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Neuronal Plasticity That Underlies Improvement in
Perceptual Performance

Ehud Zohary,* Simona Celebrini,i Kenneth H. Britten,}
William T. Newsome

The electrophysiological properties of sensory neurons in the adult cortex are not
immutable but can change in response to aiterations of sensory input caused by ma-
nipulation of afferent pathways in the nervous system or by manipulation of the sensory
environment. Such plasticity creates great potential for flexible processing of sensory
information, but the actual effects of neuronal plasticity on perceptual performance are
poorly understood. The link between neuronal plasticity and performance was explored
here by recording the responses of directionally selective neurons in the visual cortex
while rhesus monkeys practiced a familiar task involving discrimination of motion di-
rection. Each animal experienced a short-term improvement in perceptual sensitivity
during daily experiments; sensitivity increased by an average of 19 percent over a few
hundred trials. The increase in perceptual sensitivity was accompanied by a short-term
improvement in neuronai sensitivity that mirrored the perceptual effect both in magnitude
and in time course, which suggests that improved psychophysical performance can

result directly from increased neuronal sensitivity within a sensory pathway.

Neural circuitry in sensory areas of the
cerebral cortex is intricately organized,
evoking the impression of an elegantly
wired machine that performs stereotyped
computations on sensory input. Recent ex-
periments, however, have shown that this
circuitry is subject to dramatic plastic
changes. Topographic organization can be
altered by damage to peripheral afferents or
by chronic performance of a sensory task (I,
2). The stimulus-response properties of in-
dividual neurons can be modified by phar-
macological intervention (3), by changes in
the behavioral context in which a stimulus
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is presented (4), and by direct manipulation
of the sensory environment (3). Plasticity
thus appears to be a common feature of the
adult cortex and may be closely linked to
the behavioral ability to respond flexibly to
the environment.

We compared neuronal to behavioral plas-
ticiry in the context of visual discrimination
of motion direction. The monkeys were famil-
iar with this task, having developed asymp-
totically stable performance over months of
training. Within daily sessions, however, the
animals often exhibited a steady gain in dis-
criminative ability over the first 300 to 500
trials of a particular task configuration. To
search for neural comelates of this phenome-
non, we examined the activity of single neu-
fons in two extrastriate visual areas that play a
prominent role in motion vision: the middle
temporal (MT) and medial superior temporal
(MST) visual areas. Neurons in these two
areas are typically directionally selective; they
respond optimally to motion in a particular
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“preferred” direction and are frequently inhib-
ited by motion in the opposite, or “null,”
direction. We have recently demonstrated
that the electrical activity of neurons in these
areas influences judgments of motion direc-
tion in the psychophysical task used here {6).
This system therefore provides a particularly
promising opportunity to identify neuronal
correlates of perceprual plasticity.

We trained four monkeys to discrimi-
nate between opposite directions of motion
in a random dot visual display. In each
trial, a percentage of the dots in the display
moved coherently in a common direction
while the remainder moved in random di-
rections, creating a masking motion noise.
The strength of the motion signal was
varied from trial to trial by a change in the
percentage of dots moving coherently, and
the range of stimulus strengths was chosen
so as to measure psychophysical and neu-
ronal thresholds for discriminating the di-
rection of motion in the display (7). Each
experiment was divided into consecutive
blocks of approximately 200 stimulus pre-
sentations, and psychophysical and neu-
ronal thresholds were measured in each
block. Data from areas MT (155 cells) and
MST (73 cells) are presented together be-
cause we found no differences between the
two areas that were relevant to this study.

The psychophysical data in Fig. 1A show
the proportion of correct choices made by
the animat as a function of motion strength
(dot coherence level) in a single experti-
ment. The neuronal data in Fig. 1B indicate
the proportion of correct choices that could
be achieved in principle if decisions were
based on the responses of the single neuron
under study (8). Both the neurometric and
psychometric functions shifted leftward in
the second block of trials, which indicates
an improvement in the discrimination of
weak motion signals. The proportional
change in threshold represented by this shift
{calculated by dividing the threshold in
block 2 by the threshold in block 1} was 0.51
for the psychophysical data and 0.47 for the
neuronal data. Thus, both psychophysical
and neuronal sensitivity increased by a factor
of 2 in the second block of trials (sensitivity
= l/threshoid).

