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TABLE2 Genetic correlations between stripe and behaviour scores for each population

Tenmile (29) Distance Reversal Display Speed
Stripe -0.191 -0.751 0.150 0.280
-0.173 —0.427%* 0.106 0.219
Alsea (19)

Stripe 0.384 -1.200 -0.180 0.635
0.196 —0.499%* -0.060 0.291

McGribble (29)
Stripe 0.491 -0.184 0.495 0.293
0.187 -0.012 0.543* 0.303

The top row indicates covariance component estimate of the correlation based on
full-sib data®2?. Litter mean correlations are presented on the second row for purposes
of significance testing®®. The number of litters for each population is shown in
parentheses. Asterisks indicate the significance level of the litter mean correlation
(**=P<0.01; *=P <0.05). See Table 1 for methods.

examined (Table 2). In two populations, significant negative
genetic correlations were detected between the stripe index and
the number of reversals during flight. In the third population,
a significant correlation was observed between the stripe index
and antipredator display, but this correlation was due almost
entirely to a single family and it was disregarded.

Sudden terminations of flight, such as the reversals scored
here, can cause a predator to lose track of its quarry, allowing
the prey a second chance to use crypsis as a defence'®'’. The
correlations observed in the Tenmile and Alsea populations
indicate that striped snakes flee directly whereas unstriped and
spotted snakes exhibit a greater tendency for cryptic behaviour.
This resembles the interspecific correlations between colour
pattern and antipredator behaviour observed among all North
American snakes'?.

Genetic covariances result from pleiotropy (whereby genes
affect multiple traits) or linkage disequilibrium (nonrandom
association of alleles at different loci) or both. The data presen-
ted here cannot be used to distinguish between these causes,
but the genetic covariances probably result from linkage dis-
equilibrium rather than pleiotropy, because the coupling is
between morphological and behavioural traits. In either case,
theory indicates that genetic covariances can be maintained by
selection for particular combinations of traits'®. The concord-
ance between the correlations detected in this study and those
observed across snake species indicates that selection favouring
particular combinations of colour pattern and behaviour may
be at least partially responsible for the maintenance of the
genetic covariances reported here. Other phenomena that may
contribute to the maintenance of genetic correlations include
assortative mating, secondary contact of divergent populations,
small effective population size and population subdivision®®.

Selection favouring combinations of traits could also help to
explain the extensive colour pattern polymorphism within popu-
lations of Thamnophis ordinoides. If the fitness of an individual
with a particular colour pattern depends on its antipredator
behaviour, then it may be that individuals with different combi-
nations of colour pattern and antipredator behaviour have com-
parable fitnesses. A similar argument has been used to explain
polymorphism in heterogeneous environments where different
genotypes choose to occupy the microhabitat in which they are
most fit. Under these conditions genetic polymorphisms within
populations can be maintained with small genetic loads®.

The post-selection distribution of all characters will be a result
not only of direct selection on those characters, but also of
selection on genetically correlated characters. In this way,
genetic covariances can constrain the rate’® and even determine
the direction®' of short-term evolutionary change. Thus, genetic
correlations between morphology and behaviour imply a high
degree of genetic integration of the entire phenotype, indicating
that phenotypic evolution is more complex than even multi-
variate analyses of a single category of characters would
indicate. O
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THE primate visual system is adept at identifying objects embedded
within complex displays that contain a variety of potentially dis-
tracting elements. Theories of visual perception postulate that this
ability depends on spatial selective attention, a mechanism
analogous to a spotlight or zoom lens, which concentrates high-
level processing resources on restricted portions of the visual
field". Previous studies in which attention was pre-cued to specific
locations in the visual field have shown that the spotlight has a
single, unified focus™>, even in the disconnected hemispheres of
patients who have undergone surgical transection of the corpus
callosum®®, Here we demonstrate that an independent focus of
attention is deployed by each of the surgically separated hemi-
spheres in a visual search task, such that bilateral stimulus arrays
can be scanned at a faster rate by ‘split-brain’ subjects than by
normal control subjects. The attentional system used for visual
search therefore seems to be functionally and anatomically distinct
from the system that mediates voluntary orienting of attention.

In visual search tasks of the type studied here, an array of
items is presented and the subject must decide whether or not
a specified target item is present in the array. When the target
and distractor items share the same basic features but differ in
combinations or conjunctions of these features, attention must
be focused on each item in turn (serial search) until the target
is found or the array is exhausted'®. Reaction time therefore
increases linearly with the number of items in the array (the set
size), and the slope of the function relating reaction time to set
size indicates the amount of time required to scan each item
(the search rate).

