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OADES, R. D. Search and attention: Interactions of the hippocampal-septal axis, adrenocortical and gonadal hormones. 
NEUROSCI. BIOBEHAV. REV. 3(1) 31--48, 1979.--The phenomenon of attention is treated in terms of the ability to 
select some sensory input channels over others by the central nervous system for further processing and behavioural 
organisation. Studies of birds and mammals are reviewed to illustrate two major points. The physiological interaction of the 
hippoeampus and septum modulated by ACTH, adrenal and gonadal steroid hormones have an important influence on the 
selective aspects of perception. The theme is developed that some of these interactions mediate one of the attributes of an 
attention process; namely the ability to direct attention to salient stimuli to the exclusion of irrelevant background. 
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OVER 40 years ago Krechevsky [87] observed that at a given 
time rats will learn about the correctness of some but not all 
sensory cues whilst trying to solve a discrimination problem. 
Animals lack the capacity to process information about all 
the stimuli falling on the sensorium. To the extent that they 
process information about stimulus values from one stimulus 
dimension, they may process some but will not process the 
equally available stimulus values from other dimensions [95]. 
This is not an haphazard process, some stimuli are especially 
salient for an individual. Thus the question arises how is an 
animal capable of selecting from all that it is aware of those 
aspects of its environment that are significant or potentially 
relevant. 

Attention, the selective aspect of perception [149], is not 
itself an overt phenomenon capable of direct observation. 
However the selection of stimulus events located in a par- 
titular region of the stimulus field will exert control over 
behavior and thus it would be supposed that some stimuli 
will fail to control behavior [147]. Search behavior amongst 
other things is one manifestation that the selective process is 
being brought into action. 

Haber and Hershenson [64] postulate two organisational 
strategies for dealing with the complexity and variability of 
the ambient energy through which an animal might have to 
search. Firstly only a few recurrent and highly specific con- 
figurations that hold clear biological significance might be 
registered. (The term registration is taken in this article to 
refer to the driving of cell(s) long enough for the incoming 

information to be used, alone or in association with other 
information in the control of behavior.) Perhaps a suitable 
example is the selectivity of some peripheral frog retinal cells 
to small dark moving objects which may centrally be desig- 
nated bugs-food [52]. Secondly an animal may register and 
order the elements of complex situations according to certain 
general perceptual rules. For example the operation of such 
rules is shown by animals in discrimination situations that 
change their response pattern more easily to intradi- 
mensional rather than extradimensional changes of the 
stimulus [147]. 

In fact what may most often occur is a mixture, the nature 
of which may vary among species [64]. Thus in the auditory 
pathway, a specific cortical neuron may be driven at a given 
rate by a sound of specific frequency and pressure level. This 
alone may be registered and come to control behavior. How- 
ever the influence of one dimension may be modulated by 
several other "associative neurons" with different proper- 
ties ("focal properties" [136]), thus providing call selectivity 
even to a specific complex stimulus. 

At the neuronal level the cell may respond according to 
certain rules. At the level of a population of cells these rules 
may take the form of conditioning to a configuration of 
biological significance. There are selective factors here at 
work that have importance for characterising attention 
mechanisms, that are other than those that limit the number 
of sensory input channels at the periphery. These factors are 
properties of cells and cell populations that lead to the cen- 
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tral integration and registration of inputs. There are highly 
specialised neurons with a preference for restricted ranges of 
spectral and temporal dimensions. One study found 10-28%, 
of auditory units in the Starling were responsive to only one 
type of vocalisation [91]. Many forebrain neurons discrimi- 
nate in a nearly all or none fashion between vocalisations 
with overlapping acoustic properties.  These neurons have 
intrinsic propert ies that affect their sensitivity. These prop- 
erties may be modified by different states of the animal. 
Many parts of the central nervous system can be conditioned 
to this selectivity as a result of experience. Thus single unit 
evoked responses in the auditory cortex can be modified by 
requiring the animal to perform an auditory or a visual task 
and by changing the contingencies of  reinforcement. Train- 
ing (or hippocampal stimulation) can modify the neural re- 
sponsiveness of  sensory cortex [84]. It is centrally that the 
number of  input channels is effectively limited in terms of  
behavioral relevance. The question is the source and nature 
of this polydimensional or polysensory control. 

I shall take two examples to show why one should look at 
a physiological environment that is strongly influenced by 
hormones and neurological substrates (e.g., limbic system) 
for some answers. These examples do not stand on their 
own, but in the context of the following review. 

Human patients with Korsakoff 's  syndrome suffer wide- 
spread discontinuous damage to the temporal  and limbic 
cortices. They tend to respond on a task to a single attribute 
(often color) and ignore the relevance of other stimulus char- 
acteristics [56]. Normal controls will respond to several of  
the stimulus attributes (on visual and auditory dichotic 
tasks). Glosser  and his colleagues [56] in reporting on the 
pattern of errors of commission suggested that where a deci- 
sion process is complicated (e.g., a near match or identifica- 
tion) Korsakoff  patients do not analyse all the incoming in- 
formation, although given time they may solve the task. 
Thus we have a neurological line of inquiry to follow as to 
one source of  influence on the availability of input channels 
(namely, the limbic system). 

Andrew and Rogers [7] trained young chicks to prefer 
food grains dyed red as opposed to normal yellow grains. 
These birds were tested on a checkerboard array of piles of  
l0 food grains (5 red, 5 yellow). Most birds would eat the red 
in a pile first and then peck a yellow grain. They would then 
often switch to a new pile. Normal control chicks would 
usually peck a second non-preferred yellow grain, whereas 
chicks injected with testosterone would revert to their 
trained preference and peck a red grain. Clearly there is an 
influence of  the hormone in the selection and determination 
by the central nervous system of the relevant stimulus attri- 
butes. 

In this article experiments that investigate the effects of 
novel stimulation (orientation), learned responses (attention) 
and stimulus detection (vigilance) in animals will contribute 
to the discussion (Fig. 1). I will concentrate on the physiolog- 
ical bases involved in the selective aspects  of  perception 
(attention) rather than on theoretical issues of  information 
processing. It is both theoretically possible and physiolog- 
ically likely for input channels to interact either directly (col- 
lateral inhibition) or  indirectly through a central base (hip- 
pocampus, hormonal modulation). The specific nature of the 
origin of such a postulated control influence (same or an- 
other channel) is usually beyond the resolution of  the exper- 
iments discussed. Therefore little mention will be made to 
feedback control and instead the simplified dimensions of 
inhibition and facilitation will be used. The analogy of a fil- 
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FIG. 1. This diagram shows the relationship and overlap of different 
fields of research that relate to the concept of attention of an animal 

to its environment (after Mirsky and Orren [t04]). 

tering or gating system is retained as it is an attentional sys- 
tem rather than a detailed model that is here discussed. 

This paper  describes some of  the physiological influences 
in the forebrain on what may be considered the registration 
process and the rules for the use of registered sets o f  central 
specifications for matching features that are salient for  an 
individual in a given situation. Instances where the drive 
states of aggression, sex, hunger and thirst predominate are 
not considered here. Thus the influence of steroid hormones 
and the limbic system form a large part of  the following 
discussion. This does not imply that attentional processes  
are exclusively influenced by these systems or that these 
systems only function in attentional processes,  

A HIPPOCAMPAL ROLE IN ATTENTION 

Electrophysiological Correlates 

The hippocampus shows distinct electrical frequency pat- 
terns that accompany alerting and visual discrimination for 
reward in a wide range of animals [1,80]. This rhythmic slow 
wave or theta activity (approx. 4-12 Hz) is driven from the 
septum [60]. Theta (e.g., in the cat and rabbit) is generally 
accompanied by neocortical and behavioral  signs of  alerting 
whether this occurs spontaneously in response to sensory 
afferent stimulation or is elicited by electrical stimulation of  
the midbrain reticular formation [23,63]. Theta activity is 
maximal during stare (e.g.,  at a mirror), search of a stimulus. 
pupillary dilation and inhaling odorous agents [75,119].-Gras- 
tyan has emphasised that theta is associated with the con- 
tinuous alert behavior that occurs during task acquisition 
[62]. Similarly Adey [2] consistently found in cats that theta 
is maximal when cues for the visual discrimination appear,  
but the EEG becomes progressively desynchronised as the 
animal performs the discriminated response and approach. 
Recently Bennett and his colleagues [ t r ] :have  emphasised 
the similarity in cats and in rats o f  the theta that was re- 
corded in association with cues provided to assist in the 
acquisition o f a  DRL schedule of reinforcement. Such results 
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have been widely reported in conjunction with the phasic 
suppression of theta to the immediate presentation of a novel 
stimulus for dogs [175], cats [2, 15, 26] and rats [27, 58, 117]. 
These two time dependent phenomena suggest a functional 
dissociation between noticing the presence of a stimulus and 
its identification. 

