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Neural mediation of memory for time: Role of the

hippocampus and medial prefrontal cortex

RAYMOND P. KESNER
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Within the context of the neurobiology of attribute model, memory for the temporal attribute is com
posed of at least three features-memory for duration, memory for succession, or temporal order, and
memory for past and future time perspective within a dual-based (data and knowledge) memory sys
tem. Research aimed at testing the assumption that the hippocampus and interconnected neural cir
cuits mediate the temporal attribute within the data-based memory system and the prefrontal cortex
and interconnected neural circuits mediate the temporal attribute within the knowledge-based mem
ory system in animals and humans is reviewed. The research indicates that (1) memory for the dura
tion feature of the temporal attribute is mediated by the hippocampus, but not prefrontal cortex, in both
animals and humans, (2) memory for the temporal order feature of the temporal attribute based on new
information is subserved by both the hippocampus and the prefrontal cortex, but that based on prior
knowledge or the ability to use prior knowledge is supported only by prefrontal cortex, and not the hip
pocampus, in both animals and humans, and (3) memory for the past (time perspective) feature of the
temporal attribute is mediated by the hippocampus, whereas memory for the future (time perspective)
feature of the temporal attribute is supported by the prefrontal cortex in both animals and humans.
There is a clear parallel between animals and humans in terms of hippocampal and prefrontal cortex
mediation of the temporal attribute, supporting the assumption of evolutionary continuity. There is
support for a greater involvement of the hippocampus in comparison with the prefrontal cortex in me
diating temporal attribute information within the data-based memory system. Conversely, there is sup
port for a greater involvement of the prefrontal cortex in comparison with the hippocampus in medi
ating temporal attribute information within the knowledge-based memory system. Future research
needs to concentrate on the development of new paradigms to measure memory for different tempo
ral features and to uncover the critical neural circuits that subserve these temporal features,

The structure and utilization of memory is central to

one's knowledge of the past, interpretation of the present,

and prediction of the future. Therefore, understanding the

structural and process components ofmemory systems at

the psychological and neurobiological levels is of para

mount importance. In recent years, there have been a

number of attempts to divide learning and memory into

multiple memory systems. Schacter and Tulving (1994)

have suggested that one needs to define memory systems

in terms of the kind of information to be represented, the

processes associated with the operation of each system,

and the neurobiological substrates, including neural struc

tures and mechanisms that subserve each system. Further

more, it is likely that within each system there are multiple

forms or subsystems associated with each memory system,

and there are likely to be multiple processes that define

the operation of each system. Finally, there are probably

multiple neural structures that form the overall substrate

of a memory system.

Currently, the most established models of memory can

be characterized as dual memory system models with an
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emphasis on the hippocampus as one component of the

model and a composite of other brain structures as the

other component. For example, Squire (1994) has proposed

that memory can be divided into a hippocampal-dependent

declarative memory, which provides for conscious recollec

tion offacts and events, and a nonhippocampal-dependent

nondeclarative memory, which provides for memory with

out conscious access for skills, habits, priming, simple

classical conditioning, and nonassociative learning. Oth

ers have used different terms to reflect the same type of

distinction, including a hippocampal-dependent explicit

memory versus a nonhippocampal-dependent implicit

memory (Schacter, 1987) and a hippocampal-dependent

declarative memory based on the representation ofrelation

ships among stimuli versus a nonhippocampal-dependent

procedural memory based on the representation of a sin

gle stimulus or configuration of stimuli (Cohen & Eichen

baum, 1993). O'Keefe and Nadel (1978) have suggested

that memory is organized as a dual system based on a

hippocampal-dependent representation of spatial infor

mation, labeled a locale system, and a nonhippocampal

dependent representation of non spatial information,

labeled a taxon system. Olton (1983) has suggested a dif

ferent dual memory system in which memory can be di

vided into a hippocampal-dependent working memory,

defined as memory for the specific, personal, and tem-
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poral context of a situation, and a nonhippocampal

dependent reference memory, defined as memory for

rules and procedures (general knowledge) of specific sit

uations. Different terms have been used to reflect the same

distinction, including episodic versus semantic memory

(Tulving, 1983).

However, because memory involves many neural sys

tems in addition to the hippocampus, Kesner and Di

Mattia (1987) proposed a neurobiology ofa dual system

model organized into a data-based and knowledge-based

memory system that is composed of multiple attributes

or forms of memory and subserved by many different

neural regions. Based on extensive research aimed at test

ing this dual system model, the model has been refined

and updated (see Kesner, 1998, for an extensive review). In

this review, I will briefly present my own comprehensive

dual memory model system, followed by a detailed

analysis of the temporal form or attribute of memory.

NEUROBIOLOGY OF AN

ATTRIBUTE MODEL

Data-Based Memory System

In this comprehensive model, it is assumed that any

specific memory is organized within a data-based mem

ory system and a knowledge-based memory system. The

data-based memory system provides for temporary rep

resentations of incoming data concerning the present,

with an emphasis on facts, data, and events that are usu

ally personal or egocentric and that occur within specific

external and internal contexts. The emphasis is on the

processing ofnew and current information. During initial

learning, great emphasis is placed on the data-based mem

ory system, which will continue to be of importance even

after initial learning in situations in which unique or novel

trial information needs to be remembered. The data-based

memory system is composed of different independently

operating forms or attributes of memory. Even though

there could be many attributes, the most important attri

butes include space, time, response, sensory perception,

and affect. In humans a language attribute is also added.

The organization of these attributes within the data-based

memory system can take many forms and are probably

organized hierarchically and in parallel.