Several studies in normal subjects have indicated that the
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TABLE 1 Mean per cent correct for the control subjects and split-brain

patients
Set size
2 4 8
Control Unilateral 98.5(1.6) 97.6(24) 94.9(2.9)
Bilateral 99.6 (0.6) 99.4(0.7) 97.9(2.4)
Split Unitateral 99.4(0.8) 96.1(5.5) 92.2(1.6)
Bilateral 98.3(1.1) 98.4(0.8) 97.2(4.0)

Standard deviations are shown in parentheses.

attentional spotlight is unitary and cannot be divided effectively
between spatially disparate regions of a stimulus array”?, except
under certain conditions’"®. If visual arrays are scanned by serial
movements of such a unitary attentional spotlight, then the
search rate should be about the same whether the items are all
presented to one visual hemifield or are equally distributed
between the left and right hemifields. Alternatively, if each
hemisphere in the split-brain patient controls its own attentional
spotlight and can scan its respective hemifield independently of
the other hemisphere, then the search rate should be faster for
bilateral arrays than for unilateral arrays having the same set
size. Presumably, intact interhemispheric communication should
force normal subjects to maintain a single focus of attention for
both unilateral and bilateral stimulus arrays’.

The performance of commissurotomy patients J.W. and L.B.,

B = Blue = Red

+ 6.8°

3.3°

FIG. 1 Examples of stimuli used for the visual search task. The top panel
is a bilateral array and the bottom panel is a unilateral array with the same
set size (8 items). Each item subtended 0.4 X 0.8 degrees of visual angle.
The items were placed in random positions within rectangular zones on the
left and right sides; these zones measured 3.3 X6.8 degrees and were
displaced 1.1 degrees laterally from the fixation point. The arrays were
presented for a duration of 2.5 s, with an interstimulus interval that varied
randomly between 3.35 and 3.65 s. Unilateral and bilateral arrays of the
various set sizes were randomly intermixed, and ~50% contained a target.
Only one target could occur per trial. Each subject received a total of 792
trials.
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whose case reports have been described elsewhere'®!'!| was

compared with a group of six neurologically normal young
adults using the visual search paradigm shown in Fig. 1. The
stimulus arrays consisted of rectangles constructed from a red
square and a blue square, with blue on top for the distractors
and red on top for the target. Subjects pressed a left-hand button
if the target was in the left visual field (LVF), and a right-hand
button if the target was in the right visual field (RVF); neither
button was pressed on target-absent trials. Our design included
set sizes 2, 4 and 8, presented either unilaterally or bilaterally
(bilateral stimuli were divided equally between the LVF and
RVF). Stimulus order was completely randomized. To ensure
that the items were processed only by the contralateral hemi-
sphere, subjects were instructed to fixate a central point at all
times and eye position was verified by measurement of the
electro-oculogram. For all patients and control subjects,
horizontal eye movements averaged one degree of visual angle
or less, which was smaller than the distance between the fixation
point and the stimulus arrays.

The reaction time functions for the control and split-brain
subjects are shown in Fig. 2. The control subjects’ search func-
tions were very similar for unilateral and bilateral arrays; reac-
tion times were somewhat faster overall for bilateral arrays, but
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FIG. 2 Group mean reaction times as a function of set size for a 6 normal
control subjects and b, 2 split-brain patients. W, Unilateral arrays; @, bilateral
arrays. In the control group, the search functions were essentially parallel
for the unilateral and bilateral arrays, indicating a single focus of attention.
For the split-brain patients, however, the slope was about twice as large
for unilateral arrays as for bilateral arrays, suggesting that each hemisphere
can search its corresponding hemifield independently of the other hemi-
sphere.
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there was no significant difference between the slopes of the
reaction time functions for the two types of arrays (ANOVA,
P >0-4). For the split-brain patients, however, the slope of the
search function was about twice as steep for the unilateral arrays
as for the bilateral arrays. This 2:1 ratio of slopes would be
expected if each hemisphere had an independent serial scanning
mechanism, such that bilateral arrays were scanned with two
spotlights and unilateral arrays were scanned with only one.