Certainly in all subprimate animals theta trains are best 
correlated with the focussed attention that precedes and ac- 
companies decision making or a sequence of learned behav- 
iors wherein options and contingencies prevail. Where the 
decision turns out to be incorrect or there is orientation 
alone, theta patterns are qualitatively and quantitatively 
different [2,55]. 

Herein lies the provocative implication of the hippocam- 
pus in both the perceptual selection and the decision making 
processes. One might ask if the persistence of a search 
strategy (right or wrong) that is facilitated by high androgen 
levels (see below) would be correlated with the difference of 
theta patterns, especially were reward important for the hip- 
pocampus to evaluate errors [47]. By contrast it is possible 
that theta might not change if it is related to the identification 
process of matching with central specifications without 
association with reinforcement. It would be worthwhile to 
exert some experimental effort on this question. 

As a precautionary remark on the above discussion, it 
should be noted that there have been descriptions of two 
generators of theta rhythms in the hippocampus, the one 
sensitive to atropine, the other resistant [17,165]. Within the 
limits of their characterisation so far it would seem that the 
type of theta discussed here is sensitive to atropine (type II) 
and not correlated with voluntary locomotor activity. 

Theta rhythms increase in extent proportional to the 
strength of electrical stimulation applied to the medial reticu- 
lar formation, medial and lateral hypothalamus [3]. The 
tracts involved here are, respectively, the dorsal longitudinal 
fasiculus of Schiiltz and a noradrenergic component of the 
medial forebrain bundle (see discussion [167]). Segal and 
Bloom [138, 139, 140] have reported that noradrenaline (NA) 
inhibited the spontaneous discharge of all the cells they re- 
corded in the pyramidal cell layer of CA 1-3. These cells may 
also be inhibited by a loud tone. If the tone has become a 
conditioned stimulus for food the cells are excited and stimu- 
lation of the noradrenergic locus coeruleus potentiates this 
response. 

The same cell population can therefore react in opposite 
ways to the same sensory input depending on the internal 
and external context. Internally NA has a potentiation ef- 
fect. In reporting these results Segal and Bloom remain open 
for interpretations, but suggest "the locus coeruleus could 
maintain a screening function toward the hippocampus by 
reducing the excitatory responsiveness to non-significant 
stimuli and increasing the 'signal to noise ratio' of a response 
to significant stimuli." This possible filtering function is im- 
portant to the functions that behavioral experiments (next 
section) attribute to mediation by the hippocampus. 

In further support of this interpretation, lesions of the 
locus coeruleus that reduce hippocampal NA (70%--[150], 
96%---[124]) render rats more distractible in a runway task to 
sandpaper on the floor and to a flashing light. This is oppo- 
site to the behavioral effect of hippocampal lesions in mam- 
mals [166], in birds [107] and the raising of androgen levels 
[10,12] as seen in a runway task. In view of the apparent 
excitatory effect of ACTH on tonic stimulation it is not sur- 
prising that iontophoretic application of ACTH to pyramidal 
cells in the hippocampus antagonised the noradrenergic in- 

fluence [138]. Thus in the normal situation we in fact find 
that the secretion of ACTH can also be inhibited by norad- 
renergic neurons [142]. One might ask if gonadotropin secre- 
tion might also be so influenced? 

Behavioral Approaches 

Many studies have shown that hippocampal damage re- 
suits in continued responding to a formerly positive cue 
when the operant schedule or the nature of the task has been 
changed or reversed [47, 71, 81]. Few if any of these studies 
can satisfactorily distinguish if the animal is incapable of 
inhibiting its motor response, having learned the association 
of stimulus with reward (which is also a description of the 
basic observation) or if the animal has problems with switch- 
ing response, or attention, or selecting the salient properties 
of a new situation with new contingencies. This is because 
the most often used avoidance and operant conditioning 
tasks were not designed to distinguish between the persev- 
eration of motor behavior and the persistence of the use of 
central sets of specifications controlling sensory selection. 

In contrast some recent studies have combined the tradi- 
tional paradigm with a more detailed analysis. They show 
firstly the importance of sensory cues to the execution of one 
of the roles of the hippocampus in these situations. Secondly 
the importance of the septo-hippocampal axis to the setting 
up of a strategy for the use of sensory cues is demonstrated. 
This is a theme that will recur again in the sections on hor- 
monal influences. 

As examples of the role of sensory cues one may take a 
passive avoidance and a brightness discrimination task. 
Animals with a hippocampal lesion have difficulty in with- 
holding a learned approach response when that response in- 
stead of being reinforced is punished [47, 71, 81]. However 
this passive avoidance deficit disappears with the addition of 
cues associating external stimuli and goal box events [170]. 
Hippocampaily damaged animals will perform a brightness 
discrimination better under conditions of positive cue 
enhancement, but not under negative cue enhancement [65]. 
The suggestion is that by increasing the contrast between a 
stimulus with reinforcing contingencies and its background 
one can in part compensate for the function damaged by the 
lesion. The important point to be made is that the hippocam- 
pus has a role in the formation of a strategy for the selection 
of a sensory cue. The association of the cue with reinforce- 
ment may be reason for the selection. To further illustrate 
this point one can look at the impact on task performance of 
the deletion of sensory cues. ff the salience of the deleted 
cue is high so should the effect on behavior be strong. 

Donovick and his colleagues [45] presented both bright- 
ness and spatial cues to rats for the solution of a task in a 
4-choice point runway. Animals with septal lesions made 
significantly fewer errors than controls. If the spatial cues 
were deleted, those with septal lesions still performed better. 
But if the brightness cues were deleted septally damaged 
animals were markedly impaired. It is unfortunate that spa- 
tial cues were used in this task as they may have particular 
significance for the rat species and for the hippocampal- 
septal axis [112,113]. However taking the two experiments 
together it would seem feasible that without a functioning 
septum rats do not divide their attention between cues, but 
"lock" on to one. If this alone is altered then their perform- 
ance is disrupted. Controls, by contrast, have taken in in- 
formation from both sources during training and can use both 
alone when the other is redundant. This interpretation is 
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supported by an experiment where the number of  choice 
points in the runway were varied [35]. The magnitude of 
impairment shown by the septally lesioned rats correlated 
with the number of strategies available for solution. At a 
descriptive level these results are surpisingly similar to some 
of the effects of  steroid hormones that have been interpreted 
in terms of  'persistence'. These will be discussed in the fol- 
!owing sections. 

Mirror-image results have been reported for animals with 
widespread damage of  the dorsal and ventral hippocampus 
[122]. This study used the situation where a rat pre-trained to 
a conditioned stimulus 'a '  before being trained to the com- 
plex 'ab ' ,  does not evidence learning when tested with 'b '  
alone. 'a '  and 'b '  were a light and a tone. The blocking of the 
association of 'a '  and 'b ' ,  as shown by the absence of con- 
ditioned responding, was shown to be attenuated by the hip- 
pocampal lesion. Lesioned animals responded to 'b '  more 
than control animals. 

Controls for learning deficits and sensory bias are dis- 
cussed by both sets of  authors, respectively. There is one 
conclusion and one speculation I wish to draw from these 
results. In these tasks animals with damage to one part or the 
other of the hippocampal-septal axis can register a relevant 
cue, but it is the nature of the selection that is differentially 
impaired. One may speculate that damage to the hippocam- 
pus impairs the ability to " lock"  onto one cue. Redundant 
information is not filtered out. Damage to the septum impairs 
the ability to use redundant information. The animals " lock"  
on to the one salient cue. Both can result in the per- 
severation of  responding to a compound stimulus. 

There is another characteristic of hippocampal function 
highlighted by animals with hippocampal damage that points 
toward the phenomenon of  persistence. They exhibit diffi- 
culty in shifting choices and this has been quantitatively re- 
lated to their insensitivity to errors. This would be the proc- 
ess of  incorrect matching. As a consequence such animals 
persist with strategies that in terms of  maze running [48,82] 
and discrimination problems [48,72] may prove right or 
wrong. Indeed damage to the avian putative hippocampus 
also demonstrates the persistence of  trained strategies (and 
by implication the maintenance of central specifications). 
Using the same tasks as are described below for tes- 
tosterone-treated chicks [107,108] birds with midline hy- 
perstriatal and hippocampal damage were less distracted 
than other operated birds by black/white panels on a runway 
task and by pebbles in a food choice from an array of red and 
yellow grains. They were more tardy with respect to controls 
in changing from the trained food color preference despite 
shorter and longer periods of feeding on the non-preferred 
food color between tests [108]. A recent behavioral analysis 
of the reactions of Guinea fowl with hyperstriatal lesions to 
auditory signals suggests that there may be two mechanisms 
at work [110]. The one would restrict the availability of input 
for matching, the other would activate learned specifications 
for matching. This proposal is different from the one put 
forward above to explain hippocampal-septal function in 
mammals. But they may not be irreconcilable: both models 
are amenable to further investigation with careful control of 
tbe experience of  sensory cues. 

