
6870 Aged 485 83 77 63 45% 
Total 
Adult 1920 386 267 514 Mean: 

61 ±5% 
Total 
Aged 2520 589 315 402 Mean; 

51 ±3% 
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Table 2. Field counts. See Mattriab and methods: Place field determination for criteria estabHshing an 
acceptable place field. 

Rat Age 

Cells 
with 
Good 
Fields 

Good 
Outbound 

Fields 
Only 

Good 
Inbound 
Fields 
Only 

Good 
Fields 

in Both 

Total 
Good 

Outbound 
Fields 

Total 
Good 

Inbound 
Fields 

6591 Adult 305 114 141 50 164 191 
6649 Adult 108 46 49 13 59 62 
6650 Adult 162 51 51 60 111 111 
6792 Adult 233 78 85 70 148 155 
6879 Adult 103 37 27 39 76 66 
6504 Aged 130 83 35 12 95 47 
6608 Aged 207 87 90 30 117 120 
6682 Aged 208 131 46 31 162 77 
6816 Aged 252 136 65 51 187 116 
6870 Aged 185 68 81 36 104 117 
Total 
Adult 911 326 353 232 558 585 

Total 
Aged 982 505 317 160 665 477 

There were no age-group differences in place-field size, although the aged rats did 

have a tendency toward smaller fields (Adult: 40.0 ± 2.3 cm; Aged; 36.9 ± 2.8 cm; p = 

0.18). Note that, to prevent bias against animals with a high proportion of box-aligned 

fields (which would sqipear larger when plotted in room coordinates; see Materials and 

methods  ̂Figure 49), place-field size was assessed using the smaller of the two field-

widths (i.e., the preferred alignment of the field). The lack of an age-group difference in 

place-field size was unexpected, as Shen et aL (1997) observed smaller place fields in 

aged rats due to impaimients in experience-dependent place-field expansion. It is possible 

that the mobile start-box and shifting hippocampal alignments of the linear track task 

slightly reduced the accuracy of place field size estimates. This interpretation is 
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supported by the non-significant trend toward smaller fields in the aged rats. It is also 

possible that these same conditions actually prevented experience-dependent place-field 

expansion from occurring in the adult animals. Place-field expansion was not measured 

directly in the current analyses, but future examinations of the data may uncover the 

critical differences between this experiment and that of Shen et al (1997), and possibly 

critical variables affecting experience-dependent place-field expansion. 

Behavior - water maze 

The water maze results are consistent with many previous studies of aged and adult 

rats: The adults learned the location of the escape platform, the aged rats did not Figure 

52 shows mean daily latency to target for each age group. For the adult animals, there 

was a significant effect of training day (ANOVA; p = 0.0008), while there was no such 

effect in the aged rats (p = 0.23). In the visible-platform version of the task, used to 

screen for visual impairments in rats, the old animals showed improved performance 

relative to the final day of hidden-platform trials (p = 0.03). Three of the aged rats, 

however, had average latencies more than two standard deviations removed from the 

mean of the adult rats (rats 6608,6682, and 6816 had average latencies of42,35, and 34 

seconds, respectively; the adult rats had an average latency of 7.3 with a standard 

deviation of 1.7 seconds). Because rats 6608 and 6816 demonstrated the abilî  to leam a 

goal location from visual cues (see Behavior — linear track, below), it is believed that, in 

these two rats at least, the results of the visible-platform water maze do not reflect 

impaired vision. It is possible, for example, that the rats maintained the behavior patterns 

displayed in the hidden-platform version of the task (a phenomenon called perseveration). 



176 

It is not known if rat 6682*s vision was impaired, but it should be noted that none of the 

age-group comparisons presented in this dissertation are changed significantly by the 

omission of6682's data. That is, comparisons that revealed an age-group difference are 

still significant, and comparisons that did not are still non-significant. 

WaMr Maza RMUHS 
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Figure 52. Aged rats did not learn the location of the escape platform. Left (Day 1-4): Mean and 
standard error of daily escape latencies for each group. Mean daily escape latencies were first 
calculated for each animal, then group means were calculated. Adult rats* performance improved 
with training, while the performance of aged rats did not. Right (VDayl-2): The performance of the 
aged rats did improve on the visible-platform version of the task, though three of the aged rats were 
stiU slower to reach the platform than were adult rats (see text). 

