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Abstract 

Latent inhibition (LI) consists in a retardation of conditioning seen when the to-be-conditioned stimulus is first presented a 
number of times without other consequence. Disruption of LI has been proposed as a possible model of the cognitive abnormality 
that underlies the positive psychotic symptoms of acute schizophrenia. We review here evidence in support of the model, including 
experiments tending to sh¢w that: (1) disruption of LI is characteristic of acute, positively-symptomatic schizophrenia; (2) LI 
depends upon dopaminergic activity; (3) LI depends specifically upon dopamine release in n, accumbens; (4) LI depends upon the 
integrity of the hippocampal formation and the retrohippocampal region reciprocally connected to the hippocampal formation; 
(5) the roles of n. accumbens and the hippocampal system in LI are interconnected. 
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1. Introduction 

If a stimulus is repeatedly presented without other 
consequence ('preexposure') and is subsequently used as 
the conditioned stimulus (CS) in a standard Pavlovian 
conditioning paradigm, the preexposed (PE) CS devel- 
ops a weaker association with the unconditioned stimu- 
lus (US), as measured by the strength of the ensuing 
conditioned response (CR), than does a non-preexposed 
(NPE) CS. This difference between the CRs evoked by 
PE and NP E  CSs, respectively, is the phenomenon of 
latent inhibition (LI). Most often, different groups of 
subjects are conditioned with PE and NPE  CSs, respec- 
tively. In that case, LI is measured as the difference in 
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the efficacy of conditioning between the preexposed and 
nonpreexposed groups. This between-subjects approach 
may, however, be complemented by within-subject 
designs, in which all subjects receive both PE and NPE  
CSs and LI is measured as the difference in the efficacy 
of conditioning between the two CSs [29,45]. Unless 
otherwise stated, all experiments described here used 
between-subject designs. 

First described by Lubow and Moore [50],  LI has 
subsequently been the subject of considerable investiga- 
tion [49] in many species, including Man. The experi- 
ments from our laboratories, reviewed below, have used 
both rats and human subjects. In the former case, we 
typically assess LI using an off-the-baseline conditioned 
emotional response (CER) procedure in animals licking 
for water [18,67,75]. In this procedure, after initial 
baseline training to lick in animals on restricted water, 
CS preexposure and CS-footshock pairings are both 
conducted without access to water, and the CS is then 
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presented to the rat while it is again licking; CR magni- 
tude is measured by the degree of lick suppression during 
the CS. LI consists of lower suppression of licking in 
response to the CS in the PE as compared to the NPE 
animals. With human subjects, our usual procedure is 
based upon that of Ginton et al. [22]. Subjects first 
listen to a tape recording of nonsense syllables, with 
instructions to count the number of times one of them 
recurs. In the PE condition, bursts of low-intensity white 
noise (the CS) are randomly superimposed on the record- 
ing. Subsequently, still listening to the tape recording, 
subjects are asked to predict when a counter display will 
be incremented; increments (the US) are preceded for 
all subjects by the white noise CS, and the number of 
trials taken to detect this contingency is the measure of 
conditioning. 

2. LI and schizophrenia 

The relevance of LI (more exactly, of disruption in 
LI) to the deficit in the ability to ignore irrelevant stimuli 
that has been extensively documented in schizophrenia 
(for review, see Ref. [31]) was initially pointed out by 
groups in Massachusetts [59] and Tel Aviv [74,75]. 
These groups both reported that LI is attenuated or 
abolished in the rat by systemic administration of 
the indirect dopamine (DA) agonist, amphetamine. 
Neuroehemically, the relevance to schizophrenia of this 
observation derives from the fact that indirect DA 
agonists, including amphetamine [52], have psychoto- 
mimetic effects, while DA receptor antagonists, such as 
haloperidol, are used therapeutically as anti-psychotics 
[6,30,52,62]. Psychologically, its relevance lies in the 
fact that at least some positive psychotic symptoms [ 11 ] 
can be regarded as reflecting a diminished tendency to 
screen out redundant stimuli from processing [1,20], a 
description that seems also to apply well to an amphet- 
amine-treated rat learning about a CS in spite of pre- 
exposure, which in a (placebo-treated) control rat leads 
to its relative disregard. 

In the 13 years since publication of these seminal 
observations, LI and its relation to schizophrenia have 
become the focus of increasingly intense interest 
[14,15,43,69]. This interest is largely based upon the 
assumption that the attenuation of LI by amphetamine 
in the rat presents a viable experimental model of 
positive psychotic symptoms in Man. We have recently 
embedded this assumption in a model of the neural 
substrate of LI [69], considered in more detail below, 
as well as in a general neuropsychological theory of 
positively-symptomatic schizophrenia [26]. This theory 
has in part been formulated mathematically as a neural 
network [58]; and also related in detail to clinically 
observed symptoms [32,33], and in outline to the 

aberrations of conscious experience that these symptoms 
reflect [23-25]. 

At the psychological level, our central hypothesis 
[26,31,69] states that the cognitive deficits of acute, 
positively-symptomatic schizophrenia stem from disrup- 
tion of the normal ability to use past regularities as a 
guide to current information processing. Within this 
framework, we treat LI as a case in which the initial 
regularity, to-be-CS leading to no consequence, is followed 
by the requirement to learn a conflicting regularity, 
which in our standard conditioned suppression para- 
digm with rats (Fig. 1) is CS-shock or, in our human 
paradigm [2,3], CS-counter increment. In the absence 
of pathology or drug treatment, this sequence of conflict- 
ing regularities normally leads to retarded learning of 
the CS-US association (that is, to LI). In animals which 
fail to show LI or show reduced LI (e.g., after amphet- 
amine treatment), the influence of the past regularity is 
diminished and they are controlled by the most recent 
(i.e., the CS-US) regularity. In terms of symptomatology, 
Hemsley has, in a series of papers [31-33], provided 
support for the general theory by showing how, given 
this analysis, blockade of LI can give rise to such positive 
psychotic symptoms, well documented in the early stages 
of schizophrenia, as hyper-vigilance; and similarly how 
blockade of the closely related Kamin blocking effect 
[38,41], can give rise to delusional beliefs (elaborated 
in detail by Garety and Hemsley [21]). 