On the basis ofa series ofexperiments, it can be shown

that within the data-based memory system different neural

structures and circuits mediate different forms or attri

butes of memory. The most extensive data set is based on

the use ofparadigms that measure the short-term or work

ing memory process, such as matching or nonmatching to

sample, delayed conditional discrimination, and contin

uous recognition memory of single items or lists of items.

With the use of these memory paradigms, it has been

shown that ( I ) damage to the hippocampus disrupts spa

tial and temporal attribute information in rats and humans

and linguistic information in humans, (2) damage to the

caudate affects response attributes in animals and humans,

(3) damage to the amygdala impairs affect attributes in

animals and humans, and (4) damage to the extrastriate

visual cortex interferes with visual object information as

an example of a sensory-perceptual attribute in animals

and humans (Chiba, Kesner, Matsuo, & Heilbrun, 1993;

Chiba, Kesner, & Reynolds, 1994; Heindel, Butters, &

Salmon, 1988; Hopkins, Kesner, & Goldstein, 1995b;

Horel, Pytko-Joiner, Voytko, & Salsbury, 1987; Jackson,

Kesner, & Amann, 1994; Kesner, 1990a; Kesner, Bol

land, & Dakis, 1993; Kesner & Williams, 1995; Mc

Donald & White, 1993; O'Keefe & Nadel, 1978). Fur

thermore, it can be shown that these neural systems can

operate independently ofeach other. For example, lesions

of the hippocampus do not disrupt affect, response, or

sensory-perceptual (odor or visual object) attributes (Chiba

et aI.,1993; Kesner et aI., 1993; Kesner & Williams, 1995;

Leonard & Milner, 1991; Otto & Eichenbaum, 1992).

Knowledge-Based Memory System
The knowledge-based memory system provides for

more permanent representations of previously stored in

formation in long-term memory and can be thought ofas

one's general knowledge of the world. It can operate in

the abstract in the absence of incoming data. The em

phasis is on top-down processing. The knowledge-based

memory system would tend to be of greater importance

after a task has been learned, given that the situation would

then be invariant and familiar. In most situations, how

ever, one would expect a contribution of both systems

with a varying proportion of involvement of one relative

to the other.

The knowledge-based memory system is composed of

the same set of different independently operating forms

or attributes of memory. These attributes include space,

time, response, sensory perception, and affect. In hu

mans a language attribute is also added.

The organization of these attributes within the knowl

edge-based memory system can take many forms, and

they are assumed to be organized as a set of attribute

dependent cognitive maps or neural nets and their inter

actions, which are unique for each memory. It is assumed

that long-term representations within cognitive maps are

more abstract and less dependent on specific features.

On the basis ofa series of experiments, it can be shown

that within the knowledge-based memory system, differ

ent neural structures and circuits mediate different forms

or attributes of memory. The most extensive data set is

based on the use ofparadigms that measure the acquisition

of new information, discrimination performance, execu

tive functions, strategies, and rules to perform in a vari

ety of tasks, including skills and the operation ofa vari

ety of long-term memory programs.

With the use of these paradigms, it has been shown

that (I) damage to the posterior parietal cortex disrupts

spatial attributes (DeRenzi, 1982; DiMattia & Kesner,

1988), (2) damage to the prefrontal cortex interferes with

temporal and response attributes (Fuster, 1995; Kesner

& Holbrook, 1987; Kesner, Hopkins, & Fineman, 1994;

Kolb, 1974; Passingham, 1978), (3) damage to the agran-
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ular insular and orbitofrontal cortex impairs affect at

tributes (Butter, 1969; Ragozzino & Kesner, 1996), and
(4) damage to the inferotemporal cortex interferes with

sensory-perceptual attributes (visual object) (Fuster, 1995;

Weiskrantz & Saunders, 1984).

It is assumed that interactive patterns of independently

operating attributes provide the organizational frame

work for the existence of each unique memory. At the
neurobiological level, it is assumed that each specific

brain region codes or stores the above-mentioned attrib

utes as well as their specific interactions. Relative amounts

of neural activity within each critical brain region or cir

cuit that represents a critical attribute or a set ofattributes

provide for the total neural substrate associated with each

unique memory representation. Thus, different neural sys

tems are assumed to mediate specific attributes, and fur

thermore, each attribute is processed by different neural

systems (data- and knowledge-based memory) depending

on how information is processed. Finally, it is assumed

that there is evolutionary continuity between animals and

humans not only in terms of mnemonic function, but also

in terms of brain-memory function relationships. In this

paper, the emphasis wiIl be on the temporal attribute within

the context of the neurobiology of attribute model.

TEMPORAL ATTRIBUTE

Within the context of the neurobiology of attribute

model, it is possible to divide the temporal attribute into
different mnemonic features-namely, duration, succes-

sion (or temporal order), and temporal perspective (Block,
1990). Memoryfor duration refers to memory for the per

sistence of an event or the interval between time periods

or events, memoryfor succession refers to the sequential
occurrence ofevents as reflected by memory for relative

recency or temporal order, and memoryfor time perspec

tive is based on memory for the past, present, and future

and can be mediated by the use ofretrospective and pros

pective strategies. Because time has no entity of its own,

the other attributes ofthe model-namely, space, response,

affect, sensory perception, and language-provide the
content, anchors, and time markers for the memory rep

resentation of these three different temporal features. A

schematic of this model is presented in Figure 1. It is as

sumed that the hippocampus and interconnected neural

circuits in rats and humans mediate the temporal at

tribute within the data-based memory system and that
the medial prefrontal cortex (anterior cingulate) and in

terconnected neural circuits in the rat and the dorsolat

eral prefrontal cortex and interconnected neural circuits

in humans and monkeys mediate the temporal attribute

within the knowledge-based memory system. It should

be noted that important anatomical and functional links

exist between the hippocampus and prefrontal cortex that

are likely to aid in the representation and processing of

temporal information, but that also will provide for dif

ficulties in dissociating the contributions of the hippo

campus and prefrontal cortex in supporting temporal in
formation. In the rat, the neural connections form a circuit

starting with a direct hippocampal CA lIsubiculum pro-
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Figure 1. A schematic ofthe organization oftemporal attribute features within the data-based and knowledge-based memory systems.