An examination of  the search strategy problem has been 
carried further with rats [112]. In an arena containing 16 
holes, food was located in four. Control rats rapidly learned 
nc,t to visit empty holes (efficient) and developed a sequence 
oi food hole visits (pattern). As expected animals with hip- 
pocampal damage were inefficient and did not develop a pat- 

tern (this was expected as all rats had pre-test experience of 
finding food in all holes, the contingencies had changed for 
the test). Animals with hippocampal damage treated with the 
dopamine-receptor blocking agent haloperidol slightly im- 
proved their efficiency, but not their patterning, through a 
decrease of their species typical tendency to stay close to the 
walls. Thus they were able to find the central holes sooner. 
However control animals with the drug lost their patterning 
but not their efficiency. Thus the possibility exists that al- 
tho,~gh they have a hippocampus (the spatial map for the four 
food holes is intact [113]) they have difficulty in using the 
acquired strategy for hole visiting. The effect of haloperidol 
could be on a polysensory area (e.g., striatum) connected to 
the limbic system. This drug also impairs the efficiency and 
ability to pair and to order sound stimuli in humans [57]. 
Furthermore corticosteroids are necessary for the mainte- 
nance of striatal dopamine levels [121]. Thus it would be of 
value to investigate the influence of the dopaminergic affe- 
rents from this area to the septo-hippocampal axis. 

In the conditioning paradigm one would expect to see 
desynchronous activity coming to predominate in the hip- 
pocampus during the performance of the learned response. 
Stimulation of the median forebrain bundle elicits desyn- 
chrony in the hippocampus [3]. It would be interesting to see 
how damage to the dopaminergic component would influ- 
ence the hippocampal rhythms. 

I have tried to indicate how some physiological correlates 
for the registration of information and the application of a 
strategy have started to appear in experiments investigating 
hippocampal function. These correlates do not prove the 
hypotheses, but give rise to the hypotheses I have men- 
tioned. These require further testing for improvement or 
refutation. 

It would also be of  interest to extend this work to the 
initial period of search by an animal for relevant information. 
For example the hippocampus is widely thought to be impor- 
tant for the orienting reaction. With Vinogradova's activat- 
ing neurons as novelty detectors [159], and her inhibitory 
neurons as identity detectors, the hippocampus can perform 
match-mismatch operations evaluating new information. 
One such line for investigation concerns the inhibitory 
transmitter GABA. Although GABA is fairly widely distrib- 
uted in the cerebral cortex and midbrain, levels are quite 
high in the hippocampus. Interestingly File [53] found the 
promotion of  GABA reduces the number of head dips and 
the time spent head dipping when a rat explores a hole board 
(and vice versa with GABA antagonists). These are tantalis- 
ing opportunities for correlating physiological change with 
attentive behavior. The following sections take up some of 
these in regard to the modulatory effects of hormones. 

ACTIVE SITES FOR HORMONES 

Some contributions of the hippocampal-septal substrate 
to attention and the associated measure of electrophysiology 
and behavior have been described. Because there are perti- 
nent effects of hormones on the neurochemistry (e.g., 
steroid influence on amine levels) and on behavior (e,g., 
persistence/perseveration) that will be described, it is impor- 
tant to see that there are sites for the uptake of  these hor- 
mones in the brain substrates under consideration. The phys- 
iological interaction of  hormones with the hippocampal- 
septal axis is an important basis to establish before consider- 
ing further what effects on behavior the two systems have in 
common. This review continues by briefly examining the 
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connections between hormones from the adrenal-pituitary 
and gonadal axes and the hippocampus. 

Pituitary-Adrenal Hormones 

A consideration of corticosterone is important for its di- 
rect inhibitory influence on neural activity as well as provid- 
ing feedback control to sites synthesising the releasing hor- 
mone for ACTH from the pituitary. Corticosterone concen- 
trating regions are largely limbic,--the hippocampus, lateral 
septum, amygdala, the pyriform, cingulate and entorhinal 
cortices [88]. Whereas the corticosterone content of these 
regions parallels plasma levels, that of the hypothalamus 
shows an inverse relationship [90]. The studies of McEwen 
and his colleagues [99,100] and the autoradiographic work of 
Warembourg [163] have shown strong uptake of labelled 
corticosterone in the nuclei of pyramidal cells of CA 1 and 
CA 2 and in the dentate granule cells of the hippocampus 
(Fig. 2). 

The unit activity recorded from these areas of the hip- 
pocampus is decreased after systemic injection of the hor- 
mone [116]. Low frequency electrical stimulation of CA 1 
and CA 2 exerts an inhibitory influence on pituitary adrenal 
function [127]. The time course is complex. Early after 
stimulation corticosteroid levels may be raised [29] but fail 
later ([96], review [156]). Casady and Taylor [30] have re- 
cently tried to clarify the functional aspects here. They 
showed that electrical stimulation of the hippocampus in the 
morning significantly increases plasma corticosterone levels 
(reflecting ACTH release). In the afternoon, after an initial 
rise in hormone levels, stimulation gives rise to a temporary 
inhibition in the normal circadian rise of corticosterone 
levels. Unfortunately complimentary evidence is difficult to 
assemble from the literature on hippocampal lesions. In her 
review van Hartesveldt [156] found that methodological var- 
iability obscured unequivocal interpretation. Lesion of the 
hippocampal connections through the fornix and anterior 
cingulate seem to result in an elevated output of adrenocorti- 
cal hormones in the rat ([18,20], caveat [155] below). Steroid 
implants into the hippocampus can elevate basal levels of 
hormone [21]. Dexamethasone implants and adrenal removal 
lower corticosteroid concentrations [43]. Thus the hip- 
pocampus can form part of a positive feedback loop where a 
rise in hormone levels can facilitate the maintenance of such 
levels. In contrast it is reported that lateral septal lesions 
(and possible cingulate cortex) do not affect basal plasma 
corticosteroid levels but do prevent stress induced eleva- 
tions [155]. 

There is less material regarding the specific binding of 
ACTH, ACTH4_t0 and similar peptides, although it is clear 
that lesions of the posterior thalamus, dorsal hippocampus 
and rostral septum upset the behavioral activities of these 
peptides [ 158]. Krieger [88] has shown that the amygdala and 
also the hypothalamus and preoptic area that possibly have 
separate effects on the orientation components of search and 
attention behavior, take up ACTH. More recently convinc- 
ing evidence has been given [158] for preferential binding 
sites in the dorsal and fimbrial nuclei of the septum. Indeed 
septal lesions block the inhibitory effect of the related LVP 
on the extinction of a conditioned avoidance response [ 168]. 

The lateral septum and limbic cortex seem to mirror each 
other in that lesion of the former results in high pituitary 
ACTH levels, the latter in lower basal ACTH levels [155]. It 
has been suggested that the difference lies in the lateral sep- 
tum controlling ACTH synthesis and the cingulate ACTH 

release [155]. It is not clear where the role of the medial 
septum lies, for the above study [155] reports only slight 
damage to this nucleus. There is a report [18] that lesion of 
the medial nucleus, like the cingulate, elevates output of 
adrenocortical hormones. However from the point of view of 
potential modulation by hormones of the limbic behavioral 
functions these may be fine points if there is direct passage 
from the pituitary to the brain ([98], see below). 

Clearly both the septal and the amygdaloid sites are in a 
good position to modulate hippocampal activity. It may also 
be argued that the posterior thalamus is in a good position. It 
is here in the parafasicular nucleus that vasopressin has been 
found to have some behavioral effects [148,169]. The next 
two sections on the interactions of the pituitary adrenal and 
hippocampal axes discuss the behavioral implications 
further. 

It is important to note that for many of the present studies 
these central effects may not represent the results of sys- 
temic uptake of ACTH, which results in "insignificant" 
labelling [88]. Transport to other parts of the brain may occur 
by way of the cerebrospinai fluid. A vascular route has been 
indicated for pituitary-hypothalamic transport [98]. There 
may also be one or more unknown sources within the central 
nervous system. It has recently been shown [I 15] that the rat 
brain amygdaloid nucleus will, in culture, secrete ACTH. 
Although some studies have shown behavioral effects of 
peripheral source of ACTH (e.g. [33,73]), it is not yet clear 
which ACTH-mediated effects on attention behavior come 
from a pituitary and which from a more central source. 

Gonadal Steroid Hormones 

Sites for uptake of labelled gonadal steroids are now con- 
sidered because of their influence on behavior that will be 
elaborated later and their influence on brain amine content 
and turnover. Thus in rats and mice manipulations of the 
pituitary gonadal axis alter NA concentrations and turnover 
in the hypothalamus [32,44]. Fluorescence studies suggest 
effects on catacholamines in structures as diverse as the 
preoptic and caudate nuclei [93]. NA levels in the lateral 
septum increase between estrus and metestrus in the rat. The 
DA levels in this nucleus are highest in diestrus [34]. In 
turkeys increases in brain synthesis of DA and 5-HT have 
been correlated with varying degrees of gonadal regression 
[49]. 