For the theory to be taken seriously, however, at least 
two further empirical observations are essential. 

First, it is necessary to show that amphetamine also 
blocks LI in Man. This is indeed the case, as we have 
reported [27] and further replicated (J. Thornton et al., 
unpublished data). Furthermore, as in the rat [75,76], 
the effect of amphetamine is primarily due to increased 
learning in the PE condition and is inversely dose- 
dependent (low doses block or attenuate LI, high doses 
preserve it). The reason for this inverse dose dependence 
of the amphetamine effect on LI is unclear, but may be 
connected [73] to the fact that low doses of this 
compound release DA more effectively [ 13,34,56] in the 
nucleus (n.) accumbens than in the caudate-putamen, 
the other major region of the basal ganglia to receive 
ascending dopaminergic afferents. We return to the role 
of n. accumbens below. 

Second, it is necessary to show that schizophrenics 
themselves show abnormal LI. Since, however, the effect 
of amphetamine upon LI is reversed in the rat [59,67] 
by concomitant administration of DA-receptor antago- 
nists with anti-psychotic properties (a finding that is, of 
course, itself consistent with the hypothesis that dis- 
rupted LI is a model of psychotic behaviour), one would 
not necessarily expect to observe abnormal LI in chronic 
schizophrenics maintained on such medication. One 
would expect, however, to see disrupted LI in the acute 
stage of the illness, before neuroleptic treatment has had 
time (typically 10-14 days) to exert therapeutic effects. 
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Fig. 1. Effect of amphetamine on latent inhibition of conditioned 
suppression of licking for water. (Upper panel) Means and standard 
errors of latency to first lick following tone presentation in the four 
groups as indicated. Analysis of variance carried out on the data from 
the 23 replications revealed no significant interactions of the replication 
factor with any of the other factors and therefore a further ANOVA 
(from which the data shown here are taken) collapsed over replications 
was carried out. This analysis yielded a significant main effect of 
preexposure [F(1,693)=35.2, P<0.001]  as well as a significant 
interaction of preexposure X drug [F(1,693)=4.09, P<0.05] .  As can 
be seen, the attenuation of LI was due primarily to longer latencies 
to drink (increased suppressior) in the amphetamine-preexposed (PE) 
group compared with the vehicle-PE group, whereas in the amphet- 
amine-nonpreexposed (NPE) group there was a trend in the opposite 
direction, i.e., shorter latencies (decreased suppression) compared with 
the vehicle-NPE group. (Lower panel) Means and standard errors of 
latency to first lick following tone presentation in the four groups, 
after a division of the 23 replications into three categories according 
to the degree of suppression exhibited by the vehicle-NPE groups. 
LOW, mean latency <75 s; MEDIUM,  mean latency 75 to 150 s; 
HIGH, mean latency > 150 s. The ANOVA yielded a significant main 
effect of degree of suppression [-F(2,631) = 35.8, P < 0.001 ], a significant 
main effect of preexposure 1-F(1,631)=38.4, P<0.001] ,  as well as a 
significant preexposure x drug interaction I-F( 1,631 ) = 4.20 P < 0.05 ]. 
There were no significant interactions between the factor of degree of 
suppression and any of the other factors. As can be seen, at all three 
degrees of suppression the /~,mphetamine-preexposed groups were 
more suppressed than the Vehicle-preexposed groups and in no case 
were the Amphetamine-nonpreexposed groups more suppressed than 
the Vehicle-nonpreexposed groups; if anything, the trend was in the 
opposite direction. 

This, indeed, is the case: LI is absent (even marginally 
reversed) in the first 2 weeks of a schizophrenic episode, 
and is restored to more-or-less normal levels after 8 
weeks of neuroleptic treatment, as well as in more 
chronic (>3 months illness) cases [2,28]. As with 
amphetamine treatment in normal subjects, the effect of 
acute schizophrenia upon LI is due to changes in the 
PE condition. Very importantly, acute schizophrenics in 
this condition actually learn faster than normal subjects, 
ruling out artefacts due, e.g., to poor motivation, distrac- 
tion caused by psychotic symptoms, adverse drug 
effects etc. 

While these results point to a relationship between LI 
disruption and the early stages of a schizophrenic illness, 
it is not clear at present how tightly linked such disrup- 
tion of LI is to positive symptoms. In general, the anti- 
psychotic effects of neuroleptics are exerted principally 
against these symptoms; and, conversely, the psychotic 
state sometimes caused by amphetamine is characterised 
by positive symptoms [52]. Moreover, Hemsley 
[31-33] has cogently argued the case that it is indeed 
these symptoms that would arise from the kind of 
breakdown in normal information processing that atten- 
uated LI represents. Our first report [2] of loss of LI in 
acute schizophrenics was consistent with this emphasis 
on positive symptoms, since the scores on a measure 
(from the Brief Psychatric Rating Scale) of these, but 
not of negative symptoms, were positively related to this 
loss. However, in our second study [28], the acute and 
chronic groups of medicated patients were well matched 
for positive-symptom score, and yet LI was absent in 
the former but present in the latter. This result suggests 
that LI is more sensitive to DA receptor blockade than 
are positive symptoms, and therefore perhaps reflects 
this pharmacological action fairly directly. An interpreta- 
tion along these lines would be consistent with the fact 
that, in rats, acute administration of neuroleptics suffices 
to enhance LI [ 18,54], as well as to antagonize amphet- 
amine-induced attenuation of LI [67]. However, in a 
further study [29], with never-medicated patients and 
using a within-subject LI paradigm, we found a linear 
relationship between duration of illness and the magni- 
tude of the LI effect in the absence of any drug treatment. 
LI was absent at the start of the illness (confirming our 
earlier results using between-group comparisons [2,28 ]), 
but then gradually returned to normal values (the cross- 
over occurring at about 1 year into the episode). This 
result suggests that anti-psychotic medication hastens a 
process of normalization of LI that takes place anyway 
over the course of a schizophrenic illness. 

