striatal projection neuron. Therefore, the
field of influence of any particular effer-
ent neuron at its target nuclei, as defined
by the position and the extent of its
terminal arborizations, must take synap-
tic contacts on long dendrites into con-
sideration. Neurons with cell bodies out-
side of an apparent afferent terminal field
still could be directly influenced by that
afferent source.

Our results also show that even though
all of the identified neostriatal efferent
neurons are medium spiny neurons, the
distribution of their main axons could be
very different. This demonstrates that
neurons with similar somato-dendritic
morphology that receive similar afferent
inputs can have different projection pat-
terns and thus differ considerably in
function.

H. T. CHANG
C. J. WiLsoN, S. T. KITAI
Department of Anatomy, Michigan
State University, East Lansing 48824
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Electrical Potentials in Human Brain During Cognition:

New Method Reveals Dynamic Patterns of Correlation

Abstract. A new technique has been developed for identifving, in humans,
dynamic spatiotemporal electrical patterns of the brain during purposive behaviors.
In this method, single-trial time-series correlations between brain macropotentials
recorded from different scalp sites are analyzed by distribution-independent mathe-
matical pattern recognition. Dynamic patterns of correlation clearly distinguished
two brief visuomotor tasks differing only in type of mental judgment required (spatial
or numeric). These complex patterns shifted in the anterior-posterior and left-right
axes between successive 175-millisecond intervals, indicating that many areas in
both cerebral hemispheres were involved even in these simple judgments. These
patterns were not obtainable by conventional analysis of averaged evoked potentials
or by linear analysis of correlations, suggesting that the new technique will advance
the study of human brain activity related to cognition and goal-directed behaviors.

The use of correlation measures of
brain macropotentials, recorded as elec-
troencephalogram (EEG) time series, for
studying mass neural processes related
to purposive behaviors (/-3) is based on
the hypothesis that during purposive be-
haviors in humans many cortical and
subcortical areas are functionally related
(4). Although the means of communica-
tion between these areas and the relation
of such communication to macropoten-
tials are not well understood (5), there is
evidence that increasing functional inter-
relation between neural areas may be
reflected in increased correlation of their
low-frequency macropotentials, inde-
pendent of voltage (6).

Here we report the existence of ma-
cropotential correlations in humans re-
lated to type of mental judgment. Two
visuomotor tasks requiring two types of
cognitive judgment were performed

J
77

Fig. 1. Typical stimulus for arrow and number
tasks. The stimulus subtended less than 2°
visual angle. The participant was instructed
either to produce a force which would cause
the target (vertical line at left) to intersect the
arrow's projection or to produce a force cor-
responding to the magnitude of the number,
by a graded isometric contractjon of the index
finger. Differences in accuracy and response
time were equalized between tasks by on-line
computer adjustment of difficulty. Thus the
two different cognitive tasks had the same
stimuli, were performed equally well, and had
the same response. Average response time
was 1.2 seconds.
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while a high degree of control over stim-
ulus-, response-, and performance-relat-
ed factors was maintained. Small differ-
ences in patterns of correlation between
tasks were extracted by applying distri-
bution-independent mathematical pat-
tern recognition, without signal averag-
ing which obscures the individual-trial
interareal phase relations. The results
show spatially and temporally differenti-
ated patterns of correlation delineating
both the time course of mass neural
processes associated with each task and
the essential differences between tasks.

The challenging, brief (about 1.2 sec-
onds) visuomotor task presumably es-
tablished functional relations between
visual, parietal, motor, frontal, and other
neural areas. After a task cue was pre-
sented, a simple visual stimulus (an ar-
row, a target, and a number) was pre-
sented (Fig. 1) requiring a judgment of
magnitude. The response was to exert a
force on an isometric transducer with a
ballistic contraction of the right index
finger, proportional either to the distance
the target would have to move to inter-
sect the arrow’s projection, or to the
magnitude of the number (on a scale of 1
to 100). Arrow and number stimuli were
always presented together, and the par-
ticipant was task-cued in randomly or-
dered blocks of 13 trials (7). Perform-
ance-related factors were equalized be-
tween tasks by computer-controlled, on-
line adjustment of the target size (arrow
task) and the accuracy tolerance (num-
ber task) (8).