Multiple regression analyses of the single-subject reaction
times confirmed that bilateral search slopes were significantly
faster than unilateral search slopes for both split-brain patients
(P <0.001 for J.W.; P<0.04 for L.B.), but not for any of the
control subjects. Moreover, these differences were not due to
speed/accuracy trade-offs: accuracy actually tended to be higher
for bilateral arrays than for unilateral arrays, and this pattern
was present for both the control group and for the split-brain
patients (Table 1).

These findings indicate that the serial scanning of visual arrays
for conjunction targets is conducted independently in the dis-
connected hemispheres of split-brain patients. Visual search can
therefore be added to the list of perceptual and mnemonic
processes that can be performed in parallel by the right and left
hemispheres after commissurotomy'”. But our results stand in
contrast to several previous studies indicating that attentional
processes may be shared by the separated hemispheres through
intact subcortical pathways'*~'°. In particular, Holtzman and
his colleagues reported that split-brain patients cannot divide
the attentional spotlight in tasks that use symbolic cues to
manipulate the direction of attention*®, which contrasts with
our evidence that attention can be divided during visual search.
These divergent results point to the existence of two functionally
and anatomically distinct systems that participate in visual selec-
tive attention: whereas the separated cerebral hemispheres can
function independently in scanning arrays of objects during
visual search, the advance orientation of attention by means of
a symbolic precue seems to be a joint exercise of the separated
hemispheres, presumably mediated by intact subcortical struc-
tures.

This proposed dichotomy is consistent with studies of normal
subjects'® showing that attentional orienting produced by sym-
bolic precues does not improve the identification of feature
conjunctions as effectively as the attentional processes deployed
during visual search' or during the direct (peripheral) precuing
of location'”'®. Qur results are also in accord with earlier studies
of split-brain subjects indicating that the two hemispheres can
process information in parallel during simple binary decision’"?
and spatial memory tasks?®?!.

Although the search rates from the present experiment indi-
cate that attention may operate independently in the discon-
nected hemispheres during the item-by-item search process,
other aspects of the data provide evidence for some sharing of
resources in this task. For the split-brain patients, the intercept
of the search function was higher for bilateral arrays than for
unilateral arrays, whereas the intercept was significantly lower
for bilateral arrays in the control subjects. This finding indicates
that increasing the processing load in one of the separated
hemispheres may slow the overall target detection speed of the
other hemisphere, although this interference does not affect the
processing stage that conducts the serial target search. O
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A WIDESPREAD interest in a long-lasting form of synaptic
enhancement in hippocampal circuits"? has arisen largely because
it might reflect the activation of physiological mechanisms that
underlie rapid associative learning. As its induction normally
requires the ‘Hebbian>® association of activity on a number of
input fibres*, we refer to the process as long-term enhancement
(LTE) rather than long-term potentiation (LTP), to emphasize its
distinction from the ubiquitous, non-associative ‘potentiation’
phenomena that occur at most synapses, including those exhibiting
LTE®. Among other evidence®™® that LTE might actually have a
role in associative memory is the demonstration that repeated
high-frequency stimulation, which saturated the induceable LTE,
caused a severe deficit in spatial learning, although it had no effect
on well established spatial memory®. These results were consistent
with a widespread view that information need only temporarily be
stored in the hippocampal formation in order for long-term
memories to be established in neocortical circuits'®''. In this
context, it is important to understand whether the possible underly-
ing synaptic changes are of a permanent character, or are relatively
transient. A second question is whether the actual cause of the
observed learning deficit is the distruption of the synaptic weight
distribution, and/or the limitation of further synaptic change,
which presumably results from experimental saturation of the LTE
mechanism. Alternatively, the deficit could be a consequence of
some unobserved secondary effect of the high-frequency electrical
stimulation. Here we demonstrate that learning capacity recovers
in about the same time that it takes LTE to decay, which strongly
favours the first possibility and supports the idea that LTE-like
processes actually underlie associative memory.

Experiments were performed on 12 male F-344 rats (10 months
of age). Under deep sodium pentobarbital anaesthesia, all rats
underwent bilateral implantation of electrodes’® for stimulation
of perforant path fibres in the vicinity of the angular bundle
and for recording the resulting synaptic and postsynaptic field
potentials in the fascia dentata’ (see Fig. 1). Following recovery
from surgery, the rats were randomly assigned to three groups.
Two groups (n=4) received high-frequency, LTE-inducing
stimulation, and the other group (n=4) received only low-
frequency test stimuli. The electrical stimulation and physiologi-
cal recordings were carried out daily over a 34-day period. The
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