All of the above data are consistent with the hypothe- 
sis that disrupted LI is a state marker, either induced 
by a drug that enhances DA release or by the acute 
stages of a schizophrenic episode. To complicate matters 
further, however, there is clear evidence that the magni- 
tude of LI is also a trait marker, since there have now 
been at least four reports that normal subjects with high 
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scores on questionnaires measuring schizotypy show 
significantly reduced LI relative to subjects with low 
schizotypy scores [ 3,12,47, 51 ]. 

These issues clearly require resolution. Nonetheless, 
the data base linking disrupted or reduced LI to the 
acute stage of schizophrenia and to heightened dopa- 
minergic transmission is now sufficiently strong to war- 
rant detailed study of the mechanisms underlying these 
links. In the remainder of this paper, therefore, we 
consider evidence from animal experiments as to the 
brain mechanisms that mediate LI and its attenuation. 

3. Dopamine and LI 

The initial observations [59,74,75] that, in the rat, 
LI is attenuated by systemic adminstration of amphet- 
amine has been extensively replicated [69] and extended 
to a second indirect DA agonist, nicotine [39]. In each 
case, the effect on LI is reversed by DA-receptor antago- 
nists: the effect of amphetamine by haloperidol and 
chlorpromazine [ 59,67]; and that of nicotine by haloper- 
idol, raclopride (a DA-2 antagonist) and SCH-23390 (a 
DA-1 antagonist) ([39]; and Peters and Joseph, unpub- 
lished data). In addition, a wide range of DA receptor 
blockers and other drugs with antipsychotic effects, given 
on their own without agonist treatment, potentiate LI; 
that is, the drugged animals show retarded learning in 
the PE condition with a restricted number of PE trials 
that are too few for undrugged animals to show LI 
[9,14,17-19,44,54,70-72,77,78]. 

As with all putative drug-induced alterations in cogni- 
tive processes, there are potential less interesting effects 
that could take on a cognitive mask. One such possible 
artefact arises from the fact that amphetamine and other 
such psychostimulants increase locomotor activity. This 
factor can almost certainly be ruled out as an explanation 
of the key results. First, the enhanced learning seen in 
amphetamine-treated PE animals takes the form, in our 
basic experimental paradigm, of increased conditioned 
suppression of drinking, and this would normally be 
taken to indicate reduced locomotor activity. Second, 
for LI to be reduced, it is not necessary to administer 
amphetamine at the time at which conditioning is tested, 
and indeed in the majority of relevant experiments it 
has not been administered at that time. 

A further possibility, suggested recently, is that the 
effect of amphetamine on LI is an artefact of a drug- 
induced increase in general learning capacity and/or in 
the functional impact of the unconditioned stimulus 
(US), coupled with floor or ceiling effects [43]. In the 
conditioned suppression procedure, this suggestion 
implies that amphetamine acts by increasing the under- 
lying conditioned response non-differentially in the PE 
and NPE groups, but that this change is not fully 
apparent in NPE animals because suppression in the 
placebo control condition is already so great. However, 

Weiner et al. (in preparation) have conducted a meta- 
analysis based on 23 replications of the effect of amphet- 
amine on LI (extracted from all experiments performed 
during the last 3 years in the Tel-Aviv laboratory). These 
experiments all used conditioned suppression of licking 
for water, and the results, obtained with four different 
measures of suppression, show that, irrespective of which 
one is used to assess performance, LI is significantly 
attenuated due to drug-induced increased suppression 
in the PE groups only. 

Fig. 1 presents a representative outcome obtained with 
one of these measures, latency to emit the first lick 
following CS presentation. There is no indication that 
amphetamine increases suppression in the NPE groups 
(if anything, there is a tendency in the opposite direction). 
Furthermore, when Weiner et al. divided the 23 replica- 
tions into three categories according to the degree of 
suppression exhibited by the NPE vehicle groups, this 
variable did not interact with amphetamine administra- 
tion, as should have been the case if floor or ceiling 
effects were involved. Thus, the attenuation of LI by 
amphetamine is clearly due to better learning in only 
the PE groups. 

These data clearly implicate DA in LI. They do not 
on their own, however, elucidate which dopaminergic 
system influences LI. A number of other lines of evidence 
implicate specifically the mesolimbic dopaminergic pro- 
jection from n. A 10 in the ventral tegmental area (VTA) 
to n. accumbens. 

4. Role of the nucleus accumbens 

First, LI is disrupted [73] by low, hyperactivity- 
inducing, doses of amphetamine that are considered to 
produce their effects primarily via the mesolimbic DA 
system, but not by high, stereotypy-producing doses, 
which act primarily via striatal DA mechanisms, e.g., 
[10,42,55,61]. 

Second, systemic nicotine, at the haloperidol-reversible 
doses that block LI [39], causes an increase in extracel- 
lular DA (measured by in vivo intracerebral microdia- 
lysis) in n. accumbens to a much greater extent than in 
the caudate-putamen [5], again suggesting that the 
nigrostriatal pathway is unlikely to be involved. 