588 KESNER

jection to the medial prefrontal cortex, especially the

infralimbic/prelimbic cortex (Ferino, Thierry, & Glo

winski, 1987; Swanson, 1981). Interestingly, one can

elicit long-term potentiation (LTP) by stimulation ofthe

CA I hippocampal region and recording from the infra
limbic cortex (Laroche, Jay, & Thierry, 1990). The me

dial prefrontal cortex is directly connected to the ento

rhinal cortex, which, in turn, is directly connected to the

CA I and subiculum, thereby completing the circuit (Wit

ter, Groenewegen, Lopes Da Silva, & Lohman, 1989). A

similar circuit exists in the monkey in that the hippo

campus connects to the subiculum, which, in turn, pro

jects directly to the dorsolateral prefrontal cortex. The
dorsolateral prefrontal cortex projects to the presubicu

lum, entorhinal cortex, and parahippocampal cortices,

which, in turn, project to the hippocampus (Goldman

Rakic, Selemon, & Schwartz, 1984; Uylings & van Eden,

1990; Witter et aI., 1989).

The purpose ofthis review is to determine whether some

empirical support exists for the above-mentioned as

sumptions. The major questions to be asked are whether

each neural system mediates all three of the temporal fea

tures associated with the temporal attribute, whether it is

possible to dissociate the temporal attribute functions of

the hippocampus and prefrontal cortex, and whether
there are parallels between animal and humans in terms

ofthe neural basis of memory for the temporal attribute.

Memory for Duration-Animals

In this section, I will concentrate on memory for du

ration rather than the processing of time and time per

ception as measured by time estimation and time-scale

invariance (for a more recent review, see Gibbon, Mala

pani, Dale, & Gallistel, 1997). Previous research has indi

cated that fimbria-fornix-Iesioned, but not frontal-cortex
lesioned, rats are impaired in remembering the duration

of a stimulus across a short delay interval, even though

there is only a small change in estimating the passage of

time (Meek, Church, & Olton, 1984; Olton, 1986; Olton,

Wenk, Church, & Meek, 1988). In an attempt to replicate

these results with a different paradigm, rats were trained

on a short-term memory for duration task using a de

layed symbolic conditional discrimination procedure
(Jackson et aI., 1994). It had previously been shown that

rats can acquire high proficiency in short-term memory

for duration information (Santi, Weise, & Kuiper, 1995).

In the Jackson et al. experiment, the rats had to learn that

a black rectangle stimulus that was visible for 2 sec
would result in a positive (go) reinforcement for one ob

ject (a ball) and no reinforcement (no go) for a different

object (a bottle). However, if the black rectangle stimu

lus was visible for 8 sec, then there would be no rein
forcement for the ball (no go), but there would be a re

inforcement for the bottle (go). After rats learned to

respond differentially in terms oflatency to approach the

object, they received large (dorsal and ventral) lesions of
the hippocampus, lesions of the medial prefrontal cortex

(anterior cingulate), or lesions of the cortex dorsal to the

dorsal hippocampus. Following recovery from surgery

they were retested. The results show that in contrast to cor

tical control and medial prefrontal cortex lesions, major

impairments followed hippocampal lesions, as indicated

by smaller and statistically nonsignificant latency dif

ferences between positive and negative trials on post

surgery tests. In order to ensure that the deficits observed

with hippocampal lesions were not due to a discrimina
tion problem, new rats were trained in an object (black

rectangle) duration discrimination task. In this situation,

the rats were reinforced for either a 2- or a 10-sec expo

sure (duration) of the black rectangle. The stimulus was

presented and remained visible for either 2 or lOsee, fol

lowing which the door was raised and latency to move

the stimulus was measured. Half of the animals in each

group received a piece ofFroot Loop on trials with a short

stimulus duration, and the other half was reinforced on

those trials with a long stimulus duration. After rats

learned to respond differentially in terms of latency to

approach the object, they received large (dorsal and ven

tral) lesions of the hippocampus, as well as medial pre

frontal cortex lesions for comparison purposes, or lesions

ofcortex dorsal to the dorsal hippocampus. Following re

covery from surgery, the rats were retested. The results

indicate that after hippocampal lesions, there was an ini

tial deficit followed by complete recovery. There were no

significant changes for the medial-prefrontal- or control

lesioned animals.

Thus, the hippocampus mediates memory for dura

tion, but does not mediate duration discrimination. The
data are consistent with those from previous research in

dicating that fimbria-fornix-Iesioned, but not frontal

cortex-Iesioned, rats are impaired in remembering the

duration of a stimulus across a short delay interval, even

though there is only a small change in estimating the pas
sage of time (Meek et aI., 1984; Olton, 1986; Olton et aI.,

1988). Furthermore, it has been suggested that trace con

ditioning requires memory for the duration of the condi

tioned stimulus. Thus, it is of importance to note that rab

bits with hippocampal lesions are impaired in acquisition

(consolidation) of trace, but not delayed, eye-blink con

ditioning (Moyer, Deyo, & Disterhoft, 1990). In rats, it

appears that the hippocampus is actively involved in rep

resenting in short-term memory temporal attribute in

formation that is perhaps based on the use ofmarkers for
the beginning and end of the presence (duration) of a

stimulus (object). It should be noted that the hippocam

pus is not directly involved in representing memory in

formation concerning specific objects (Kesner et aI., 1993;

Mumby, Wood, & Pinel, 1992). The medial prefrontal cor
tex does not appear to playa role in either memory for du

ration or memory for duration discrimination. It is pos

sible that other neural regions within the prefrontal cortex

could mediate memory for duration, but the anterior cin
gulate does not appear to be critical.

