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Abstract.

Temporal processing was assessed in a group of alcoholic Korsakoff subjects, post
viral encephalitic subjects, alcoholic control and normal control subjects. Subjects were
tested on their ability to reproduce and estimate intervals of time ranging from 3 to 96
seconds. Also, a computerised analogue of the fixed interval procedure used with ani-
mals was designed and used to test subjects’ estimations of intervals of 15 and 30 sec-
onds. Memory for temporal order was also assessed using an object recency task which

also incorporated a recognition memory test.

It was found that Korsakoff subjects were impaired at all intervals both in the temporal
estimation tests and the fixed interval procedure compared to the alcoholic control
subjects, whereas the post-encephalitic subjects performed similarly to the normal
control group. Both amnesic groups, however, were severely impaired on the test of
temporal order memory. The results suggested that these two aspects of temporal proc-
essing were unrelated and that neither was related to severity of amnesia. There was no
evidence to support the view that amnesic subjects’ temporal order deficits are a result
of frontal lobe dysfunction, but the temporal duration judgments correlated significantly
with tests of cognitive estimation suggesting a contribution of frontal lobe function to

estimation of temporal duration.

Temporal order memory was assessed in rats with either radiofrequency lesions of the
fornix or aspiration lesions of medial prefrontal cortex using a delayed non-matching to
sample procedure. Neither lesion group was impaired on this test of recency memory
although both were impaired on a spatial non-matching task. These results are discussed

in relation to previous animal studies and their implications for human amnesia.
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CHAPTER 1
General Theory of Temporal Processing

The study of temporal processing has taken on a perceptual framework but has been
plagued by problems of definition. There appears to be not so much disagreement but
little agreement as to the nature of the stimulus that represents the temporal characteris-
tic, for example, whether it can be assigned to the external environment or placed

purely within the organism.

Much of the animal literature concerned with the perception of time aims at establishing
the properties of an internal clock and the psychophysical laws governing such a
mechanism. Human studies have had little success in replicating the results of operant
procedures used with animals but have concentrated on the perception and estimation of
intervals varied quantitatively and qualitatively. This has brought many experimenters
to the conclusion that it is not the duration interval itself that is the unit of perception

but the events that serve to structure time.

For this reason attention has focused on the recency and frequency of events as a means
of studying temporal processing. However there are animal studies that, although not
aimed at the study of time as such, do show that the sequential ordering of events in the
environment are important determinants of behaviour. For example, experiments in-
volving classical conditioning paradigms are strongly determined by the ordering of
events as are many memory tasks. The experience of time is one of flow. The present
immediately becomes the past and the experience of time is inextricably linked to

memory processes (Michon, 1975).

The aims of this research is to establish those regions of the brain involved in temporal
processing. Evidence from animal studies, to be reviewed later, strongly implicates the
hippocampus in such processing and particular emphasis will be placed on the role of
this structure. The research looks at memory for time in terms of duration estimation
and the memory for temporal order as it is unclear whether these two aspects of tempo-
ral processing are dependent on the same mechanisms. In addition, the research at-
tempts to establish a correspondence between studies carried out on animals and those
carried out with human subjects, that is rats having circumscribed brain lesions and
human amnesic subjects. The literature will be reviewed concerning the nature of
temporal processing in animals and humans followed by a review of studies involving

brain lesioned animals and human amnesics.



Introduction - General Theory

1.1. Operant Procedures

1.1.1. Animal Studies - Methodology

A number of operant procedures have been devised to study time that depend either
upon temporal regulation of the subject’s own behaviour or upon temporal discrimina-
tions. Temporal regulation of behaviour may be required as a condition of reinforce-

ment or occur as a by-product of the schedule.

i) Fixed Interval (FI):- In a Fixed Interval schedule a reinforcement is made available at
fixed intervals of time so that the first response that is emitted once the interval has
elapsed is rewarded. The signal for the start of the intervals may be the last reinforce-
ment or the trials may be discrete. That is, an inter-trial interval may be given following
reinforcement and a new interval signalled by a stimulus instigated by the experimenter
or by the subject itself. The subject may be given a limited period in which to respond
(limited hold). If no response is made during this time a new trial is commenced.

Patterns of responding in animals typically show what is called scalloping. For a period
of time following reinforcement there is a pause in responding. After this pause the
animal begins responding at an increasingly accelerated rate as the time of the next
reinforcement approaches. Alternatively a pattern of responding called break-and-run
may be adopted in which responding is continued after the pause at a sustained rate
until the next reinforcement. The post- reinforcement pause is evidence of the temporal
regulation of the subjects own responses. However, temporal regulation is not a neces-
sary requirement of this schedule. The subject may adopt a strategy of continuous
regular responding that will result in reward but will not show any evidence of temporal

regulation, a situation more commonly occurring in human operant studies.

An adaptation of the discrete trials Fixed Interval procedure is the peak procedure. This
involves two types of trials randomly mixed. On ’food’ trials the first response after a
fixed time is rewarded. On ’empty’ trials no food is given and the trial lasts for an
extended period of time and ends independently of responding. It is generally found that
the rate of responding peaks at the time that the subject would receive food on the
rewarded trials. There are, therefore, two main measures of performance - peak time,
the time of the maximum response rate measured from the start of the trial, and peak

rate, the value of the maximum.

10



Introduction - General Theory

ii)Differential Reinforcement of Low Rates of Responding (DRL):- In the DRL schedule
a response is reinforced only if it follows the preceding response by a specified tempo-
ral interval. In this schedule, then, temporal regulation is a necessary requirement for
reinforcement. Responses emitted before the critical delay reset the timer and are, of
course, not rewarded. As a consequence response rates are reduced rather than in-
creased as in FL. A limited hold can also be used in DRL so that responses must be
made within a limited period of time before or after which they will not be reinforced.

The most relevant data in DRL performance are inter-response times.

iii) Temporal Discrimination Procedures:-Temporal discrimination procedures involve
temporal aspects of the environment rather than temporal aspects of behaviour as condi-

tions of reinforcement.

In the temporal generalization procedure a signal is presented on each trial for some
duration. If the signal presented is of a specific duration, for example 4 secs, the subject
will be reinforced if a response is made. If, however, the signal is of a longer or shorter
duration responses will not be rewarded. There is generally a limited period in which a
response may be made, followed by a relatively long inter-trial interval.

The response measure is the probability of a response as a function of signal duration.
The function usually rises to a maximum near the reinforced signal duration and then
falls in a fairly symmetrical fashion with a slight positive skew when the data are plot-

ted on a linear time scale.

For the bisection procedure a signal is presented for some duration, between 2 and 8
secs, for example. The subject is then given a choice of two responses, one response is
rewarded if the signal was short (2 secs) and the other response is rewarded for a long
signal (8 secs). A response made to a signal of intermediate duration is not rewarded.
The response measure is the probability of a “long" response as a function of signal
duration. It typically rises in an ogival fashion that is fairly symmetrical on a logarith-

mic time axis.

The basic characteristics of these temporal discrimination procedures have been used in
many other ways to produce useful timing studies. They vary in the number of rein-
forced signal durations, the number of response alternatives and the response measures

to name but three.

11



Introduction - General Theory

1.1.2. Properties of the Internal Clock.

The reliability with which an animal responds to temporal attributes in the environment,
as displayed in the many studies involving classical and instrumental conditioning, has
led researchers to investigate the properties of the internal mechanism responsible for
the discrimination of time. The clock is presumed to be an internal central mechanism.
Evidence for this comes from studies that show cross-modal transfer from one sensory
modality to another in temporal discrimination tasks. Meck and Church (1982) used
both a long/short duration discrimination and a temporal generalization procedure to
show cross modal transfer from sound to light and vice versa. They did show, however,
that discrimination performance was better for sound than for light, a phenomenon also
demonstrated in pigeons (Stubbs, Dreyfus & Fetterman, 1984) and humans (Goldstone
& Lhamon, 1974). Transfer from light to sound was also greater than from sound to
light. This does suggest that the clock is a central mechanism but that timing is also
affected by the nature of the stimulus.

Such cross modal transfer could be accomplished by a single timing mechanism, but
rats can time more than one duration simultaneously (Meck & Church, 1984) suggest-
ing more than one timing mechanism that can process in parallel. In this experiment a
FI procedure was used with a light signalling the overall 50 sec interval, which was
divided into 10 sec segments by a noise signal presented for 1 sec at the 11th, 21st, 31st
and 41st sec. As the two signals indicated the occurrence of the same reinforcement it is
difficult to say whether they were timing the two signals totally independently or as part

of the same overall pattern.

In the final experiment rats were trained on a FI schedule using either a visual signal or
an auditory signal. When presented with a compound signal in both visual and auditory
modes the response rate curve was shifted to the left by some 10 secs. The authors
concluded that in this instance the rat was responding to only one of the interval signals.

Animals can, however, perform complex tasks requiring the integration of more than
one interval duration. Pigeons, given a sequence of four visual stimuli in the order red-
green-red-green, can add together the two red durations and the two green ones and
respond on the basis of whether the total red duration was longer than that of the total
green (Stubbs et al, 1984). Rats also can integrate two successive signals. Using the
peak procedure Roberts (1981) showed that a blackout in the signal increased peak time
by the length of the blackout. It would appear that the clock can be stopped and restart-

ed as required and that successive durations can be integrated.

12



Introduction - General Theory

To account for these findings Church (1984) proposed a psychological process model of
timing. It is composed of four major parts: clock, working memory, reference memory,
and comparator. The clock is composed of a pacemaker, switch, and accumulator. The
pacemaker is defined as an internal mechanism that generates pulses. These pulses are
switched into an accumulator. The pulses related to the signal on the current trial are
compared to a remembered number of pulses in reference memory that led to rein-
forcement. The comparator can combine the value from accumulator with a value in
reference memory according to a response rule to make a decision. If a response is
made and reinforced, the value is stored in reference memory.

As a test of this model Meck (1983) carried out an experiment that dissociated clock
speed and memory processes by pharmacological manipulation in rats. A short/long
temporal discrimination task was used and the effect of drugs on clock or memory
processes was inferred from the pattern of change in the point of subjective equality of
the psychophysical functions under training and testing conditions. The logic behind
this is that drugs that affect the clock should have an initial behavioural effect but that
this should disappear with repeated trials as the animal learns to rescale time. Also there
should be a rebound effect when the drug is removed. But if the drug affects the
memory processes its effects should be permanent with no rebound effect when the

drug is removed.

It was found that methamphetamine increases clock speed and haloperidol decreases it.
This points to the role of dopamine as a major determinant of the timing mechanism of
the rat as methamphetamine increases the effective level of dopamine whereas halope-
ridol decreases it. A similar pattern can be produced by manipulation of diet. Prefeeding
with standard diet or high carbohydrate such as sucrose decreases clock speed whereas
prefeeding with a protein such as casein increases speed (Roberts, 1981). Footshock
stress was found to have a similar effect in that continous footshock increases clock

speed whereas abrupt termination of the shock decreases it.

Vasopressin, oxytocin and physostigmine were found to decrease whereas atropine
increased the remembered durations of intervals. Physostigmine inhibits the acetylcho-
line degrading enzyme, increasing the effective level of acetylcholine, and atropine
blocks acetylcholine receptors. This suggests acetylcholine receptors are involved in the
memory component of the model. As drug administration during training and not test-
ing was relevant the transformation of the value from working memory to reference
memory is affected and not the transformation of a value in reference memory to the
comparator. In other words it is storage rather than retrieval that is being manipulated.

13



Introduction - General Theory

There are two ways in which elapsed time may be compared with remembered time. A
count-down timer would commence with the critical value in the accumulator and count
down until it reached 0 in a similar way to an egg timer, and a count-up timer would
function in a similar way to a stop-watch beginning at 0 and counting up to the critical
value stored in reference memory. Roberts (1981) showed that rats use a count-up timer
in a variant of the peak interval procedure in which rats begin timing the interval in the
presence of one stimulus and then shift to timing the interval in the presence of another
stimulus. With a light stimulus food was primed at 20 seconds and with a tone stimulus
food was primed at 40 seconds. On shift trials the stimulus was changed from light to
tone at 5,10 or 15 seconds and no food was given as in the peak interval procedure. A
count-down timer would read 15, 10 or 5 seconds left depending on the time of the
shift. If the animal does not reset its timer at the shift, peak time would occur 15, 10 or
5 seconds after commencement of the tone stimulus; if it does reset the timer at shift,
peak time would occur 40 seconds after the shift. The rats, in fact, showed a peak
response rate 40 seconds after the start of the trial which would be predicted from a
timer that counts up continuously from the start of the trial and compares the accumu-
lated values with the value appropriate to the current stimulus.