In discussing sites for steroid uptake here, the well- 
known diencephalic sites and others whose function has 
been explicitly linked to the control of reproductive behavior 
or to motor control (song) are excluded. Between testos- 
terone and estrogen there is little evidence showing 
differential uptake in different areas that have not been 
shown to be involved in reproductive control [97,174], al- 
though a thorough study for testosterone over many brain 
regions is missing for mammals. The higher concentrations 
of testosterone in the ventral thalamus and torus semicir- 
cularis of amphibia are two of the few examples [79]. With 
the above exclusions there remain in mammals sites in the 
lateral septum, ventral hippocampus and entorhinal cortex 
and in birds there is labelling in the lateral septum and 
stronger labelling in the dorsal rather than the ventral hip- 
pocampus [96,174]. (There has been a suggestion of anal- 
ogous roles between the avian dorsal and mammalian ventral 
hippocampus [107,108].) However one study of the lizard 
reports an absence of labelling in the hippocampus [97], al- 
though labelling was seen in the lateral septum. It is fair to 
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FIG. 2. (A) Camera lucida drawings of transverse sections of the chicken forebrain showing uptake of progesterone (left) and testosterone 
(right) in different layers of the striatum (after Wood-Gush e t  al. [ 174]). (B) A drawing of a transverse section of the dove brain showing uptake 
of estrogen in the hippoeampus and septum (after Matinez-Vargas et  al.  [96]). (C) A drawing in the lateral plane ofa lon~tudinal section of the 
rat brain showing estrogen uptake in the hippocampus and amygdala (after Morrell e t  al.  [105D. (D) Drawings of rat brain transverse sections 
showing corticosterone uptake, particularly in the entorhinal cortex, h i ~ s  and septum (after Warembourg [162]). Abbreviations: 
an--anterior amygdala ac---anterior commissure CA--cell area, hippocampus caud--caudate nucleus cc--corpus callosum CE--entorhinal 
cortex Co--cortical nucleus, amygdala FI-I--fimbria hippocampi h,Hl--hippocsmpus HA--hyperstriatum accessorium HDlmhyperstriatum 
dorsah~ and n. intercalatus hyperstriaticus HV--Hyperstriatum ventrale io---ioferior colliculus LF--lamina frontalis superior LH--lamina 
hyperstriaticus LM--lamina medultaris dorsalis lot~latersJ olf~'tory tract Ipea--lateral preoptic area m---mediai nucleus, amygdala 
Nmneostriatum PP--paleostriatum primitivum S--subiculum Sl/m--septum lateral/medial TSM--tractus septomesencephalicus tub-- 

olfactory tubercle V--ventricle. 
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say that investigations of estradiol uptake in the brains of 
mice and monkeys have emphasised the amygdala (medial 
and basal accessory nuclei), septum (dorsolateral and me- 
dial) and the nucleus stria terminalis ([78,162], Fig. 2). 

So far lesion studies have not proved very illuminating. 
The sex differences of rats on the acquisition of an active 
avoidance task or extinction of a passive avoidance were not 
altered by gonadectomy [14]. Gonadectomy tended to at- 
tenuate hyperemotionality in both sexes and induced 
hypoactivity in females following septal lesion. These are not 
tasks designed to show up anything but the grossest of defi- 
cits in cognitive function. What might be significant is that 
septal lesions result in the testosterone levels of gerbils 
doubling [89]. This suggests that the feedback control of se- 
cretion from septal uptake is impaired. It is unlikely that 
such a rise would be without cognitive effect. Alas this study 
only reported on open field behavior which does not accu- 
rately reflect exploratory tendencies. 

In the midbrain the intercollicularis nucleus and the 
dorso-lateral thalamus, both of which have multiple func- 
tions, also stand out as binding gonadal hormones. There are 
neurophysiological results [126] showing that estradiol 
changes the responsiveness of brain stem neurons to 
somatosensory input, but extensive treatment of results 
outside the forebrain is beyond the scope of this article. 
However because of the special connections of the locus 
coeruleus to the hippocampus it is interesting to note that 
estrogen (and progesterone) uptake has been recorded from 
this noradrenergic nucleus [146]. This could be important 
from the "screening" function that Segal postulated for the 
locus coeruleus (above, [138-140]). 

Thus it is clear that in a discussion of the neural structures 
likely to be involved in attention processes limbic structures 
will predominate. In the future it is to be hoped that more 
evidence will accumulate to define the roles that the limbic 
thalamus and amygdala are certain to have on attention. 

Finally in this section it should be warned that interpreta- 
tion of specific hormonal manipulations must take into ac- 
count the growing evidence for interactions between the 
gonadal and pituitary axes. Peripherally it has been found 
that the clinical treatment of men with cortisol can suppress 
plasma testosterone levels and thus the amount of hormone 
available for central binding sites, by flattening the normal 
nocturnal rise [43]. Centrally the ventricular injection of 
ACTH1-24 is associated with increased testosterone levels 
(also progesterone and corticosterone). However this effect 
might be limited to central stimulation. Cushing's disease is 
associated with lower plasma testosterone levels [94]. The 
application of ACTH to adrenal cells taken from a patient 
with Cushing's syndrome promoted the release of testos- 
terone from these cells. These studies, cited by Doerr and 
Pirke [43], show that a closer study of the facilita- 
tory/inhibitory influences over lower/higher concentrations 
of pituitary adrenal hormones on circulating levels of 
gonadal steroids is required. 

In addition the feedback of gonadal steroids on the pitui- 
tary adrenal axis is implied by studies of estrogenic influ- 
ences. On the one hand ovariectomy disrupts the timing of 
corticotropin releasing hormone secretion, and on the other 
hand when estrogens are implanted in the arcuate or lateral 
mammillary nuclei, plasma corticosteroid levels tend to rise 
[68]. 

At this stage it is difficult to assess the potential effect of 
these influences on behavior. One study [85] reported that an 
analysis of cortisol levels during the menstrual cycle pro- 

vided no conclusive correlations with female behavior. 
Nonetheless experimental design should note that serum 
corticosteroid levels are lower in women during the follicular 
phase of the menstrual cycle than in the luteal [137]. (MSH 
might be responsible for increasing cortisol levels in the cor- 
pus luteum phase, [128].) 

Fortunately some recent studies acknowledge this prob- 
lem. It is encouraging that the levels of MSH4-10 used by 
Veith and others [157] produced no significant alterations in 
the levels of 17-/3-estradiol and cortisol (LH and FSH) in 
their subjects. Future experimentation should try to eluci- 
date the details of these potential interactions and it would be 
profitable to note more often the influence of the manipula- 
tions investigated in the one system on the functions of the 
other. 

ACTH4-to, RELATED MOLECULES AND BEHAVIOR 

There is increasing support for the idea that at brain sites 
that concentrate hormones, these molecules may act as 
neuro-modulators [103]. One of the manifestations of such 
action may be as a result of changes of thresholds of excita- 
bility. Such possibilities fit well with some of the models that 
are put forward to interpret physiological influences on be- 
havior. I will now consider with regard to the peptide hor- 
mones what some of these influences are on attention related 
behavior. 

Leshner [92] proposed that the hormonal state of an ani- 
mal contributes to a determination of whether, in what way 
and how intensely it reacts to environmental stimulation. Of 
the several likely functions of an hormonal response to en- 
vironmental stimulation, one may be to modify continuing 
and future behavior in similar situations. A baseline state of 
the hormone "presets or prepares" both sensory receptors 
and central processing mechanisms. The central processes 
affected may be various, but if the way stimuli are perceived 
is under the control of this state, it will then set limits for 
reaction. 

A number of experimental studies suggest that the release 
of pituitary adrenal hormones and ACTH not only may ac- 
company behavioral changes (e.g., fear response) but may 
affect the degree and nature of the behavioral change. Thus 
ACTH (and the similarly acting MSH fragments) enhance 
the retention of learned responses and the acquisition of 
avoidance and approach responses in intact and adrenalec- 
tomized rats [18, 19, 40, 41, 168, 169]. 

De Wied [40] postulates a plausible explanation for 
ACTH increasing the adaptive behavior of rats in shock 
avoidance situations and in delaying the extinction of food 
and sexually motivated behavior is for it to cause an increase 
in "motivation". But the design and analysis of these tasks 
has not usually addressed itself to questions about the ability 
to attend to relevant cues (cf. [129], below). We have seen in 
the discussion of the effect of hippocampal lesions on behav- 
ior that the presence of rewarding contingencies can be im- 
portant. Where such contingencies are emphasised (e.g., 
active avoidance) one would expect motivation to strongly 
influence attention and learning. Thus these tasks are less 
useful if one is attempting to distinguish unequivocal atten- 
tional or motivational mechanisms. 