Memory for Duration-Humans

To what extent can one generalize from hippocampal

and anterior cingulate function in rats to humans with re

spect to memory representation ofduration as one feature
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oftemporal attribute information? Since there are no data
in the literature that address this question, a number of

experiments were conducted using humans that were ex

posed to hypoxia due to a variety of causes, but primarily

due to carbon monoxide poisoning (Hopkins & Kesner,

1994, 1995). These subjects had a profound anterograde

amnesia and, according to MRI data, had bilateral dam
age to the hippocampus, but no detectable damage to

entorhinal cortex, parahippocampal gyrus, or temporal

cortex. They also showed no signs of prefrontal cortex

dysfunction, with normal performance on tests of flu

ency and Wisconsin card sorting. In addition, patients

with damage to the prefrontal cortex were used. The hy

poxic and prefrontal-cortex-damaged subjects and age

matched controls were tested for short-term memory for

duration ofa visual object. Subjects were presented with

a single object (square, circle, etc.) on a computer screen

for a duration of 1 or 3 sec. They were instructed to re

member the duration of presentation of the object. After

a delay of 1, 4, 8, 12, 16, or 20 sec, the same object ap

peared for the same or a different duration. The subjects

were asked to indicate whether the duration was the same

or different from the duration shown in the study phase.

The results indicate that the hypoxic subjects were im

paired relative to control and prefrontal-cortex-damaged

subjects in short-term memory for duration for all de

lays. There were no deficits for the prefrontal-cortex

damaged subjects. In order to determine whether the def

icits may have been due to impaired memory for the

objects per se, a control task was administered to the same

subjects. They were presented with a single object for a

duration of 1or 3 sec and were asked to remember the ob

ject. After a delay of 1, 4, 8, 12, 16, or 20 sec, either the

identical or a different object appeared on the screen. The

subjects were asked if it was the same or a different object.

The results indicate that there were no significant differ

ences between the hypoxic, prefrontal-cortex, and con

trol subjects. The impairment could not have been due to

an inability to estimate time accurately, because in an ad

ditional experiment with objects, the subjects were asked
to estimate the time elapsed before each of the 1-, 4-, 8-,

12-, 16-, and 20-sec delay intervals. The results indicate

that for hypoxic subjects, time estimates were accurate up
to 8 sec, followed by some underestimation with longer

delays, so that short-term memory for the duration of l

or 3-sec stimulus exposure could not have been due to

difficulty in estimating time. The process of estimating

time may not require active participation of short-term
memory and may, therefore, be independent of short

term memory for the duration of exposure of a stimulus.

Similarly, for the prefrontal-cortex-damaged subjects,

time estimates were accurate up to 8 sec, followed by a

slight underestimation with longer delays.
The data are consistent with previous findings indi

cating that humans with hypoxia resulting in bilateral

hippocampal damage are impaired in acquisition (con

solidation) of trace but not delayed eye-blink condition

ing (Disterhoft, Carrillo, Hopkins, Gabrieli, & Kesner,

1996). Thus, the results suggest that like rodents, humans

with hippocampal damage have difficulty in representing
short-term memory for duration ofan object, but not short

term memory for a single object. In contrast, both ro

dents and humans with prefrontal cortex damage do not

appear to have any difficulty in short-term memory for

duration of an object, suggesting a dissociation between

hippocampal and prefrontal cortex representation of du
ration information.

Memory for Temporal Order-Animals
In order to test whether the hippocampus or medial

prefrontal cortex subserves memory for temporal order,

rats were tested for order memory for a list of items
(places on a maze) (Kesner & Holbrook, 1987; Kesner &

Novak, 1982). Rats were trained on an eight-arm radial

maze for Froot Loop reinforcement. After training, each
animal was allowed to visit eight arms on each trial (one

per day) in an order that was randomly selected for that

trial (study phase). The sequencing of the eight arms was

accomplished by sequentially opening Plexiglas doors

(one at a time) located at the entrance of each arm. Im

mediately after the animal had received reinforcement

from the last of the eight arms, the test phase began. Dur

ing the test phase for order memory, either the first and

second, fourth and fifth, or seventh and eighth doors that

occurred in the sequence were opened. The rule to be

learned, leading to an additional reinforcement, was to

choose the arm that occurred earlier in the sequence.

There were 24 tests with only 1 test per trial.

Following training, animals performed better than

chance for the first- (primacy) and last- (recency) order

positions. The animals then received medial prefrontal

cortex or dorsal hippocampal lesions. After recovery

from surgery, animals were given an additional 24 tests.

Results indicate that medial prefrontal-cortex-lesioned

animals had an order memory deficit for all spatial lo

cations. In additional tests, it was shown that this order

deficit appeared even when the animals were allowed to

self-order the spatial locations during the study phase,

were presented with a fixed sequence of four spatial lo

cations, or when the list length was only two spatial lo

cations (Kesner & Holbrook, 1987). In contrast, dorsal

hippocampal-Iesioned rats were impaired only for the

first and middle choice orders, but they performed without
difficulty on the last choice order; that is, they showed a

primacy deficit, but an intact recency effect. The normal

recency effect could have been due to small lesions of

the hippocampus. Larger lesions (dorsal and ventral) of
the hippocampus also impair the recency effect (unpub

lished observations). These data suggest that both neural

regions playa role in memory for temporal order.

