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The functional organization of early visual areas seems to be largely determined during
development. However, the organization of areas important for learning and memory, such as
perirhinal cortex, may be modifiable in adults. To test this hypothesis, we recorded from pairs of
neurons in perirhinal cortex of macaques while they viewed multiple complex stimuli. For novel
stimuli, neuronal response preferences for pairs of nearby neurons and far-apart neurons were
uncorrelated. However, after one day of experience with the stimuli, response preferences of
nearby neurons became more similar. We conclude that specific visual experience induces
development of clusters of perirhinal neurons with similar stimulus preferences.

Much of the functional organization of early visual areas develops
or is modified by experience early in life and becomes less malleable in the mature brain1,2 (but see ref. 3). In early visual cortex,
neurons with shared visual properties are typically clustered in
functional groups known as columns or modules. In V1, for
example, neurons in some columns share similar orientation
specificity4, and in area MT, neurons are arranged according to
preferences for direction of stimulus motion5.
In the adult brain, however, the functional organization of
higher-order areas is likely to be malleable, for these areas are
involved in adult learning and memory6–11. One likely site of
adult cortical plasticity is the inferior temporal (IT) cortex, an
area in the ventral processing stream that is important for object
recognition. IT neurons have very large receptive fields12 with
complex stimulus properties13–15. In area TE in posterior IT cortex, nearby neurons often share similar preferences for complex
stimulus features, such as overall shape13. TE neurons with similar stimulus preferences are organized in vertical columns16–18.
Here we tested first whether the principle of functional clustering
extends to the perirhinal cortex, a region in anterior medial IT
cortex that seems to be especially critical for recognition memory19,20. We then tested whether such clustering results from stimulus experience in adulthood. The results indicate that experience
with visual stimuli in adulthood leads to development of neuronal clusters in perirhinal cortex.

RESULTS
We recorded the activity of neurons from perirhinal cortex of five
rhesus monkeys while they viewed pictures presented at the center of gaze. Two or more neurons were recorded simultaneously
from either single sharpened tungsten electrodes or multiple electrodes (tetrodes). To assess the effects of experience on neuronal
responses, we used either novel or familiar stimuli. Stimuli were
classified as ‘novel’ if seen by the monkeys for the first time during the recording session, or ‘familiar’ if seen at least one day
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before the session in which neuronal responses were collected
(Methods). Pairs of neurons were defined to be ‘near’ if they were
recorded on the same electrode. Although we had no direct measure of neuronal distance, we presumed near neurons were less
than several hundred microns apart. Pairs of neurons were
defined to be ‘far’ if they were recorded on separate probes spaced
0.5 to 8 mm apart from one another. Because we recorded from
multiple probes simultaneously, any neuron could be included
in both near and far neuron pairs.
We recorded 698 individual neurons (780 simultaneous pairs),
in groups ranging from 2 to 13 neurons. We restricted our analyses to the 380 pairs of simultaneously recorded neurons in which
both neurons gave selective responses across the stimulus set
(ANOVA, p < 0.05; Methods). Of these, 323 pairs were recorded
in the 2 monkeys performing a visual discrimination task with
either novel or familiar stimuli, 47 pairs were recorded in 3 monkeys performing a passive viewing task with familiar stimuli, and
10 pairs were recorded in 2 monkeys performing the passive viewing task with familiar stimuli used in the visual discrimination
task on a previous day of training (Fig. 1).
To quantify the relationship between the neuron pairs’ selectivity for the images, we calculated the correlation coefficient
(r-value) from the mean firing rates across the stimulus set for
pairs of neurons (Fig. 2). The mean firing rate was calculated as
the average firing rate during multiple stimulus presentations
within a window 75 to 250 milliseconds after stimulus onset. If
both neurons in a pair responded similarly to all stimuli tested,
the correlation coefficient would be close to one, whereas if the
two sets of responses were independent, then the correlation coefficient would be near zero. If the response preferences were
inversely related, the r-values would be negative. The correlation
coefficients ranged from –0.75 to 0.98 across the 380 pairs of neurons.
While monkeys viewed novel stimuli, the stimulus preferences
of near neuron pairs were different (Fig. 2a–d). This difference
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Fig. 1. Examples of colorful,
complex images used as stimuli.
Stimuli were modified from a
number of sources, including
photographs, artwork, cartoons or abstract designs, and
ranged from 1–3º in size.
Monkeys fixated on a small spot
on a computer monitor while
stimuli were presented at the
center of gaze.