The pituitary adrenal system may not be essential for ac- 
quisition but it may modulate such processes. More impor- 
tantly it may be required for the retention or suppression of 
behavior. The result of administration of pituitary peptides 
such as ACTH4_10 and vasopressin is one of clear improve- 
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ment of  long term processes.  Bratt leboro'  rats that are defi- 
cient [22] in vasopressin learn a passive or active avoidance 
according to tests taken immediately following acquisition, 
but not if tested later. Administration of vasopressin brings 
about an improvement of memory.  Clear effects on memory 
are not the subject of  this article. However  in passing one 
may note that attention to and recognition of a relevant 
stimulus requires the retrieval of  a learned parameter.  At- 
tention, recognition and memory may be successive proc- 
esses on a continuum. The close relationship of  these proc- 
esses is supported by recent work from the same group 
where they propose that ACTH activates reticulo-limbic cir- 
cuits facilitating retrieval from memory and thus promotes 
attention or motivation [123]. 

The vasopressin molecule may be split into ~ endorphin 
(and ACTH). This has an effect on anxiety and therefore 
reasonably on the degree to which "mot ivat ional"  processes 
(short and long term) are shown [103]. I shall continue to 
examine what evidence there may be that the other fragment 
(ACTH4 t0 inc.) is involved in attention processes.  

For  many of the experimental situations in which the 
active ACTH4-10 (also ACTH4-7, ACTHI-24, /3LPH~I-76, 
aMSH) has been found to affect task performance it is either 
unclear if the effect is on an attentional or memory and stor- 
age mechanism. However  ACTH4-t0 can improve the effi- 
ciency of  search behavior. Earlier  I have emphasised that 
one of the important characteristics of a selective attention 
process is the ability to inhibit irrelevant influences. Rats are 
better  able to find a water  dish in a n e w  position on one of  
four elevated tables if the peptide is administered between 
the rat being shown the dish in position and the test trial [73]. 
By comparison with control rats responses are suppressed 
toward irrelevant tables. 

Some earlier studies also provide good reason to look for 
an effect on attention that is in play during search and acqui- 
sition processes.  Visually deficient rats (albino) acquire a 
reversal slower than hooded rats [130]. MSH injection as- 
sists such disadvantaged rats as it also does when they are 
disadvantaged by light conditions [131]. These investigators 
concluded that MSH leads to an increased awareness of the 
environment. This supported one of  their previous conclu- 
sions that improved passive avoidance learning after injec- 
tion may rely more on attention to contingencies than moti- 
vation sensitivity [129]. 

Recently there have been a number of  reports for rats [13, 
31,131] and men [54, 102, 132, 133] of  a modulatory effect of  
ACTH/MSH4_16 on attention mechanisms. 

In the first series of  reports with rats, the animals were 
trained on a black and white discrimination in a Thomson 
Bryant box. With subcutaneous injection 5 min before origi- 
nal learning they recorded no influences on acquisition [ 131]. 
However  acquisition of a reversal was enhanced in male rats 
through a decrease of the proportion of responses to the 
previously positive stimulus [31]. By contrast  females did 
not show enhanced reversal acquisition because of  an 
enhanced position orientation. The improvement of  male 
performance and the lack of an effect on females has also 
been recorded for acquisition, reversal  and extra- 
dimensional shifts in a discrimination [13]. An interaction of  
sex in the persistence of attention directed to visual cues or 
space occurs again in the discussion of  sex steroid effects on 
attention. 

It is tempting to speculate and compare the enhancement 
of reversal learning with the performance of decorticate rats 
[145]. After task reversal such rats make fewer responses to 

the formerly rewarded stimulus than intact animals. This 
analogy suggests, at the least, that certain species-typical 
probabilities of selection of a stimulus are prevented when 
there is a task in hand to be resolved. Champney 's  result [31] 
presents ACTH4 ,0 as one of the possible mediators for this 
inhibition when such is adaptive. 

Interpretation of  reversal studies are particularly prone to 
methodological criticism. One problem is that with over- 
learning the ease of reversal increases [147]. Thus although 
one cannot neglect this often used measure here, the use of 
other attention-oriented tasks will be given prominence in 
this discussion. 

Let us consider a study that implicates ACTHj_,~ in at- 
tention processes and then consider one or two others that 
lead toward an understanding of in what way ACTH~ ,,, 
might affect attention. Galliard and Sanders [54] ran a self- 
paced serial reaction time task for 30 minutes. Normal per- 
formance of the human subjects showed a real improvement 
in reaction time that was in part counteracted by increased 
intervals attributable to fatigue and lapses of  attention. It 
was precisely by shortening these lapses that treatment with 
ACTH4_,, improved the attention and thus the performance 
of the subjects. 

Beckwith [13] applied an extra-dimensional shift to a vis- 
ual discrimination with albino rats. He found that although 
the terminal functions of  the learning curves were similar for 
MSH-injected and control groups, the presolution period of 
the changed dimension was shortened for aMSH and 
ACTH4..j groups. This is precisely one of the rules postu- 
lated for an attention process in the introduction and again 
suggests that alternative strategies under some conditions 
can be inhibited. 

As yet these results with rats should be treated cautious- 
ly. The results are on the border  of  statistical significance. 
There is still some uncertainty as to the physiological nature 
of  the doses and the duration of  their effects. Nonetheless 
it is encouraging that  there are suggest ions in man of  
faster intradimensional shifts in a Wisconsin test apparatus 
[132,133]. 

In man there are other improvements of  both visual mem- 
ory and attention after the injection of  ACTH~__1o [ 133]. Such 
effects include the reduction of  errors on a Benton visual 
retention test. Perhaps more pertinently there is a reduction 
of errors of omission rather than commission on a continu- 
ous performance task (spot the 'x '  during a rapid presenta- 
tion of letters on a screen) following subcutaneous injection 
of ACTH4_,,, [102]. As before this Suggests an increased di- 
rected concentration and attention to the task in hand. It 
would be of interest to know if this effect depends on the sex 
of the subject, as with the rats discussed above and with 
humans on other tasks [157]. 

One reason for considering an interaction with sex comes 
from consideration of the embedded figures task. Such a task 
requires the opposite of  persistence (in terms of rules for 
selection), that is the successive change of  central specifica- 
tions for matching as the subject attempts to ext rac t  simple 
forms from complex geometric figures. Poor performance 
has been attributed to a perceptual approach where subjects 
adhere to the structure of the presented field. Improved per- 
formance has been attributed to a conceptual approach of 
"hypothesis  development ,"  that is to say  grouping blocks of 
the diagram together [66]. The requirements of this task are 
not facilitated by high levels of testosterone. Women are said 
to perform similarly to men with high levels of testosterone 
but consistently worse than the average of most male sam- 
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pies [4, 171, 172]. A slight improvement has been noted on 
the embedded figures task after infusion with ACTH4-1o. 
Perhaps continuing and more direct tests of the ability to 
categorise should be introduced to subjects with ACTH con- 
trolled. 

Some investigations have started in this direction. The 
responses given by subjects during tasks that concentrated 
on the dimensional aspects of a discrimination showed that 
the method employed for solution varied between ACTH4_I0 
and control solution treatment. Hormone treatment facili- 
tated responding to the dimensional aspects of the task [132]. 
Subjects have also been required to align a pole vertically 
inside a frame against a distracting background and to detect 
dots of differing sizes at different degrees of luminance. 
Again with these studies questions arise over the criteria 
used to demonstrate significant effects, but the results do 
show a trend towards ACTH4-t0 impairing the reception of 
simple stimuli whilst the recognition (and the decisions that 
follow, i.e., registration) is facilitated. Performance against 
background distraction is enhanced. 

If these results are repeatable they are astonishingly simi- 
lar to the reciprocal effects on detection and recognition 
thresholds that Henkin [68] has demonstrated for carbo- 
hydrate active steroids (described below) and to the lack of 
distraction from the background shown by testosterone- 
injected chicks (last section). These characteristics of 
recognition thresholds and distractibility are clearly those 
that are important for the registration of significant stimuli 
and the process of selective attention. The most important 
attribute of this must be the discrimination of relevance from 
irrelevance, which was clearly improved by the administra- 
tion of ACTH4_.~ [135]. 

ences beyond the 'boundaries' of attention to sensory proc- 
essing capabilities. 

It appears that not only primary sensory abilities may be 
modified by the internal hormonal balance but also the way 
in which such information is treated and may become regis- 
tered for future use by the individual. This echoes the effects 
described above [135] of ACTHHo on detection and dis- 
crimination. However it should also be remembered that 
whatever the reason for the secretion of a particular hor- 
mone it is likely to affect much of the brain and not just the 
loci considered in this article, where the hormone may be 
bound. 

For example there is a correlation between the frequency 
of the EEG alpha rhythms and adrenal cortical function [106] 
with low levels depressing the dominant frequency [51] as 
with the theta rhythm of the hippocampus. This could be the 
result of a common fundamental effect on neurons rather 
than nuclear or cytosol binding. Thus Henkin [68] reported 
that multi-synaptic conduction time can increase by 20 msec 
after the removal of CAS. If the conduction times change, 
tendencies towards desynchrony could be promoted in the 
influenced areas giving rise to the EEGs recorded. Such an 
effect might be one superimposed on the areas where spe- 
cific binding has been reported (e.g., hippocampus [100]). 