Third, S. Peters et al. (unpublished data) have shown 
that destruction of dopaminergic terminals within n. 
accumbens by local injection of the catecholamine- 
specific neurotoxin, 6-hydroxydopamine (6-OHDA), 
reducing DA content by 80% in this region but without 
significant change in striatal DA content, potentiates LI 
(thus acting like systemic haloperidol). Their first experi- 
ment was somewhat complex: half the lesioned animals 
also had excitotoxic lesions of the forebrain cholinergic 
projection system (FCPS), and all had participated in 
other behavioural tests before the LI task. This previous 
history may account for the fact that control animals 
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(that is, those without the accumbal lesion) failed to 
show LI under conditions (40 preexposure trials) in 
which LI is normally observed (Fig. 2). Nonetheless, the 
results were clearcut: the 5-OHDA accumbens lesion led 
to the appearance of significant LI that was independent 
of the presence or absence of the additional FCPS lesion 
(Fig. 2). A further experiment, using naive animals with 
only 6-OHDA lesions of n. accumbens and a small 
number of preexposure trials (10) at which LI was, as 
expected, not present in. the sham-operated controls, 
replicated this key result: LI again occurred in the 
lesioned animals. 

Fourth, using the same paradigm (10 preexposure 
trials), Peters et al. (unpublished data) have been able to 
potentiate LI also by administration of haloperidol 
directly into n. accumbens. 
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Fig. 2. Effects of 6-hydroxydopamine (6-OHDA) lesions of n. accum- 
bens (N.Acc) upon latent inhibition of conditioned suppression of 
licking for water. Rats were divided into four lesion conditions: sham 
operations (Con); 6-OHDA injections into n. acc. (Dop); AMPA 
injections into the medial sel?tal area/diagonal band and nucleus 
basalis, damaging the forebrain cholinergic projection system (FCPS); 
or both of these lesions (COMB). Behavioural procedures as in 
Ref. [39]. PE, preexposed; NPE, nonpreexposed. Fig. 2A presents the 
data in the form of suppression ratios. Since there was no interaction 
between the N.Acc and FCPS lesions, the data have been combined 
in Fig. 2B, presented as latency to complete 10 licks after presentation 
of tone at test. N.Acc. lesion, combined Dop and COMB groups; 
Control, combined Con and FCPS groups. Interaction between 
6-OHDA lesion and preexposure, F(1,59)=5.76, P<0.02. (Peters 
et al., in preparation.) 

Fifth, destruction of principal cells in the medial n. 
accumbens electrolytically or by local injection of the 
excitotoxin, ibotenate, reduces LI ([63]; Weiner et al., 
in preparation). Conversely, Weiner et al. (unpublished 
data) have found that animals with lesions of either the 
dorsolateral or the medioventral striatum (the latter 
without encroachment upon n. accumbens) show no 
changes in LI. 

Sixth, measurements [80] of extracellular DA in n. 
accumbens by dialysis during the LI paradigm show 
changes that can account for the effects on LI of drugs 
that affect dopaminergic transmission. Thus, if condition- 
ing to a foot-shock US is carried out using a novel CS, 
the CS subsequently elicits conditioned DA release; if, 
however, the CS has first been preexposed, it fails 
subsequently to elicit conditioned DA release [80]. 
Concurrent measurement of extracellular DA in the 
caudate-putamen fails to show similar stimulus-related 
changes (Young, unpublished data). 

Note that, in these dialysis experiments, the foot- 
shock itself elicited DA release in n. accumbens; further- 
more, the magnitude of this DA release was enhanced 
during the Pavlovian pairings of the foot-shock with a 
novel (but not with a preexposed) CS [80]. This raises 
the possibility that conditioning of accumbal DA release 
to a CS depends upon the use, as US, of a biological 
reinforcer capable of eliciting DA release on its own. 
Such a possibility would be consistent with the general 
view, supported by substantial evidence, that accumbal 
DA release constitutes a critical step in the neural 
mediation of the reinforcing effects of biologically prepo- 
tent stimuli, such as food and pain [62]. However, our 
human LI paradigm does not employ stimuli of this 
kind, only nonsense syllables as a masking task, bursts 
of white noise as CS and counter increments as US. It 
is therefore possible that the conditioned DA release 
observed by Young et al. [80] in response to a CS 
associated with foot-shock would not occur in the human 
LI paradigm. In order to investigate this possibility, we 
(Young et al., in preparation) therefore applied dialysis 
to n. accumbens and the caudate during a conditioning 
task in which neither CS nor US (tones and lights) were 
biological reinforcers or capable, on their own, of elicit- 
ing detectable DA release. During Pavlovian pairing of 
these stimuli (but not in response to randomly 
intermixed presentations), we observed elevated DA 
release in n. accumbens, but not in the caudate. 

These results call into question the prevailing view 
that accumbal DA release is specifically sensitive to 
biological reinforcers. They suggest, rather, as indeed 
does the whole body of evidence (summarised above) 
linking accumbal DA transmission to LI, that this 
transmitter event reflects the salience and/or associability 
of the stimuli that elicit it [80]. In addition, these results 
increase the likelihood that associative learning in our 
human LI paradigm is linked to DA release in n. 
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accumbens, even though this paradigm makes no use of 
biological reinforcers. 

5. The effects of amphetamine on LI 

All these findings are consistent, then, with the hypoth- 
esis that the key site of DA release underlying disruption 
of LI lies in n. accumbens [26,69]. At first sight, one 
might also predict from this hypothesis that direct 
injection into n. accumbens of amphetamine would 
mimic the effects of systemic amphetamine in blocking 
LI. This prediction, however, is at present surrounded 
by uncertainty, both empirically and theoretically. 