Behavior - linear tracic 

As might be expected, old rats ran significantly fewer laps on average than did adult 

rats (15  ̂k^s, 27.6 laps, respectively; see Figure 53). In addition, old rats tended to run 

more slowly than did adult rats (outbound journeys: 19.8 cm/sec, 25.1 cm/sec, 

respectively; see Figure 54a; inbound journeys: 24.6 cm/sec, 32.9 cm/sec, respectively; 

see Figure 54b). 
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Figure 53. Old rats ran fewer laps on average than did adult rats. 
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Figure 54. Old rats ran more slowly than did adult rats. A: Outbound Journeys. B: Inbound 
journeys. 

The goal-finding task proved very difScult for most of the animals. On outbound 

journeys, the aged rats only received the stimulation reward 36% of the time, while adult 

rats only received the reward 27% of the time (not significantly different, see Figure 5Sa). 

On inbound journeys, the success rates were 31% and 28% for aged and adult groups, 

respectively (not significandy different. Figure 55b). The low success rate on inbound 

journeys is particularly troubling, since this portion of the task could theoretically be 

solved with a motor program: Because the ̂ )al zone was a constant distance firom the 
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end of the track, the rats could simply have learned to go to the barrier at the end of the 

track, then walk a particular number of steps back to the goal zone. A task that can be 

solved with such a motor program can even be learned without a woridng hippocampus 

(e.g., Packard and McGaugh, 1992; Kesner et al., 1993; McDonald and White, 1993). In 

addition, the most successful rats tended to be those with the lowest mean running speed 

(which would have made it easier for them to remain in the goal zone for the required 

time). It was therefore suspected that a given rat's success at obtaining stimulation 

rewards might not accurately reflect that rat's knowledge of the goal location. 

aeil-tndtas,auttaundiounwys o Ooat-nndng, Inbound journey* 
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Figure 55. Old rats found tiie goal zone as frequently as did adult rats. A: Outbound Journeys. B: 
Inbound Joomesrs. 

To better examine how well rats had learned the location of the goal, the average 

speed of the rat at each position in the room was calculated (see Materials and methods: 

Estimation of task learningfrom speed). Note that, because rats briefly remained 

motionless after each stimulation, the data immediately foUowing a stimulation reward 

were not included in the analysis. Learning of the goal location was assessed as a drop in 
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speed near the goal zone relative to a 'control' zone at a different location. Plots for each 

rat are shown in Figure 56. 
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Figure 56 (abo on preceding page). Speed profiles for each rat. Aged rats are plotted with red traces 
on the left side of the page, adult rats are plotted with bine traces on the right. Each plot shows the 
mean normalized speed of a single animal at each position in the room. Approximate location of the 
goal zone is Indicated by red shading, location of the control zone is indicated by green shading. 
Learning of tlie goal location was asswsed as the reduction in normalized speed in the goal zone 
relative to the control zone. All five adult rats and two of the aged rats (6608,6816) moved more 
slowly in the goal zone than in the control zone (t-test, alpha=0.01), indenting that these cats had 
some knowledge of the goal location. 

All five of the adult rats and two of the aged tats (6608,6816) moved significantly 

more slowly in the goal zone than in the control zone (t-test, alpha = 0.01), indicating that 

these rats had some knowledge of the location of the goal. As mentioned above, rats 6608 

and 6816 were impaired in the visible-platform version of the water maze task. The 

results presented here suggest that tiiese rats learned the location of the goal zone, which 
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requires the use of visual cues. Thus, it seems unlikely that rats 6608 and 6816 were 

significantly visually impaired. 

In addition, one could estimate how well each rat learned the location of the goal by 

calculating the difference between the mean normalized speeds in the goal zone and the 

control zone. Rat 6792 (adult), for example, had a mean speed difference of I.IS standard 

deviations, while rat 6816 (old) only had a difference of 0.54 standard deviations (see 

Figure S6). That is, both rats learned the location of the goal, but rat 6792 may have 

learned it more accurately. Using this measure, it was found that aged rats, as a group, did 

not slow down in the goal zone as much as did the aduh rats, suggesting that the aged rats 

learned the location of the goal more poorly than did the adult rats (Figure 57 and Figure 

58). 
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Fignre 57. Aged rats did not learn the locatioB of the goal as weU u did adult rats. Aged rats are 
plotted in red, adult rats in blue. Coaventfons and axes as in Figure 56. A: Mean normaUied speed as 
a fimctlon of position, error bars indicate standard error of the mean. B: Same data as in A, but 
plotted without error bars. Note that, although agMi rats show a slight decrease in speed in the goal 
zone, the difference between the goal zone speed and the control lone speed is not as great in the aged 
rats as in the adult rats. See abo Figure 58. 
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Figure 58. Aged rats did not learn the location of the goal as well as did adult rats. Each data point 
represents a single rat's change in mean normalized speed from the goal zone to the control zone. 