The possibility exists, however, that order memory was
impaired in the Kesner and Holbrook (1987) and Kesner

and Novak (1982) experiments, because only temporally

adjacent items were selected. This is especially a problem

because Estes (1986) has summarized data in humans

demonstrating that order or sequential information is re-
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membered better when more items (lag) occur between

any two items to be tested. Thus, an experiment was de

signed to test order memory for items that were further

apart temporally in the to-be-remembered sequence

(Chiba, Johnson, & Kesner, 1992; Chiba, Kesner, & Rey

nolds, 1994). In this experiment, rats are required to re

member an event (e.g., spatial location, visual object) de

pendent on the temporal order ofthe occurrence ofevents.

More specifically, on an eight-arm maze during the study

phase of each trial, rats were allowed to visit each of the

eight arms once in an order that had been randomly se

lected for that trial. The test phase required the rats to

choose which of two arms occurred earlier in the sequence

ofarms visited during the study phase. The arms selected

as test arms varied according to temporal lag or distance

(0-6) or the number of arms that occurred between the

two test arms in the study phase. After the rats reached a

criterion of75% or better performance on all the distances

but zero, they received large (dorsal and ventral), small

(dorsal) hippocampus, medial prefrontal cortex, or cor

tical control lesions dorsal to the dorsal hippocampus.

Following recovery from surgery, the rats were retested.

The results indicate that for postsurgery tests, the control

rats performed at chance at a temporal distance of zero,

but their performance was excellent for the remaining

temporal distances. In contrast, rats with dorsal hippo

campal lesions did not perform well for temporal dis

tances of 0 and 2 on postsurgery tests, but performance

was excellent for the longest temporal distances of 4 and

6. Furthermore, on postsurgery tests rats with large (dor

sal plus ventral) hippocampal and medial prefrontal cor

tex lesions had a marked deficit for all temporal distances,

with a slight improvement for the longest temporal dis

tance. In this task, it is necessary to separate one event from

another. Hippocampal-Iesioned or medial-prefrontal

cortex-Iesioned rats cannot separate events across time,

perhaps because ofan inability to inhibit interference that

is likely to accompany sequentially occurring events.

The resultant increase in temporal interference impairs

the rat's ability to remember the order of specific events.

It appears that the larger the damage to the hippocam

pus, the greater the temporal interference.

In the previous experiment, the selected sequence to

be remembered varied on each trial, emphasizing the im

portance of new information, which is likely to be pro

cessed by the data-based memory system. An alternative

procedure is based on the presentation of a single fixed

or constant sequence to be remembered. After the tem

poral order of this sequence is learned, there is a high

likelihood that the knowledge-based system rather than

the data-based system would mediate memory for this

constant order. On the basis of the hypothesis that the

medial prefrontal cortex rather than the hippocampus me

diates temporal order within the knowledge-based mem

ory system, it should be possible to determine whether

the medial prefrontal cortex plays a more important role

than the hippocampus in the constant temporal distance

task. To test this idea, rats were presented with a constant

sequence ofeight spatial locations, followed by tempora

distance tests. The results indicate that relative to con.

trols, small and large hippocampal lesions do not resuli

in any significant deficits, but medial prefrontal cortex

lesions do produce a significant impairment (Chibs

et al., 1992; Chiba et al., 1994). Thus, these data suppon

the importance ofmedial prefrontal cortex for maintaining
well-learned temporal sequences in long-term memory

It should be noted that the events do not have to be basec

on only spatial location information. Similar deficits have

been observed with lists of visual objects in rats (unpub

lished observations).

In general, these data are consistent with previous de

scriptions of deficits following medial prefrontal cortex
or hippocampal lesions in tasks in which rats emit a spe

cific sequence of behavioral responses requiring tempo

ral organization (Barker, 1967; Slotnick, 1967; Stamm

1955). In monkeys, dorsolateral prefrontal cortex lesions

result in deficits in temporal ordering of events compa

rable to what has been described in rats. This temporal

ordering deficit is evidenced by deficits in self-ordering

ofa sequence of responses (Petrides & Milner, 1982). In

another experiment, by Pribram and Tubbs (1967), mono

keys with frontal cortex lesions could not perform a
5-sec right-left delayed alternation task (order deficit),

but with a 15-sec delay between a right-left couplet ol

responses, no deficit was found. In the latter condition.

the animal could chunk, or categorize, each couplet as an

item of information and did not need to remember the

order of a right-left response. In a more recent study, Fu

nahashi, Inoue, and Kubota (1997) showed that neurons

within the prefrontal cortex (periprincipal and superior

arcuate areas) of primates participated in retaining the

temporal order of stimulus presentation during the delay

period prior to a test for temporal order memory. On the

basis of the above-mentioned findings, it has been sug

gested that the prefrontal cortex is primarily involved in

temporal structuring of information in short-term mem

ory (Fuster, 1980).

A somewhat different function based on temporal order

relates to memory for frequency ofoccurrence ofevents.