Empirically, results in line with the prediction were 
reported by Solomon and Staton [60], but these were 
not replicated in a novel, within-subject paradigm by 
Killcross and Robbins [45]. The results reported by the 
latter authors suggest that local micro-injection of saline 
into n. accumbens may tend to reduce LI (compare the 
results of their local and systemic vehicle injection groups 
in experiments 2 and 3, respectively). Changes of this 
kind are, of course, themselves consistent with a critical 
role for n. accumbens in LI. However, they would tend 
to obscure any effect of intra-accumbens amphetamine 
on LI. Thus, since even small lesions in n. accumbens 
can reduce LI [63], caution is needed in interpreting 
the effects on LI of direct manipulation of this structure. 

Killcross and Robbins [45] concluded on the basis 
of their failure to disrupt LI by intra-accumbens injection 
that the mesolimbic DA system is not involved in LI. 
However, theoretically, the derivation of the relevant 
prediction is in any case unclear. Our critical assumption 
is that systemic amphetamine blocks LI by causing DA 
release in n. accumbens. (In apparent contradiction of 
this assumption, Konstandi and Kafetzopoulos [46] 
have been cited [43] as showing that lesions of the 
dorsal striatum, but not of n. accumbens abolish the 
ability of systemic amphetamine to attenuate LI. 
However, since amphetamine, unusually, failed to alter 
LI in the sham-operated controls in their experiment, 
Konstandi and Kafetzopoulos' lesion effects are uninter- 
pretable.) It does not necessarily follow, however, from 
the assumption that systemic amphetamine acts via n. 
accumbens DA release that intra-accumbens amphet- 
amine should mimic the effects of systemic amphetamine. 
Indeed, there are grounds for making exactly the oppo- 
site prediction. These grounds have emerged from recent 
experiments [66] on sensitization of the effects of sys- 
temic amphetamine on DA release in n. accumbens. The 
context for these neurochemical experiments was set by 
earlier results from psychopharmacological experiments 
that will need to be outlined first. 

Recall that, at the psychological level, our hypothesis 
[26,31,69] holds that the cognitive deficits of acute, 
positively-symptomatic schizophrenia (which we attempt 
to model by blockade of LI) stem from impairment in 

the normal ability to use past regularities as a guide to 
current information processing. If disruption of LI stems 
from such an inability to integrate past with current 
regularities, it might then be possible to demonstrate 
effects of dopaminergic manipulations confined to the 
conditioning stage of LI [69]. 

Consistent with this expectation, it has been shown 
that neither for amphetamine-induced disruption, nor 
for neuroleptic-induced potentiation, of LI is drug 
administration in the preexposure stage sufficient. Thus, 
animals preexposed under amphetamine (either with 
acute administration or following repeated treatment), 
but conditioned without the drug, show intact LI 
[75,76]. Similarly, animals preexposed under haloperi- 
dol, but conditioned without it, show a normal, non- 
potentiated LI effect [72]. Moreover, Peters and Joseph 
[54] have shown that haloperidol potentiates LI when 
administered only in conditioning. In addition, systemic 
nicotine blocks LI, and this effect is reversed by DA 
receptor antagonists, if these drugs are given only in the 
conditioning phase ([39]; and Josephe et al., unpub- 
lished data). Finally, the difference between PE and 
NPE CSs in their capacity to affect extracellular DA in 
n. accumbens is first seen in the conditioning phase 
[80]. Thus, attenuation of LI by DA agonists, and its 
potentiation by DA antagonists, appear indeed to be 
due to alterations in dopaminergic transmission that 
occur at the time of integration of past regularities with 
current information processing. In agreement with the 
results of these animal experiments, in a study of choice 
reaction time in schizophrenics which specifically com- 
pared the hypotheses that such patients (1) have 
impaired selective attention (a plausible alternative 
description of the processes underlying disrupted LI) or 
(2) fail to integrate past with current experience, the 
second hypothesis was supported [37]. 

In contrast to the effects on LI, outlined above, of 
haloperidol and nicotine given only at the time of 
conditioning, previous experiments using amphetamine 
[76] have found that this compound does not disrupt 
LI when given once only in conditioning, a result which 
we have recently replicated (Warburton and Joseph, 
unpublished data). Rather, amphetamine needs to be 
administered twice, at the time of both preexposure and 
conditioning. Furthermore, this double-dose regime is 
itself not effective if preexposure and conditioning ses- 
sions are separated by only 30 min, and the injections 
occur before each session, whereas LI is reliably attenu- 
ated if these sessions and injections are separated by a 
24-h interval. Thus, the requirement for amphetamine 
to attenuate LI is not simply that it must be present at 
the time of both preexposure and conditioning. For this 
reason, and following the model of Robinson and Becker 
[ 57] of amphetamine-induced sensitization, Weiner et al. 
[76] proposed that disruption of LI by amphetamine 
requires behavioural sensitization, with the injection 
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during preexposure serving only to sensitize the animal 
to the second injection in conditioning. 