It is possible, though unlikely, that rats who did not slow down in the goal zone 

might have slowed down at a particular distance from the start box instead. That is, some 

rats may have leamed the goal location in box coordinates, though the goal location was 

actually consistent only in room coordinates. To examine this possibilî , we analyzed the 

rat's average speed according to the rat's distance from the start box (data not shown). 

None of the rats showed *fi)cused' slowing (i.e., slowing at a particular distance from the 

start box) when the data were plotted this way. Thus, rats either leamed the location of 

the goal in room coordinates or they did not leam the location of the goal at aO. 

Speed-Profile analyses were also carried out on inbound joumeys. Because the 

inbound portion of the task could have been solved with either a motor response strategy 

or a spatial learning strate ,̂ it seemed feasible that rats who were impaired on the 

outbound portion of the task might successfully leam the inbound task. It should be 

noted, however, that rats frequently did not attempt to find the goal zone on the inbound 

joumey. the rats ran direcdy toward the start box, presumably to receive the fixxi 
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reward given at the end of each lap. Thus, the speed reductions in the goal zone were 

smaller than those observed on the outbound journeys. Four of the adult rats (6649,6650, 

6792, 6879) and three of the aged rats (6504,6608, 6816) moved more slowly in the goal 

zone than in the control zone (Figure 59). There were no age-group differences in the 

change in speed from the goal zone to the control zone (Figure 61). 
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Figure 59 (also on preceding page). IniNMind journey speed profiles for each rat. Conventions as in 
Figure 56. Four of the adult rats (6649,6650,6792,6879) and diree of die aged rats (6504,6608, 
6816) moved more slowfy  ̂fn the goal zone than in the control zone. Speed decreases were generally 
smaller than those seen on the ontfMund Journeys. 
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Figure 60. Mean speed profiles by group, inbound Journeys. A: Mean normalized speed as a hmction 
ofpositioB, error bars indicate standard error of the mean. B: Same data as in A, but plotted without 
error bars. Note that both groups of animals show similar speeds in the goal zone and control zone, 
though the adult rats appear to slow down slightly in the goal zone. See also Figure 61. 
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Figure 61. There were no slgniflcant dUTerences across age groups in the change in speed firom the 
goal zone to the control zone. 

Transition point from field-width difference ratios - outbound 

journeys 

As described in Materials and methods: Transition pointy it is possible to estimate 

the transition point (the average position of hippocampal map realignment) by ecamining 

the field-width difference ratios (FWDRS) of all of a rat*s place fields. The field-width 
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difference ratio gives an estimate of the preferred alignment of a single place field (i.e., 

whether the hippocampus was generally aligned to the start box or to the room when the 

rat traversed the field). The field-width difference ratios of the entire set of place fields 

should therefore establish the average position of map realignment in a given rat. In 

Figure 62, the field-width difference ratios of all the acceptable fields (on outbound 

journeys only) of each rat are plotted versus the positions of centroids of the fields, along 

with the average field-width difference ratio at each position. The transition point is the 

point at which the mean field-width difference ratio is greater than zero. The transition 

points of the aged rats are significantly fiirther along the track than the transition points of 

the adult rats (Figure 63a). The same is true when the transition points are found by 

fitting a 2'̂ -order curve to the data (data not shown). A plot of each age group's average 

field-width difference ratio at each position shows that the groups are identical for most 

of the track, but that the adult groiq>'s field-width difference ratios switch into the room-

aligned portion of the plot sooner than do those of the aged rats (Figure 63b). 
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Fisurc 62 (abo on prcccding page). Fidd-width difference ratio of all ontlioiind fields of each rat, 
plotted vs. the field's position. Old rats' fields are plotted with red squares, adult rats' fields with blue 
circles. Each rat's transition point is the point at wiiich tlie mean value (black line) crosses 0. If the 
mean never rose above 0, the transition point is the maximum recorded centroid (old rats 6816, 
6870). 
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Figure 63. Tnunitfons are fardier along tiie tracic in old rats. A: Distributions of transition points in 
old and adult rats. B: Mean FWDR values at each position (10 cm bins) in old and adult rats. Note 
that the values are only different near the transition point. Transition points of individual rats are 
abosliown. 