In order to test the role of the hippocampus and medial

prefrontal cortex in memory for frequency, rats were

tested on an eight-arm radial maze (Kesner, 1990b). On

each trial (one per day), each animal was allowed to visit

four arms to receive reinforcement in an order that had

been randomly selected for that trial. One of the arms

was repeated with a lag of one, two, or three arms in be

tween the repetition. The sequencing of the four arms

and the repetition of one of the arms was accomplished

by sequentially opening Plexiglas doors to each arm (one

at a time). This constituted the study phase. Within 20 sec

after entry into the last (fifth) arm ofthe study phase, the

door in front of the repeated arm and the door in front of

a nonrepeated arm were opened simultaneously. This con

stituted the test phase. The rule to be learned, leading to

an additional Froot Loop reinforcement, was to choose the

arm that had been repeated in the study phase sequence.
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After training, and on the basis of at least eight obser
vations per lag, animals showed excellent memory for

the repetition, with a lag of three arms between repeti

tions, but performed poorly for a lag ofone or two arms.

The effect was not due to the variable number of spatial

locations that occurred between the repeated spatial lo

cations and the test, because analysis of only the repeated

spatial locations that occurred at the end or the begin

ning of the list revealed the same repetition lag effect.

This repetition lag effect (i.e., better retention with more
items between a repetition) has also been reported for

humans (Madigan, 1969). The rats then received medial

prefrontal cortex or hippocampus lesions or served as

sham-operated controls. After recovery from surgery, an
imals were given an additional 24 tests, with 8 tests for

each lag condition. Sham-operated animals showed no

significant changes in performance. In contrast, animals
with medial prefrontal cortex or hippocampus lesions

displayeda deficit for all lag conditions. Thus, both lesions
disrupted the repetition lag effect, further supporting a

role for the hippocampus and medial prefrontal cortex

in mediating the temporal order feature of the temporal
attribute.

Memory for Temporal Order-Humans

Previous research with frontal lobe-damaged patients

indicate that these patients cannot (I) remember the order

in which information has been experienced, (2) plan and

create a complex set of motor movements, or (3) program

a temporally ordered set of activities. For example, it has

been shown that frontal cortex-damaged patients cannot

discriminate the more from the less recent, even though

they can remember that certain words or pictures have

been presented (Lewinsohn, Zieler, Libet, Eyeberg, &

Nielson, 1972; Milner, 1971). In addition, frontal cortex

damaged patients were impaired in a short-term memory

task in which two stimuli had to be remembered for a 60

sec time interval (paired-comparison task) (Milner, 1964).

This task requires short-term temporal memory for two

events, implying that frontal cortex-damaged patients

cannot remember the order of stimulus presentation. In

another experiment, frontal cortex-damaged patients were

impaired in their ability to self-order a sequence of stimuli

presented one at a time (Petrides & Milner, 1982). Addi

tional evidence comes from a study in which frontal lobe

damaged patients were very poor at copying a series of
facial movements. These patients had difficulty in order

ing the various components ofthe sequence. The compo

nents were remembered correctly, but were expressed in

an incorrect order (Kolb & Milner, 1981).
Previous research indicates that amnesic patients also

have difficulty in processing temporal order information

(Hirst & Volpe, 1982; Huppert & Piercey, 1976; Squire,

Nadel, & Slater, 1981). Only one study, Sagar, Gabrieli,

Sullivan, and Corkin (1990), found no deficit for patient

H.M., who had a bilateral temporal lobectomy. However,

Sagar et al. used a different testing procedure for assess
ing temporal order memory. Reanalyzing Sagar et al.'s

data using a temporal distance measure, as described be

low, resulted in the same pattern of results. Even though

the tasks used in previous studies are not analogous to

those that have been used in rat studies, is it possible to

generalize from hippocampal and medial prefrontal cor

tex (anterior cingulate) function in rats to humans with

respect to memory representation of temporal succession

as one feature oftemporal attribute information? In order

to answer this question, tasks were selected that were more
analogous to those of previous research with rats, namely

short-term order memory for a six-item list ofXs that ap

pear in specific locations. Furthermore, to compare the

right and left sides in humans, a comparable task using

words was also used. In this study, patients with right or

left temporal lobe resection; hypoxics with damage to the
hippocampus; bilateral, left, and right prefrontal cortex;

epileptic controls; and age-matched controls were tested

for order memory. More specifically, for the spatial task

during the study phase, a series of random (novel) se

quences of six Xs appeared on the screen for a period of

5 sec each. Subjects were instructed to pay attention to the

locations of the Xs as well as to the order in which they

occurred. In the test phase, subjects were presented with

two Xs and were asked to determine which one had oc

curred earlier in the study phase. For the verbal task dur

ing the study phase, a series ofrandom (novel) sequences
of six words appeared on the screen for a period of 5 sec

each. Subjects were instructed to pay attention to the words

as well as to the order in which they occurred. In the test

phase, subjects were presented with words and were asked
to determine which one had occurred earlier in the study

phase. The procedures used for the order memory tests
were first developed for the assessment oflist learning for

spatial location information in rats and were then adapted

for use with brain-damaged patients. Because in rats only

one test was given for each serial list, the same procedure

was adopted for humans. This procedure has the advan

tage of minimizing response interference. Because the

set size is only six items, normal subjects perform well on

both order memory tests. The results indicate that relative

to age-matched controls for spatial location temporal order

memory, the right temporal lobe-resected patients which

included hippocampal damage, right prefrontal cortex

damaged patients, and hypoxic patients were markedly
impaired. Forword temporal order memory relative to age

matched controls, the left temporal lobe-resected pa

tients which included hippocampal damage, left and bi

lateral prefrontal cortex-damaged patients, and hypoxic

patients which were markedly impaired. Similar results
were obtained for temporal order for abstract pictures

and motor responses. Also, for frontal cortex-damaged

subjects, there were order memory deficits but no deficits

for memory for items per se; for hippocampal-damaged

subjects, however, there were deficits not only for order
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but also for item information (Hopkins, Kesner, & Gold

stein, 1995a; Kesner, 1990a; Kesner & Holbrook, 1987;

Kesner et aI., 1994).

