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EDITORIAL

Anxiety and the brain: not by neurochemistry alone1

There has recently been a great flurry of excitement over the discovery of receptors in the central
nervous system that specifically bind benzodiazepines (Squires & Braestrup, 1977; Mohler & Okada,
1977). This might be the long-awaited clue that will direct us to the brain systems on which the
anti-anxiety drugs act, and which therefore presumably mediate anxiety. Clue it certainly is; but one
which will need cautious interpretation alongside the evidence gathered by other means of studying
the neuropsychology of anxiety. Taken in isolation it could yet turn out to be a sign-post which
points clearly, but in the wrong direction; indeed, there are already indications that this may be so.

Benzodiazepine receptors have been found all over the brain, with a particularly heavy concen-
tration in the neocortex (Braestrup & Squires, 1977; Williamson et al. 1978). I shall argue later that,
if one is to do justice to the complexities of anxiety, it is essential to recognize that it has cognitive
as well as emotional aspects. Even so, the neocortex does not look right as the primary site of action
of an anti-anxiety drug. Experiments with animals suggest that the limbic system would be a better
candidate for the seat of emotional experience and the mediator of emotional behaviour. While
there is a reasonably dense concentration of benzodiazepine receptors in various parts of the limbic
system, there is also a high concentration in the cerebellum (Braestrup & Squires, 1977; Williams
et al. 1978); yet the latter structure is mainly concerned with motor behaviour. Worse still, there is
quite a high concentration of benzodiazepine receptors in the spinal cord (Mohler & Okada, 1977;
Robertson et al. 1978); and while this might have comforted an earlier generation of animal psycho-
logists (e.g. Mowrer, 1947), who sought a purely peripheral account of fear, it is unlikely to find
favour today as a site for anxiety in human beings.

The ubiquity of benzodiazepine receptors in the nervous system is perhaps linked to their associa-
tion with y-amino butyric acid (GABA), the equally wide-spread inhibitory neurotransmitter. There
has been evidence for some time that the benzodiazepines facilitate the action of GABA-ergic
systems (Costa & Greengard, 1975; Macdonald & Barker, 1978). The elegant biochemical experi-
ments of Costa's group at NIMH (Guidotti et al. 1978) now suggest that benzodiazepine receptors
are closely associated with (but not identical to) GABA receptors. This group has proposed that the
endogenous ligand which normally occupies the benzodiazepine receptor is an inhibitor of GABA's
binding to its own receptor (Guidotti et al. 1978). The action of the benzodiazepines in vivo is then
seen to consist in the displacement of this endogenous inhibitor of GABA binding, with a consequent
facilitation of GABA-ergic activity. The logic of this argument turns GABA itself into a kind of
endogenous anti-anxiety agent. There is some support for this view in the recent experiments of
Soubrie et al. (1978), who have found that picrotoxin, which can block the inhibitory action of GABA,
alters the behaviour of the rat in a number of ways which are consistent with an increase in anxiety.
But the key prediction that follows from the argument-namely, that drugs which promote the activity
of GABA should possess anti-anxiety action - has so far not been confirmed, in spite of efforts to
demonstrate such an action using amino-oxyacetic acid, which increases the level of GABA in the
brain (Cook & Sepinwall, 1975). There is, as yet, no good explanation for these inconsistent findings
with picrotoxin and amino-oxyacetic acid; however, the exact neurochemical effects produced by
both these drugs are still obscure.

The solution to these problems might lie in the realization that the benzodiazepines are more
than simply anti-anxiety drugs: they are also, among other things, centrally acting muscle-relaxants
and anti-convulsants (Randall & Kappell, 1973; Schallek et al. 1972; Browne & Perry, 1973). The
benzodiazepine receptors in the spinal cord might be related to either or both of these effects. As to
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the receptors in the brain, there is at least as good a case for linking them to the anti-convulsant
properties of the benzodiazepines as to their anti-anxiety action. There is a considerable amount of
evidence which suggests a relation between lowered GABA-ergic activity and convulsions (Meldrum,
1975); thus facilitation of GABA-ergic function is exactly what one would expect of an anti-con-
vulsant drug. Furthermore, a recent report provides direct evidence of a relationship between benzo-
diazepine receptors and seizures: the experimental induction of seizures by electro-convulsive shock
or by pentylenetetrazol was followed by a substantial and rapid increase in benzodiazepine binding
in the brain (Paul & Skolnick, 1978).