A second method for estimating the transition point from field-width difference 

ratios is simply to measure the mean field-width difference ratio on the latter portion of 

the track. Because this portion of the track straddles the approximate positions of the 

transition, a high mean field-width difference ratio indicates an early transition, while a 

low mean field-width difference ratio indicates a late transition (Figure 64). This method 

is more indirect than the first, but less dependent on choice of curve-fitting or binning 

methods. 
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Figure 64. Alternative method for measuring the transition point. The mean FWDR from 120 cm to 
180 cm was calculated. Higher values suggest an earlier transition, lower values suggest a later 
transition. 

The results are the same: the old rats have a lower mean field-width difference ratio 

on the latter portion of the track than do the adult rats (Figure 6Sa). This indicates a later 

transition in the old rats. In addition, the rat-by-rat results firom both methods are well-

correlated. That is, rats that had a late transition point according to the first method had a 

low mean field-width difference ratio according to the second method (Figure 65b). 
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Figure 65. A: Old rats* transitions are stiU farther along the track when the second method te used. 
B: The first and second methods for determining the transition point produce similar results for each 
rat. 



193 

Transition point from field siope - outbound journeys 

Because of the many processing steps used to transform raw tetrode data into place 

fields, one should be cautious about results derived from any single analytical method 

applied to place field data. Two slightly different methods for determining the transition 

point were presented in the preceding section, but both methods rely on the same basic 

estimation of field alignment - the field-width difference ratio - and therefore could be 

subject to the same problems. To reduce the chances of such an error, another basic 

estimation of the preferred alignment of a field was employed. This measure of a place 

field's preferred alignment, called the field slope  ̂ is similar to one used by Gothard et al. 

(1996a). Finding the field slope does not require determination of place-field boundaries. 

The method directly measures the influence of the start-box position on the lap-by-lap 

field centroid (see Materials and methods: Field slope and Figure SO for details). A field 

slope of 1 indicates a field that changed position from lap to according to the position 

of the start box, while a field slope of 0 indicates a field that remained at a fixed location 

in the room, regardless of the position of the start box. 

Once the field slope has been determined, one can determine the transition point 

using methods similar to those used on the field-width difference ratio. Figure 66 shows 

the slopes of all of the acceptable fields (on outbound jotimeys only) of each rat, plotted 

versus the centroids of the fields. In this case (as compared to the field-width difference 

ratio) the plotted line is a result of curve-fitting (a 2'̂ -order-polynoinial least-squares 

line). As with the field-width difference ratio, both the curve-fitting and raw averaging 

methods yield a significant age-group difference: The transition points of the aged rats 
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are significantly ferther along the track than the transition points of the adult rats (Figure 

68a). A final confirmation of the result is obtained by finding the mean field slope in the 

latter portion of the track. Aged rats have a higher mean field slope, indicating a later 

transition to room coordinates (Figure 68b). 
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Figure 66 (abo on preceding page). Slopes of all outbound fields of each rat, plotted vs. the field's 
position. Old rats' fields are plott  ̂with red squares, adult rats' fields with blue circles. Each rat's 
transition point is the point at which tlie 2*'-order-polynomial least-squares curve (black line) crosses 
0.5. For rat 6870, tlie transition point is the maxiniuni recorded centroid. 
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Figure 67. Mean field slopes at each position (10 cm bins) in old and adult rats. Note that the values 
are only different near the transition point. Transition points of individual rats are also shown. 
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Figure 68. Old rats* transitioBS are still farther ahmg the track when determined using Held slopes. 
A: Transition points as determined by analyses of the field slope. B: Mean field slope in tiie latter 
portion of the track. 