The distribution of threshold ratios ob-
served in 202 experiments for which we ob-
tained two full blocks of data is illustrated in
Fig. 2. The geometric mean of the threshold
ratios was 0.B4 for the psychophysical data
{Fig. 2A} and 0.88 for the neuronal data (Fig.
2B); both effects were significant (paired :
test, P < 0.0001), On average, psychophysi-
cal sensitivity increased by 19.4% and neu-
ronal sensitivity by 13.6%. The change in
neuronal sensitivity was not correlated with
the change in psychophysical sensitivity on an
experiment-by-experiment  basis, although
the average change was similar.
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We conducted an additional 26 experi-
ments with a single monkey that was re-
quired to maintain his gaze on a fixation spot
during presentation of the visual stimuli; this
animal had never been trained on the dis-
crimination task. The neuronal threshold
rarios in these experiments are plotted as
filled bars in Fig. 2B. These neurons also
gained sensitivity during the course of the
experiment, and the effect was indistinguish-
able from that observed in the trained mon-
keys (9). Thus, the enhancement of neu-
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Fig. 1. An example of the effect of stimulus
repetition on psychophysical and neuronal per-
formance. Psychophysical performance (A) is
given as the proportion of correct discnmina-
tions made by the monkey as a function of the
percentage of coherentty moving dots {motion
strength). Neuronal performance (B) was cal-
culated from the differential responses of the
neuron ta preferred and nuil direction motion.
For each dot coherence level, we used a meth-
od based on signal detection theory to com-
pute the performance expected of an ideal
observer who reports the direction of motion in
the display on the basis of the responses of the
neuron under study (8). The neurons were
highty directional for strong motion signals, and
the performance expected of the ideal observer
was therefore excellent. Weak motion signals
elicited roughly equal responses to the two
directions of motion, resulting in poor perfor-
mance by the ideal observer. An experiment
consisted of successive blocks of triais, and
each -block consisted of 150 to 210 stimulus
presentations (30 stimulus repetitions—15 in
each direction of motion—for each of 510 7 dot
coherence levels). Sigmoidal functions were
fitted to the data, and thresholds were calculat-
ed from the fitted curves (14). Threshold is
defined as the dot conerence level that sup-
ports 82% correct performance.

SCIENCE * VOL. 263 = 4 MARCH 19%4

ronal sensitivity appears to be an automatic
process that occurs irrespective of the behav-
ioral significance of the stimuli (10}. In this
respect our data differ from those of Recan-
zone, Merzenich, and Schreiner, whe ob-
served changes in the sensitivity of cortical
neurons while monkeys practiced a soma-
tosensory discrimination task but did not
observe such changes when the skin surface
was passively stimulated (2}.

To compare the time courses of the psy-
chophysical and neuronal effects, we aver-
aged across the entire data set to obtain
composite thresholds as a funcrion of time,
where time is expressed as consecutive stim-
ulus repetitions during a block of trials. Both
psychophysical and neuronal thresholds de-
creased steadily as a function of stimulus
repetition number (Fig. 3). The slopes of
regression lines fitted to the two sets of data
are not significantly different, which is con-
sistent with the notion that the improve-
ments in neuronal and psychophysical sen-
sitivity oceurred at the same rate {11). This
temporal correspondence suggests that the
improvement in psychophysical perfor-
mance may be a direct consequence of the
improvement in neuronal sensitivity.

To investigate the possible locus of neu-
ronal plasticity, we tested whether im-
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Fig. 2. Frequency histograms describing the
ratio of threshold in the second block of trials
(T2) 1o threshold in the first block (T1) for both
psychophysical (A) and neuronal (B} data. Ra-
tios less than unity indicate an improvement in
sensitivity during the experiment, whereas ra-
tios greater than unity indicate the converse.
Arrows indicate means of the two distributions.
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provement in neuronal sensitivity would
“transfer” from a stimulated subregion of
the receptive field to a subregion thar was
not stimulated. If enhanced sensitivity re-
sults from plastic changes occurring exclu-
sively within afferent structures with con-
siderably smaller receptive fields (such as
the striate cortex} or at specific sets of
synapses between small receptive field affer-
ents and MT or MST cells, the increase in
sensitivity should not rransfer ro the un-
stimulated subregion of the receprive field.

If, however, the neuronal plasticity occurs
at the level of MT and MST, conditioning
at one location in the receptive field should
lead to an increase in sensitivity at the
other location as well.