In line with this suggestion, recent unpublished work 
in Tel Aviv has demonstrated that, under certain condi- 
tions, it is not necessary for the first of the two adminis- 
trations of amphetamine to precede the behavioural 
experience of preexposure. In this experiment animals 
received either amphetamine or vehicle twice, 30 min 
after preexposure and just prior to conditioning (the 
preexposure and conditioning sessions themselves being 
separated by 24 h), and were further divided into two 
conditions: following the post-PE injection, they were 
placed back either into the home cages or into the 
experimental chambers in which conditioning was to 
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Fig. 3. Effect of environment subsequent to post-preexposure injection 
of amphetamine on latent inhibition of conditioned suppression of 
licking for water. Mean suppre~;sion ratios, calculated as A/(A+B), 
where A is the time to complete 25 licks prior to tone CS presentation 
and B is the time to complete 25 licks after CS presentation. Groups 
were either preexposed (PE) or non-preexposed (NPE) and injected 
twice with either vehicle or amphetamine (1 mg/kg). The preexposure 
and conditioning sessions were separated by an interval of 24 h. The 
first injection was made 30 rain after the preexposure session. 
Immediately following this injection, half of the animals were returned 
to the experimental chamber for 30 min, and half were returned to 
their home cages. The second injection was made 10 min before the 
conditioning session. As can be seen, amphetamine disrupted LI if, 
immediately after the first injection, the animals were returned to the 
experimental chambers, but not if they were returned to their home 
cages. Thus, the presence of the drug during preexposure is not 
required for this action of the drug. A 2 x 2 x 2 ANOVA with main 
factors of preexposure (0 vs. 4.0 trials), drug (vehicle vs. 1 mg/kg 
amphetamine) and location after first (post-preexposure) injection 
(home cage vs. experimental chamber) yielded significant main effects 
of preexposure, F(1,40)= 8.59, P <0.006, and location, F(1,40)=4.31, 
P<0.05, as well as a significant preexposure x drug x location inter- 
action, F(1,40)=8.88, P<0.005. The 1 SE bar indicates the standard 
error derived from the ANOVA. 

take place. There was a clear abolition of LI (see Fig. 3) 
when animals were returned to the experimental cham- 
bers, but not when they were put back into their home 
cages. However, since the size of the LI effect in the 
saline controls was considerably smaller in the latter 
condition, the apparent lack of amphetamine effect here 
should be interpreted with caution. 

Nonetheless, the results in the condition in which, 
after the first amphetamine injection, the animals were 
returned to the experimental chambers are important in 
two respects. (i) They show that, like nicotine and 
haloperidol, amphetamine can affect LI if it is present 
during conditioning but not during preexposure. (ii) 
They support the suggestion that the need to use two 
doses of amphetamine to block LI is due to sensitisation 
of the response to the drug by the first injection, rather 
than to any drug-induced alteration of information 
processing at the time of preexposure. In addition, the 
difference between the animals returned after the first 
amphetamine injection to the experimental chamber or 
home cage, respectively, suggests that the effect of this 
first injection may be context dependent. This interpreta- 
tion would be in agreement with other data demonstrat- 
ing that amphetamine sensitisation is context 
dependent [40]. 

There is, however, an alternative possible account of 
the results presented in Fig. 3. As pointed out by an 
anonymous referee, the first injection of amphetamine 
may have interacted with a memory of the preexposure 
session that was contextually reactivated only in those 
animals replaced, after this injection, into the experimen- 
tal chamber. Further experimentation is needed to deter- 
mine whether, as suggested by the first of the above 
accounts, the critical factor influencing these results is 
the context-dependence of the neurochemical process of 
amphetamine sensitisation; or whether, as suggested by 
the second, amphetamine has to interact with the infor- 
mation processing engaged by preexposure, albeit after 
the event (i.e., after contextual reactivation into memory). 
Whatever the mechanisms underlying the empirical 
pattern of context dependence displayed in Fig. 3, this 
pattern could explain earlier failures (in both the Tel 
Aviv and London laboratories) to block LI when the 
first administration of amphetamine was after the preex- 
posure sessio.n, since in these experiments the animals 
were then returned to their home cages. 

Our neurochemical experiments [66,68] have pro- 
vided further support for the sensitisation hypothesis, 
and thrown important new light upon the difference 
between nicotine (which needs to be administered only 
once to block LI) and amphetamine (which, as we have 
seen, must be administered twice). Our data suggest that 
the critical factor underlying this difference is the extent 
to which DA release provoked by these procedures is 
impulse-dependent. It is well known that the action of 
a single treatment with amphetamine in releasing DA is 
not impulse-dependent (e.g., [36]). In line with such 



26 Jeffrey A. Gray et aL/Behavioural Brain Research 71 (1995) 19-31 

earlier reports, we have used dialysis to confirm that the 
DA response to a single dose of amphetamine (1 mg/kg) 
is independent of calcium in the perfusion medium. Two 
treatments with this dose 24 h apart (a schedule which 
does disrupt LI) result, however, in a potentiated DA 
response (about doubled in size; Fig. 4a), and the 
increased part of this response is calcium dependent 
[66,68] (Fig. 4b). These observations suggest that, in 
order to block LI, increased DA release in n. accumbens 
must be calcium dependent. Presumably, this reflects 
dependence upon increased impulse traffic along the 
mesolimbic dopaminergic pathway. This hypothesis can 