Transition point - inbound journeys 

Using the methods described above, one can also estimate the transition (from room 

alignment back to box alignment) on the inbound journeys (when the animal is returning 

to the start box). Because not all inbound journeys began at the end of the track (see 

Materials and methods: Joumeys\ each inbound journey may have begun with the 

hippocampal map aligned to either the start box or the room, biboimd journeys that began 

with a box-aligned hippocampal map would increase the measured lap-to-kq> variability 

in the alignment of place cell firing (Figure 69). In addition, because outbound transitions 

occurred further along the track in old rats, a higher proportion of old rats' outbound 

journeys ended before the rat's average transition point (old: 16%; adult, 6%). Thus, if all 

inbound journeys were included in transition point calculations, results in aged rats could 

be biased toward an earlier transition from room alignment to box alignment (Figure 70). 

Therefore, the inbound data were analyzed using data only from inbound journeys that 
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began at or beyond the complete journey threshold (approximately 11 cm from the barrier 

at the end of the track, see Materials and metlwds: Journeys). 

Short oatbound Joarn  ̂
Inbound fields will be box-aligned 

I 
Transition 

Point 
Long outbound Journey 

Inbound fields will only be box-
aligned after inbound transition 

A, 

I 
Transition 

Point 

Figure 69. Short outboimd Jounî  coaM introduce variability in tiie measurement of tiie preferred 
alignment of fleids on inlwund Journeys. Top: After a sliort outbound Journey, tiie hippocampal map 
may ahready be aligned to the start box at tiie lieginning of tlie inlMund Joum .̂ Bottom: After a long 
outbound Journey, fields will be room-aligned until the inbound transition occurs. 
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Figure 70. Sliort oatiioiiiid joumeys could cause die inlMUBd transition in old rats to seem to occur 
earlier tlian in adult rats. Top: An old rat with a late transition point may not have to shift back to a 
box-aligned representation on the inbound Journey. Bottom: An adult rat running the same distance 
will have room-aligned fields until the inlMund transition occurs. 

There were no significant age-related differences in the inbound transition point 

according to any of the measures described so far (Figure 71 and Figure 72). To interpret 

this result, one must first consider the types of information available to the rat on the 

inbound journey. As on the outbound journey, the distal visual cues provide the rat with 

information about its position in the room, while proximal cues on the track provide the 

rat with information about its position relative to the start box. The start box, in contrast, 

while still providing box-aligned position information, is an external cue (presumably 

visual), rather than an anchor for self-motion information (as it had been during the 

outbound journey). Similarly, the barrier at the end of the track may serve as an anchor 

for self-motion information, rather than as a visual cue. Thus, on the inbound journey the 

rat receives both idiothetic and visual cue information regarding its position in the room. 

The availability of room-aligned idiothetic information allows the aged rats to maintain a 
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room-aligned hippocampal for most of the inbound journey, while the availabiliQr of 

room-aligned visual cues allows the adult rats to maintain a room-aligned hippocampal 

map for most of the inboimd journey. 

Running Direction Running Direction 

FWdCMeidPoMonlnRoemCooidkiaM(em) FWdCmaidPeMeninRaamCaarttalM(em) 

Figure 71. InlMuiid Journeys. Tiiere were no age-related differences in tlie inlionnd transition point. 
A: Field-widtii difference ratio. B: Field slope. Conventions as in Figure <»3b and Figure 67. 
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Figure 72. There was no age-group difference in transitions on inbound Journeys. A: Mean field-
width difference ratio on latter part of track. B: Mean field slope on latter part of track. 

An alternate interpretation of the inbound joumey r .suits is that aged rats are simply 

more likely to use / bind proximal cues than distal cues. If so, the delayed realignment on 

outbound joumeys would not be caused by a cue-binding deficit, but would simply reflect 
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the same proximal-cue preference. Although this possibility camiot be dismissed using 

the current data, the woric of Tanila, et at (1997a) strongly suggests the opposite 

conclusion. In a cue-conflict situation, place fields in aged, memory-impaired rats 

followed the distal cues 77% of the time, compared to 31% for fields firom young animals 

(Tanila et aL, 1997a). See Place fields: Changes with aging. Figure 39. That is, aged rats 

seemed more likely to use the distal cues, not less. 