In summary, animals have a central internal timing mechanism that can time intervals
of different lengths sequentially and simultaneously using a linear time scale. The clock
functions as a stop-watch using a count-up mechanism which can be stopped and re-
started, integrating successive intervals. Stimuli in different modalities can differentially
affect the timing mechanism and this mechanism can be dissociated from memory

processes by pharmacological, dietary and environmental manipulations.

1.1.3. Other factors involved in timing.
Although animals do appear to have some internal mechanism that enables them to
regulate their behaviour temporally, there are many internal and external factors that

may affect such a clock.

In animal studies temporal regulations are largely a function of the contingencies of
reinforcement. It has been found that rate of responding in FI schedules is directly relat-
ed to the amount of reinforcer when different quantities of reinforcer are used in the
same session (Staddon, 1970). If the same quantity of reinforcer is used constantly
across sessions there is no change in the distribution of responses (Harzem, Lowe &
Davey, 1975). There is also variation of the post reinforcement pause as a direct func-

tion of the previous reinforcement (Staddon, 1970).

14



Introduction - General Theory

Similar findings have been reported with DRL schedules. There is an inverse relation
between quantity of reinforcement and the quality of temporal regulation as measured
by a reduction in inter-response time and lowering of efficiency ratio in pigeons
(Lejeune & Mantanus, 1977). Varying the quantity of reinforcer, therefore, has an effect
not only upon the animals’ responding but may also have an effect on the actual timing
mechanism. There has been no evidence for a differential effect of quality of reinforcer.

The quantity of the reinforcer is not the only source of proactive interference. As with
many other tasks there is a general non-specific effect of proactive interference when
using massed trials as opposed to discrete trials. Church (1980) isolated the response
made by the rat on the previous trial as a source of interference in a temporal discrimi-
nation task. If a response was not permitted on the previous trial the duration of the
signal on that trial had no effect on performance.

Temporal regulation and discrimination are therefore dependent upon factors additional

to the internal clock mechanism.

1.1.4. Human Operant Behaviour.

The responding of human subjects on operant procedures using temporal schedules of
reinforcement typically do not show the same patterns as those seen in animal studies.
As mentioned in the previous section, animal responses to FI contingencies generally
show temporal regulation in the form of a pause-respond pattern, such as scalloping
(Branch & Gollub, 1974; Dews, 1978; Lowe & Harzem, 1977), or break and run
(Cumming & Schoenfeld, 1958; Schneider, 1969; Staddon, 1972)

Human studies show either a consistently high response rate throughout each interval
(Leander, Lippman & Meyer, 1968; Lippman & Meyer, 1967) or a very low response
rate consisting of one or two responses each interval (Baron, Kauffman & Stauber,
1969; Leander et al., 1968; Lippman & Meyer, 1967). These response patterns are not
an artifact of different experimental set-ups as both types of responding have been seen
within one study (Leander et al., 1968; Lippman & Meyer, 1967). High rates of re-
sponding show no sensitivity to FI parameters (e.g. Leander et al., 1968) whereas low

rates vary as a function of the schedule (e.g. Baron et al., 1969).

A number of explanations have been put forward to explain the lack of sensitivity of
human subjects to operant schedules. These are mainly based on the procedural differ-

ences between animal and human experiments. In animal studies shaping is used to

15



Introduction - General Theory

establish responding whereas human subjects are given instructions. Giving explicit
instructions as to the nature of FI schedules produces an orderly progression of response
rates as a function of reinforcement intervals (Baron et al., 1969). Uninstructed subjects,
however, generally show continuous high rates of responding although this is not true
of all subjects (Baron et al., 1969; Leander et al., 1968; Lippman & Meyer, 1967)
Awareness of the reinforcement contingency is related to performance and some unin-

structed subjects do acquire this awareness (Leander et al., 1968).

Matthews, Shimoff, Catania and Sagvolden (1977) used a yoked Variable Ratio-Varia-
ble Interval Schedule to compare performance after shaping of key presses with per-
formance after demonstration. If responding was established by demonstration, sched-
ule sensitivity did not appear. When responding was established by shaping, ratio
schedules maintained higher response rates than interval schedules. This was also
dependent, however, upon the subject making a consummatory response. When the
appropriate key press was made, a red light indicated that a reinforcer was available. A
button then had to be pressed to advance the counter. Animals generally have to inter-
rupt their operant behaviour to make a consummatory response such as eating. In
human studies, on the other hand, the reinforcement deliveries are in the form of points
on a counter that usually involve less marked stimulus changes and no consummatory

response.

Response cost has also been used as a way of manipulating response patterns on Fixed
Intervals. For every unreinforced response a point is taken off the counter. Under these
circumstances subjects who have not received explanatory instructions as to the nature
of the schedule as well as those who have, show low and differentiated rates of respond-
ing (Baron et al., 1969). In the same experiment the importance of previous reinforce-
ment histories was examined. Giving explanatory instructions did not improve perform-
ance in subjects who had already established poorly differentiated behaviour in the no

instructions condition.

Although these manipulations produce some sensitivity to the temporal schedules they
do not produce the pronounced pause-respond pattern seen in the animal literature.
There are the occasional small scallops produced but this is not a consistent pattern in
any one individual or experiment. One procedure, however, that does produce the post
reinforcement pause is one that involves performance of a secondary signal detection
task to obtain reinforcement. When reinforcement conditions are satisfied on the FI
schedule a dial is illuminated, movement on this dial must be identified before rein-
forcement is given (Azrin, 1958; Holland, 1958; Laties & Weiss, 1963).

16



Introduction - General Theory

Lowe, Harzem and Bagshaw (1978) adapted this dual task by providing two response
panels. One was used for responding to a DRL schedule (Panel A) whilst the other
illuminated a clock for 0.5secs when pressed (Panel B). The two experimental condi-
tions centred around the nature of the clock made available by pressing Panel B. In the
binary clock condition the “clock” produced was a light, i.e. if reward was available on
Panel A at the time of pressing panel B this light contained a green circle; if no reward
was available on panel A then the green circle was absent. In the digital clock condition
the clock produced showed the time in minutes and seconds since the last reinforcement

on panel A.

The schedule included a limited hold (LH), that is a response is rewarded only if it
occurs before a specified interval. Therefore, panel B could be used to assess the appro-
priate time to respond on panel A in order to maximize reinforcement. Given efficient
DRL performance, responding on panel B was effectively on an FI schedule with LH,
with the FI interval being the same length as the DRL schedule on panel A.

The response obtained on panel A was the same for both experimental groups, a single
response per reinforcement. Both groups were relying on panel B to maximize rein-
forcement. It is in their response patterns on panel B in which the differences lie. In the
binary clock condition the response pattern showed a post-reinforcement pause, fol-
lowed by a constant terminal response until reinforcement, i.e. break-and-run pattern. In
the digital clock condition the response was scalloped. Even schedule-dependent varia-
bles which had only previously been reported in animal work such as the negative rela-

tionship between relative post reinforcement pause and schedule value were shown.

All subjects reported that they felt that reinforcement was dependent on the passage of
time. Those in the binary clock condition also reported internalised counting whereas
those in the digital clock condition did not. The binary clock group paused after rein-
forcement until they felt that the time was up and then commenced responding until a
reinforcement was indicated on panel B. The digital clock group, however, were told
exactly the length of time to reinforcement so their responding accelerated as they knew

this time was approaching.

Given the appropriate circumstances human subjects do, therefore, produce response
patterns similar to those in animals. Using the appropriate tasks, comparisons between

human and animal response patterns become possible.
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Introduction - General Theory

In conclusion, humans do not show the same response patterns as animals in operant
procedures such as FI. They show a consistently high response rate that is not sensitive
to schedule parameters or very low rates which vary as a function of the schedule.
Variables such as instructions, responses, response cost, previous reinforcement history
have been manipulated to produce some sensitivity to the temporal schedules but not
the pause-respond pattern seen in the animal literature. Tasks requiring secondary signal
detection have achieved this to some extent. For example, procedures using secondary
responses that give access to a digital clock displaying time since reinforcement in a
DRL schedule produces the scalloped pattern of responding seen in FI studies in ani-

mals.

1.2. Temporal Order

1.2.1. Human Studies

The studies of human operant responding would appear to be pure measures of duration
discrimination i.e. that it is time itself which is the stimulus of perception. A number of
experimenters, however, would dispute that this is the case, asserting that it is not the
duration itself but the sequential order of events within the duration that determine time
estimates (Fraisse, 1984; Michon, 1975; Ornstein, 1969; Vroon, 1972). On the other
hand, Crowder and Green (1987) feel that serial order and time have been confounded

in many experiments and that there should be a clear distinction between the two.

Intuitively one feels that the subjective experience of time is very much dependent upon
events in the external and internal environment. Feelings of boredom, impatience or
anticipation often seem to produce a lengthening in experienced time. Experimental
evidence points to a number of such variables that influence estimation of durations.

An obvious comparison to make on considering the nature of the perceived stimulus is
the difference between estimations of filled intervals and those of empty intervals.
Results of such experiments are contradictory. While it has been reported that inter-
interval tasks have no effect upon duration estimation (Crowder & Green, 1987), others
have found that when the duration is filled with complex stimuli it appears longer
(Ornstein, 1969) and that an empty interval appears longer than a filled one.

One explanation of these equivocal results is in terms of differences in task demands.
An important factor that is varied between and within experiments is whether the esti-
mation is made retrospectively or prospectively. In the prospective paradigm subjects
are explicitly told beforehand that they will be required to make an estimation of the

duration of an interval. Under retrospective conditions subjects receive an unexpected
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test of duration estimation after the interval. Another important variable is the degree

of processing capacity required by the inter-interval tasks.

It is generally found in prospective studies that performing some effortful and difficult
task shortens the perceived duration (Hicks, Miller, Gaes & Bierman, 1977; Hicks,
Miller & Kinsbourne, 1976; McClain, 1983). An attentional capacity model would
explain this in terms of the more capacity that is allocated to non-temporal tasks the less

capacity is available to attend to time.

The effects of increased attentional demand upon retrospective judgements are less
clear. Some studies have found that the more difficult the task the longer the perceived
duration (Ornstein, 1969; Underwood, 1975). Other studies have produced the opposite
result (Vroon, 1970) and yet others have found no effect of task difficulty on retrospec-
tive judgements (Hicks et al., 1976, McClain, 1983). Brown (1985) found that retro-
spective judgements were generally less accurate than prospective judgements but that
they were both affected in a similar manner by increases in task demands. Shorter and

more inaccurate judgements were given with increases in interval task complexity.

There has been some debate as to whether temporal information is processed automati-
cally. Hasher and Zacks (1984) developed a number of criteria that they felt should be
satisfied in order to attribute automaticity to information processing. First, automatic
processing is independent of the individuals intentions. It will not, therefore, be manipu-
lated by instruction e.g. incidental or intentional. Second, it is invariant across a wide
range of ages, educational background, social class etc. and is insensitive to training.
Third, it places no demands on information processing capacity. Most studies on both
sides of the debate have used temporal order paradigms, but the studies quoted above
concerning the retrospective and prospective estimations of intervals would suggest that
the perception of duration does not fulfill the criteria for automaticity. Both prospective
and retrospective estimations have been shown to compete for processing capacity with
other non-temporal information. Prospective or intentional instructions as opposed to

retrospective or incidental instruction have a differential effect on performance.

Tzeng and Cotton (1980) propose, in their study-phase retrieval model, that the process-
ing of the sequential ordering of events occurs automatically. Items in a list are encoded
against the contextual background of previous items in the list. The later items prompt
retrieval and rehearsal of earlier associated items resulting in the automatic encoding of
information concerning the temporal order. Evidence for this comes from an experiment
in which subjects learned a list of categorizable words presented randomly. Relative
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recency judgments were much better for related words than for unrelated words (Tzeng
& Cotton, 1980; Winograd & Soloway, 1985). That reminding or study phase retrieval
can act as a cue for temporal order judgments would appear to be the case but there is
no evidence to suggest that this is indeed automatic.