account for the difference between, on the one hand, 
nicotine (which releases n. accumbens DA in conse- 
quence of an action on A 10 neurones in the VTA [53]) 
and two doses of amphetamine, which attenuate LI, and 
on the other, one dose of amphetamine, which does not. 
It can also account for the failure of direct DA receptor 
agonists, such as apomorphine, to block LI [ 16]. In the 
light of the discussion, above, concerning the possible 
role of context-dependence in determining the effects of 
amphetamine upon LI, it is clearly important to establish 
whether the increased accumbal DA release elicited by 
a second administration of this compound (Fig. 4) 
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Fig. 4. Extracellular dopamine levels in nucleus accumbens following amphetamine. Microdialysis was conducted 1 week after guide cannula 
implantation, and 1 day after probe implantation. 15-rain dialysate samples were collected from 30 min post probe implantation; all data are mean 
(_ SEM) percentages of the basal dopamine levels measured during the 2nd hour of collection. (a) The effect on extraceUular dopamine of one or 
two amphetamine administrations. In both cases amphetamine (1 mg/kg, i.p.) was given after the seventh sample, i.e., to arrive in the brain 2 h 
after starting collection. In the single administration group (amp) animals were pretreated with saline 24 h earlier; in the two administration group 
(amp/amp) animals had received pretreatment with amphetamine (1 mg/kg, i.p.) at this time. Basal dopamine was not significantly altered 24 h 
after amphetamine pretreatment (b) Calcium dependence of the dopamine response to amphetamine. Switching the dialysis medium from 2.2 mM 
calcium to equimolar magnesium after 1 h resulted in a 70-80% reduction in dopamine (open bars). As expected, the dopamine response to single 
amphetamine was not significantly affected by substitution of magnesium for calcium (data not shown). However, in amphetamine pretreated 
animals (amp/amp), the potentiated response to amphetamine (given at the point indicated as '3h') was significantly reduced (P<0.02 at 0-1 h, 
P<0.005 at 1-2.5 h post amphetamine, by analysis of area under the curve) by this substitution ( - C a  ++ amp/amp), to a level which was not 
significantly different from the response to single amphetamine, with or without calcium. 
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depends upon similarity of context at the times of the 
two injections. 

If the 'impulse-dependence' hypothesis of the action 
of amphetamine is correct, it has implications for the 
predictions one would make concerning the effects on 
LI of intra-cerebral admiinistration of this compound. 
Vezina I65] reports that sensitisation of the n. accum- 
bens DA response to subsequent systemic or intra- 
accumbens injections of amphetamine requires prior 
injection of the drug into the VTA. It follows, therefore, 
that administration of amphetamine into n. accumbens 
without prior action of the drug in the VTA (whether as 
a result of systemic or local administration) should not 
block LI. As we have seert, this is the result obtained by 
Killcross and Robbins [45], whereas in a similar experi- 
ment Solomon and Staton [60] reported blockade of 
LI. This conflict in the data stands in need of resolution. 

It is not yet known whether the sensitised n. accum- 
bens DA response to amphetamine caused by intra-VTA 
amphetamine in Vezina's [65] experiment is calcium 
dependent, like the seco~ad response to two systemic 
injections (Fig. 4). If it is, we would predict that attenua- 
tion of LI by intracerebral administration of amphet- 
amine would require a first injection into the VTA. 
However, it would still be unclear whether, for such 
attenuation of LI, the second injection (after a first 
injection that is either systemic or into the VTA) would 
need to be given into either n. accumbens, or the VTA, 
or both locations. This issue too requires additional 
investigation. 

A further, related issue is raised by the fact that one 
can reduce LI in human subjects with just one admin- 
istration of amphetamine., ([27]; and Thornton et al., 
unpublished data). This difference from the results 
obtained with rats may arise because, in the human n. 

accumbens, DA release following a single administration 
of amphetamine, at least under our conditions, is 

impulse-dependent. Compared to the drug regime used 
with rats, our human experiments differ in route of 
adminstration (oral vs. intra-peritoneal or subcutane- 
ous), delay between administration and test (90 vs. 10 
min) and dose (5 mg/person vs. 1 mg/kg). These factors, 
alone or in combination, may result in calcium-depen- 
dent (i.e., impulse-dependent) DA release in the human 
case. They are, however, difficult to investigate at the 
human level. A better understanding of the mechanisms 
that underlie impulse-independent vs. impulse-depen- 
dent release in the rat is therefore needed in order to 
evaluate the possible role played by such factors. 

6. The hippoeampal connection 

Apart from these remaining uncertainties as to the 
exact sequence of intracerebral events by which DA 
liberated by amphetamine comes to attenuate LI, all the 
above evidence is consistent with the hypothesis that a 
critical component in this behavioural outcome is release 
of DA in n. accumbens at the time of formation of the 
conditioned response. The detailed model proposed by 
Weiner [69] and Gray et al. [26] goes further, however: 
it claims that LI is influenced by a specific interaction 
between (i) the A 10 dopaminergic afferents to n. accum- 
bens and (ii) the glutamatergic afferents from the retro- 
hippocampal region that terminate upon the same 
GABAergic output neurones in n. accumbens. Much 
evidence is consistent also with this part of our 
hypothesis. 