It is important to keep these other relationships of the benzodiazepines and their receptors in
mind when interpreting evidence which, on the face of it, fits well with the anti-anxiety activity of
these drugs. For example, our group in Oxford has recently collaborated with Professor P. B.
Bradley's group in Birmingham in an investigation of benzodiazepine binding in the brains of rats
from the Maudsley reactive and nonreactive strains, which have been selectively bred for, respec-
tively, high and low fearfulness (Broadhurst, 1975). It was found that the Nonreactives had a higher
density of benzodiazepine receptors throughout the brain (and the spinal cord) than the Reactives
(Robertson et al. 1978), a finding which it is tempting to relate to the strain difference in fearfulness.
However, the Nonreactive rats are also more susceptible to seizures than the Reactives (Gray,
1964), and this is an equally plausible behavioural correlate of the strain difference in benzodiazepine
binding.

It might be thought that the fact that the benzodiazepines have other behavioural effects besides
their ability to reduce anxiety renders nugatory the strategy of deducing the brain systems that
mediate anxiety from an investigation of the brain systems on which the benzodiazepines act. But
there are ways round this problem.

First, the benzodiazepines are not the only anti-anxiety drugs. Alcohol has always been ingested
in large quantities for this purpose, and the barbiturates and meprobamate were extensively pre-
scribed for it before the benzodiazepines swept them from favour. A review of the behavioural
effects in animals of the barbiturates, alcohol and the benzodiazepines shows that, with minor
exceptions, these three classes of drug affect behaviour in tasks relevant to anxiety (a phrase which
is explained below) in an almost identical manner (Gray, 1977). The benzodiazepine receptor does
not bind these other anti-anxiety drugs (Squires & Braestrup, 1977; Mohler & Okada, 1977); had
it done so, it would have been a more plausible sign-post to the brain systems which mediate anxiety.
Since it does not, there must be a final common pathway for the anti-anxiety drugs which lies beyond
the benzodiazepine receptor. We can use the existence of different classes of anti-anxiety drug as a
means to triangulate this final common pathway: it is where the actions of these classes of drug
intersect that we should seek the brain systems which mediate anxiety.

Secondly, the benzodiazepines and other anti-anxiety drugs produce behavioural changes in
animals which have been well described, of which we have a good theoretical understanding
(derived from learning theory: Gray, 1975), and which are plausible as the changes one would
expect to be produced by anti-anxiety agents (Gray, 1977, 1978). An economical and reasonably
accurate description of these changes is that the anti-anxiety drugs block the behavioural effects
of stimuli which warn of impending punishment, of stimuli which warn of frustrative non-reward
(as defined by Amsel, 1962), and of novel stimuli (Gray, 1977). From this, one might deduce that
anxiety consists in the state which is elicited by these three classes of stimuli (Gray, 1978). This
definition of anxiety is based entirely on animal experiments. Yet it does not do badly as a description
of clinical anxiety in man, especially with a little re-phrasing: anxiety is a state elicited by the threat
of pain, loss or failure and by unfamiliar circumstances. Furthermore, the behavioural effects
produced in experimental animals by these three classes of 'adequate stimuli for anxiety' (as one
might boldly call them) are also plausible as analogues of the behavioural signs of human anxiety.
They consist in the inhibition of ongoing behaviour (especially rewarded behaviour), an increased
level of arousal, and increased.attention to environmental cues, especially novel ones (Gray, 1975,
1977, 1978).

The existence in animals of these theoretical and experimental parallels to human anxiety gives
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one an invaluable double-check on the validity of any proposed identification of a particular brain
structure as part of a system mediating anxiety. For it follows that intervention in the normal
functioning of this structure should produce predictable effects on behaviour. If the intervention
is such as to impair its normal functioning (e.g. a lesion), we should observe a reduction in anxiety
(i.e. a reduction in the behavioural effects of the adequate stimuli for anxiety), as when we administer
an anti-anxiety drug. Conversely, if the intervention is such as to increase its normal functioning
(e.g. electrical stimulation), we should observe an increase in anxiety. Notice that one is not always in
such a fortunate position in attempting to deduce relevant brain structures from drug action. For
example, one of the greatest handicaps faced by workers interested in the neural basis of schizophrenia
is that, while much is known about the neurochemical effects of anti-psychotic drugs, there is no
behaviour in experimental animals to which these effects can be related and which is at the same
time a plausible analogue of psychotic behaviour in man.

Arguments and experiments along these lines have been used to identify the septo-hippocampal
system and its noradrenergic and serotonergic afferents as candidates for structures which mediate
anxiety (Gray, 1970, 1978; Gray et al. 1978; Stein et al. 1973). This is not the place to repeat
the evidence which supports these inferences. Rather, I should like briefly to relate this hypothesis
to certain other views of the functions of the same structures.