Five clinically normal, right-handed
adults (four males, one female) each per-
formed a total of about 270 trials. Sixteen
electrodes were placed according to
standard skull landmarks in positions
covering the cranium (9). Vertical and
horizontal eye movements, flexor mus-
cle activity of the right index finger, and
the resultant output of the isometric
force transducer were recorded.

For each person, sets of trials of each
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task were selected so that there were no
significant between-task differences in
stimulus-, response-, and performance-
related factors (10). Stimulus-registered
and response-registered averaged evoked
potentials were then computed for each
person and examined for consistent
changes across tasks in peak latency or
amplitude of the N1 (N170), P2 (P240),
P3a (P340), P3b (P450), P4 (P620), and
RP (readiness potential) components
(Fig. 2). No task-related amplitude or
latency shifts were consistent across per-
sons, except for the P340 component,
which was always larger for the number
task at midline, left, and right parietal
electrodes (11).

Since a component of the averaged
evoked potential signifies the occurrence
of neural processes which are consistent-
ly related in time to the stimulus, time
intervals of 175 or 300 msec were cen-
tered on the peak time of the N1-P2, P3a,
P3b, and P4 components of each per-
son’s averaged evoked potentials. Sin-
gle-trial cross-correlation functions were
computed between 44 pairwise combina-
tions of 15 electrodes for each of these
four latency intervals, as well as a 300-
msec prestimulus and a 175-msec prere-
sponse interval (/2). The zero-lag corre-
lation for each channel pair ranged from
.98 for the midline frontal to midline
premotor pair, to .38 for the midline
frontal to midline occipital and right
frontal to midline parietal pairs. Mean
correlation values for each latency inter-
val were: prestimulus = .74, NI1-P2 =
.81, P3a=.79, P3b =.75, P4 = 75,
preresponse = .76. The trend for the
prestimulus correlation to be lower than
the N1-P2 or P3a correlations is consis-
tent with the idea that increasing correla-
tions accompany stimulus-related neural
processing. The only significant task-
related effect revealed by an analysis of
variance was a task times channel-pair
interaction in the N1-P2, P3a, and P3b
intervals (13). To elucidate spatial pat-
terns, we performed a separate analysis
by standardizing (mean = 0, standard
deviation = 1) all single-trial correla-
tions within each person’s data between
the number and arrow tasks and per-
forming a r-test for each of the 44 corre-
lations in each of the six intervals. Only
four correlations were significantly dif-
ferent (P < .03, Bonferroni corrected for
multiple comparisons) between tasks:
right frontal-midline frontal, left frontal-
midline precentral in the N1-P2 interval,
midline occipital-midline parietal, and
midline occipital-midline posterior pari-
etal in the P4 interval.

Since these linear statistical methods
were not informative, nonlinear, distri-
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bution-independent, multivariate pattern
recognition was applied to determine
how the correlation patterns of each task
changed with time and whether the two
tasks had contrasting correlation pat-
terns within each latency interval (/4,
15). For the within-task analysis, Fisher
Z'-transformed correlations were con-
verted to standard scores between laten-
cy intervals for each person and elec-
trode pair. For the between-task analy-
sis, the correlations were standardized
between tasks for each person, latency
interval, and electrode pair. The 44 pair-
wise combinations of the 15 electrodes
were grouped into nine major cortical
areas in overlapping fashion: right or left
frontal, central, and parietal electrodes
were each combined with their midline
electrodes; right or left temporal and
parietal were grouped together; occipital
recording was only midline. The pattern
recognition algorithm then computed
mathematical classification functions to
distinguish the change between time in-
tervals for each task, or to distinguish
the arrow and number tasks within each

