to the quality as well as the quantity of
mtDNA or RNA sequences. In that way,
the nuclear genome could "sense" the
amount or kind of mtDNA in the cell.
Whether different p- mtDNA's, such as
those containing the genes for the large or
small rRNA's, both of which can be transcribed and correctly processed in petites,
can affect expression of genes encoding
mitochondrial ribosomal proteins or other
nuclear-encoded mitochondrial translation
factors remains to be determined. Many
similar questions can also be asked concerning other sequences along the yeast mitochondrial genome.
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In seven right-handed adults, the brain electrical patterns before accurate performance
differed from the patterns before inaccurate performance. Activity overlying the left
frontal cortex and the motor and parietal cortices contralateral to the performing hand
preceded accurate left- or right-hand performance. Additional strong activity overlying
midline motor and premotor cortices preceded left-hand performance. These measurements suggest that brief s atially distributed neural activity patterns, or "preparatory
'. p
sets,)' in distinct cognitwe, somesthetic-motor, and integrative motor areas of the
human brain may be essential precursors of accurate visuomotor performance.

P

REPARATORY SET POR HUMAN VI-

suomotor performance, defined as a
state of readiness to receive a stimulus
or make a response ( I ) , has been studied by
a variety of disciplines. Temporal properties
of preparatory sets have been measured in
information-processing studies, but such
studies have not focused on the underlying
neural systems (2). Spatial properties of
preparatory sets measured in cerebral blood
flow studies have revealed increased metabolic activity for sensory-specific focus of
attention in superior prefrontal, midfrontal,
and anterior parietal cortices (3). These
studies have been limited, however, by the
temporal resolution (1minute or longer) of
blood flow measurement techniques. Clinical neuropsychological studies have demonstrated that behaviors requiring preparatory
sets (4) rely on intact lateral frontal regions
(5), but variability in size and location of
lesions has limited the spatial specificity of
such studies in localizing normal function.
And although scalp-recorded brain electrical
and magnetic recordings provide both spatial and temporal information on neural
activity underlying preparatory sets, studies
of the contingent negative variation (CNV),
an event-related brain potential component
thought to be related to preparatory set,
have often yielded controversial or arnbiguous results (61.
\ ,
and using
Recording from 26
several signal-enhancing procedures, we

measured the rapidly changing spatial patterns of mass neuroelectric activity associated with preparation and execution of precise
right- and left-hand finger pressures in response to visual numeric stimuli. We found
differences occurring during the prestimulus
period between patterns associated with
subsequently accurate and inaccurate performance. These group differences allowed
discrimination o f subseauent oerformance
accuracy for both hands of individual subjects. Thus, a spatially specific, multicomponent neural preparatory set, composed of
an invariant left frontal component and
hand-specific central and parietal components, may be essential for accurate performance of certain types of difficult visuomotor
tasks.
Seven healthy, right-handed male adults
were recruited. from the communitv and
paid for their participation. They were required to exert rapid, precisely graded pressures (forces from 0.1 to 0.9 kg) followed by
immediate release, with right- and left-hand
index fingers in response to visual numeric
stimuli (numbers 1 to 9). The stimulus was
presented randomly on successive trials 1
second after a cue (the letter V lasting 0.3
second) that was slanted at a 30" angle to the
right or left to indicate the required response hand (7). In "respond" trials, the
EEG Systems Laboratory, 1855 Folsom Street, San
Francisco, CA 94103.