The first of these alternative views has been expressed by Crow (1973) in this country and Stein
(1968) in the United States. It is that the dorsal ascending noradrenergic bundle, which originates
in the locus coeruleus in the brain stem and innervates much of the forebrain, including the septal
area and the hippocampus (Ungerstedt, 1971), is the neural substrate of reward (Stein) or reinforce-
ment (Crow). This suggestion is, of course, diametrically opposed to the hypothesis (Gray et al.
1975) that the dorsal noradrenergic bundle mediates responses to stimuli which warn of frustrative
Hon-reward (a component of anxiety, as defined above). The reward hypothesis of the function of
the dorsal noradrenergic bundle is largely based on the results of experiments on electrical self-
stimulation of the brain (Rolls, 1975). Like the non-reward hypothesis, it too has been said by some
of its proponents to have significance for psychiatry, though now it is schizophrenia (Stein & Wise,
1972) rather than anxiety which occupies the centre of the stage. But recent experiments which have
examined responses to natural reward (e.g. food), as distinct from electrical stimulation of the
brain, in animals with virtually total destruction of the dorsal noradrenergic bundle have clearly
disproved the reward hypothesis, while offering good support for the non-reward hypothesis. These
animals learn and perform the rewarded response without difficulty, but show retarded extinction
(Mason & Iversen, 1975) and loss of the normal 'partial reinforcement effects' produced when non-
rewarded trials are randomly intermixed with rewarded trials (Owen et al. 1979).

The second alternative view which I wish to consider is harder to summarize succinctly. It is not
a single hypothesis, but rather a distillation of a variety of different views of the functions of the
septo-hippocampal system, as expressed at a recent CIBA symposium on this topic (Elliott &
Whelan, 1978). These views differed in detail from one another in very many ways. But they all had
in common the assumption that the septo-hippocampal system is concerned with cognitive rather
than emotional functions. This might seem to imply that the hypothesis proposed here, that the
septo-hippocampal system mediates anxiety, is excessively idiosyncratic. But this inference would
be based on a false dichotomy between thought and emotion. Anxiety is as distinctive a state cogni-
tively as it is emotionally: it shows itself as clearly in obsessional ruminations as in poundings of the
heart, in indecision as much as in sweating of the palms.

After much discussion, the participants at the CIBA symposium were able to find common
ground in their differing proposals as to the functions of the septo-hippocampal system. This lay
in the proposal that this system functions as a match-mismatch comparator (A. H. Black, in
Elliott & Whelan, 1978, p. 418). This proposal is congenial to the theory of anxiety outlined here.
For this theory may be stated as follows: the septo-hippocampal system has the task of monitoring
ongoing activities, comparing achieved with desired goals, registering discrepancies (punishment,
non-reward, failure) and threats of discrepancies, bringing ongoing activities to a halt when such re-
gistrations occur, and searching for better alternative courses of action. On this analysis, the clinical
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symptom which is most characteristic of anxiety is obsessional checking, not the simple phobia
(which has more traditionally fallen easy prey to accounts based on learning theory). In sum, as
the Soviet physiologist, Simonov, put it, the septo-hippocampal system is 'an organ of hesitation
and doubt'. We all need such an organ; it is when it becomes pathologically over-active (usually in
predisposed individuals: Eysenck, 1967; Gray, 1973) that one sees the clinical phenomena of anxiety.

An important question remains: what synaptic and neural events intervene between the binding
of the benzodiazepines to their receptor and the action which (ex hypothesi) they exert on the septo-
hippocampal system? To this question there is, as yet, no answer. The ubiquity of benzodiazepine
binding in the brain makes it difficult to see how a precisely localized site of action can be attributed
to these drugs. The ubiquity of GABA poses an analogous problem. But the demonstration of
increased anxiety after picrotoxin administration (Soubrie et al. 1978), and the evidence that the
barbiturates (like the benzodiazepines) facilitate the action of GABA (Ransom & Barker, 1976;
Barker & Ransom, 1978), both reinforce the likelihood that this neurotransmitter is intimately
concerned with the regulation of anxiety. Fuxe et al. (1975) have suggested that GABA-ergic
afferents to the locus coeruleus play a critical role in this regulation. Alternative possibilities lie in
the GABA-ergic terminals in the lateral septal area (McLennan & Miller, 1974, 1976) or in the
hippocampus (Storm-Mathisen, 1978). Resolution of this problem will provide a lively challenge to
research in the next few years. j . A. GRAY

My thanks are due to Drs Jane Mellanby and Ian Martin for helpful comments on the manuscript.
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