Using the experimental design illustrated
in Fig. 4, we compared the effect of condi-
tioning stimuli at site § on thresholds mea-
sured subsequendy at both test sites. The
effect of the conditioning stimuli on sensi-
tivity at site | could be measured directly by
comparison of thresholds obtained during
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the condirioning and test blocks. However,
transfer of the effect to site 2 was inferred
indirectly, because any attempt to measure a
“preconditioning” threshold at site 2 would
itself condition the site. To test transfer o
site 2, therefore, we compared across all
experiments the average postconditioning
threshold at site 2 to the average condition-
ing threshold at site 1. Average thresholds
were used because threshold differences be-
tween site 1 and site 2 can arise trivially in
any single experiment as a result of spatial

inhomogeneities in the receptive field.

Across experiments, however, receptive
Fig. 3. The dependence of composite threshoid 20 - field inhomogeneities average out because
on stimulus repetition number over the course g o Psychophysical the conditioning and test subregions were
of an experiment. Each stimulus was presented 181 + Neuronal selected randomly in each experiment.
30 tlm_es in the gxperlments mc;luded in this g The experimental design is schematized
analysis. Compasite psychophysical data were £ 16" and the main results summarized in Fig. 4B.
obtained by summing correct and incorrect £ Compared with initial thresholds measured
responses across experiments for each repeti- HEn i p "y Jitioni ial e 1
tion of each stimulus condition. For example, S urng the condiioning tmais at siee 1,
the propartion of correct choices was calculat- 3 4, average neuronal sensitivity increased by
ed across experiments for the first presentation "-;- 12.7% at site | and by 11.6% at site 2. On
of each dot coherence level (including both the £ 10 average, conditioning of one subregion of
preferred and null directions). The proportion of B the receptive field appeared to enhance
correct choices was then plotted as a function 0” . sensitivity equally in conditioned and un-

of stimulus coherence to form a composite o 10 20 30
psychometric function, and the threshoid was

computed from fitted functions as described Stimulus repetition number

{Fig. 1). This threshoid is the psychophysical data point for stimulus repetition number 1. The
process was repeated to obtain thresholds for each of the 30 stimulus repetition seguences. To
compute composite neuronal thresholds, we generated "decisions” by comparing the physiological
responses to preferred and null direction stimuli for each coherence level in each stimulus repetition
sequence in an experiment. If the response to the preferred direction was greater, a "“correct”
decision was scored; if the response to the null direction was greater, an “incorrect” deciston was
scored. Correct and incorrect decisions were then summed across experiments and expressed as
the proportion of correct choices for each coherence level {or a given stimulus repetition sequence
(as described above for the psychophysical data). The data were plotled to form composite
neyrometric functions, and thresholds were computed from sigmoidal curves fitted to the composite
data. This process was repeated for each of the 30 stimulus repetition sequences to oblain the data
ilfustrated in this figure. The psychophysical data peoint for stimulus repetition number 1 is an outlier
because the monkeys frequently did not know the axis of motion to discriminate until the target
light-emitting dtiodes appeared at the end of the first trial, Performance improved abruptly after the
first trial. The first data point was not used, therefore, in the regression analysis of these data.

conditioned regions of the receptive field.
These dara suggest that the plastic mecha-
nisms reside, at least in part, locally within
the superior temporal sulcus. An alterna-
tive hypothesis is that the plastic changes
tesult from spatially nonspecific mecha-
nisms located at an earlier level, perhaps
involving lateral connections between cells
with nonoverlapping receptive fields (12).

Humans frequently exhibit long-term
improvements in discriminative ability as
they learn and practice a particular psycho-
physical task (13). Are the short-term ef-
tects demonstrated here related mechanis-
tically to long-term perceptual learning? In
principle, perceptual leaming could be
based on enhanced sensitivity of sensory
neurons like that demonstrated here, on
more efficient “readout” of information en-
coded at the sensory level, or on some
combination of the two. Comparing the
sensitivities of MT and MST neurons be-
fore and after rraining in our direction
discrimination task should provide an ini-
tial test of these alternatives.

Flg. 4. (A) Spatial design of the experiment for studying A
the locus of neural plasticity. After mapping each cell's
receptive field (shaded), we selected two nonoverlap-
ping regions inside the receptive field whose direction
properties were quaiitatively similar. An initial block of
100 stimuli was presented in one of the two sites; this
site was selected randomly at the beginning of the
experiment and designated site 1. Then a test block of
trials was presented (200 stimuli), with half of the stimuli
presented at site 1 and half at site 2; the site of
presentation was chosen randomly on each trial. In
each block of trials, stimuli were presented at several
dot coherence levels to permit measurement of neu- g
ronal thresholds. The location of the fixation point for
this example experiment is indicated by FP. {B) Flow
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