On the basis of the demonstration that in humans order
or sequential information is remembered better when

more items (lag) occur between any two items to be

tested, an additional experiment was designed to test

order or distance memory for items that are further apart
temporally in the to-be-remembered sequence. Patients

with right temporal lobe resection, hypoxics with dam

age to the hippocampus, right prefrontal cortex, and con

trols were presented with a list of eight spatial locations

(Xs) on a grid on a Macintosh computer and tested for

memory for temporal distances (Chiba, Kesner, Matsuo,

Heilbrun, & Plumb, 1998; Hopkins et aI., 1995b).

In this task, during the study phase a series of random

(novel) sequences ofeight Xs appeared on the screen for
a period of5 sec each. Subjects were instructed to pay at

tention to the locations of the Xs as well as to the order
in which they occurred. In the test phase, subjects were

presented with two Xs and were asked to determine which

one had occurred earlier in the study phase. Unlimited

time was allowed for the subjects to make their choices.

Temporal distances of 0, 2, 4, and 6 were assessed with

eight observations for each distance for each type of
task. Temporal distance is determined on the basis of the

number of items in the study phase that occurs between

the two test items. For each study phase, four tests were

given, one for each temporal distance. The results indi

cate that relative to controls, the hypoxics and the right

temporal-lobe-resected subjects showed an impairment

for all temporal distances, but with some improvement

for the longest distances, whereas the right-prefrontal

cortex-damaged patients showed a deficit for all tempo
ral distances. These results are similar to what was found

in rats and suggest that patients with right or bilateral

hippocampal dysfunction have difficulty in encoding or

remembering temporal contexts for spatial information,

perhaps due to increased interference in the temporal res

olution of specific spatial locations. In the previous ex

periment, the selected sequence to be remembered var

ied on each trial, emphasizing the importance of new

information, which is likely to be processed by the data

based memory system. An alternative procedure is based
on the presentation of meaningful geometric patterns, to

emphasize the contribution of the knowledge-based

memory system. On the basis of the hypothesis that the

medial prefrontal cortex rather than the hippocampus
mediates temporal order within the knowledge-based

memory system, it should be possible to determine

whether the medial prefrontal cortex plays a more im

portant role than the hippocampus in a structured spatial

temporal distance task. To test this idea further, the same
subjects were given sequences in which the Xs appeared

in a meaningful geometric pattern. An example of a

meaningful and familiar pattern would be the presenta

tion of the locations in the pattern ofa large X. The first

X would be presented in the top-left corner of the grid

and then in each subsequent square down the diagonal,

ending in the bottom-right corner. The next X would be

presented in the bottom-left corner ofthe grid and in each
subsequent square up the diagonal, ending in the top

right corner. The results indicate that relative to controls,

there were no deficits for the right-temporal-lobe-resected

patients or the hypoxic patients, whereas there was a pro
found deficit for the right-frontal-cortex-damaged sub

jects for all but the longest temporal distance.

In general, the above-mentioned data support the idea

that the hippocampus and prefrontal cortex in rats and

humans mediate new temporal order information, but

when the information is well known or a structured rule

can be applied, only the prefrontal cortex in rats and hu

mans continues to mediate temporal order information.

These data suggest that whenever knowledge-based in

formation can be used to remember temporal order ofspe

cific sequences of events, there is a greater involvement
of the prefrontal cortex in comparison with the hippo

campus. It is also important to point to significant paral

lels in mediating temporal order information between

animals and humans.

Since temporal organization is required for frequency

memory (repetition), it is not surprising that patients with

prefrontal cortex damage, and to some extent, temporal

lobe-resected patients with hippocampal damage, are

impaired in judgment for frequency ofoccurrence ofab

stract designs within a list (Milner, Petrides, & Smith,

1985). In a more recent study, Jurado, Junque, Pujol,

Oliver, and Vendrell (1997) showed that frontal-lobe

damaged patients had a similar impairment in estimating

the frequency ofoccurrence of words within a list, yet item

recognition for those same words remained intact. It has
been suggested that frequency judgments require a search

through memory for temporal information (Hintzman,

Grandy, & Gold, 1981; Hintzman, Nozawa, & Irmscher,

1982;Milner et aI., 1985);that is, one needs to search one's

memory for each specific instance of a specific item. In

summary, it appears that the prefrontal cortex in humans

and the medial prefrontal cortex in the rat mediate mem

ory for frequency, further supporting the importance of

prefrontal cortex and hippocampus in mediating tempo

ral order information.

Time Perspective: Memory for the Past

and Future---Animals, Humans

It has been suggested that the hippocampus mediates

memory for past events within a relatively short time frame
(short-term, intermediate-term, or working memory)

(Kesner, 1990a; Olton, 1983). Thus, as a consequence of

damage to the hippocampus, one would expect severe dif

ficulty in remembering relatively new spatiotemporal in
formation, which would, in turn, create a problem in using

memory for the future that is based on memories neces
sary to plan or anticipate future events. In contrast, it has

been suggested that the prefrontal cortex mediates memory
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for future events, given that memory for the past within

either a short or long time frame is not based on tempo
ralorder.