The selective increase of high voltage activity in the 4-9 
Hz band shortly following MSH injection [134] fits seduc- 
tively into such a scheme of attention mechanisms because 
of the likelihood of the rhythm being hippocampal in origin. 
But the similarities of the effects of peptide and steroid hor- 
mones can dangerously obscure their differences. These im- 
portant effects of ACTH on limbic electrical activity 
[101,134] are pursued in the following section. 

EFFECTS OF CARBOHYDRATE ACTIVE STEROIDS 

Striking results have been reported by Henkin [68] on the 
sensory capabilities of patients with adrenocortical insuffi- 
ciency and the changes wrought by treatment with carbo- 
hydrate active steroids (CAS---e.g., prednisalone). Effects 
were found with the olfactory, gustatory, auditory and visual 
moda.lities, but for the sake of brevity only the auditory mo- 
dality will be considered here. 

The normal mean lower limit of the human auditory fre- 
quency response is 50 Hz and the upper limit is about 15,500 
Hz. The sensitive frequencies for detection are 1-4 kHz. For 
his patients detection thresholds proved variable and their 
acuity extended over a further 31/2 KHz, particularly in the 
sensitive range. Doses of 20 mg prednisalone restored the 
threshold after two days of treatment. Similar results 
emerged from investigation of gustatory responses. Patients 
showed detection thresholds far lower but recognition 
thresholds higher than normal patients. Again prednisalone 
(not related sodium/potassium active steroids) restored the 
threshold to normal. 

The auditory investigation went further to suggest that 
patients showed an impairment of the "recognition and/or 
integration of information." A list of 50 phonetically bal- 
anced words were presented at 40 dB and 60 dB above the 
patients' threshold. Frequencies over 500 Hz were filtered 
out (low pass filtered speech). At 40 dB 60% of untreated 
patients recognised the words in the balanced list and 89% at 
60 dB; whereas 89% of normal and treated patients showed 
recognition at 40 dB and 96% at 60 dB. Untreated patients 
also proved deficient in their abilities to localise sound 
stimuli and to judge loudness, suggesting hormonal influ- 

PHYSIOLOGICAL INTERACTIONS OF PITUITARY-ADRENAL HOR- 
MONES WITH THE HIPPOCAMPUS 

Evidence has been elaborated for the uptake of pituitary 
adrenal hormones by the hippocampus. This section pro- 
ceeds from how the hippocampus can influence hormone 
levels to how the hormone-hippocampal relationship might 
affect behavior. The limbic system needs to be intact for 
some of the behavioral actions of the neuropeptides and 
steroids to be seen [20,40]. For example lesion of the 
antero-dorsal hippocampus prevents the inhibitory effects of 
vasopressin and ACTHH0 on the extinction of a one-way 
avoidance test. For behavioral control it is probably impor- 
tant that there is a feedback relationship between the hip- 
pocampus and adrenal and pituitary hormones. The func- 
tional importance may be in Kawakami's words [77] perhaps 
to "tune" the animals' ability to respond to the same stimuli 
in different ways (i.e., in different hormonal environments). 
This recalls Leshner's model in which steroid hormones 
"set" an animal's baseline state with respect to its treatment 
of incoming information. 

The means by which the inhibitory characteristics of the 
hippocampus [15,114] are realised may be through the 5-HT 
system. The 5-HT content of the hippocampus, amygdala 
and frontal cortex varies with plasma corticosterone levels 
(see [74] for review on hippocampal-frontal cortex interac- 
tions on learning). 5-HT release seems to be involved in the 
inhibition of some behavioral tendencies. Blocking 5-HT 
synthesis with PCPA facilitates the appearance of some be- 
havioral characteristics that are often seen after hippocampal 
lesions [I l I]. 

Let us take a specific example of this characteristic [120]. 
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On a one trial passive avoidance the administration of COz 
after the trial can induce amnesia and inhibition of the 5-HT 
rise in the hippocampus that is normally associated with ac- 
quisition. If lysine vasopressin is given to the rats before the 
task then the normally observed rise of 5-HT in the hip- 
pocampus is restored. 

Further investigations are required to illuminate the 
mechanisms in detail. But this example does serve to illus- 
trate a way for the interactions of the limbic system and 
pituitary adrenal hormones to affect the balance of biogenic 
amines and thus affect the processing of information. The 
weakness yet lies in whether one is describing the phe- 
nomena of attention or learning which lie at different sta- 
ges along the continuum discussed in the previous section on 
ACTH. 

On moving to consider some influences of ACTH one can 
approach phenomena that are closer to that of an attention 
process. The dominant frequency of hippocampal theta ac- 
tivity that is recorded from dogs during the prestimulation 
'facing' period of a conditioned food reinforced operant re- 
sponse shows a downward shift following the administration 
of ACTH4_~0 [152]. No discernible effect was observed on 
the conditioned behavior itself. However when theta 
rhythms are elicited by electrical stimulation of the reticular 
formation of rats, then the presence of ACTH4_,~ increases 
the components in the 7.5-9.0 Hz band ([153], Fig. 3). This 
has also been well demonstrated following injection of vas- 
opressin into Brattleboro rats ([154], Fig. 3). 

Evidence for humans has been provided by a study from 
Miller and his colleagues [101]. Subjects participated in a 
disjunctive reaction time task with warning signals. One 
warning signal preceded a signal to respond, another pre- 
ceded a signal requiring no response. To both signals control 
subjects habituated their initial arousal response (alpha 
block) as measured by desyncrhonization of the EEG. 
ACTH4_]0 treated subjects only habituated to the 'no re- 
sponse' signal. They showed an EEG shift towards higher 
frequencies (periods of 7-12 Hz, for example) in the interval 
between a response and the next warning signal. This is 
clearly an improvement in the field of vigilance and attention 
(cf Fig. 1). Similar changes are observed by increasing 
stimulus intensity. It appears that ACTH4_~. increases the 
excitability of the theta generating system. This could be 
mediated by decreasing the turnover of 5-HT. 

These results throw some light on conclusions from be- 
havioral investigations. De Wied [40] has suggested that 
ACTH increases the motivational significance of stimuli. 
Alone and brief this statement remains unclear. But if one 
looks closer into such a mechanism, it may be possible to 
speak in terms of ACTH increasing the contrast with which a 
stimulus stands out from the background by reason of a rein- 
forcement history (potential motivational influence). Thus 
the stimulus has 'significance'. This is precisely the effect 
that has been shown with the increase of components in the 
7.5-9.0 Hz theta wave band. 

Further support comes from measurements of the human 
EEG where ACTH4-~oh-~4 facilitates the recovery of stimulus 
specific arousal patterns [102]. In a more thorough study the 
average evoked responses (AER) to four intensities of light 
have been recorded from patients with adrenocortical insuf- 
ficiency [28]. The amplitude of the recordings was small and 
of short latency. If such patients were treated with ACTH 
alone the amplitude was depressed (a reducing effect on the 
P 100 wave). But if the patients were treated with CAS the 
amplitude increased. The interesting development for the 
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present discussion is that prolonged stimulus presentation 
with ACTH].,q,.24 diminished stimulus habituation [50]. This 
again suggests an excitatory action for the active peptide 
(ACTH4_,.) for neural processes of a tonic, ongoing nature 
(e.g., stimulus is examined, theta driven, then both AER and 
behavior habituate) but inhibitory where processes are 
phasic (e.g., orient to novelty, theta depressed and P 100 of 
AER is depressed). 

Lastly in this section I will consider a separate approach 
to the interpretation of the interaction of EEG rhythms and 
hormones. The situation where a learned behavior pattern is 
extinguished theoretically requires the animal to direct its 
attention to new salient features and/or to change its set of 
central specifications for the previous task. Thus combining 
the use of this task and deep recording the question of the 
hippocampus as a biological base in attention is more closely 
approached than is possible from the results of EEG records 
from the skull surface. 

Gray and his colleagues (e.g. [40]) have shown that septal 
driving of hippocampal activity with a frequency of 7.7 Hz 
decreases resistance of rats to extinction of a reinforced 
runway response [59,60]. Further corticosterone, in a dose 
that facilitates the extinction of a runway response, selec- 
tively alters the driving threshold for the evocation o fa  theta 
rhythm to about 7 Hz [61]. It is clear that the requirements 
of the task are best met by a specific band of theta activity 
and that hormones facilitate the process by which the hip- 
pocampus fires in this mode. The presence of testosterone, 
naturally or by injection, to castrated or female rats also 
appears important for a 7.7 Hz rhythm [61]. 
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I would suggest that this contributes a degree of support 
for the idea that these hormones act through their modula- 
tion on the hippocampal theta rhythm to increase 
'significance' or contrast  of  the key stimuli against their 
background. It does not permit us to say that this is the 
precise mechanism but that this is the effect produced by the 
hormones. 