Michon and Jackson (1984) dispute that temporal coding is automatic and provide
evidence to the contrary. Temporal order retention suffered under incidental (subjects
were instructed to expect a recognition test) but was much improved under intentional
instructions. In another experiment subjects were instructed to recall half of the words
in a list and to forget the other half. Words that were to be recalled produced better
performance on an incidental temporal order test than the ‘forget’ cued words. This
result was more marked for concrete words than for abstract words (Jackson, Michon &
Vermeeren, 1984). They conclude by saying that just being in the rehearsal set is not a
sufficient condition for temporal coding to take place but that it is also dependent on
encoding strategies which are typical of deliberate processing.

This is confirmed in a further experiment in which subjects were asked to verbalize
their encoding of a list of words for recall (Michon & Jackson, 1984). Simple rehearsal
did not yield correct judgements of temporal position whereas constructing one con-
nected story that was repeated at retrieval produced good temporal order retention. A
series of unconnected stories produced good within-story temporal ordering but poor
between-story temporal retention.

Tzeng and Cotton’s (1980) contextual association hypothesis of temporal order judge-
ments is elaborated and extended to duration judgements in Block’s (1982) conteXtual
change model. According to this model changes in environmental context and process
context (the cognitive processes that a subject engages in) will affect estimations of
remembered duration. Using a retrospective comparative duration judgement, Block
(1982) varied contextual change between two durations as well as within a duration.
When the environmental context remained unchanged between the two time intervals a
positive time-order error occurred. This is a common finding in such comparative
judgements in that the first of two equal durations is judged to be longer than the sec-
ond. The contextual change model explains this by assuming that cognitive context
changes rapidly at the beginning of a novel experience. When the environmental con-
text was changed between the two intervals the time order error was eliminated. In a
manipulation of process context subjects processed words at either one of two levels
(structural or semantic) or at both levels within a duration. Changes in process context
lengthened remembered duration but effects of process and environmental context
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change were not additive. These experiments provide evidence for the hypothesis that
the greater the encoded and retrievable contextual changes, the longer is the remem-

bered duration of the time period.

A further set of experiments (Block, 1986) manipulated process context prior to a
comparative duration judgement. In support of his previous findings the preceding task
caused a relative lengthening of the duration that required a different kind of cognitive
processing. A further finding, however, contradicted the assumptions of the model in
that an imagery task that maximized the number of varied contextual associations was
judged as shorter, rather than longer, than an imagery task that minimized the number
of varied contextual associations. A modified version of the model proposes that it is an

overall change in context from a preceding duration that is the critical factor.

Both sets of experiments did show, however, that duration judgements are dissociable
from other memory processes. In the first set of experiments subjects carried out tests of
list discrimination and memory for serial position on the words studied during the time
intervals. It was found that list discrimination improved with change of context whereas
serial discrimination within a list was unaffected. It is not surprising, however, that a
change of context between lists of words does not affect within list serial discrimination
but the contextual association hypothesis of Tzeng and Cotton (1980) would expect that
process context change within a list would improve serial position judgements. In the
second set of experiments subjects were given recall and recognition tests in addition to
the list discrimination and serial order tests (Block, 1986). Although the preceding task
had an effect on remembered duration, depending on the type of cognitive processing
carried out during that duration, it had no effect on recognition, recall, list discrimina-
tion or serial order judgement. This suggests that duration judgements are not depend-
ent entirely on memory processes as measured by recognition and recall even using a
retrospective duration judgement paradigm which is in effect testing a subjects memory
of a temporal duration rather than the ability to estimate an ongoing duration as in a
prospective duration judgement procedure. It would also suggest that time estimation

may be independent of temporal order memory.

Duration judgements, therefore, are dependent upon the way in which they are meas-
ured, that is retrospectively or prospectively, the tasks that are carried out during those
intervals, and internal and external contextual factors prevailing in and around durations
to be estimated. Both temporal order and temporal duration judgements cannot be
considered as automatic processes but are dependent upon deliberate processing strate-

gies.
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1.2.2. Animal studies of sequential discrimination.

That animals are sensitive to the order of events in the environment can be seen from a
number of different laboratory tasks. Serial anticipation tasks use sequences constructed
from the size of food reward. Rats are trained to run down an alley to receive a reward,
the size of which (number of pellets) is varied from trial to trial. The rat learns to run
quickly in anticipation of large rewards and slowly in anticipation of small rewards
(Hulse & Dorsky 1977).

In contrast to serial anticipation tasks which test an animal’s ability to anticipate a
sequence that is consistent from trial to trial and that provide feedback at each point in
the sequence, sequence discrimination tasks require the animal to discriminate one
sequence of events from several other sequences of the same events and feedback is
provided only at the end of the trial. An example of such an experiment is where pi-
geons are trained to discriminate a sequence of two colours from other sequences of the
same two colours (Weisman, Wasserman, Dodd & Larew 1980). It was found that the
pigeons used both elements in the sequence in making their discrimination but the final

element was particularly important in making the correct discrimination.

There are a number of ways in which such a sequence discrimination could be made.
Using a retrospective scanning scheme the animal would hold each stimulus in working
memory and at the end of presentation of the test stimulus scan backwards comparing
the remembered list of stimuli with a list of the positive sequence held in reference
memory in order to make a decision. The order of appearance of the stimuli could be
represented in memory by trace strength or directly by reference to an internal clock

and temporal tagging.

Alternatively a prospective conditional discrimination means that the discrimination of
each element in the sequence is conditional upon the immediately preceding element. In
this case the animal processes a sequence until it reaches a stimulus that does not match
the corresponding stimulus in the positive sequence and then stops processing further
stimuli. Evidence for such a scheme comes from the finding that pigeons are capable of
deciding and reporting that a particular sequence is negative even before the sequence
ends (Weisman, Gibson & Rochford, 1984; Terrace, 1986). This means that it is not
necessary for the animal to hold a coherent, ordered representaion of the sequence to

carry out such a discrimination.

Roitblat, Scopatz and Bever (1987) and Roitblat, Bever, Jelweg and Harley (1991)
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provide evidence that pigeons do, in fact, use hierarchical representations in three item
sequence discriminations. They used a technique to estimate the degree to which each
element and combination of elements in the sequence were controlling discriminative
performance. Early in acquisition the pigeons’ performance was controlled by individu-
al elements whereas later in training the birds’ performance was controlled by higher
order units, that is by the first and third elements. This is inconsistent with the prospec-
tive conditional discrimination scheme, as it suggests that birds wait until the end of the
sequence to make decisions regarding the identity of the sequence and that performance
is controlled by more abstract representations that include information about events and

their order.

There is also evidence that pigeons can chunk items in a list to facilitate memory in a
similar way to humans. Five-item lists consisting of three colours followed by two
geometric shapes or four colours and one geometric shape are learned faster and re-
sponded to with shorter latencies than homogenous lists of all colours or all geometric
shapes (Terrace, 1991). The integrity of the chunk was maintained if the animal was
required to learn a second list in which the chunk occupied the same ordinal position
(Terrace & Chen, 1991a) and also when it occupied a different ordinal position (Terrace
& Chen, 1991b).

When recalling a list of jtems human subjects generally exhibit a U shaped serial-posi-
tion curve, that is, memory for the first and last items in the list are better than memory
for intermediate items. Attempts have been made to replicate this finding in animals.
Some studies have demonstrated a U-shaped function in monkeys (Buchanan, Gill &
Braggio, 1981; Sands & Wright, 1980; Wright, Santiago & Sands, 1984) and rats
(Dimattia & Kesner, 1984; Kesner, Measom, Forsman & Holbrook, 1984; Kesner &
Novak. 1982), whereas others have obtained only a recency effect (Dimattia & Kesner,
1984; Gaffan & Weiskrantz, 1980; Roberts & Smythe, 1979).

This correspondence between human and animal performance is found only under
certain circumstances. For both pigeons and monkeys it has been shown that the delay
interval between presentation of the last item in the list and test is important in produc-
ing the U- shaped curve. Pigeons exhibit a recency effect at Os delay, recency and
primacy at 1 and 2 s and primacy only at 10s (Santiago & Wright, 1984). Monkeys
show recency only at Os, primacy and recency at 1,2 and 10s, and primacy only at 30s
(Wright, Santaigo & Sands, 1984). This they explain in terms of the interaction of pro-
and retroactive interference over time. The large amount of retroactive interference
interferes with remembering the first list items. Dissipation of retroactive interference
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with time allows the primacy effect to emerge whereas proactive interference is usually
small and grows with time interfering with memory for the last items and eventually

eliminating the recency effect.

DiMattia and Kesner (1984) suggest that, in rats, studies resulting in a primacy and
recency effect use a matching procedure and those showing only a recency effect use a
non-matching procedure. For example, serial position effects in rats are often tested
using a radial arm maze, the rat being forced to enter a number of arms in a random
order and then given a choice between a previously presented arm and a novel arm. Ina
matching procedure the rat must choose the previously presented arm and in a non-
matching procedure the rat must choose the novel arm. Choosing the novel arm is an
easier task for rats as it utilizes the rats natural predispositions. The matching task,
therefore, being a harder task depends upon effortful processing, thus producing more
processing of the initial items in the list resulting in a primacy effect. A U-shaped serial
position curve is also exhibited in a procedure in which the rat, after entering seven
arms of the maze, is required to choose the earlier arm from a choice between the first
and second arms, the fourth and fifth arms or the seventh and eighth arms (Kesner &
Novak, 1987). This again is interpreted in terms of automatic and effortful processing
as the task requires effortful processing by placing a sufficient load on the cognitive
system. It does not explain, however, why effortful processing differentially effects the
first and last items of the list and not the intermediate ones.

Dale (1987) carried out an analogous task with human subjects in which the subject sat
in the centre of a circle of lights. In the item recognition condition the subject saw a list
of seven lights and was then required to make a choice between either the first, fourth
or seventh light and the eighth non-list light, the correct choice being the non-list light.
This procedure was similar to that used by DiMattia and Kesner (1984). The order
recognition condition used a similar procedure to that used by Kesner and Novak
(1987). A correspondence was found with the rat data in that the item recognition
condition produced a recency effect whereas the order recognition produced both a
primacy and recency effect. When a delay of 30s was introduced the curves remained
U-shaped unlike the findings of Santiago and Wright (1984) and Wright et al. (1984)
with pigeons and monkeys, although it is possible that a similar effect might have
occurred at a longer delay. Dale (1987) however suggested that neither the interference
theory nor the effortful processing theory could account for their data, but it does show
a striking correspondence between performance of temporal order judgements by

humans and animals.
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1.3. Conclusions.

It would appear from the foregoing literature review that human temporal processing is
much more complex than that of animals. This, and the variability of findings in the
human literature, may be purely a reflection of the number and variability of procedures
used to assess temporal discrimination in humans. The operant procedures used in
animal experiments use a prospective paradigm employing "empty’ intervals. Retro-
spective paradigms assess memory for temporal duration whereas prospective para-
digms assess judgement of time in passing and may involve different processes. Oper-
ant procedures used with humans have been largely unsuccessful but this may be
overcome by adapting the procedure as proposed by Lowe et al. (1978). This would
provide a more appropriate way of assessing temporal estimation as inaccurate judge-
ments are more likely to occur when a person must translate a duration experience into

a conventional verbal unit such as seconds.

The internal clock model proposed by Church (1984) fits findings from the animal and
human literature that subjective and actual duration is linearly related but fails to take
account of the numerous cognitive factors that play an important part in human tempo-
ral processing. Studies manipulating the type of task carried out during the interval
show that factors such as attention, amount of information processing capacity, the
strategies used, and the context in which the judgement is made all affect judged dura-
tion. This does not rule out internal clock models but suggests that they are too simplis-
tic. Neither does it suggest that time is processed in a different way by animals. It was
shown that factors other than the duration itself do affect timing in animals but few such

variables have been studied systematically.

An alternative to the internal clock model of timing is the view that temporal judge-
ments are made by reference to the type or number of events that occur within the inter-
val. A number of variations of this viewpoint have been put forward which explain
duration experience in terms of the storage size in memory of the encoded stimulus
information (Ornstein, 1969); attentional allocation during the interval (Hicks, Miller &
Kinsbourne, 1976); and memory change models such as Block’s (1982) contextual
change hypothesis. One difficulty with such models is that their explanations tend to be
purely descriptive and circular in that they do not propose any independent way of
measuring, for instance, change in cognitive context or storage size. It is difficult to
ascertain which specific cognitive processes are involved when a person remembers the
amount of contextual change, the amount of storage space required or the attention
allocated to some information. It is clear, though, that the estimation of durations do

depend upon events occurring in the duration and the number and order of events may

25



Introduction - General Theory

be one cue to duration but there is no evidence to suggest that it is the only cue. Block
(1986) did, in fact, use a manipulation that affected duration judgement but not serial
order judgement. A dissociation has also been shown in both animal and human exper-
iments between duration estimation and memory processes suggesting that duration
judgement is not solely dependent upon memory for events within the duration.