was quantified by comparing
a representative pair’s mean
firing rates for the same stimuli using the Pearson correlation coefficient, which
showed a small negative correlation between the stimulus-evoked responses of the
two neurons (r = –0.22; Fig.
2d). While monkeys viewed
familiar stimuli (Fig. 2e–h),
stimulus preferences showed
a higher, positive correlation
(r = 0.72; Fig 2h). Such increased similarity of responses for familiar stimuli was found throughout the population of near neurons (see below).
Signal correlation across the population
To assess the effects of both stimulus familiarity and cortical distance on the response correlations of neurons in the entire sample, we subdivided the r-values according to both experience with
the stimuli (familiar versus novel) and distance between the
recorded neurons (Fig. 3). The mean correlation for far pairs of
neurons was nearly zero, regardless of experience level (novel,
r = 0.06; familiar, r = 0.05). By contrast, for pairs of near neurons, the response correlations varied according to experience.
For novel stimuli, the mean correlation was 0.13, but for familiar
stimuli, the mean correlation increased to 0.28. A two-way
ANOVA with stimulus experience and distance as factors revealed
a significant effect of distance (p < 0.001) and a significant interaction between experience and distance (F1,377 = 4.25, p = 0.040;
note that r-values were transformed into Fisher z-scores before
the ANOVA). Thus, nearby neurons, but not far neurons, tended to develop similar stimulus preferences following at least one
day of experience with those stimuli. The distribution of correlations was more positive for familiar stimuli (Fig. 3b) than for
novel stimuli (Fig. 3c). Thus, experience apparently led to clusters
of stimulus-related neurons in perirhinal cortex.
It was possible that the differences in correlations between
near versus far neurons or neurons recorded with novel versus
familiar stimuli were due to differences in overall stimulus selectivity between the different groups. For example, if neurons tended to be poorly responsive or poorly selective with novel or familiar
stimuli, the correlation between their responses would necessarily be low. We therefore examined whether there were any differences in response properties. We found no differences in mean
firing rate or the range of firing rates in response to the stimuli
across the two levels of experience (Fig. 4a and b). In addition, we
did not observe any changes in the selectivity of the neurons as
measured by the omega squared (ω2) statistic, which estimates the
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amount of the variance accounted for by the different stimuli, independent of sample size21. The mean ω2 was 0.150 ± 0.021 (mean ±
s.e.m.) for the novel stimuli and 0.147 ± 0.014 for the familiar
stimuli. Because far pairs did not show effects of experience on
stimulus preferences, the effects of experience on near pairs were
not likely to be due to overall changes in the degree of stimulus
selectivity following experience. Because we averaged across many
stimulus repetitions on the first day of experience, we were not
able to test for rapid reductions in overall responsiveness to novel
stimuli within a single session, as reported in cortex22–29.
Because the similar stimulus preferences of nearby pairs of
neurons apparently resulted from the animals’ experience in the
different visual tasks, it was possible that the nature of the task
influenced the development of these functional clusters of neurons. We therefore compared the mean correlation for the near
pairs recorded during presentation of familiar images for the
three different behavioral conditions. The mean correlations were
0.24, 0.39 and 0.37 (r-values) for pairs recorded in the discrimination task with prior discrimination experience (99 pairs), passive fixation task with prior discrimination experience (10 pairs),
and passive fixation task with passive fixation experience (47
pairs), respectively. There was no significant difference in correlations across the three tasks (one-way ANOVA, p = 0.149). Thus,
simple viewing of the stimuli seems to be sufficient for the development of similar stimulus preferences among nearby neurons.
Noise correlation
It was possible that an increase in the strength of shared inputs
mediated the increased stimulus preferences after experience for
nearby neurons. If there were an increase in shared inputs with
experience, then one would also expect that the trial-by-trial variability in responses to the same stimulus, that is, the ‘noise’ in
the responses, would also become more highly correlated for
nearby neurons. To compare the trial-by-trial response variability of neuron pairs, we calculated the noise in each neuron’s
response by subtracting the response on each individual trial
from the mean response to that stimulus. This gave the devianature neuroscience • volume 3 no 11 • november 2000
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Fig. 2. Examples of neuron pairs recorded during presentation of
visual stimuli. (a, b) Response histograms from two nearby neurons
recorded during presentation of novel stimuli. Responses are represented as spike-density histograms time-locked to stimulus onset
(Gaussian kernel, 20 ms). The vertical scale lines indicate responses of
20 spikes per second (Hz). Horizontal bars under each histogram are
equal to 350 ms. Each individual histogram is the mean response to 1 of
a set of 16 stimuli. (c) The mean responses, expressed as percent of
maximum, to the stimuli in an epoch after the presentation of the stimulus, plotted against an arbitrarily assigned stimulus number. Each point
in (c) corresponds to the histograms in (a) and (b). Neuron 1, circles;
neuron 2, squares. The epoch used to calculate the mean response
started 75 ms and ended 350 ms after stimulus onset. (d) Mean
response to each stimulus for one neuron plotted against the mean
response to the same stimulus for the other neuron. The correlation
between the mean responses (r, Pearson correlation coefficient or signal correlation between the two neurons) was –0.22. The stimulus
preferences of two neurons recorded near one another during the
presentation of novel stimuli were not correlated for this example.
(e, f) Response histograms as in (a, b) but for two neurons recorded
near one another during presentation of familiar stimuli. (g) Mean
responses of the two neurons to the 16 familiar stimuli, as in (c).
Neuron 3, circles; neuron 4, squares. (h) Mean response to each stimulus for neuron 3 (e) plotted against the mean response to the same
stimulus for neuron 4 (f); conventions as in (d) . In contrast to the two
neurons recorded during presentation of the novel stimuli, the mean
responses to a familiar set of stimuli were strongly correlated for this
pair of neurons (r = 0.72).