a

interval. Functions were derived for
each of the nine areas, and consisted of a
nonlinear polynomial of the correlations
of the particular area usually with 10 or
11 other areas. Each classification func-
tion was developed on 788 trials, and
cross-validation was achieved by pre-
senting 400 previously unanalyzed trials
to each classification function. The cor-
relations of a particular area were
deemed to have changed with time or to
have differed between tasks if the cross-
validation classification accuracy was
significant at P < .005 or better. [Forty-
nine attempted classifications with the
data randomly assigned to the arrow or
number categories did not produce sig-
nificant cross-validation classifications
at P < .005 (I6).] For each significant
classification, correlations contributing
most prominently were evaluated from
the classification function by a previous-
ly developed algorithm (/7). Finally, the
significant areas and signs of prominent
correlations contributing to the signifi-
cant classifications were formed into dia-
grams.
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Fig. 2. Composites (average of averages) of five participants’ stimulus-registered averaged
evoked potentials for (a) number and (b) arrow tasks. Each composite is made up of about 55
trials from each of the five participants {277 trials in (a), 279 trials in (b)]. There were no
consistent differences between tasks in the peak amplitudes or latencies of the individual
averages forming the composite, except for the P3a (P340) component, which had a slightly

larger amplitude parietally in the number task.
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The diagrams of the within-task analy-
sis reveal similarities between tasks in
the anatomic distribution of changes in
correlation between intervals (Fig. 3, a
and b). The changes were greater in the
number task from the prestimulus to the
P3a interval and in the arrow task from
the P3a to the P4 interval. From the
prestimulus to the N1-P2 interval almost
all areas changed, with most correlations
increasing. From the N1-P2 to the P3a
interval, left temporo-parietal and mid-
line-right central areas changed in the
arrow task; bilateral temporo-parietal,
midline-left central, midline-left parietal,
and midline-bilateral frontal areas

b

Prestimulus to N1-P2

Key for a,b and ¢

O P< .5x 1078

@ P< .001
@ P< .005

N1-P2:
125 to 300

Prestimulus:
~300 to O

N1-P2 to P3a

changed in the number task. From the
P3a to the P3b interval, bilateral tem-
poro-parietal, midline-bilateral parietal,
and midline occipital areas changed in
the arrow task; right temporo-parietal,
midline-right central, and midline-left
frontal areas changed in the number
task. Most posterior correlations de-
creased in both tasks. From the P3b to
the P4 interval, the areas showing
change were identical for both tasks:
midline-bilateral frontal and central.

Frontal to midline precentral correla-
tions decreased, whereas midline pre-
central to left parietal increased in both
tasks. From the P4 to the preresponse

P3a to P3b

Key for a and b

Increasing correlation

~ ~ -~ Decreasing correlation

P3a:
240 to 410

P3b:
350 to 525

interval, changes in midline-bilateral ar-

- eas predominated in the arrow task,

whereas all areas changed in the number
task. The involvement of the midline
precentral area in many of these interval
changes may be associated with the
preparation of deliberate motor acts, a
finding which is consistent with recent
radiologic data (/8).

The pattern recognition analysis was
then applied to determine how the arrow
and number tasks differed from each
other in each latency interval {/9). Sig-
nificant differences were found in all but
the preresponse interval (Fig. 3c). In the
prestimulus interval significant differ-

P3b to P4 P4 to response

Key for ¢

Higher arrow correlations

Higher number correlations

P4

: ~-175 to
480 to 780 response

Fig. 3. (a) Within-task pattern recognition analysis for the arrow task; areas outlined are those whose unaveraged time-series correlations with
other areas changed significantly from interval to interval; shading indicates the significance level of change. Prominent correlations are indicated
by connecting lines: a correlation increasing with time is indicated by a solid line and decreasing correlation by a broken line. (b) Within-task
pattern recognition analysis for the number task. Note the similarities with the arrow task (a) in the prestimulus to N1-P2 changes and P3b to P4
changes, as well as the differences in the N1-P2 to P3a and P3a to P3b changes. (c) Between-task pattern recognition analysis for each interval; ar-
eas outlined differed significantly in their correlation with other areas: a solid line connecting two areas indicates that the areas were more highly
correlated for the arrow task, while a broken line indicates a higher correlation for the number task. Note the contrasts between the arrow and
number tasks in the prestimulus interval, a finding which might be interpreted as evidence of a ‘‘preparatory set.”” Also, the lack of contrast in the
preresponse interval may be interpreted as the completion of task-specific perceptual processing.