It remains unclear, then, as to whether temporal order and temporal duration are de-
pendent upon the same or similar processes so it would be expedient to consider them
as independent but related. Neither is it clear whether duration judgement is dependent
upon memory processes. Internal clock models would suggest that it is not, whereas
cognitive models suggest that duration experience is inextricably tied to memory proc-
esses. This question will be considered in the following sections.
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CHAPTER 2
Lesion Studies

2.1. The Hippocampus.

There is little disagreement that the hippocampus is involved in memory processes. The
exact nature of this involvement, however, has caused great debate over the last two
decades which is far from being resolved. Two of the more influential theories propose
a spatial mapping or working memory hypothesis but some researchers have proposed
that the hippocampus may also be involved in temporal processing either exclusively or
in addition to other theories. Indeed, the evidence is highly suggestive that this may be
the case. The evidence from animal studies for the role of the hippocampus in memory
for time and sequential order will be discussed in the following sections.

2.1.1. Operant Procedures.
It is generally accepted that hippocampal lesions produce deficits in DRL responding in
rats, pigeons and monkeys. The following citations will refer to studies using rats unless

otherwise stated.

There is some dispute, as to whether the DRL deficit is in the timing component of the
task or whether hippocampal animals cannot inhibit previously well established re-
sponses. Several authors have reported low or normal rates of responding on Continu-
ous Reinforcement Schedules (CRF) and significantly higher rates of responding when
transferred to intermittent operant schedules (Clark & Isaacson, 1965; Schmaltz &
Isaacson, 1965;). When CRF pretraining is omitted and DRL is established from the
outset the deficit in DRL appears to be attenuated (Schmaltz & Isaacson, 1965). This
failure to inhibit previously established reponses is further supported by evidence of
decrements in reversal learning generally exhibited by hippocampal lesioned animals
(Riddell, Malinchoc & Reimers, 1973).

In contrast, other studies report equally high levels of responding on CRF as on DRL
schedules (Haddad & Rabe, 1969; Reilly & Good, 1989 (pigeons) ). Suggestions
accounting for this have been made in terms of increased arousal associated with ex-
pected reinforcement and a lack of inhibition of motor responses (Gray, 1984; Jackson

& Gergen, 1970 (monkeys)).

Hippocampal animals do, however, show inhibition of responses in temporal discrimi-
nations under certain circumstances. In a FI60 schedule, rats with large hippocampal
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lesions showed higher response rates in the later segments but not earlier segments
(Haddad & Rabe, 1969). Similarly Ellen and Poweil (1962) found that sham operated
control rats learned to withold responding sooner than lesioned rats but by the sixth day
of training there was no difference between the groups. The lesions in this study were
small, though, and limited to the anterior hippocampus. Overresponding was attenuated
in a study by Braggio and Ellen (1976) by providing a cue light when reinforcement
was due in a DRL20 schedule. When the cue light was removed the hippocampally

lesioned animals continued to emit fewer responses.

Overresponding, therefore, is not necessarily the cause of deficits in performance
measured in terms of the number of rewards earned and hence the animals’ temporal
discrimination. Boitano, Dokla, Mulinski, Misikonis and Kaluzynski (1980) used an
incrememtal step DRL paradigm to show that the length of the interval is an important
factor in the deficit displayed by hippocampectomised rats. The lesioned rats performed
like controls up to a DRL of 5 seconds but only 3 out of 11 rats performed normally at
DRL11 and only one succeeded at DRL14 and up.

In a Peak Interval Procedure, Roberts (1981) showed that peak time and peak rate are
independent measures of timing performance (see section 1.1.2.). Fimbria-fornix lesions
produce comparable response rate functions to normal rats in Peak Intervals of 10s, 20s
and 50s (Meck, 1988; Meck, Church & Olton, 1984; Olton, Meck & Church, 1987).
The lesioned animals are inhibiting responses and displaying sensitivity to temporal
duration. The most striking feature of their performance is a consistent left shift in peak
time by an amount relative to the fixed interval by about 20%. The apparent perma-
nence of this left shift in peak rate suggests that the internal clock is unaffected by
fornix lesions as the rats do not learn to rescale time to coincide with reward but that the
time of reward stored in reference memory was reduced (Meck, 1983; 1988). A similar
pattern of results was found with a temporal bisection procedure (Meck, Church &
Olton, 1984). Rats were trained prior to undergoing fimbria fornix lesions and then
tested post-operatively. The lesion did not affect sensitivity to duration as the difference
limen was the same as that in training but the point of subjective equality was shifted to
the left, again suggesting a decrease in the time of reinforcement held in reference
memory. If duration judgements are processed by storing the amount of time that has
passed in working memory one would expect sensitivity to duration to be affected in
these experiments. It would appear, therefore, that the "clock” works independently of

working memory.
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The results of peak interval experiments question the validity of the working memory
hypothesis with their implications of deficits in reference memory for temporal events,
although working memory has also been shown to be affected by fimbria fornix lesions
in response schedules. When a gap is inserted in the interval of a FI peak procedure
normal rats can add the duration before the gap to that following the gap to show a peak
time consistent with the time of reward. Rats with fornix lesions, however, time the
interval from the end of the gap (Meck, Church & Olton, 1984).

Interpretation of lesion studies must of course take into account the site, extent and
method of lesioning. There is some disagreement as to the area of the hippocampus
involved in the deficits seen in response schedules. Haddad and Rabe (1969) found
anterior hippocampal lesions had no effect on FI responding whereas Johnson, Olton,
Gage and Jenko (1977) found DRL was disrupted by anterior hippocampal but not
posterior hippocampal ablations. Total transections of the fimbria-fornix reliably pro-
duce impairments in response schedules (Johnson et al., 1977) and it would appear that
neurotoxic lesions such as those made with ibotenic acid produce lesions that are func-
tionally similar to, but less effective than, aspiration or radio frequency lesions (Sinden,
Rawlins, Gray & Jarrard, 1986). The best account of the variation in findings is that
performance is dependent not so much on site but extent of damage to the hippocampus
and its projections (Sinden et al., 1986). Brookes, Rawlins, Gray and Feldon (1983)
found that there was no differentiation between medial and lateral septal lesions in DRL
‘tasks suggesting that the task cannot differentiate between sites of septo-hippocampal

damage.

Rats show a consistent, well established, deficit in temporal schedules that is not a
consequence of a failure to inhibit responding. It is suggested that this is not an impair-
ment of timing, per se, as proposed by the internal clock model but is an impairment in
reference memory. This causes problems for the working memory hypothesis and is not
easily encompassed by the spatial mapping model. It is proposed that the extent of
damage to the hippocampus and not the site of the lesion that is responsible for the

deficit.

2.1.2. Classical Conditioning.

The spatial mapping theory of hippocampal funtion argues that the hippocampus acts as
part of a neural system that forms a cognitive map of the environment (O’Keefe &
Nadel, 1978). Evidence for this comes from electrophysiological recordings that
showed the activity of single cells in the hippocampus correlate with the animals loca-
tion in the environment when rats are required to solve problems in a radial arm maze
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(Olton, Branch & Best 1978), or elevated T maze (O’Keefe, 1976), and also in freely
moving rats (O’Keefe & Dostrovsky, 1971). In addition, rats with hippocampal or
fornix lesions are impaired in their ability to solve problems which require spatial
mapping (O’Keefe & Black, 1978; O’Keefe, Nadel, Kieghtly & Kill, 1975; Olton,
Walker & Gage, 1978). One area of research that cannot be accounted for by such a
view has focussed on classical conditioning of the rabbit’s nictitating membrane re-
sponse (NMR). It is unlikely that spatial cues play any role in the rabbit NMR prepara-
tion as the animal remains virtually motionless throughout the conditioning session and
the conditioned stimuli (CS) and unconditioned stimuli (US) are delivered in the same
spatial locations at all times. Results from experiments using the rabbit NMR have been
interpreted by many researchers as evidence for the involvement of the hippocampus in
temporal processing (Berger & Thompson, 1978; Moore, 1979; Soloman, 1979, 1980)

which functions in addition to spatial processing.

Classical conditioning depends upon the organism perceiving the temporal relationship
of events or the sequential order of events in the environment. A conditional response
(CR) is evoked if the conditional stimulus (CS) is in close temporal proximity to the
unconditional stimulus (US). There is a growing amount of evidence which suggests
that the hippocampus is involved in the processing of such temporal relationships al-
though the precise nature of this involvement is not clear.

Electrophysiological studies have shown that neural activity in the hippocampus is
correlated with conditioning of the rabbit’s NMR. Berger, Alger and Thompson (1976)
reported an increase in activity of the pyramidal and granule cell layers of the dorsal
hippocampus which was highly correlaied with the rabbit NMR. The increase in activi-
ty began from the second CS-US pairing and occurred within the first eight pairings and
preceded the CR by 35-40 msecs, but only under conditions where behavioural learning
occurred. Also the hippocampal electroencephalogram (EEG) has been shown to pre-
dict the rate of acquisition of NMR prior to conditioning (Berry & Thompson, 1978).
Animals displaying high levels of activity in the high-frequency range (8-22Hz) condi-
tioned more slowly than animals that displayed a higher level of activity in the low
frequency range (2-8 Hz). More recently, Weisz, Clark and Thompson (1984) interpo-
lated single pulse electrical stimulation of the perforant path, recording the monosynap-
tic population spike response from dentate granule cells, during acquisition of the
NMR. There was a marked increase in excitability of this monosynaptic field potential
that closely paralleled the development of the learned behavioural response over the
days of training. Thompson (1990) points out the similarities between the enhanced
pyramidal neuron response in classical conditioning and the enhanced pyramidal neuron
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response (long term potentiation) following tetanus of input pathways which is consid-
ered as a putative mechanism of memory storage. Although such studies would suggest
that the hippocampus is involved in the learning of simple classically conditioned
asociations, the results of lesion studies appear somewhat contradictory. Using a delay
conditioning paradigm in which the CS and US overlap, hippocampectomy does not
disrupt acquisition of the rabbit’s NMR (Schmaltz & Theios, 1972). It is possible that
the hippocampus is essential only under certain circumstances as hippocampectomy has
been found to disrupt more complex conditioning tasks. For example, disruption of
Latent Inhibition (LI) and Kamins Blocking effect have been reliably demonstrated
(Soloman, 1977; 1979;1980; Soloman & Moore, 1975).

In LI a series of non-reinforced pre-exposures to a stimulus retards conditioning to that
stimulus when it is subsequently paired with an US in normal rabbits. Hippocampal
rabbits show no such effect. It may be that the lesioned animal cannot associate the two
events, i.e. the pre-exposure of the CS and the pairing of CS and US, across time.
Blocking is typically carried out in a two stage design. In Stage 1 a tone CS is paired
with an eyeshock US until the CR is well established. Stage 2 consists of acquisition of
a compound CS, i.e. the tone from stage 1 and a light. When the CR is well established
animals receive non-reinforced presentations of the tone and the light presented singly.
Normal animals produce a CR to only the tone whereas no blocking effect is seen in
hippocampectomised animals. They respond to both the tone and the light. Again as in
the LI condition exposure prior to the final CS-US pairing appears to be forgotten. Only
the most recent events appear to have any salience for the hippocampal animals, they
cannot form a contingent relationship between an event in the more distant past and

present events (cf Rawlins, 1985).

Post-trial hippocampal stimulation (PTS) immediately following the termination of the
US retards acquisition of the CR (Salafia, Chaia & Ramirez, 1977; Salafia, Romano,
Tynan & Host, 1979). More than twice as many trials are needed for conditioning but
once the CR begins to emerge conditioning proceeds at a normal rate. Hippocampal
PTS given after conditioning had been established had no effect on production of the
CR. Hippocampal stimulation appears, therefore, to interfere with the establishment of
the memory for the CS-US relationship but once this memory has been established

hippocampal stimulation has no effect on the memory trace.