Gray has provided further evidence from his examination 
of the partial reinforcement effect [61]. The increased resist- 
ance to extinction found after a partial reinforcement task 
(compared to after a continuous reinforcement task) may be 
due to the animal attending to more varied aspects of  its 
environment during training [147]. If testosterone can also 
produce the effect of heightening the contrast  of  key stimuli 
[4,5], that would result in persistent attention to a limited 
number of stimuli, then one would expect  to find a strong 
effect on partial reinforcement tasks in animals with higher 
levels of this hormone. Indeed Gray found that testosterone 
treatment of his rats decreased their resistance to extinction 
following training on a partially reinforced task. This line of  
interpretation of  the effects of testosterone on characteristics 
of an attention process is taken up in the following section. 

CIRCULATING G O N A D A L  STEROIDS AND PERSISTENCE 

A consideration of  the influences of  testosterone on at- 
tention and search behavior largely comes out of a series of  
studies on birds by Andrew and his colleagues and on men 
by Broverman and his colleagues. Work with female sex 
hormones consists for the most part of early work on 
menstrual cycle correlates,  the cognitive aspects  of  which 
have been recently investigated by Sandman and his col- 
leagues. This work on sex differences is suggestive of differ- 
ential roles of  steroid hormone levels on attention-related 
processes. 

Testosterone 

The studies of  testosterone are interesting for their effect 
on the ' rules '  for an attention process.  This effect is inter- 
preted as the persistence of the matching of  the registered 
central specifications with sensory input that results in the 
more rigid control of  behavior (cf. start of introduction). 

The injection of  testosterone to male chicks in their first 
two weeks of  life increases the persistence of  search for a 
particular type of food and for search in a particular place 
depending on the context of the task [7]. Such persistence 
includes a decreased distractibility by irrelevant stimuli and 
sustained gaze on a localised stimulus. Thus, for example,  
chicks trained to peck at red grains of  food and to prefer 
these to yellow grains were presented with a pebble- 
encrusted floor where both foods were available. Food  de- 
prived chicks that had been injected with testosterone 
showed longer runs of  feeding pecks on red food than their 
oil-injected counterparts [4]. On a plain floor the runs of  red 
pecks are shorter for, without the distracting pebble stimuli, 
the testosterone injected birds sustain their search in a par- 
ticular place for longer than controls. Thus yellow grains are 
more often taken. 

What may be happening is elaborated by Rogers '  [125] 
description of  the moment when the chicks move. "Control  
males on the pebble floor showed switches in their search 
specifications, because of their acceptance of  non-preferred 
food (NP) before a move that generated a strategy in which 
NP food was taken over the next few moves; i.e.,  they were 

now searching for NP food in preference to P food, since 
they took NP food even when given a choice of both colors 
in the new area. Such switches in search specifications were 
also seen in controls on the plain floor, although less often, 
but they were not seen in testosterone-treated birds". 

Andrew [5,6] suggests that after the administration of  tes- 
tosterone the central specifications used in the recognition of 
a particular type of stimulus are likely to remain more persis- 
tently in use, once activated. Testosterone opposes tenden- 
cies to change the rules controlling attention and guiding 
selection. He argues that the acceptance of yellow grains 
(e.g., on a plain floor) by chicks with a red preference may be 
reasonably interpreted as a relaxation of  the criteria of match 
between specifications for preferred food and the char- 
acteristics of grains that will evoke pecks. It should be re- 
membered that red and yellow grains are similar in size, 
texture and shape. This is a more parsimonious explanation 
than describing a change of specifications that would require 
further assumptions to describe a return to P food. One of 
the appealing aspects of  this analysis is that the concepts 
have much in common with Treisman's  [149] description and 
review of evidence for the selection of the test/target during 
selective attention. 

Rogers [125] provides supporting evidence for Andrew's  
analysis. "On the pebble floor pecks delivered by broaden- 
ing the criteria of match were most likely to be delivered to 
pebbles, which were the same color as P food. Color is 
known to be one of the most pertinent visual cues for chick- 
ens [37]. Pebble pecks were found to occur significantly 
more often just  before a move than just  after a move" (Fig. 
4). 

The above analysis is supported by ethological observa- 
tions [8--11]. If chicks have been trained to run to the end of a 
runway for a food reward are presented with black and white 
panels on the sides of  the runway, they will show an in- 
creased latency to reach the food. Testosterone-injected 
chicks are less distracted by this irrelevant stimulus. During 
an extinction of this runway response testosterone-injected 
chicks showed a fixated gaze at the walls by the dish for 
longer than controls (longer periods of  fixation and fewer 
head moves during scanning were also found in an open 
field). These chicks did not look up from the runway as often 
as controls. 

Using the runway with mice, Archer  [12] has demon- 
strated similar effects of circulating androgens for mammals. 
He found, using similar visual cues as were used in the chick 
study that injection of testosterone into castrated male mice 
increased persistence and that intact male mice resembled 
them more than control-injected castrates.  As has been 
found with chicks in the feeding situation [4], the behavior of 
female mice resembled none of the male groups. 

Results obtained from adult birds also confirm the physi- 
ological nature of these findings [125]. Antiandrogen treat- 
ment of adult male chickens decreased their persistence on a 
food choice task. Castrated males were less persistent until 
injected with testosterone. In another situation there seems 
to be evidence for a similar effect on the rules developed 
during search behavior. Whilst learning a match to sample 
test in a T-maze quail exhibited longer sequences of respond- 
ing (in terms of  a particular hypothesis for solutiotr---right or 
wrong) than did castrated birds [109]. This effect was more 
marked than that of the experience that some birds had had 
learning a similar but simple discrimination earlier in the 
T-maze, on their pat tern of alley visits. This is further sup- 
port for an interpretation that once activated the central 
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TABLE 1 

THIS TABLE SHOWS THE MEDIAN VALUES OF THE SCORES OF FEEDING 
PECKS (PERCENTAGE AND RUNS OF PECKS) TAKEN FROM THE MEANS FOR 
INDIVIDUAL CONTROL AND TESTOSTERONE-INJECTED 12 DAY OLI) 

CHICKS ON A FOOD ARRAY OF RED (PREFERRED, P), YELLOW 
(NON-PREFERRED, NP) AND PEBBLES 

Scores for First Untreated Untreated Testosterone 
100 Pecks Females Males Treated Males 

Percentage taken: P food 81.5 84.0 97.5 
NP food 14.5 6.0 0.0 
Pebbles 3.5 6.0 2.0 

Mean Run Length: P food 9.8 10.4 36.7 
NP food 2.2 1.5 0.0 
Pebbles I. 3 1.1 1.0 

Longest Run: P food 24.0 33.5 69.5 
NP food 3.5 2.0 0.0 
Pebbles 2.0 2.0 1.5 

Longest run on P food; untreated male>untreated female, 0.025<p >0.05. 
All other feeding scores; T-treated male>untreated male, p<0.002. 
Pebble pecks; T-treated male>untreated male, 0.002<p>0.02, [1251. 

specifications persist  longer for animals with circulating an- 
drogens. 

Broverman provides similar evidence for men [24]. Thus 
male college students with high androgen levels performed 
well on a task involving the recognition of  a limited number 
of  objects that were repeatedly presented. These students '  
scores did not differ from the mean of  the group on a similar 
task involving the speed of  naming non-repeated objects. 
The first task requires a limited set of  specifications, the 
latter requires that the specifications be continually changed. 
It has also been shown that during infusion with high but 
physiological levels of testosterone men were better able at 
continuing mental arithmetic in which a running total had to be 
maintained [83]. This additionally indicates a decreased dis- 
tractibility, that would otherwise disrupt performance. It has 
also been suggested that this decreased ability to change 
central specifications would account for the longer period 
taken by men with high levels of androgen to locate a given 
pattern within a larger pattern. The embedded figures task is 
one of  the few that has also been used with women. Their 
performance will now be discussed. 

Estrogen 

It is unfortunate that there has been no systematic follow 
up of  the chick work with estrogens that has been published 
and that there have been so few recent investigations about 
the effects of hormones circulating in female animals other 
than the human species. As noted above testosterone in- 
jected into female animals does not produce similar effects 
on behavior to the injection of  males. 

One task that has proved useful is the ability to detect  two 
flashes of  light as two and not one flash, as the interval 
between them is decreased.  Thresholds are high and thus 
performance poor during the premenstrual  period of  
women[39,85]. Signal detection analysis in naturally cycling 
women [39] and women receiving synthetic estrogen and 
progesterone medication [173] shows that changes of  hor- 

mone levels can result in changes of  sensory sensitivity and 
criterion placement [173] depending on the nature of the in- 
structions for the task. It may not be worthwhile to concen- 
trate too much on sensory sensitivity changes in the light of  
the plausible suggestion that progesterone withdrawal and 
water retention may be linked to corneal edema [1611. This 
report  cited clinical findings on impaired vision in the pre- 
menstrual period. Nonetheless there are reports that the de- 
tection of test stimuli is best (i.e., equivalent to men and to 
women using contraceptive pills) at mid-cycle when estrogen 
is high in the visual [42], olfactory [85] and auditory [I41] 
modalities. It would seem questionable if all these modalities 
were to be improved at the peripheral level by changes of 
progesterone levels. 