To begin with, LI is disrupted by large electrolytic or 
aspiration lesions of the hippocampal formation [ 26,69 ]. 
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Fig. 5. The effects of entorhinal cortex lesions and haloperidol on latent inhibition of conditioned suppression of licking for water. Data as mean 
suppression ratios. Solid bars: l?reexposed condition; hatched bars: nonpreexposed condition. ECx, cytotoxic entorhinal lesions, 3 + months after 
localised microinjections of N1V[DA into entorhinal cortex; Veh, shams with vehicle infusion into entorhinal cortex; Unop, unoperated controls. 
(Left panel) 'Haloperidol condition' refers to animals which received haloperidol (0.1 mg/kg, i.p.) prior to preexposure and conditioning; (right 
panel) 'Saline condition' refers 1o animals injected with vehicle saline solution on preexposure and conditioning days. The lower the suppression 
ratio, the more suppressed are the animals. A lower suppression ratio in a non-preexposed condition relative to its corresponding preexposure 
condition constitutes latent inhibition. Note the absence of latent inhibition in the saline-treated ECx animals, but the presence of latent inhibition 
in the haloperidol-treated ECx. 
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Fig. 6. Effects of 5-HT agonists on extracellular levels of dopamine 
and its metabolites, and the serotonin metabolite 5-HIAA, measured 
by dialysis in the n. accumbens. (A) Effects of systemic (s-c) injections 
of saline, 5-HT1A (8-OH-DPAT), or 5-HT1, (RU 24 969) agonists in 
freely moving rats on extracellular levels of dopamine (DA), dopamine 
metabolites (DOPAC, HVA) and the serotonin metabolite 5-HIAA, 
measured in the shell of the n. accumbens. Both serotonergic drugs 
significantly decrease 5-HIAA levels (-25%, P<0.001), but only 
RU 24 969 also increases DA levels (+ 38%, P<0.01); this is therefore 
not secondary to a decrease in serotonin release. Three weeks after a 
fimbria-fornix cut (FF CUT), which interrupts outputs from the 
hippocampal formation, the effect of systemic injections of RU 24,969 
on DA levels in the n. accumbens is abolished, showing that most of 
this effect was mediated by 5-HT1B receptors located in the 
hippocampal formation. (From Ref. [4], and in preparation.) (B) 
Changes in DA release, measured by microdialysis in the shell of the 
n. accumbens of freely moving rats, after ventral subicular microinjec- 
tions (0.8 111/1 min) of 5-HTxA (8-OH-DPAT) or 5-HTtB (RU 24 969 
or S-CM-GTNH 2, which is more selective) agonists. Both 5-HT1B 
agonists induce a 35-38% increase in DA extracellular levels (P < 0.01), 
whereas the activation by 8-OH-DPAT of 5-HT1A heteroreceptors in 
the ventral subiculum has no significant effect compared to saline. 

A recent report by Honey and Good  [35] has demon- 
strated, however, that an axon-sparing excitotoxic lesion 
limited to the major cellular components of the hippo- 
campus (CA1-CA4) and dentate gyrus spares LI, while 
nonetheless eliminating its normal context dependence 

[49],  i.e., dependence upon similarity of context between 
preexposure and conditioning. This result suggests that 
the complete loss of LI  seen after non-axon-sparing 
lesions of the hippocampal formation reflects, at least in 
part, damage to fibres of passage. The most  likely 
pathway involved is that from the retrohippocampal 
region (i.e., the subicular and entorhinal areas, both left 
intact in Honey and Good 's  experiment) to n. accum- 
bens, since damage to this region also disrupts LI ( [79]; 
see Fig. 5). Also consistent with a role for the projection 
from the hippocampal system to n. accumbens is the 
observation that LI is disrupted by severance (undercut- 
ting the septal area) of this projection [64]. Other data, 
however, continue to point to a role for the hippocampal  
formation itself, extending beyond the context depen- 
dence of LI that was affected in Honey and Good 's  [35] 
experiment, since LI is disrupted by injection of 
5,7-dihydroxytryptamine into the fornix-fimbria and cin- 
gulum bundle, selectively destroying serotonergic after- 
ents to the hippocampus with little likely additional 
damage to other regions [8] .  

Whatever the exact roles played in LI  by the hippo- 
campal formation and retrohippocampal region, 
respectively (a matter  that clearly calls for further investi- 
gation), they both appear to depend upon interaction 
with a dopaminergic system. Dependence of this kind is 
shown by the fact that the loss of LI seen after hippocam- 
pal lesions (Schmajuk and Christiansen, pers. comm., 
1994) or cytotoxic retrohippocampal lesions made using 
n-methyl-D-aspartate (NMDA; see Fig. 5 [79]) is 
restored by systemic haloperidol, as is also the loss of 
LI  seen after a septal undercut ([64]; and Weiner et al., 
in preparation). In addition, direct administration to the 
ventral retrohippocampal region of a mixed 5-HTzA/I B 
agonist, RU 24 969, whose systemic injection attenuates 
LI [7] ,  causes an increase in n. accumbens extracellular 
DA, while injection of a 5-HTtA agonist, 8-OH-DPAT, 
that leaves LI intact [7]  also fails to increase n. accum- 
bens DA levels ([4];  see Fig. 6). Given these observa- 
tions, and the data reviewed earlier in this paper, the 
dopaminergic system upon which the effects on LI  of 
hippocampal  system damage depend is likely to be the 
mesolimbic projection to n. accumbens. 

7. C o n c l u s i o n  

In summary, the data we have reviewed provide strong 
evidence for the following linked proposi- 
tions: 

Attenuation of LI  is characteristic of acute, positively- 
symptomatic schizophrenia. 

Attenuation of LI  is caused (not necessarily exclu- 
sively) by increased dopaminergic activity. 

Attenuation of LI  is caused (again, not necessarily 
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exclusively) by increased DA release specifically in n. 
accumbens. 

LI depends upon the integrity of the hippocampal 
formation, and of the ret:rohippocampal region recipro- 
cally connected to the hippocampal formation. 

The roles of the n. accumbens and the hippocampal 
system in LI are interconnected. 

Importantly, these cortclusions are highly consistent 
with the known neuropharmacology and neuropathol- 
ogy of schizophrenia: pharmacological studies have con- 
sistently implicated the dopaminergic system in the 
former, and post-mortem studies have equally consis- 
tently implicated the hippocampal formation and related 
temporal lobe structures in the latter 1-26]. Furthermore, 
functional imaging sugge,~ts a link between reality distor- 
tion (e.g., hallucinations and delusions) in schizophrenic 
patients and abnormal blood flow in both the left 
parahippocampal gyrus and the left ventral striatum 
[48]. Thus the dependence of LI both upon the dopa- 
minergic system and upon the hippocampal and retro- 
hippocampal regions, as well as the connections between 
them, adds greatly to its value as a tool with which to 
probe the neuropsychology of acute, positively-symp- 
tomatic schizophrenia. 
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