Electrical stimulation of the hippocampus overlapping pre-exposure in a LI procedure
can both attenuate and augment LI depending upon the intensity of the stimulation
(Salafia & Allan, 1980). Lower levels of stimulation augment LI whilst intense hippo-
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campal stimulation attenuates it. In the same experiment they found that stimulation
overlapping CS-US presentation in the absence of pre-exposure had little effect on
conditioning. For this reason they suggest that in earlier experiments using PTS the
decrement may have been due to the effects of PTS on attentional processes rather than
on conditioning. The stimulation in PTS may be producing a retrograde amnesia similar
to that exhibited by ECT patients so that the CS-US pairing is forgotien whereas giving
stimulation during the CS-US pairing does not affect the establishment of the CS-US
pairing but possibly events immediately prior to that.

To test the hypothesis that the hippocampus is involved in the association of temporally
remote events a number of studies have been carried out using a trace conditioning
paradigm. Unlike delay conditioning in which the CS and US overlap, in trace condi-
tioning the US follows the CS after a fixed period of time (ISI) in which no stimuli
occur. Unfortunately, there is little agreement as to whether hippocampectomy disrupts
acquisition of this task. James, Hardiman and Yeo (1987) and Port, Romano, Steinmetz,
Mikhail and Patterson (1986) found no impairment in acquisition of the rabbit NMR
using the trace conditioning procedure. However, Soloman, Vander Schaaf, Thompson
and Weisz (1986) and Moyer, Deyo and Disterhoft (1990) did find an impairment at
ISI’s of 500ms with dorsal hippocampal and complete hippocampal lesions. When
transferred to a delay conditioning paradigm the animals learned the task normally
(Soloman et al., 1986). Performance appears to be dependent upon the temporal gap
that must be bridged, in that Moyer et al. (1990) found no deficit in acquisition at ISI’s
of 300ms although there was evidence of a resistance to extinction.

One consistent finding, however, is that hippocampectomy affects onset latency of the
CR. In normal well-trained animals the peak amplitude of the CR occurs at about the
US onset. For the CR to be optimally reinforcing it must overlap with the US. There-
fore, an important part of what subjects learn in classical conditioning is when to make
the response (Ebel & Prokasy, 1963). In the foregoing experiments, whereas control
animals exhibited CRs that show peak amplitude just prior to the US onset, animals
with hippocampal lesions showed short latency CRs which peaked prior to US onset. It
appears that the hippocampus plays some part in modulating the timing of the condi-
tioned response. Port et al. (1986) found the short latency CRs with an air puff US in
hippocampectomised animals but using a periorbital shock US these animals exhibited
longer latency CRs whereas cortical animals timed responses consistently for both US
conditions. They suggest that the different US types activate different neural structures
and that a tone-air-puff association could involve a system predisposed to responses of

short latency and a tone-shock association could involve a system predisposed to re-
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sponses of longer latency. A loss of modulation in hippocampal lesioned animals could
reflect the predisposition of the basic neural mechanism underlying the association.

Electrophysiological studies, then, provide strong evidence for the involvement of the
hippocampus in classical conditioning. Results of lesion studies are less clear. Delay
conditioning is not disrupted by hippocampectomy but more complex procedures such
as LI and Blocking are disrupted. It has been suggested that these studies show that the
hippocampus is involved in the association of temporally remote events. Trace condi-
tioning procedures, however, do not resolve this issue as some studies have not found
an imbairment when hippocampectomised animals are required to associate non-con-
tiguous events but they do point to a role for the hippocampus in the modulation of

timing of the CR.

2.1.3. Sequential Order

The spatial mapping view of hippocampal function draws a distinction between spatial
processing and temporal processing. The hippocampus presumably acts as the neural
substrate for spatial processing but not temporal processing. As an animal explores its
environment it makes associative links between places and itself. It may be erroneous,
however, to consider such links in isolation. An organism’s environment is multi-
dimensional and as it moves through space it also moves through time. The concept of
time may, therefore, be intrinsically involved in the perception of space and distance.
The psychological processes involved in spatial memory tasks may have a significant

temporal dimension (Moore, 1979).

The working memory hypothesis, on the other hand, does explicitly account for the
temporal dimension of events. Olton et al. (1979) described working memory as 'a
process responsible for coding the information about the temporal context in which an
event happens, distinguishing one instance of a class of events from all other instances
of that class. As a result, it is very prone to temporal interference effects.” This can be
compared to reference memory which does not require associations with temporal
context. What this means in terms of the animal tasks under discussion is that hippo-
campal ablation disrupts information required for only a single trial whilst leaving

memory for information required for many trials intact.

A typical example of a task requiring working memory, but which excludes a spatial
component, is the delayed matching or non-matching to sample task (DMS/DNMS). At
the beginning of each trial a sample is presented. After some delay the sample is pre-
sented along with another item. The animal is rewarded for choosing the sample in a
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matching procedure or the alternative item in a non-matching procedure (DNMS). The
sample item on each trial is stored in working memory as this information is useful for
that trial only. Other aspects of the task such as "always choose the most or least famil-
iar", depending upon the paradigm used, where to get the food from etc. is stored in
reference memory as it is information used on every trial. The task is one of recognition
memory that requires the animal to make choices dependent upon the relative familiari-

ty of an object.

Results of DNMS studies in monkeys are variable. Hippocampal lesions have produced
impairments in acquisition of the task (Mahut, Zola-Morgan & Moss, 1982; Zola-
Morgan & Squire, 1986) but not relearning when the animals have been trained pre-
operatively (Mishkin, 1978; Murray & Mishkin, 1983,84). One possible explanation is
that the hippocampus is involved in the acquisition and storage of information (the
DNMS rule) but other structures maintain more permanent memories (Barnes, 1988).
When working memory is further taxed by the introduction of a retention interval or the
monkey is required to remember a list of items hippocampal lesions produce a moderate
to severe impairment (Mahut, Zola-Morgan & Moss, 1982; Zola-Morgan & Squire,
1986) although Murray and Mishkin (1983) found no impairment with increasing delay
in a tactual version of the task. Fornix lesions, on the other hand, show no deficit in
acquisition (Gaffan, 1974; Mahut, Zola-Morgan & Moss, 1982) but are impaired at
relearning the task post-operatively (Bachevalier, Saunders & Mishkin, 1985). Perform-
ance on retention intervals and lists have been found to be mildly (Bachevalier, Saun-
ders & Mishkin, 1985), moderately (Gaffan, 1974) or not impaired (Mahut, Zola-
Morgan & Moss, 1982). Using an analogue of the DNMS task given to monkeys Aggle-
ton, Hunt and Rawlins (1986) found no impairment in acquisition or with increasing
retention interval in rats with large hippocampal aspiration lesions and Rothblat and

Kromer (1991) found no impairment in relearning.

All these studies used a large set of stimuli so that the animal sees each object only once
a session, once a week, or once only i.e. trial unique. Procedures that employ a small set
of stimuli presented repeatedly within a session tax, to a greater extent, the animal’s
ability to place the occurrence of a particular item in its temporal context. If, for in-
stance, just two, three, or four stimuli occur several times in a session the animal must
assign a temporal tag to each occurence of the stimulus in order to make a correct
choice at test. Such a manipulation assesses more directly an animal’s ability to make
temporal order judgements and are therefore more pertinent to the present discussion.
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Several studies have been carried out which have used such a design but the results
have been inconclusive. Although all use a DMS or DNMS paradigm the procedures
vary considerably. Raffaelle and Olton (1988) used two stimuli, a plain white box and a
plain black box, in a DMS task with fornix lesioned rats. Complete fornix lesions
produced a severe impairment at relearning the task post-operatively and animals with
partial fornix lesions were initially impaired but improved over sessions to the standard
of that of controls. Olton and Feustle (1981) used a four arm maze in which visual and
tactual cues were salient, each arm being rotated between each response so that they did
not maintain their spatial relationship to each other. The rat was required to make at
least one response to each arm in a non-matching procedure. After fornix lesions the
animals showed no relearning of the task. So in both non-matching and matching
procedures rats with fimbria-fornix lesions are impaired at relearning the task. A differ-
ent set of results has been reported in monkeys. Owen and Butler (1981) found fornix
lesioned monkeys to be unimpaired with two stimuli in a non-matching procedure but
impaired when a large set of stimuli were used. In a later study (Owen & Butler, 1984)
they reported an impairment with a large but familiar set of stimuli and no impairment
with trial unique stimuli, a result which contradicts to some extent their previous find-

ings.

Jagielo, Nonneman, Isaac and Jackson-Smith (1990) also found impairments with elec-
trolytic lesions of the hippocampus in rats. Using two stimuli the rats were required to
relearn a simultaneous matching task and also to acquire a non-matching version. The
lesioned animals were impaired in both conditions. However, Aggleton et al. (1986)
found no impairment in rats with large hippocampal aspiration lesions using four stimu-
li in a DNMS Y-maze task and Sutherland, McDonald, Hill and Rudy (1989) also found
no impairment at relearning a DNMS task with kainic acid hippocampal lesions using
three stimuli. An impairment was only found in a cross-modal version of the task.
Aggleton et al. (1986) also attempted using just two stimuli but neither lesioned animals

nor controls could learn the task.

Inconsistencies in the results of these experiments cannot be accounted for by procedur-
al differences such as matching or non-matching designs and neither is there a consist-
ent difference between type of lesion i.e. fornix or hippocampal. Rawlins, Lyford and
Seferiades (1991) examined the procedural differences that may account for the differ-
ent outcomes in the Raffaelle and Olton (1988) and Aggleton et al. (1986) studies.
Using a DMS design they assessed post-operative learning in a maze similar to that
used by Raffaelle and Olton (1988). At acquisition they used the same pair of *Aggle-
ton’ goal boxes throughout. These goal boxes contained distinctive visual and tactual
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cues, in the form of three dimensional objects and different patterns and surface textures
of the box itself. Both fornix and hippocampal lesioned animals were impaired at learn-
ing the task but their performance improved to well above chance levels as testing
proceeded, a result mid-way between that of the original two studies. There was no
significant difference between the effects of fornix and those of hippocampal lesions.

Using trial-unique *Aggleton’ boxes there were no longer significant lesion effects,
supporting the result of Aggleton et al. (1986). On using stimuli designed to replicate
the Raffaelle and Olton (1988) study lesioned animals showed a clear impairment.
Rawlins et al. (1991) concluded that there were two important variables to account for
some of the discrepancies in such tasks, one being the nature of the stimuli and the
other the extent to which stimuli are reused within a test session. All the studies result-
ing in impairments (Jagielo et al., 1990: Olton & Feustle, 1981; Raffaelle & Olton,
1988) used boxes that differed only in surface texture and paint finish. Of those report-
ing no impairment, Aggleton et al. (1986) used three dimensional stimuli but Sutherland
et al. (1989) used black and white boxes similar to the Raffaelle and Olton (1988)
stimuli. The rats in this study were trained on the task with additional olfactory cues
although the lesioned animals performed like controls on a visual cue only version of
the task.

The most notable difference between the Sutherland et al. (1989) and Raffaelle and
Olton (1988) studies was the type of lesion. Sutherland et al. (1989) used kainic acid
lesions which spare fibres of passage. Although Aggleton et al. (1986) used large aspi-
ration lesions there may have been an interaction of type of lesion and the type of stimu-
li used, but this is unlikely as the hippocampal aspiration lesions totally transected the
fimbria- fornix. Rawlins et al. (1991) suggested that the two variables they identified
served to increase between and within-trial interference; goal boxes varying in surface
texture and tone having an overlap of stimulus features causing within- and between-
trial interference and the re-presentation of target stimuli in a session producing be-
tween-trial interference. This is consistent with the notion that the hippocampus is
necessary for placing episodes in their correct temporal context. Mahut, Zola-Morgan
and Moss (1982) suggested that monkeys with hippocampal lesions show an abnormal
sensitivity to pro- and retroactive interference as they show significantly more errors
than controls on middle and last items of a list (DNMS) but no impairment on the first
items. In addition both monkeys and rats with hippocampal lesions learn a single object
discrimination as readily as controls but are severely impaired when required to make
multiple associations concurrently (Mahut, Zola-Morgan & Moss, 1982; Moss, Mahut
& Zola-Morgan, 1981; Rothblat & Graham, 1989; Wible & Olton, 1988). In the Moss
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et al. (1981) and Mahut et al. (1982) studies performance was consistent with increased
pro- and retro-active interference. Animals with fornix lesions, however, were unim-
paired at concurrent discriminations. Rats with hippocampal lesions show increased
sensitivity to interfering effects in pattern discriminations after exposure to a prior
problem or an interpolated problem involving stimuli that are very similar to the origi-
nal discriminanda (Winocur, 1979). Similarly, when interference is introduced into the
intertrial interval of a single lever delayed alternation go/no-go procedure by allowing
them to respond on the other lever, hippocampal rats show a differential impairment
(Winocur, 1985). Further evidence for interference comes from much of the early work
of hippocampal effects on reversal learning in which hippocampally ablated animals
have no trouble in acquiring simultaneous discriminations but are much slower than
controls in reversing these discriminations (Douglas & Pribram, 1966; Silveira &
Kimble, 1968). However, Jagielo et al. (1990) disputed that increased interference was
responsible for the deficit in their matching task as performance did not worsen as the
session went on. If anything, there was a slight improvement in the lesioned animals’

performance.