Evaluation of possible artifactual causes of the age-related transition 

delay 

Could the age-related deficit in hippocampal realignment be a byproduct of other 

differences between the age groups? This section discusses potentially critical variables 

including running speed, experience, goal-finding success, and vision impairment 

As mentioned above in Behavior - linear track, old rats ran significandy more 

slowly than did adult rats. Running speed may be an important variable, since it has been 

suggested that the realignment occurs a certain amount of time after the animal begins the 

joumey (Redish et al., 2000). If Redish et aL are correct, then the slower speed of the 

aged rats could only shift their transition points closer to the start box. Therefore the 

reduced speed could not have caused the realignment deficits reported here. If  ̂on the 

other hand, the transition occurs at a particular point in space, then the time it takes an 

animal to run down the track should not affect the location of the transition at all. Again, 

the realignment deficits reported here would not be caused by the reduced speed of the 

aged rats. Obviously, there are other possible determinants of the transition point, but the 
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straightforward logical analyses suggest that the decreased running speed of aged rats is 

probably not the source of their delayed realignment. 

Old rats also ran fewer laps than did adult rats (see Behavior - linear track). It is 

possible that the lower 1  ̂counts per session led to a cumulative difference in total 

experience in the environment, so that aged rats actualfy had fewer opportunities to leam 

about the environment Although this possibility cannot be dismissed, it seems unlikely 

because of the extensive pre-training of the rats in the environment The animals had 

been trained for hours on the same maze with the same cues every day for approximately 

four weeks (in some cases more) before the data presented here were recorded (see 

Materials and methods: Training chronology). After so much experience, it is likely that 

binding of the cues had reached saturation. 

What about experience levels as measured by the mean session number from which 

the recordings were made? As mentioned in the preceding paragraph, one might imagine 

that a more experienced rat would have had more opportunity to bind distal cues to the 

hippocampal map, and might therefore have an earlier realignment Fortunately, there 

were no significant age-group differences in mean session number, and the trends in the 

data suggest that if anything, aged rats had more experience than the adult rats (Figure 

73). 
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Figure 73. There were no age-related differences in experience. A weighted mean session numlicr was 
caiculatcd for each rat liy assigning a session number to each Held and tlien calcuiating tiie mean of 
all fields on onttMund journeys. Note tiiat tlie trend is for aged rats to have more experience tlian the 
adult rats. 

What about differential success in finding the goal? If the adult rats found the goal 

more often, and therefore received stimulation more often, that might have provided 

additional information about their location in the room and helped realign the 

hippocampal map. This possible confound can be dismissed because, as mentioned in 

Behavior — linear trade, there were no significant age-group differences in goal-finding 

success. 

What about vision deficits in the aged rats? If the aged rats saw more poorly than did 

the adult rats, the aged rats would actually receive less information regarding the distal 

visual cues. The aged rats would therefore have more difficulty binding those cues to the 

hippocampal map, regardless of any LTP deficits. The issue can be partially addressed by 

recalling that two aged animals (6504,6870) were able to find the escape platform in the 

visible-platform version of the Morris water maze (see Behavior - water maze, above). 

Though this task is not a comprehensive eye ocam for rats, the results suggest that these 
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two rats were able to see reasonably welL In addition, although the other three aged rats 

were significantly slower than adult rats to find the visible platform, it appears that, in at 

least two of the rats, the deficits may not have been related to visual impairments; On the 

linear track task, old rats 6608 and 6816 learned the location of the goal to some extent 

(see Behavior — linear tracks above). Because the goal maintained a constant relationship 

with distal visual cues, learning the goal location required use of those cues. Thus the 

combined results of the water maze task and linear track task suggest that at least four of 

the five aged rats could see well enough to leam tasks using visual cues. The fifth rat 

(6682), who performed poorly on both the linear track task and the visible-platform water 

maze task, could indeed have had a visual impairment. As mentioned above (see 

Behavior — water maze), however, removal of6682*s data from the analyses presented 

here does not change any of the age-group difTerences reported. Thus, it seems unlikely 

that the age-related deficit in hippocampal map realignment was due to poor vision in the 

aged rats. 