stimulus was slanted in the same direction as
the cue, and the subject was to respond
quickly with finger pressure of the indicated
hand, with a force corresponding to the
stimulus number on a linear scale from 1to
9. In a random 20% of the trials, the
stimulus was slanted opposite to the cue and
the subject was to make no response. These
miscued "catch" trials ensured that subjects
attended to the cues and stimuli. To help
subjects calibrate their responses, the preisure produced was displayed 1 second after
completion of each response (8).
Brain potentials from 26 scalp electrodes
(9), vertical and horizontal eye movement
potentials, and flexor digitori muscle potentials were recorded onto magnetic tape at
128 Hz from 0.75 second before the cue to
1second after feedback (10). The Laplacian
operator, a spatial pattern enhancement
technique, was applied to the brain potentials at every time point to reduce the blur
distortion that results as potentials are transmitted fiom the brain to the scalp (11). Two
independent raters edited the data for artifacts by visual inspection of brain, eye movement, and muscle potential polygraph channels. Trials with artifacts due to eve movement, head or electrode movement, or scalp
muscle contamination were eliminated, as
were trials with slow, bimodal, or delayed
responses, or with flexor digitorum activity
between the cue and the stimulus.
The remaining trials (60%) were then
sorted for response accuracy, and the two
sets of trials were balanced according to a
number of criteria to avoid confounding
performance variations due to transitory and
longer lasting changes in arousal and learning with inaccuracy per se. Accurate and
inaccurate data sets consisted of trials in
which the error (deviation fiom required
pressure) for each subject was, respectively,
less and greater than his mean error over all
remaining trials (12). Mean reaction time,
averaged across all subjects, was consistent
among hand and accuracy conditions (610
to 618 msec).
To quantitate the electrical activity of the
brain, we measured the covariance (similarity of wave shape) between differentpairs of
electrodes over brief segments (187 or 375
msec) of event-related (cue, stimulus, response, feedback) waveforms averaged fiom
the seven subjects (13-15). Covariances between each of the 120 combinations of the
16 Laplacian-transformed channels were
comvuied from enhanced (16) and filtered
average waveforms. We determined the covariance for each electrode pair by computing the cross-covariance function between
their waveform segments, with the lag time
for one channel with respect to the other
varying fiom 0 to 125 msec. The value of
\

30 JANUARY 1987

,

--- -

I .os 1 10-3

1 10-5

Slgnlflcance

1 PO.*

COVARIANCE

( N.0.

Sign

msec

EEGSL

Flg. 1. Most s i e c a n t , between-channel covariance patterns (colored lines), looking down at the top
of the head, from the wave at the peak of the response superimposed on colored maps of that wave's
amplitude. The motor-related wave was measured during a 187-msec interval centered on the peak of
left-hand and right-hand index finger pressures fiom seven right-handed men (19). The thickness of a
covariance line is proportional to the negative logarithm of its significance (from 0.05 to 0.00005) (17).
A violet line indicates a positive covariance (motor-related waves with the same polarity),and a blue line
indicates a negative covariance (motor-related waves with opposite polarities). The color scale at the
Idt, representingwave amplitude, covers the range from the minimum to maximum values of the two
maps. All covariances refer to the site overlying supplementary and premotor cortices. There is a strong
lateralization of frontal, central, and antero- arietal covariances over the hemisphere contralateral to the
~
of the amplitude maps.
responding hand, a result consistent with t f lateralization

covariance was the maximum absolute value
of that function. For the wave at the peak of
the response, covariances were analyzed to
determine whether they were significantly
different from noise values (17, 18); we
could then compare the levels of signhcance
of each electrode pair under different experimental conditions.
To validate the analysis in a known case,
this procedure was applied to waveforms
time-registered to the onset of the finger
pressure response. The most significant leftand right-hand covariances occurred between e l d e s overlying cortical regions
involved in motor execution (Fig. 1) (19).
These patterns of covariance presented
much more spatially discrete information
than their corresponding amplitude maps
(20). In the 187-msec interval centered on
the peak of the response (62 msec after
response onset), right- and left-hand covariance patterns were nearly mirror images. In
both patterns all covariances involved the
midline antero-central site overlying the premotor and supplementary motor cortices.
Covariances between this site and the left
frontal, antero-central, central, and anteroparietal sites for right-hand responses, and
between corresponding right-hemisphere