Jagielo et al. (1990) proposed that performance on the DNMS and DMS tasks is de-
pendent upon the conditional nature of the task. When just two stimuli are used, wheth-
er a response is rewarded is dependent upon the tone of the sample arm that the rat has
just experienced as compared to the Aggleton et al. (1986) procedure in which the rat
must learn always to approach the novel object. First order Pavlovian conditioning is
not affected by hippocampal lesions but more complex conditioning operations are (See
section 2.1.2 on classical conditioning of the rabbit NMR). Ross, Orr, Holland and
Berger (1984) found that rats with hippocamapal aspiration lesions could acquire a
simple CS-US pairing but not a compound CS-US pairing. In a series of very similar
studies Davidson and Jarrard (1989) and Jarrard and Davidson (1990) found that re-
learning and acquisition of a compound CS was unaffected by lesions of the hippocam-
pus made with ibotenic acid. Other studies have shown impaired conditioning to
compound CS’s in hippocampal lesioned rats (Leaton & Borszcz, 1990; Rudy & Suth-
erland, 1989) whereas Markowska, Olton, Murray and Gaffan (1989) found no impair-

ment in a spatial conditional discrimination in fornix lesioned rats.

Some researchers have proposed that an impairment in conditional operations can
explain many of the spatial deficits obtained with hippocampal lesions (Leaton &
Borszcz, 1990) in that a chain of conditioned expectancies guide a rat through a com-
plex maze. Hirsh (1980), suggested that episodic memories could function as condition-
al operators in the form of historical markers. That is behaviour can be conditional upon
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referring particular events to a temporal marker, as, for instance, in reversal learning.
The initially established learning would be true in the past, while subsequent learning

would be considered true in the present.

There is some evidence that hippocampal animals behave differentially toward temporal
and environmental context. Rudy and Sutherland (1989) suggested that lesioned ani-
mals condition more to background stimuli. This they explain in terms of their configu-
ral association theory which states that the hippocampus is necessary for acquiring the
representation of a compound stimulus that is distinct from its elements. If this system
is not intact the animal cannot discriminate contextual stimuli when the target stimulus
is present from contextual stimuli when the target is not present. Winocur, Rawlins and
Gray (1987) provide evidence in support of this as they also found an exaggerated
conditioning to contextual stimuli in hippocampal rats. Most experiments hold envi-
ronmental context constant between learning and retention which may aid the perform-
ance -of animals with hippocampal lesions. Winocur and Olds (1978) trained rats with
hippocampal lesions and controls on a visual discrimination and then tested recall in
either the same or different environmental context. Both groups learned the original
discrimination at the same rate and whereas the controls showed excellent resavings at
retest regardless of context, the hippocampal animals showed good recall in the 'same
context’ condition but were markedly impaired on the ’different context’ condition.
Hippocampal rats also take more trials to criterion if they learn a visual discrimination
in the same context as a previously learned tactile discrimination than if they learn ina
different context (Winocur & Gilbert, 1984). This context effect can be compared to
similar findings in human amnesic subjects, which will be discussed in the following
section, i.e. that amnesics encode events but fail to discriminate among past events on

the basis of spatial and temporal context.

Kesner (1980) proposed a role for the hippocampus in the encoding of contextual
information in his attribute theory. He assumes that long-term memory consists of a
bundle or set of traces, each representing some attribute of the learning experience and
that different neural units subserve different attributes. To the hippocampus he assigns
the encoding into long-term memory of long-term temporal and absolute spatial at-

tributes of specific episodes.

The question of the nature of the impairment in DNMS and DMS is far from resolved
but the evidence points strongly to hippocampal involvement in the processing of
contextual information. Another set of tasks which place similar demands on working
memory and on which fornix lesions have a differential effect is Win Stay/Lose Shift
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and Win Shift/Lose Stay. Rawlins, Maxwell and Sinden (1988) trained rats on a two
lever operant response on either one of the two schedules. In the Win/Stay condition the
rats were required to press the lever that had been presented in the information stage if
it had been rewarded and to press the other lever if it had not. Alternatively the Win
Shift condition required the rat to press the lever that had been presented in the informa-
tion stage if that lever had not been rewarded and to press the alternative lever if the

presented lever had been rewarded.

Rats with fornix lesions were impaired in their performance on the Win Shift task but
were only impaired on the Win Stay task when the inter-response interval reached 10
secs. Rawlins accounts for this according to his temporal discontiguity hypothesis. That
is, the hippocampal system acts as a large capacity temporary memory store which is
used to store information about associated events which are separated in time. Win Stay
and Win Shift tasks differ in their degree of temporal discontiguity. The association
made at the time of a Win Stay presentation is the association that is used on the choice
trial whereas on a Win Shift trial the association made at the time of presentation is not
the association to be used at choice. The animal must make an association between one
event at presentation and a different event at choice in the Win Shift condition.

It is difficult to say whether the rat is using a different memory process in the two tasks,
whether it is the rule that the animal cannot learn or whether it is simply a case of task
difficulty. Gaffan (1983) suggests that the Win Shift condition requires further media-
tional processing whereas the Win Stay condition relies on simple associative memory.
The suggestion that this mediational processing depends upon the hippocampal system
connecting via the mammillary bodies and thalamus to the frontal lobes was made by
Warrington & Weiskrantz (1981) in an analysis of the human amnesic syndrome.

As far as the working memory hypothesis is concerned both tasks should be impaired
with hippocampal system damage. However, viewed in terms of temporal processing if
the Win Shift task requires further cognitive mediation this will place greater demand
on the attentional capacity of the animal leaving less attention to be directed towards
temporal events in the same way that increases in filler task difficulty affects temporal

discrimination in humans (See section 1.2.1.).

Several studies have assessed sequence discrimination in rats. A study by Olton, Shapi-
ro and Hulse (1984) assessed the ability of rats to learn a set of sequential responses.
That is, the rats learned to enter the arms of a radial arm maze in a certain order de-
pendent upon the number of reward pellets found at the end of each arm, i.e. in the
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order 18, 6 and 1 pellet. On some trials the rats were forced to enter an arm out of

sequence.

After 5 weeks of testing the animals learned to optimize their responses, for instance,
after being forced to arm-6 the rats went to arm-18 and then arm-1 and after being
forced to arm-1 they went to arm-18 and then arm-6. After undergoing fornix lesions
the animals relearned to optimize responding after 6 weeks on no forced run trials but
when given a forced run to an arm out of sequence they would repeat the whole se-
quence unnecessarily, e.g. when forced to arm-6 they then went to arm-18, repeated the
visit to arm-6 and then,entered arm-1. They could remember the sequential rule and
could carry out the respbnses in the correct order remembering at what point they were
in the sequence but could not use this information to carry out a more complex problem.

Kesner & Novak (1982) also showed a disruption of sequential memory after dorsal
hippocampal lesions. Using a radial arm maze they produced a serial position curve in
rats by testing their ability to remember in what order the arms of the maze had been
entered. Normal rats, like humans, showed good immediate retention for the first and
last items in the list i.e. primacy and recency effects. Hippocampal lesions disrupted the
primacy but not the recency component of the serial position curve. After a ten minute

delay all components of the serial position curve were impaired.

Similar sequence discrimination deficits have been found in monkeys. Kimble and
Pribram (1963) reported no retardation of learning a simple visual discrimination by
monkeys with bilateral hippocampal Iesions but impairments in a self-ordered and an

externally-ordered sequence discrimination of only two items.

In conclusion, the spatial mapping view of hippocampal function does not explicitly
account for a temporal function of the hippocampus whereas processing of temporal
context is implicit in the working memory hypothesis. Studies examining non-spatial
working memory tasks such as DNMS have been inconclusive but inconsistencies may
be due to procedural differences that affect levels of interference between stimuli or to
the conditional nature of the task both of which may involve a temporal component.
Sequential discrimination experiments point more consistently to a role for the hippo-

campus in memory for temporal order.
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2.2. The Prefrontal Cortex.

Another brain region that has been implicated in temporal processing is the prefrontal
cortex. In humans frontal cortex damage produces an impairment in sequential beha-
viours and recency memory. This is of importance when considering the temporal
ordering behaviour of amnesics, some of whom have complementary frontal lobe pa-
thology. The data relating to amnesics will be discussed in a later section. The present
discussion concerns the effects of lesions in the dorsolateral prefrontal cortex of

monkeys and the corresponding medial prefrontal cortex of rats.

Prefrontal cortex lesions typically produce deficits in delayed reaction tasks such as
delayed response (DR) and delayed alternation (DA). This is true both of rats (Brito,
Thomas, Davis & Gingold, 1982; Bubser & Schmidt, 1990; Kolb, Nonneman & Singh,
1974; Van Haaren, De Bruin, Heinsbroek & Van De Poll, 1985) and monkeys (Bache-
valier & Mishkin, 1986; Bauer & Fuster, 1976; Passingham, 1975). Prefrontal cortex
lesions often show an initial impairment that improves with practice, whereas hippo-
campal lesions, when they do produce an impairment are more severe and more perma-
nent. There does, however, appear 1o be great variability between individuals in the
effects of hippocampectomy on DA in monkeys (Waxler & Rosvold, 1970).

Studies using rats have sometimes produced inconsistent results but this is due, in part,
to differences in size and site of lesion. There is little standardization of histological
descriptions and a lack of well defined boundaries of prefrontal cortex. A number of
studies have compared large and small medial prefrontal cortex lesions inrats, using a T
maze spatial alternation task and shown that performance is dependent upon size of
lesion and involvement of the prelimbic area of the prefrontal cortex (Silva, Boyle,
Finger, Numan Bouzrara & Almi, 1986; Thomas & Brito, 1980; Thomas & Spafford,
1984) although permanent DA deficits have been exhibited with lesions restricted to
medial agranular cortex (frontal area 2 of Zilles (1985)) and dorsal anterior cingulate
area (de Brabander, de Bruin & Van Eden, 1990; Van Haaren, de Bruin, Heinsbroek &

Van de Poll, 1985).

The exact nature of the deficit underlying delayed reaction tasks is unclear. The cogni-
tive impairment responsible for performance in such tasks has been attributed to an
attentional deficit due to increased distractibility by internal and external stimuli
(Bubser & Schmidt, 1990); a spatial mapping deficit (Mishkin & Manning, 1978); a
working memory impairment (Brito & Brito, 1990); or an abnormality of temporal
processing (Fuster, 1980; Kesner, 1986; Kolb, 1984).
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There is a great deal of evidence to suggest that the impairment exhibited by prefrontal
cortex lesioned animals does indeed involve a spatial component. Mishkin and Manning
(1978) found that although principal sulcus lesions in monkeys produce a marked spa-
tial alternation impairment, object alternation was only slightly and transiently im-
paired. Similarly, Butter (1969) found that monkeys with dorsolateral lesions were
impaired on a spatial reversal task but not an object reversal task. Tests of object recog-
nition in monkeys such as the DMS procedure produce no impairment with lesions of
dorsolateral prefrontal cortex (Bachevalier & Mishkin, 1986; Passingham, 1975) or a
slight transient impairment (Mishkin & Manning, 1978) whereas reversible lesions of
cooling of the prefrontal cortex produce an impairment with increasing delays (Bauer &
Fuster, 1976; Fuster, Bauer, & Jervey, 1985). This impairment could be due to damage
in other areas of the prefrontal cortex as ventral frontal lesions commonly result in high
levels of perseverative interference and as a result produce severe impairments in DMS
tasks (Bachevalier & Mishkin, 1986; Mishkin & Manning, 1978).