Correlation of realignment witti behavior 

The hippocampal representation of position has been correlated with rat behavior on 

tasks that require spatial learning (e.g., OlCeefe and Speakman, 1987). Because the goal 

was at a fixed location in the room in the task used in this study, it was expected that 

learning of the goal location would generally require realignment of the hippocampal 

map (to room coordinates) by the time the animal reached the goal zone. Animals that 

had not realigned by the time they reached the goal were e}q)ected to have more difficult 
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learning the location of the goal, because the box-aligned representation could provide 

little information regarding the location of the goaL 

The behavioral and electrophysiological data were therefore examined for 

correlations between learning of the goal location (see Behavior - linear track, above) 

and the transition point All four methods of determining the transition point (field-width 

difference ratio, mean field-width difference ratio on the latter part of the track, field 

slope, and mean field-slope on the latter part of the track) yielded results that were 

significantly correlated with the learning of the goal location (Figure 74). That is, later 

realignment was correlated with poorer learning of the goal location. Though these 

correlations were made across aU animals, the results were roughly equivalent when 

calculated within age groups: In 7 of 8 cases, the values of the regression lines 

remained above 0.35, and the slope of the regression lines indicated the same relationship 

(between realignment and learning) that had been observed when all 10 animals were 

included in the calculations. 
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Figure 74. Learning of die goal locatf on correlated widi the position of map realignment. Each pand 
simws plots of behavioral accuracy versus the values of one of the four methods of estimatf ng the 
transition point. A: Transition point determined firom field-width difference ratio. B: Mean field-
width difl'erence ratio in the latter portion of the track. C: Transition point determined from field 
slopes. D: Mean field slope in the latter portion of the track. Each data point is the value for a single 
rat, plotted versus that rat's tendency to slow down in the goal zone (sec Behavior - linear track). In 
an four cases, the data arc significantly correlated (R  ̂values as noted, p values of0.029,0.007,0.001, 
and 0.003 for A-D, respectively). That is, later realignment correlated with poorer learning of the 
goal location. In action, in 7 of 8 cases the values remained ahove 0 when calculated 
separately for each age group (range of 0 - 0.73; the lone exception was in plot A, old rats). 
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CHAPTER 11: DISCUSSION 

The experiment described herein confirms previous reports that when rats on a linear 

track are &ced with mismatched self>motion and visual cues, their hippocampal 

representations of space are aligned to only one set of cues at any given moment 

(Gothard et al., 1996a; Redish et al., 2000; Gothard et al., 2001). On joumeys away from 

the start box, place-cell firing was initially controlled by self-motion cues; place cells 

fired according to the rat's distance fix)m the start box. At some point in the journey, 

however, the visual cues began to control place-cell firing; place cells fired according to 

the rat's position in the room. This shift in place-cell firing is called a realignment or 

transition. The realignment also occurred during joumeys toward the start box. In those 

cases, the rat's position in the room was the initial determinant of place cell firing, and 

the transition aligned the hippocampal map to the rat's distance from the start box. 

The current study examined hippocampal map realignment in both aged and adult 

rats. Estimation of the average position of the realignment revealed that, on outbound 

joumeys (away from the start box), realignment was delayed in aged rats. That is, the 

realignment occurred nearer to the end of the track in aged rats than it did in adult rats. 

The spatially-delayed realignment in old rats is consistent with the predictions of 

certain models of hippocampal fimction (McNaughton et al., 1996; Touretzky and 

Redish, 1996; Redish and Touretzky, 1997; Samsonovich and McNaughton, 1997; 

Redish, 1999; Guazzelli et al., 2001). hi these models, self-motion is the initial metric of 

the hippocampal m ,̂ and cues and landmaiks are bound to the map secondarily. 
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Because the binding of cues and landmaita is thought to depend on an LTP-like process, 

and because old rats are deficient in LTP, the cues and landmaiics are expected to be 

more weakly bound in aged rats than in adult rats. The weaker cue binding is expected to 

force the hippocampal representation to be more dependent on self-motion information in 

aged rats than in adult rats. Thus, these models predict an age-related deficit in 

realignment, which was observed in the present experiment 

The results are consistent with the findings of Gothard et aL (2001), who found that 

realignment on a similar task was delayed when adult animals performed the task in the 

dark. In that study, just as in this one, there was reduced visual-cue information available 

to the hippocampus, and the self-motion information assumed a stronger control of place-

cell firing. That is, the darkness reduced the visual information in the work of Gothard et 

al., while the proposed cue-binding deficits reduced the visual information in the current 

study (in aged rats). 