In order to test these ideas in rats, sham-operated rats

or animals with medial prefrontal cortex or hippocampus

lesions were tested in a task that provided an opportunity

for rats to utilize retrospective (past as time perspective)
and prospective (future as time perspective) memory

codes, while remembering items (spatial locations)

within short or long lists (Kametani & Kesner, 1989; Kes

ner, 1989). More specifically, on anyone trial a rat was

presented with 2, 4, 6, 8, or 10 items (spatial locations)

on a 12-arm radial maze followed 15 min later by two

win-shift tests constituting a choice between a place pre

viously visited and a novel place. Each animal was given

a total of 20 trials with eight tests for each point of in

terpolation or each list length (2, 4, 6, 8, or 10). During

learning, rats showed an increase in errors as the number

ofplaces to be remembered was increased from 2 to 6 to

8, reflecting the use ofa retrospective memory code (the

ability to remember the spatial locations previously vis

ited). These rats also showed a decrease in errors as the

number of places was increased from 8 to 10, reflecting

the use of a prospective memory code (the ability to an

ticipate the spatial locations that have not yet been visited).

Results indicate that sham-operated animals displayed

an increase in errors as a function ofpoint of interpolation

or set size (2-8 items) followed by a decrease in errors

with a set size of 10 items, suggesting the use ofboth ret

rospective and prospective memory codes. In contrast,

animals with medial prefrontal cortex lesions made few

errors for short list lengths, but many errors for the longer
list lengths, reflecting an inability to shift from a retro

spective to a prospective memory code, whereas animals
with hippocampus lesions made errors across all list

lengths, reflecting a deficitin utilizing both retrospective

and prospective strategies. It is likelythat the hippocampus

lesioned rats were not able to use a prospective strategy,
because they were not able to remember spatial informa

tion needed to initiate a prospective strategy.

Additional support for the idea that the hippocampus

mediates the past comes from the findings that posttrial

disruption of normal hippocampal function with, for

example, electrical brain stimulation, results in time

dependent memory impairments (Kesner & Wilburn,

1974). These effects reveal that the hippocampus is in

volved in short-term consolidation processes, because the
gradients are usually short-within minutes to a few

hours. In a more recent study (Kim, Clark, & Thompson,

1995), it was shown that trace eye-blink conditioning is

impaired when hippocampal lesions are made I day, but

not 30 days, after acquisition, suggesting that trace con
ditioning as a measure of duration information reveals

the involvement of the hippocampus in representing the

past via short-term consolidation processes. Long-term

temporally graded functions have also been observed for

previously learned spatial discriminations prior to surgery
in rats and mice, but these long-term gradients (2-4

weeks) have been observed primarily following ento
rhinal cortex rather than hippocampal lesions (Cho, Be

racochea, & Jaffard, 1993; Cho & Kesner, 1996; Cho,

Kesner, & Brodale, 1995). A long-term gradient follow

ing hippocampal lesions has been reported following

contextual fear conditioning (Kim & Fanselow, 1992),

but recent results have cast doubt on whether these gra

dients can be reliably measured (Maren, Aharonov, &

Fanselow, 1996; Weisend, Astur, & Sutherland, 1996).

Thus, it is possible that short-term consolidation gradi

ents derive from hippocampal dysfunction, whereas en

torhinal cortex dysfunction is necessary to produce long

term retrograde amnesia consolidation gradients. Very

long term memory losses often, observed in patients with

damage to the hippocampus and interconnected neural

circuitry, tend to result in flat retrograde amnesia gradi

ents, suggesting a role for the hippocampus in retrieving

very long term information (for a review, see Nadel &

Moscovitch, 1997). Whether the hippocampus promotes

the transfer of information to the knowledge-based sys

tem, promotes the consolidation of information already

processed in the knowledge-based system, or is intimately

involved in retrieval ofpast information, still needs to be

resolved.

The results of the Kametani and Kesner (1989) study

indicate that the medial prefrontal cortex mediates

prospective memories in an item recognition task that

utilizes spatiotemporal information, suggesting an im

portant role for the medial prefrontal cortex in mediating

a future time perspective within the knowledge-based

memory system. Fuster (1985) has also suggested that

dorsolateral prefrontal cortex of monkeys and humans

mediates prospective functions of temporal ordering of

information. Support for this possible prospective func

tion comes from the finding that some cells in the dor

solateral frontal cortex of monkeys show a gradual in

crease in their firing rate during the delay, in apparent

anticipation of the test phase of a delayed matching-to

sample, delayed response, or delayed alternation task

(Fuster, Bauer, & Jervey, 1982; Kojima, Matsumuru, &

Kubota, 1981; Niki, 1974a, 1974b). Furthermore, Shal

lice (1982) and Owen, Downes, Sahakian, Polkey, and

Robbins (1990) have shown that left-frontal-Iobe-dam

aged patients have difficulty solving the TowerofLondon
problem. This problem requires temporal ordering of

simple moves and thus requires planning and the utiliza

tion of prospective codes. Also, during learning of the

Tower of London task and on the basis ofSPECT or PET
scans, increased cerebral blood flow was measured in the

left dorsolateral prefrontal cortex, but it should be noted
that other cortical areas are also activated, including

parietal cortex and other frontal cortical areas (Baker

et aI., 1996; Morris, Ahmed, Syed, & Toone, 1993). Fi

nally, in another experiment, it was shown that frontal

cortex-damaged subjects were impaired in their ability to

self-order a sequence of stimuli presented one at a time.

It is assumed that to perform well in this task, the subject

has to initiate a plan to follow and has to initiate the order
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of responding (Petrides & Milner, 1982). Finally, it

should be noted that there is some evidence that the pre
frontal cortex also plays a role in representing the past in

that damage to the lateroventral prefrontal cortex, in par

ticular, produces a long-term retrograde amnesia gradi

ent, which has been interpreted to reflect a loss or an im

pairment in the use of strategic retrieval processes
(Markowitsch, 1995; Nadel & Moscovitch, 1997).
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