More striking are the results of spatial tasks carried out with rats having medial prefron-
tal cortex lesions. They are consistently and severely impaired on the 8 arm radial arm
maze task and more mildly but significantly impaired on the Morris water maze (Kolb,
Pittman & Sutherland, 1982; Kolb, Sutherland & Whishaw, 1983). But the medial
frontal cortex is more than just a spatial analyzer as rats with lesions in this area can
learn a position habit but show severe deficits in subsequent reversals (Wolf, Waksman,
Finger & Almi, 1987).

It is a common finding that impairments in DA with prefrontal lesions are more pro-
nounced with increases in delay (Bauer & Fuster, 1976; Van Haaren et al., 1985) which
has led to the proposition that prefrontal cortex is involved in working memory (Brito &
Brito, 1990). Poucet and Herrman (1990) suggested that it is not an impairment in
working memory per se but an attentional impairment that is responsible for the defi-
cits. In this study rats with medial prefrontal cortex lesions were tested on a task requir-
ing spatial reference memory and a task requiring spatial working memory. The rats
were initially impaired on the reference memory task but improved over sessions to the
performance of controls whereas they were impaired throughout testing on the working
memory version of the task. However, the prefrontal lesioned animals improved within
sessions on both tasks, being mainly impaired on trial one of each session. Poucet and
Herrman (1990) concluded that the animals were impaired at acquiring information
about spatial location prior to trial one. Support for attentional hypotheses comes from
the consistent finding that prefrontal lesioned animals display increased activity during
task performance and in open field observation (Brito & Brito, 1990). Bubser and
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Schmidt (1990) put forward a similar view based on the differential effects of prefrontal
lesions on delay and non-delay alternation tasks. They suggest that the prefrontal
animals suffer more from interference occurring during the delay which, they state, is
consistent with an attentional defect or alternatively a lack of behavioural inhibition.

Kolb (1984) proposed that the results of delayed reaction tasks suggest that animals,
like humans with frontal lobe lesions, are impaired at recalling the serial order of past
events. This does not, however, explain the negative findings of non-spatial delay tasks
but as discussed in relation to hippocampal function, spatial processing may be closely
interrelated with temporal processing. Pribram, Plotkin, Anderson & Leong (1977)
suggested that DR tasks involve primarily the ability to respond in a spatial context
whereas in DA the spatial factor serves primarily the sequential or temporal aspect.
They manipulated both the temporal and spatial aspects of the DA task and found that
temporal structuring i.e. introducing a longer delay between each R-L couplet, eliminat-
ed the impairment whereas performance was enhanced by providing distinguishable

spatial cues but the effect was weak.

Electrophysiological evidence points to an involvement of the prefrontal cortex in both
the spatial and temporal aspects of delayed reaction tasks. Some cells in the monkey
dorsolateral prefrontal cortex are differentially excited by a cue depending upon its
spatial position and some alter their pattern of activity in relation to the length of the
delay period (Fuster, 1984; Kojima & Goldman-Rakic, 1982). Fuster (1984) proposed
that the prefrontal cortex serves to integrate behaviour temporally having a retrospec-
tive function of temporary memory for recent events and a prospective function of

preparation for coming events.

Deficits in performance on delayed reaction tasks are very indirect evidence for the
involvement of the prefrontal cortex in temporal processing. However, studies attempt-
ing to establish an impairment in timing abilities have yielded inconsistent results.
Performance of monkeys with prefrontal cortex lesions on DRL schedules has been
reported to be unimpaired (Manning, 1973; Stamm, 1963a), initially impaired but
recovered with continued training (Glickstein, Quigley & Stebbins, 1964), and even
facilitated (Stamm, 1963b). Using a FI procedure monkeys have been shown to be
severely disrupted (Pribram, 1961) and unimpaired (Manning, 1973). Rosenkilde,
Rosvold and Mishkin (1981) found that monkeys with lesions in the principal sulcus
were unimpaired on a time discrimination task in which length of time since the Jast
trial signalled the spatial position of the correct foodwell. This study was carried out to
show that the temporal structuring used by Pribram et al. (1977) in a DA task merely
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changed the task to one of temporal discrimination i.e. after a long delay go right, and
after a short delay go left, and that monkeys with frontal lesions can perform temporal
discrimination procedures quite normally.

Rats with medial prefrontal cortex lesions have been shown to have a modest deficit in
DRL (Nonneman, Voigt & Kolb, 1974; Numan, Seifert & Lubar, 1975; Rosenkilde &
Divac, 1975) or no deficit at all (Finger, Altemus, Green, Wolf, Miller & Almi, 1987;
Kolb, Nonneman & Singh, 1974; Neill, Ross & Grossman, 1974). In a peak interval
procedure rats with medial prefrontal cortex lesions show a right shift in peak time of
20% of actual duration (Meck, Church, Wenk & Olton, 1987; 1989; Olton, Wenk,
Church & Meck, 1988). This effect is permanent suggesting that the impairment is due
to a distortion of the time entered in reference memory. This indicates a complementary
role for the contributions of the prefrontal cortex and the hippocampal system in timing
tasks. Hippocampal lesions produce a left shift in peak time as opposed to the right shift
by frontal lesions.

Olton et al. (1988) also proposed that the prefrontal cortex is not involved in working
memory as rats with lesions in this area can successfully respond on probe trials in
which a gap is inserted in the duration. The animal must hold the length of the duration
prior to the gap in working memory and then continue timing the duration after the gap.
In contrast, rats with fornix lesions exhibit an amnesia for the gap. In addition, prefron-
tal cortex lesioned rats are unable to time two durations simultaneously. If a second
shorter duration is introduced after commencement of an initial longer duration, the
peak time for the second duration is accurate and then, when that duration has ended,
they time the first duration as if it had been absent during the second. This again, points
to an attentional deficit rather than a general impairment in temporal processing. Rats
with damage to the hippocampal system are not impaired in the simultaneous timing

task.

Tests of sequential memory have shown that rats with prefrontal cortex lesions cannot
remember the order of presentation of spatial locations in the radial arm maze even
when only two locations are to be recalled or when they can self-order a sequence of
four or eight arms (Kesner & Holbrook, 1987). When the spatial locations are held
constant from trial to trial a clear dissociation is found between item and order memory.
‘When the spatial locations are varied from trial to trial the rat has no impairment for
item memory of the first location but has for subsequent locations as well as an impair-

ment for order memory.
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Kesner (1990) also tested memory for frequency using the radial arm maze procedure.
The rat was forced to enter five arms of a maze, one of which was a repeat of a previ-
ously entered arm. The animal was then given a choice between the repeated arm and a
non-repeated arm. The correct choice was entrance of a repeated arm. Normal rats
display a repetition lag effect, that is, memory performance improves with increasing
number of items (lag) between repetitions, whereas lesioned animals perform at chance
levels even at the highest lag. However, these studies confound temporal and spatial
factors. There is a clear need to assess performance in rats using non-spatial procedures
to establish unequivocally that deficits are due to an impairment in temporal ordering.

Brody and Pribram (1978) used both spatial and non-spatial tests of sequential memory
in monkeys with large prefrontal lesions which included the sulcus principalis, superior
and inferior convexities, and the frontal eye fields. The monkeys were impaired at
learning both types of sequence. Pinto-Hamuy and Linck (1965) also found impair-
ments in a self-ordered sequential task in monkeys with similar lesions. Passingham
(1985) proposed that it was damage to the arcuate cortex (areas 8 and 6) that was re-
sponsible for the sequencing impairments as he found monkeys with lesions to the
principal sulcus to be unimpaired in a spatial sequencing task but monkeys with lesions
to arcuate cortex were slow to learn the task. The impairment, he suggests, may not be
one of sequencing but an inability to direct attention to several points in space, as
monkeys with lesions in area 8 are poor at searching for targets in an array and also tend

to neglect targets.

Electrophysiological recordings of monkey prefrontal cortex during sequential tasks
support the view held by Passingham (1985). Firing of cells in the arcuate area but not
in the area of the principal sulcus are dependent upon the sequential order of presenta-
tion of stimuli and the correct performance by the animal (Barone & Joseph, 1989).

Animals with prefrontal cortex lesions display deficits primarily in delayed reaction
tasks although the underlying cognitive impairment has not been established. Problems
of attention appear to play some part with a possible impairment in spatial functioning.
Immediate spatial perception is not in itself disrupted but circumstances in which spatial
tasks include a delay are particularly affected. It has been proposed that both spatial and
temporal factors are important determinants of behaviour in animals with prefrontal
lobe lesions. Tasks directly assessing timing abilities of animals with such lesions do
not suggest that prefrontal lesions have a deleterious affect but there is some evidence
to suggest that prefrontal cortex and the hippocampal system play complementary roles
in modulating timing behaviour. Although prefrontal cortex is defined by projection
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from the mediodorsal nucleus of the thalamus there is direct projection from the hippo-
campus to prefrontal cortex (Ferino, Thierry & Glowinski, 1987; Swanson, 1981) which
may be of functional importance in these tasks. There is more evidence, especially in
the light of human data, for a role of the prefrontal cortex in sequential behaviour al-
though this has not been established unequivocally in animals.

2.3. Amnesic Syndromes.

2.3.1. General characteristics of amnesia.

One of the problems encountered in considering the behavioural deficits exhibited by
patients with amnesic syndromes is whether such a syndrome is a unitary disorder or
whether amnesias of different aetiologies produce different patterns of mnemonic defi-
cits. Coupled with this is the problem of identifying the critical lesion responsible for

the amnesia.

In many cases there is incidental damage that may not be related to the amnesic symp-
toms. Also, lesion location in living patients lacks precision and post mortem analyses
of patients that have undergone adequate neuropsychological assessment are relatively
rare (Mayes, Meudell & Pickering, 1988). There are, however, a number of structures
that have been implicated in memory processes producing considerable debate as to the

minimal sufficient lesion necessary for the presence of an amnesic syndrome.

One of the most extensively studied cases is that of H.M. (Scoville & Milner, 1957)
who underwent bilateral resection of portions of the hippocampus and hippocampal
gyrus, as well as the uncus and amygdala for intractable epilepsy. The surgery resulted
in a circumscribed amnesia for long term memories acquired post-operatively leaving
remote memories and intellectual function intact. Based on operations on other patients
which included the hippocampus and amygdala in varying degrees, Scoville & Milner
(1957) concluded that removal of the hippocampus and not the amygdala was responsi-
ble for the amnesic syndrome. A number of other cases have been reported that impli-
cate the hippocampus in mnestic processes (Cummings, Tomiyasu, Read & Benson,
1984; Muramato, Kuru, Sugishita & Toyokuru, 1979; Squire, Amaral & Press, 1990;
Kneisley, 1982).

One of the few studies in which extensive neuropsychological and neuropathological
analyses have been carried out concerns patient R.B. (Zola-Morgan, Squire, & Amaral,
1986). This patient developed an amnesia following an ischaemic episode. He exhibited
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a marked anterograde amnesia with little, if any retrograde amnesia and no other cogni-
tive impairments. On post mortem examination he was shown to have a circumscribed
bilateral lesion involving the entire CA1 field of the hippocampus with only minor
pathology elsewhere in the brain that was very unlikely to be associated with his

memory deficit.

Further evidence for the involvement of medial temporal lobe structures in memorial
processes comes from Viral Encephalitic patients who commonly develop a permanent
amnesic syndrome. This disease, generally caused by the Herpes Simplex virus pro-
duces extensive lesions in the medial temporal lobe including the hippocampus, amyg-
dala and uncus and frontal lobe. The lesions in these patients are often more widespread
and diverse and difficult to interpret. At the least, the hippocampus is clearly implicated
in long term information processing either on its own or in conjunction with other struc-
tures such as the amygdala (Mishkin, 1978) or the rhinal cortex (Gaffan & Murray,
1992). Recent work on monkeys has suggested that rhinal cortical lesions may produce
more severe effects on short term memory than combined hippocampal and amygdalar
lesions (Gaffan & Murray, 1992) although the pattern of impairments are very similar.
Lesions to the hippocampus and the amygdala in monkeys sometimes result in en-
croachment on the posterior and anterior rhinal cortex respectively. Therefore, com-
bined amygdala and hippocampal lesions will result in complete rhinal cortex ablation.
This does question where the locus of the memory deficits does in actual fact lie.
Attempts to model the human amnesic syndrome in non-human primates that have
suggested combined hippocampal-amygdala as being the most likely regions responsi-
ble for memory impairments are confounded by effects of rhinal cortex damage. Further
systematic study of rhinal cortex lesions in animals and the contribution of damage to
this area to human amnesia is clearly needed to resolve these issues.