sites (except right antero-central) for the left
hand, were all consistent with known motor-related cortical areas.
The procedure was then applied to the
cue-to-stimulus period to study preparatory
sets (21) . Statistical comparison of the C W
amplitudes (Fig. 2 ) during an interval 500
to 875 msec after the cue did not reveal
signhcant differences between accurate and
inaccurate conditions (22). During this
same period, however, well-defined between-channel covariance patterns related to
subsequent accuracy were discovered. They
first appeared in the interval centered 500
msec after the cue and became well differentiated between accurate and inaccurate conditions in the 500- to 875-msec interval
(centered 313 msec before stimulus onset)
spanning the late component of the C W .
The lack of musde potential and eye movement s "i d s in th&e intervals confirmed
that these patterns were neural in origin
(Fig. 3).
Covariance patterns during the period
between the cue and the stimulus (Fig. 4)
were distinct from those related to overt
finger responses. During the interval fiom
500 to 875 msec after the cue onset. covariance patterns associated with subsequently
REPORTS 581
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Flg. 2. Amplitudes of the CNV computed during the cue-to-stimulus period. Amplitudes between lowpass filtered (below 3 Hz), event-related Laplacian waveforms, averaged from seven subjects, are not
significantlydifferent for the comparison of (A) left-accurate (252 to 274 trials) with (B) left-inaccurate
(254 to 284 trials) conditions, or (C) right-accurate (291 to 309 trials) with (D) right-inaccurate (282
to 304 trials) conditions.
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Fig. 3. (A) Averaged, unfiltered venical
and horizontal eye-movement signals during the cue-to-stimulus period for rightand left-hand trials from the seven subjects. (B) Averaged muscle potential signals from right flexor digitori during the
cue-to-stimulus period (arbitrary units).
(C) Muscle potentials during oven movements were many times larger. (Averaged
muscle potential signals from left flexor
digitori showed the same relation.) Since
there is no evidence of eye or muscle
movements during either right- or lefthand preparation, the covariance patterns
in Fig. 4 are not due to overt movements.

accurate right-hand performance involved
left himisphere sites, particularly left frontal, central, parietal, and antero-parietal sites (23). All 24 significant
covariances involved sites on the left side,
and 18 (75%) of these were exclusively on
the left side. The covariance pattern preceding subsequently accurate -left-hand performance for this interval involved predominantly right-hemisphere sites. Of 18 significant covariances in this pattern, 13 (72%)
involved right hemispheric sites. The rightsided central, parietal, and antero-parietal
sites were most prominent, compared with
corresponding p;ominent contraiateral sites
for the right-hand accurate pattern. The left
frontal site was prominent before both leftand right-hand-performance. The midline
central and antero-central sites were prominent in the left-hand pattern but were not
among the most prominent in the righthand pattern.
Only two significant covariances were related to subsequently inaccurate right-hand
performance in this interval, namely, left
parietal with left frontal and antero-parietal
with left frontal. In contrast, the subsequently inaccurate covariance pattern for the
kft hand was more bilateral'and com~lex
than the subsequently accurate pattern. The
patterns for the two accuracy conditions
hiffered both in scale and ~ a t t e i nfor the left
hand, but only in scale for the right hand
(24). Unlike the between-channel covariance patterns, the CNV amplitude maps
were highly similar for both accuracy conditions and hands and were not useful in
determining what areas would covary.
~ h r o u ~ h t use
h e of statistical
classification procedures, covariances shown in
Fig. 4 were considered possible variables to
distinguish subsequent performance accuracy. The trials of each of the seven subjects
were classified by equations developed on
the trials of the other six subjects (25).The
overall discrimination of subsequently accurate from subsequently inaccurate trials was
59% (P < 0.01) for right-hand and 57%
(P < 0.01) for left-hand performance. Discrimination of subsequent right-hand performance accuracy was above 57% for six
subiects but was 50% for the seventh. For
left-hand performance, discrimination for
three subjects ranged from 56% to 67%,
and was 53% or below for four subjects
(who had fewer trials overall). Average classification of each fifth of the trials from the
four subiects with lowest left-hand discrimination, calculated from equations developed
from the other four-fifths, was 61%
(P < 0.001). This suggests that the four
subjects had similar covariance patterns before left-hand performance, which differed
from those of the other three subjects. The
SCIENCE, VOL. 235

Flg. 4. View of the significant (P < 0.05) between-channel CNV covariance patterns, looking
down at the top of the head, superimposed on
maps of CNV amplitude. Measurements are from
an interval 500 to 875 msec after the cue for
subsequently accurate and inaccurate left-hand
(top) and right-hand (bottom) visuomotor task
performance by seven right-handed men. The
thickness of a covariance line is proportional to
the negative logarithm of its sipficance (from
0.05 to 0.001). A violet line indicates the covariance is positive, while a blue line is negative.
Covariances involving left frontal and appropriately contralateral central and parietal elecuode
sites are prominent in patterns for subsequently
accurate performance of both hands. The magnitude andiumber of covariances are greater G o r e
subseauentlv inaccurate left-hand ~erfomancebv
these &#-handed
subjects and &e more wide6
dismbuted than the left-hand accurate pattern.
For the right hand, fewer and weaker covariances
characterize subsequently inaccurate perfonnance.
The amplitude maps are similar for the four
conditions and do not indicate any of the s p d c
differences evident in the covariance patterns.