920 SCIENCE, VOL. 213



ences occurred in midline-right frontal,
midline-left parietal, and midline occipi-
tal areas. Higher frontal-posterior corre-
lations were found in the arrow task. In
the N1-P2 interval, contrasts were seen
in all areas except midline-left and mid-
line-right parietal. The between-task dif-
ferences in correlation included a com-
plex picture of lateralization: in the ar-
row task higher correlation of right pari-
etal with midline sites, lower correlation
of right temporal with midline sites, and
lower correlations of left temporo-pari-
etal areas with most midline sites. In the
P3a interval, left temporo-parietal, mid-
line-left central, and midline occipital
areas differed. A left-sided lateralization
of differences was evident, although the
signs of correlation differences were
mixed. During the P3b interval midline
and bilateral frontal, central, and parieta'
areas showed contrast between tasks.
Correlations were lower in the arrow
task between left parietal and midline
frontal and precentral sites. In the P4
interval, the correlations of the midline-
left frontal, and of the right temporo-
parietal with other areas differed. No
contrast was seen in the preresponse
interval.

These between-task contrasts could be
attributed to ‘‘preparatory set,”’ type of
mental judgment, and task-specific prep-
aration for response, since there were no
differences in stimuli, in magnitude, du-
ration, velocity, and acceleration of re-
sponses, in accuracy and response time,
or in measures of ‘‘arousal,’”’ eye move-
ments, or other types of artifact (20). The
presence of frontal, parietal, and occipi-
tal contrasts during the cued prestimulus
interval may be a sign of task-specific
‘‘preparatory set.”” The lack of contrast
between tasks in the 175-msec prere-
sponse interval suggests that task-specif-
ic perceptual processing was completed
by this time, when motor control com-
mands common to both tasks were pre-
sumably being generated.

Since a change in correlation pattern
implies a change in activity of the under-
lying neural areas, these findings indi-
cate that many areas in both hemi-
spheres are involved in a complex man-
ner even in simple judgments. As noted,
few between-task differences were evi-
dent in a visual analysis of the amplitude
and latency of the major components of
the averaged evoked potential or in lin-
ear analyses of averaged or single-trial
correlations.

Additional speculation about the sig-
nificance of these correlation patterns
must be deferred until this method has
been applied more extensively and evalu-
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ated in the light of known neuroradiolog-
ic, neurophysiologic, and neuropsycho-
logic findings. Once the method has been
further validated, a better temporal and
anatomic resolution of mass brain po-
tential patterns associated with cogni-
tion and purposive behaviors may be
available for both basic and clinical re-
search.
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DDT-Induced Feminization of Gull Embryos

Abstract. Injection of DDT [1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane] into
gull eggs at concentrations comparable to those found in contaminated seabird eggs
in 1970 induces abnormal development of ovarian tissue and oviducts in male
embryos. Developmental feminization of males is associated with inability to breed
as adults and may explain the highly skewed sex ratio and reduced number of male
gulls breeding on Santa Barbara Island in southern California.

Between 1950 and 1970 offshore south-
ern California was subjected to massive
contamination by the discharge of as
much as 1.9 million kilograms of com-
mercial DDT (/) from the Los Angeles
sewer system (2, 3). This resulted in high
residues of total DDT (4) at all levels of
the ecosystem, with particularly high
concentrations in fish, sea lions, and
seabirds (5). The breeding failure of
brown pelicans (Pelecanus occidentalis)
and double-crested cormorants (Phala-

crocorax auritus) due to eggshell thin-
ning has been well documented (6-8).
High concentrations were measured in
eggs of western gulls (Larus occidenta-
lis) 3 years after sewer discharge of DDT
ceased (9).