The role of the fornix, the main efferent pathway of the hippocampal formation, is more
controversial in human amnesics. Garcia-Bengochea and Friedman (1987) reviewed the
literature concerning the effects of fornix transection in man and reported 142 published
cases in which the fornix had been transected bilaterally to relieve temporal lobe epilep-
sy with no evidence of memory dysfunction. However, only two of the studies reported
complete transection of the fornix and no memory loss. The rest described cases that
had undergone unilateral fornicotomy or had indeed shown evidence of some memory
loss (see review by Gaffan & Gaffan, 1991). Of these remaining two studies one used
stereotaxically guided heat lesions which could have resulted in substantial sparing of
the fornix (Sugita, Doei, Matsuga & Takao, 1971) and in the other (Garcia-Bengochea,
De La Torre, Esquivel Vieta & Fernandez, 1954) changes in memory were difficult to
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establish as the majority of patients presented initially with more or less advanced
psychotic syndromes. As Gaffan and Gaffan (1991) point out unilateral transection of a
fornix which projects from a diseased hippocampus would not be expected to produce
memory loss whereas bilateral fornicotomy should produce severe memory impairment.
In cases of transection of the fornix, unilaterally, for removal of colloid cysts from the
third ventricle one would expect a moderate memory impairment as the hippocampus is
normal. Severe memory impairments have been reported after both unilateral and bilat-
eral fornicotomy for removal of colloid cysts (Cameron & Archibald, 1981; Carmel,
1985; Christiansen, 1971; Sweet, Talland & Ervin, 1959).

A similar amnesic syndrome may also result from damage to diencephalic structures the
largest group of such patients being those with alcoholic Korsakoff’s syndrome. As
with temporal lobe amnesia the intellect generally remains intact with a loss of memory
for recent events. Disagreement exists as to the locus of the critical lesion with the
mammillary bodies of the hypothalamus (MB) and the mediodorsal nucleus of the
thalamus (MD) being the two most common sites implicated.

Some studies have demonstrated isolated mammillary body damage (Assal, Probst,
Zander & Rabinowicz, 1976; Colmant, 1965; Delay, Brion & Elissalde, 1958; Dusoir,
Kapur, Byrnes, McKinstry & Hoare, 1990) but damage often involves other structures
including MD (Mair, 1979; Mayes, Meudell, Mann & Pickering. 1988) and the anterior
thalamus (Cravioto, Korein & Silberman, 1961). Adams, Collins & Victor (1962)
stressed the importance of MD in a large survey of 300 patients. In this survey they
found severe lesions to the mammillary bodies but not MD in five patients who had no
memory defects. Victor, Adams & Collins (1971) reported that although damage was
present in MB in every one of 43 autopsied Korsakoffs it was only those that suffered
damage in both MB and MD who suffered from memory impairment. Mair (1979)
suggested that the two loci represent key stations of two memory circuits (cf Mishkin,
1978) and it is possible that for amnesia to result lesions must occur at some point in
each of the two circuits. One of these projects via the fornix from the hippocampus to
the mammillary bodies and from there to the anterior nucleus of the thalamus and then
via the cingulate cortex back to the hippocampus. The other projects from the amygdala
to medial thalamic nuclei and then to the orbitofrontal cortex before returning to the

amygdala.

Work with monkeys supports this view in that Aggleton (1986) found that lesions
which damage both the medial thalamus and the mammillary bodies produced a severe

recognition memory deficit whereas lesions to either the anterior medial thalamus,
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posterior medial thalamus or mammillary bodies alone produced a much milder im-

pairment.

Hippocampal damage in Korsakoff patients is generally mild and inconsistent. Of two
patients studied by Mayes et al. (1988) one had bilateral cell loss from the CA1 region
of the hippocampus. Victor, Adams, & Collins (1971) reported that eight of twenty two
Korsakoff subjects showed some involvement of the hippocampus. Also Jernigan,
Schaffer, Butters, and Cermak (1989) found a small but significant reduction in volume
of grey matter on MRI of a sector of medial and posterior-inferior cortex, which ap-
peared to include the hippocampus and parahippocampal gyrus. Finally, Squire, Amaral
and Press (1990), in a MRI study of four Korsakoff patients, reported normal sized
temporal lobes, hippocampal formation and parahippocampal gyri for all but one pa-
tient. The findings from radiological techniques cannot rule out the possibility of more
subtle abnormalities such as losses of cell fields in the hippocampus that do not alter
substantially the area of the structure. The inconsistency of the damage to the hippo-
campus, however, would suggest that it is unlikely to be responsible for the memory
impairment, although it may be contributory to mnemonic deficits in some subjects.

In addition to damage of subcortical structures many patients with Korsakoff’s syn-
drome have been shown to have more diffuse cortical damage with a preponderance in
the frontal lobe. Jacobson and Lishman (1990) assessed the brains of Korsakoff amne-
sics and non-Korsakoff alcoholics using computerised tomography (CT). Both groups
showed evidence of frontal shrinkage, although this was greater in the Korsakoff pa-
tients. Mayes, Meudell, Mann and Pickering (1988) demonstrated reduced nucleolar
volumes in layers IIl and V of the frontal cortex at post-mortem of two Korsakoff pa-
tients. Only one showed visible signs of cortical atrophy, this patient also having more
marked neuronal loss. Frontal pathology appears to be a feature of chronic alcoholism
rather than Korsakoff’s syndrome per se. Shimamura, Jernigan and Squire (1988) also
found significant frontal atrophy in alcoholics and patients with Korsakoff’s syndrome
on CT scan and Harper, Kril and Daly (1987) found the number of neurons in the fron-
tal cortex to be markedly reduced in alcoholics with or without Korsakoff’s syndrome.

Relevant to the MB/MD debate is the famous case of N.A. who sustained a restricted
unilateral lesion of MD by penetration of the brain via the right nostril by a minature
fencing foil (Cohen & Squire, 1980, 1981; Kaushall, Zetin & Squire, 1981; Squire &
Moore, 1979). The deficit exhibited by N.A. is primarily an anterograde amnesia for
verbal material. Although this case has been used as evidence of a lesion restricted to
MD it is doubtful that the foil entered MD without damaging other structures en route
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(Weiskrantz, 1985) and should be viewed with caution. A recent MRI revealed more
extensive damage including the left diencephalaon, bilateral mammillary bodies and the
right anterior temporal lobe (Squire et al., 1988).

Anatomically, then, there appears to be two forms of amnesia although it must be
remembered that there is a substantial degree of interconnectivity between memory
related structures directly and indirectly via cortical connections. For example, the
major afferent of the mammillary bodies is the fornix which originates in the hippo-
campal formation and the main efferent terminates in the anterior nucleus of the thala-
mus. Damage to one structure, therefore, will alter input-output relations in both tempo-

ral lobe and diencephalic structures.

Behaviourally, temporal lobe amnesia and diencephalic amnesia exhibit a number of
similarities and also a number of differences. Parkin (1984) ennumerated five general
symptoms common to both - a) premorbid levels of intellectual functioning are main-
tained, b) immediate memory function remains intact, c) retrograde amnesia is present
in varying degrees, d) a severe anterograde amnesia with performance on long term
memory test at least two standard deviations below the norm, e) a degree of residual
learning capacity is present (skill or procedural learning).

Lack of insight and confabulation have frequently been reported in cases of diencephal-
ic amnesia particularly in Korsakoff’s syndrome (Talland, 1965; Victor, Adams &
Collins, 1971), although this does not appear necessarily to be a permanent feature of
the illness. These characteristics can improve with time but Korsakoff patients do show,
on the whole, a general lack of concern regarding their memory problems. Temporal
lobe amnesics, on the other hand, rarely show lack of insight and confabulation.

Korsakoff patients typically have a retrograde amnesia that extends over several dec-
ades and shows a temporal gradient whereas both H.M.’s (Marslen-Wilson & Teuber,
1975) and R.B.’s premorbid memory does not differ from that of controls. There does
not, however, appear to be a clear cut dissociation between temporal lobe and dience-
phalic amnesia in terms of retrograde amnesia. N.A. has very good premorbid recall
which in fact was significantly better than that of controls (Cohen & Squire, 1981) and
post encephalitic patients show great variability in retrograde amnesia, it often being as

extensive as that exhibited by Korsakoffs’.

There are also differences in the pattern of anterograde amnesia shown by Korsakoff
and temporal lobe patients. Korsakoff patients show greater sensitivity to interference
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on short term memory tasks using the Peterson and Peterson (1959) paradigm (Cermak,
1976; Cermak & Butters, 1981).

These studies do point to functional differences between amnesias of varying aetiology,
and as Parkin (1984) suggests this must be borne in mind when considering studies
using heterogenous amnesic groups. It also suggests that in comparing performance of
Korsakoff patients and Post Encephalitic patients on the same tasks useful information

can be elicited concerning brain behaviour relations.

2.3.2. Amnesics’ temporal processing.

It has long been noted that amnesics show disturbances in temporal judgments. Wil-
liams & Zangwill (1949) found Korsakoff and post-ECT patients often tend to overes-
timate how long ago recent events occurred, although the ECT patients also sometimes
underestimated the time of occurrence of events. H.M.’s temporal judgments have been
claimed to be normal up to intervals of 20 secs, after which he grossly underestimates
time, (Richards, 1973) which points to involvement of medial temporal lobe structures
in temporal judgment in humans. Oscar-Berman, Zola-Morgan, Oberg & Bonner (1982)
suggested that temporal disturbances in Korsakoff patients are also due to limbic system
damage although they do show deficits in tasks sensitive to frontal lobe damage in non-
human primates. This study by Oscar-Berman et al. (1982) tested Korsakoffs, and
alcoholic and normal controls on a DRL schedule. Korsakoff patients were impaired at
all intervals (3, 6, 12 and 18 secs) compared to the controls.

There is a clear need to clarify the effects of frontal lobe dysfunction on amnesia, espe-
cially Korsakoffs amnesia. Patients with restricted frontal lobe lesions do not exhibit a
full blown amnesic syndrome (Ghent, Mishkin & Teuber, 1962; Stuss, Kaplan, Benson,
Weir, Chiulli & Sarazin, 1982), but prefrontal damage does result in cognitive impair-
ments that influence the successful functioning of memory. For example, there are

disorders of attention, planning, monitoring and use of feedback (Stuss, 1986).

In addition there appear to be deficits in the ordering and handling of sequential beha-
viours and the ability to discriminate items in memory temporally. Corsi (cited in
Milner, 1971) presented frontal lobe patients with two lists of common words and
required a two choice recognition task and a two choice recency judgement task. Pa-
tients with unilateral right and left frontal damage performed normally on the recogni-
tion task but patients with left frontal damage were impaired on the recency task.
Lewinsohn, Zieler, Libet, Eyeberg & Neilson (1972) extended this finding to recency

judgements of pictures as well as words.
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In addition to deficits in temporal order memory patients with frontal damage also
perform poorly on memory tasks requiring sequential organization (Milner, 1982). The
frontal lobe, therefore, is thought to be involved in the sequential ordering of events and
there is evidence to suggest that it is also involved in temporal estimations but ina
qualitatively different way to the hippocampus. Using the discrete trial peak-interval
procedure Meck, Church, Wenk & Olton (1987) showed that whereas fornix lesioned
rats remembered the time of reinforcement as occurring earlier than it did, rats with
frontal lesions remembered the time of reinforcement as occuring later. How far deficits
in amnesics’ temporal order judgements can be attributed to frontal dysfunction will be

discussed later.

Amnesics generally show high levels of proactive interference. In Korsakoff subjects
concurrent learning is consistently and significantly worse than individual pair learning
even when the pairs had previously been acquired individually (Oscar-Berman & Zola-
Morgan, 1980). When learning successive paired associate lists in which the same
stimulus terms were paired with different response terms (AB-AC paradigm) amnesic
patients show a tendency to intrude first list responses into second list recall (Kins-
bourne & Wood, 1980; Mayes, Pickering & Fairbairn, 1987; Warrington & We