greater uniformity for right- over left-hand
discrimination suggests that there are similar
covariance patterns among the strongly
right-handed subjects preceding accurate
and inaccurate right-hand performance, and
a divergence of patterns preceding left-hand
performance. Although there were differences in discriminative Dower between individuals, overall the group preparation patterns were effective in deciding an individual's subsequent performance accuracy. For
the one subject with the most trials, an
average 'classification of 68% (P< 0.001)
for subsequent right-hand and 62%
(P< 0.01) for subsequent left-hand performance was achieved by testing a separate
equation on each fifth of his trials, formed
from the other four-fifths.
Although the origin of these event-related, between-channel covariance patterns of
preparatory sets is unknown (26),our results suggest that preparation for accurate
performance in a visuomotor task involves
several brain components (27):a cognitive
component manifested by invariant activity
at the left frontal covariance site, a handspecific somesthetic-motorcomponent manifested by the contralateral central and parietal sites, and an integrative motor component manifested by activity at the midline
central and antero-central sites. The last
component was strong in the pattern preceding accurate left-hand performance and
weaker in the pattern preceding accurate
right-hand performance. For both hands,
preparatory covariance patterns were different from those accompanying actual response execution. Covariance patterns preceding inaccurate performance by each hand
differed markedly. The relative lack of significant covariances preceding inaccurate right-
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hand performance may be interpreted as
evidence for a weakened preparatory set. By
contrast, the complex, anatomically diffuse
but strong patterns in the left-hand condition suggest that inaccurate performance by
the nondominant hand of strongly righthanded subjects may result from erroneous,
possibly confounded, preparatory sets.
Our evidence for distributed, coordinated
preparatory components of human visuomotor performance is consistent with earlier
studies of this behavior. The involvement of
the left frontal site is consistent with evidence that preparatory sets in humans are
synthesized and integrated in left dorsolateral prefrontal cortices (4, 5). The finding of
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an appropriately lateralized parieto-central
somesthetic-motor component is consistent
with data that show neuronal firing patterns
before motor responses in the motof,cortex
of nonhuman primates and localized potentials in the somesthetic cortex of humans at
the same time (1, 28). Finally, a midline
antero-central integrative motor component
is consistent with known involvement of
premotor and supplementary motor regions
in initiating existing motor schemes and
establishing new ones (3, 29).
Our results demonstrate that the human
brain, unlike a fixed-program computer,
dynamically "programs" its distributed, specialized subsystems in anticipation of the
REPORTS 583