We report that DDT contamination of
eggs during the early 1970’s may be
involved in the current reproductive fail-
ure of western gulls in the Channel Is-
lands. The poor breeding success is char-
acterized by a reduced number of adult

Fig. 1. (A) Section of normal testis of California gull at hatching. Seminiferous tubule (57)
contains PGC (arrows). Cortex (C) is squamous epithelium (x400). (B) California gull testis
from egg injected with o,p'-DDT (2 ppm), showing cortical localization of PGC arrested in
meiotic prophase (arrows) (x400; scale bar, 10 um). (C) Reproductive organs of partially
eviscerated male western gull hatchling injected during incubation with o,p’-DDT (5 ppm).
Testes (7T) are of normal shape. Feminization is indicated by the presence of left oviduct (double
arrows), shell gland (s5), and short right oviduct (single arrow). Other structures: mesonephros
(ms), metanephros (m¢), and cloaca (c/) (X3.5). (D) Reproductive organs of male western gull
hatchling from egg injected with p,p’-DDT (10 ppm) and p,p’-DDE (40 ppm). Left gonad is
enlarged and flattened into an ovotestis (0): left oviduct (double arrows) is present; right
oviduct (single arrow) is prominent and edematous (x3.5; scale bar, 2 mm).
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males, a highly skewed sex ratio (3.85
females for each male on Santa Barbara
Island), and female-female pairing of
some of the excess females (/0). We
propose that DDT contamination of eggs
and embryos causes abnormal develop-
ment of the reproductive system and
results in breeding failure in the adult
birds.

Gull eggs are relatively insensitive to
the thinning effects of DDT (/7). Con-
centrations that result in severely
thinned and broken pelican eggs (40 to 80
ppm per whole egg, by weight) (/2) result
in only modest (6 to 10 percent) thinning
in gull eggshells; embryos survive until
concentrations reach 200 to 300 ppm
(13). However, this resistance to egg-
shell thinning puts gull embryos at great-
er risk of exposure to the estrogenic
effects of DDT metabolites. We exposed
gull embryos to DDT at historical levels
(2 to 100 ppm) to determine the effects
that probably occurred in the wild.

Eggs were collected in 1979 and 1980
from breeding colonies at Mono Lake
(California gulls, Larus californicus) and
Southeast Farallon Island (western
gulls). These places do not have a history
of high DDT contamination. An attempt
was made to obtain unincubated eggs by
collecting the first egg laid in a nest at the
beginning of the nesting season. Recrys-
tallized pesticides and metabolites or es-
tradiol were dissolved in corn oil and
injected directly into the yolk (/4). This
method closely approximates the distri-
bution of the pollutants in eggs in the
wild, since these compounds are lipid-
soluble and accumulate in yolk. The in-
jected pollutants do not immediately mix
with yolk, but become mixed as the yolk
is mobilized during the first few days of
incubation. Injected eggs were incubated
artificially (I5), and embryos that sur-
vived to hatching were fixed and exam-
ined.

Two hundred sixty-four eggs were
successfully injected, and 108 developed
to pipping, the point at which the embryo
is ready to cut the shell with its egg
tooth. Many embryos died (45 percent
died before they had been incubated for
2 days), probably because of transport,
storage, and injection. Data from both
species were pooled since no differences
were observed in sensitivity to the com-
pounds or extent of developmental ab-
normalities.

The anatomy of gulls at hatching and
their response to estradiol or estrogenic
compounds resemble those of chickens
and Japanese quail (16, 17), but gulls are
much more sensitive to the effects of
estrogens. All male embryos at all doses
of estradiol were feminized. The extent
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