Aged anitnal.s of many species, including rats, monkeys, and humans (e.g., Barnes, 

1979; Barnes and McNaughton, 198S; de Toledo-Morrell and Morrell, 1985; Markowska 

et al., 1989; Uttl and Graf, 1993; Lai et al., 1995; Gallagher and Rapp, 1997; Rapp et al., 

1997; WiDcniss et al., 1997), have difBculQr learning spatial tasks. Consistent with those 

results, aged rats in the present study were impaired in learning the location of a hidden 

goal on the linear track task. 

Because aged rats showed impaired learning of the goal location and delayed 

realignment of the hippocampal m ,̂ the current study provided a link between the 

effects of age on hippocampal fimction and on spatial learning. The hidden ̂ >al was at a 
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fixed location in the room. If ensembles of place fields make up a cognitive m  ̂

(OlCeefe and NadeU 1978), place-cell firing would have had to be aligned to the rat's 

position in the room for the rat to find the goaL Consistent with this hypothesis, the 

position of a given animal's realignment was correlated with that animal's ability to leam 

the location of the goal. This was true both within and across age groups, and the result 

supports the hypothesis that hippocampal activity is correlated with a rat's concept of its 

position (i.e., that the hippocampus is a cognitive map). The result also suggests that the 

observed changes in hippocampal fimction may cause some of the spatial learning 

deficits exhibited by aged rats. 

The present study also provided a link between age-related spatial-learning deficits 

and deficits in synaptic plasticity. Aged rats have deficits in both the induction and 

maintenance of LTP (for review, see Barnes, 2001). Barnes et aL (1997b) observed that 

aged rats occasionally retrieved an incorrect map, leaving them with little information (or 

incorrect information) about their environment. The authors suggested that the incorrect 

map retrieval was a consequence of age-related LTP deficits. Kentros et aL (1998) 

supported that interpretation with the observation that adult rats under NMDA blockade 

also occasionally retrieved an incorrect hippocampal map. The current results suggest 

that visual cues are poorly bound to the hippocampal map in aged rats, as would be 

expected due to the age-related LTP deficits. Thus, the hippocampal m£q> may contain 

less information about the cues and landmarks in the environment, which would put aged 

rats at a disadvantage when navigating through that environment 
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The present study suggests another set of experiments to clarify the role of LTP in 

binding cues to the cognitive nu .̂ If LTP deficits cause aged rats to &il to bind cues to 

the map, adult rats trained in a novel environment under NMDA-receptor blockade 

should be unable to bind a cue card to their cognitive map. 

The results of the current study are also consistent with previous theoretical woric 

(McNaughton et al., 1991; McNaughton et al., 1996; TouretztQ  ̂and Redish, 1996; Redish 

and Touretzky, 1997; Samsonovich and McNaughton, 1997; Redish, 1999; Guazzelli et 

al., 2001) and the results of Knierim et al. (1995). These studies suggested that self-

motion information provides the rough initial metric for the cognitive map, and that cue 

and landmark information is added secondarily. Despite the fiict that the animals in the 

present smdy had never been trained with a stable start box, the hippocampal m£q> was 

aligned to the start box for a large portion of each outbound journey. That is, the box 

maintained strong control over the hippocampal representation of position, despite the 

&ct that the box moved from trial to trial (and always had, in the experience of the rats). 

Recall that in the original work of Gothard et al. (1996a; 2001), the animals were trained 

with a stable start box, and it was only during the final testing stages that the box was 

moved. Thus, it might have been the case that, contrary to the results of Knierim et aL 

(1995), place fields were initially detemiined by visual cues, and that the path-integratory 

information was bound to the map secondarily. The results of this experiment, however, 

support the interpretations of Knierim et aL (1995), and suggest a strong initial role of 

self-motion information in determining the hqipocampal representation of a rat's 

position. 
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bi sum, the present study observed an age-related delay in the shift of the 

hippocampal map fiom alignmem with self-motion cues to alignment with visual cues. 

This deficit may be caused by LTP-deficits in aged rats, which could hinder binding of 

visual cues to the hippocampal m .̂ The realignment delay was correlated with learning 

of a hidden goal location, suggesting that some age-related spatial learning deficits may 

be caused by visual cue-binding deficits, and supporting the hypothesis that the rat 

hippocampus can fimction as a cognitive map. Finally, the observed influence of self-

motion information on place-cell firing, despite the use of a mobile start box at all phases 

of the experiment, supports the hypothesis that self-motion is the initial metric of the 

hippocampal map, and that cue information is bound to that map secondarily. 
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