need to Drocess certain tvDes of information
and take'certain types of action. When these
preparatory sets are incomplete or incorrect,
subsequent performance is likely to be inaccurate.
3 1
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washed under conditions of high stringency
(18°C below the theoretical melting temperature). The distribution of labeled
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was evaluated by autoradiography
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The specificity of our cDNA-T, mRNA
hybridization procedures was verified (7) by
meeting four criteria: (i) Only cells within
the photoreceptor cell layer were positive for
mRNA
T, immunoreactivity and T, mRNA; in the
rat retina this cell layer almost exclusively
contains photoreceptor rods. (ii) Hybridizations were I~erformedunder conditions of
high stringency that precluded cross-hybridization even with mRNA's for related G
The messenger RNA (mRNA) that encodes a subunit of the guanosine triphosphate- proteins. (iii) A negative control for sebinding protein transducin (T,) and T, immunoreactivity were localized and mea- quence-independent hybridization was essured in the rat retina during the light-dark cycle with in situ hybridization and tablished with a synthetic probe for tyrosine
immunohistochemistry. Both T, mRNA and T, immunoreactivity were observed hydroxylase mRNA, which is not expressed
only in photoreceptors. Within the photoreceptor T, mRNA was present primarily in within photoreceptors. (iv) A single band
the inner segments and to a lesser extent in the outer nuclear layer at all times during on a Northern blot of total RNA was obthe day and night. However, the distribution of T, immunoreactivityvaried profound- served with our cDNA probe at a hybridizaly with the light-dark cycle; during the day, T, immunoreactivity was highest in the tion stringency identical to that used for in
inner segments, and at night the outer segments were more immunoreactive. The situ hybridization.
T, mRNA was only present in photoreamounts of T, mRNA and T, immunoreactivity also depended on the light-dark cycle.
Levels of T, mRNA were high immediately before and after lights on; levels were low ceptors, was more abundant in the inner
for the rest of the light-dark cycle. During the day, T, immunoreactivity increased in segments than the outer nuclear layer, and
the inner segments following the increase in T, mRNA. After the lights were turned was absent from the outer segments (Fig.
off, T, immunoreactivity decreased in the inner segments and increased in the outer 1A). Qualitatively this distribution of T,
segments.Thus, it appears that T, is synthesized in the inner segments after a morning mRNA was the same at all times of dav and
increase in T, mRNA. Newly synthesized T, remains in the inner segments until it is night. On the other hand, the distribution
transported to the outer segments at night, where it may be involved in the increase in ofT, immunoreactivity was distinctly different at night than during the day. During the
the sensitivity of photoreceptor rods at night.
day, T, immunoreactivity was most proRANSDUCIN IS A GUANOSINE TRItained under a 12-hour light-dark cycle for 4 nounced in the inner segments, was less
phosphate (GTP)-binding (G) pro- weeks before the localization studies were evident in the outer nuclear and plexiform
tein that mediates the stimulation of performed. Four animals were sacrificed ev- layers, and was low in the outer segments
guanosine 3'3'-monophosphate phospho- ery 4 hours during the light-dark cycle (un- (Fig. 1B). At night, T, immunoreactivity
diesterase by light-activated rhodopsin in der dim red light during the night); eyes was most dense in the outer segments, relaphotoreceptor rods. Transducin is a mem- were immediately removed, frozen on pow- tively little was present in the inner segbrane-associated protein that consists of dered dry ice, and stored at -80°C until 12- ments, and none was observed in the outer
three subunits-a, p, and y. The a subunit pm frozen sections could be prepared and nuclear and plexiform layers (Fig. 1C). The
(T,) is structurally and functionally homolo- mounted on gelatin-coated slides. Before only cells other than photoreceptors obgous to the a subunits of the G proteins that the histochemical procedures, the slide- served to have T,- immunoreactivik were in
mediate inhibition of adenylate cyclase by mounted tissue sections were thawed and the pigment epithelium where immunoreacneurotransmitter receptors. The P subunit kept at room temperature for 10 minutes, tivity was most dense at 3:00 a.m. and 7:00
of transducin may be identical to the P then fixed in 4% formaldehyde for 20 min- a.m., the time of peak disk shedding. Besubunit of the G proteins that are associated utes. Immunohistochemical localization of cause these cells phagocytose the disks shed
with adenylate cyclase (1).Although the T, was performed with the peroxidase anti- from the distal end of photoreceptors, this
structure of transducin and the molecular peroxidase (PAP) method (2) with a highly localization of T,- immunoreactivitv in the
characteristics of its coupling with rhodop- selective polyclonal antibody against T, (3). pigment epithelium indicates that some T,
sin have been extensively investigated, little The PAP reaction product was measured in is shed with the photoreceptor disks.
information is available concerning either photoreceptor inner and outer segments (4)
T, mRNA levels varied with the lightthe regulation of the synthesis or the subcel- and T, mRNA was localized and measured dark cycle (Fig. 2B). At night, levels of T,
lular distribution of transducin by changes (5). The synthetic oligodeoxynucleotide mRNA were low, but they increased just
in physiological states. We localized and probe, complementary to nucleotides 1070 prior to the onset of light. In the morning,
measured the expression of T, messenger to 1117 of bovine T, (6), was made by T, mRNA was at its highest level. By midRNA (mRNA) and the subcellular distribu- solid-phase synthesis on an Applied Biosystion of T, in photoreceptors during the tems DNA synthesizer and labeled with
light-dark cycle. T, immunoreactivity was terminal
deoxynucleotidyl
transferase Laboratory of Cell Biology, National Institute of Mental
Health, Room 3A-17, Building 36, Bethesda, M D
measured with immunohistochemistry and (BRL) and [35S]deoxyadenosine triphos- 20892.
T, mRNA was measured with in situ hy- phate (NEN). Retinal sections were incuaddress: Metabolic Diseases Branch, National
bridization histochemistry.
bated with the complementary DNA *Present
Institute of Diabetes and Digestive and Kidne Diseases,
Male Sprague-Dawley rats were main- (cDNA) probe at 37°C for 24 hours and Room 9C-101, Building 10, Bethesda, MD %892.
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