There are conflicting reports on the hormonal influence 
over criterion placement [39,161] and a range of  possible 
interpretations for the improved visual discrimination in the 
premenstrual period that has been reported [161]. However  
the improvement of  subjects in reducing responsiveness to 
irrelevant stimuli when estrogen levels are declining seems 
to be just  the characteristic required by women on an em- 
bedded figures task. Broverman comments that their per- 
formance [24,25] is poor (with respect to menl because they 
show difficulty in delaying response tendencies to obvious 
(irrelevant) stimulus attributes. But of course we know noth- 
ing of  the estrogen levels of  these women. This hypothesis is 
worth pursuing because i t  might demonstrate influences of 
different levels of  estrogen as well as different levels of  tes- 
tosterone on persistence. 

Women take longer than male samples (not controlled for 
level of  testosterone) to solve an embeddedf igures  task [151. 
171. 172]. Conceivably this may not he a function of  estrogen 
levels but rather the absence of  testosterone,  for children are 
also reported to take a long time to solve such tasks [164[. 
Performance in terms of  a perceptual adherence t o t h e  con- 
tours has been described for both women and children 
[164,171]. As has been suggested for ACTH experiments, 
above, tests for the ability to categorise (e.g.,  match to sam- 
ple) should be introduced to clarify the issue. The distinction 
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between conceptual and perceptual performance has other- 
wise become confused. To what extent  this distinction has 
explanatory value in attention awaits further testing. 

Investigation of  on the one hand similar effects of high 
levels of testosterone and lower normal estrogen levels and 
on the other hand the established contrasting sex differences 
has been furthered by recent studies on the different effects 
of ACTH on males and females. Neonatal  treatment with 
ACTH4 .~ exaggerates the sexual tendencies. Female rats 
showed an enhanced position orientation (not adaptive for 
the visual discrimination) whereas males showed increased 
visual orientation and reversal learning ability [31]. This 
study was followed by one with women that showed that 
ACTH4_,, injected women in mid-cycle (estrogen high) 
showed impaired reversal learning abilities [157]. It appears 
that the peptide can promote the effects of  the sex steroids 
(as if they were present at high levels), namely promoting 
persistence of acquired strategies, that do not help the solu- 
tion of reversal tasks. 

There are many other studies discussing the differences of  
perceptual and motor performance between the sexes (see 
[25] for a review) that are not treated here as their relevance 
to attention rather than other roles is unclear. Too often 
differences can be ascribed to a class of  subjects but not to 
the hormones circulating. The work on hormones discussed 
relates to their activational effects. Such hormones may also 
have organisational influences on the structures involved in 
attentive and cognitive abilities. Male rats make fewer errors 
than females in a Hebb-Williams maze. Gonadectomy may 
reverse the normal differences in the levels of  activity in an 
open field, but surgery does not affect maze performance 
[38,86]. Such differences along with some human sex differ- 
ences may reflect differences in the organisation of cortical 
function related to the differential rates of physical matura- 
tion [160]. For  example those that mature early have better  
spatial and verbal abilities than late developers [160]. Vis- 
uospatial abilities are more dominant in males and verbal 
abilities more dominant in females [70]. Although child rear- 
ing practices will have an important role, it should also be 
pointed out that potential interactions between a rise in 
steroid hormones with heterogonic development in the brain 
has not been adequately taken into account in experimental 
design. 

CONCLUSIONS 

At the start of this review the thesis was put forward that 
the selection of  different attributes of  a stimulus or of  differ- 
ent stimuli is not only a result of peripheral mechanisms. The 
availability of  inputs for registration is significantly under the 
control of the physiological state of the animal and the 
chance that the stimulus comes to control behavior is re- 
stricted by previously acquired and registered information. 
In this article a comparator  mechanism is seen to have a part 
in the process of attention and evidence is reviewed that 
supports a role for the hippocampal-septal  axis in processes 
essential for a comparator  mechanism (selecting information 
for matching and registration). There are tendencies within 
the hippocampal-septal  axis, from other limbic structures 
and from hormonal levels to direct attention (and consequent 
registration) to relevant and significant features; " the  fixing 

of  at tention" [74]. The hormones have a modulatory role 
that depends on the external conditions and the internal state 
of  the organism. Thus ACTH can be excitatory when novelty 
appears yet inhibitory with prolonged stimulus presentation. 
The state of the organism can determine gonadal steroid 
levels that also inhibit the changing of  central specifications 
for matching and thus facilitate persistence. 

There is direct evidence for considering that the hip- 
pocampus and septum, adrenocortical and gonadal hor- 
mones have an interconnected role. Lesion and stimulation 
of the limbic system affects circulating levels of  these hor- 
mones. These hormones are taken up in the intact limbic 
system and some are shown to modify electrophysiological 
activity and the content of biogenic amines of  the limbic 
system. 

Less direct is the range of evidence that they are among 
the biological bases that are important in attention control. 
There have been more direct tests of attention in humans 
than in other animals and more investigations of  pertinent 
hormonal influences than of animal lesions on attention. This 
situation probably results from the historical emphasis of 
psychologists on affective changes in the former instance 
and of  animal behaviorists on learning theory in the latter 
instance. However  this review finds considerable support for 
these biological bases in attention systems from recent 
" interdiscipl inary" studies that have concentrated more on 
the nature of the stimulus control of behavior. 

Thus traditional learning deficits of rats with hippocampal 
lesions can be reversed in some cases by the manipulation of 
sensory cues. The impairment of septally lesioned animals 
depends on the number of sensory cues and strategies avail- 
able. Hippocampal theta activity correlates with periods 
when the animal aquires, relates and identifies sensory input 
[84]. This direction of emphasis is converging on that fol- 
lowed by those studying hormonal influences on perform- 
ance. Thus levels of  carbohydrate active steroids and female 
hormones affect the ability to detect and recognise stimuli. 
Once recognised they may persist (e.g., under high levels of  
testosterone) in controlling behavior. There are certain be- 
havioral characteristics of animals with septal and hip- 
pocampal damage that have been interpreted as "locking 
on"  to a stimulus. It is still an open question amenable to 
testing whether these two effects are coincidences of de- 
scription or share a related cause. 

Some of the evidence discussed consists of  correlation 
and can be interpreted in more than one way. This state 
exists whilst ideas such as persistence have seldom been 
expressed as part of  an attention process and thus not sub- 
jected to specific testing. Much of the physiological evidence 
reviewed shows that the recognition of  sensory input and its 
registration does seem to employ certain rules as suggested 
by Haber  and Hershenson [64]. The interactions of the 
hippocampal-septal axis and the pituitary-adrenal-gonadal 
axes influence how these rules are executed. 

It has been the purpose of  this paper to raise questions 
and to stimulate further investigations into the role of hor- 
mones and the limbic systems in attention processes. 
Perhaps it is not too remote a probability to be able to relate 
neurophysiological concomitants of attention processes di- 
rectly to search behavior; that attention does become an 
overt  and observable phenomenon that it has for too long 
been supposed not to be. 
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ADDENDUM 

Suppor t  for  the  in t e rac t ion  o f  h o r m o n e s  wi th  the  
h ippocampa l - s ep t a l  axis ,  c o n n e c t e d  a reas  and  an  as soc ia t ion  
wi th  in fo rma t ion  p r o c e s s i n g  [6] c o n t i n u e s  to  accrue .  The  
p r e s e n c e  of  a n d r o g e n  r ecep to r s  in the  av ian  la tera l  s e p t u m  
[1] is con f i rmed  and  ana tomica l  work  suppo r t s  the  paral le l  

b e t w e e n  the  av ian  and  m a m m a l i a n  h ippocampa l - s ep t a l  axes  
pos tu la t ed  f rom behav iou ra l  s tudies ,  a t  leas t  as far  as con-  
nec t ions  o f  the  p r e c o m m i s s u r a l  fornix  are  c o n c e r n e d .  

In ra ts  there  are  va sop re s s in  f ibres  tha t  sp read  to the  
s e p t u m  [5]. H e r e  the  va sop re s s in  p r e s e n t  [2], in the  dorsa l  
nuclei  can  dec rea se  N A  t u r n o v e r  [6]. By con t r a s t  the  ab- 
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sence of  gonadal ho rmones  in castrated rats causes  a de- 
crease  in G A B A  levels  in the septum [3]. These  are physi-  
ological studies and may only be taken as suggest ive of  the 

means  by which the hormones  discussed in this article might 
exer t  their  modula tory  influences on at tention-related pro- 
cesses.  
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