tion from the mean response on each trial. We then computed a
correlation coefficient on the deviation from the mean across the
trials for pairs of neurons. Neurons had clear visual responses to
the stimulus, but the responses were quite variable on a trial-bytrial basis (Fig. 5a). To quantify this variability, we computed the
Pearson correlation coefficient on the deviations across trials for
pairs of neurons. Finally, we compared these correlations for pairs
of neurons recorded at near versus far locations and with novel
versus familiar stimuli. The mean noise correlation across all conditions was nearly zero (Fig. 5b; r = 0.02) and did not vary significantly according to either distance or experience level
(two-way ANOVA, F1,377, p > 0.9). Thus, a mechanism other than
an increase in shared inputs must explain the increased stimulus–response correlations for nearby neurons.
Under some conditions, noise correlation can covary with signal correlation30,31, indicating that neurons with higher signal
correlation are likely to share sources of input. For example, pairs
of neurons in area MT that have a common preference for the
direction of visual motion (tuning curve peaks less than 90° apart
in motion) have a mean noise correlation of 0.19, which is high31.
If shared inputs contribute a common variability to two neurons,
the responses of the neurons will covary, resulting in correlation
in the signal as well as the noise. However, we found in perirhinal
cortex that even in the top quintile of neurons with high signal
correlations, the mean noise correlation was very low (r = 0.06).

DISCUSSION
To understand how a functional architecture for stimulus features might develop with experience in perirhinal cortex, we measured the responses of neuron pairs to novel and familiar stimuli.
Response similarity, or ‘signal correlation,’ between neurons was
quantified using the correlation coefficient, computed from the
mean responses to each stimulus in the set. As expected from
previous studies that showed clustering of response properties
in other parts of IT cortex, we found evidence for clustering of
nature neuroscience • volume 3 no 11 • november 2000
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perirhinal neurons with similar properties. Responses across the
stimulus set were more similar for nearby neuron pairs than for
far neuron pairs, for both novel and familiar stimuli. Other studies have measured response correlations for two or more simultaneously recorded neurons in other parts of IT cortex, and their
results using only familiar stimuli are similar to ours32–35.
Here we find that the signal correlation for nearby neurons
(but not far neurons) is significantly higher for familiar stimuli
than for novel stimuli. Thus, experience with stimuli apparently
causes nearby neurons to develop more similar stimulus preferences. The average response correlation across the stimulus set
for nearby neurons was 0.28, indicating that nearby neurons have
similar, but not identical, response properties for familiar stimuli. Because our analyses were confined to nearby neurons
recorded on the same electrode or tetrode, the cells were almost
certainly within several hundred microns of each other.
This development of similar stimulus preferences among
nearby neurons was not task dependent, at least under the conditions of the present study. We found similar signal correlations
for familiar stimuli recorded during passive fixation and in visual discrimination tasks. These changes in signal correlations were
also largely independent of changes in the ‘noise correlations,’ or
1145
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Fig. 3. Effects of experience on response similarity for neuron pairs.
(a) Mean correlations averaged across all neuron pairs, according to distance (near and far) and experience. Novel, filled squares; familiar, open
diamonds. There was a significant interaction (asterisk) between distance
and experience level (error bars, s.e.m.). (b, c) Distribution of signal correlations corresponding to near neuron pairs in (a) for familiar and novel
stimuli, respectively. The mean of each of these distributions is indicated
by an arrow, and the dashed line is set at zero.

lesions3. Here we show that cortical organization can change with
experience in a high-level visual area that does not contain a map
of the sensory surface. The changes that occur with experience
in perirhinal cortex are not in retinotopy but rather in the representation of global object properties.
The increase with experience of nearby neuron stimulus preferences in perirhinal cortex adds to the growing evidence for
experience-dependent object representations in the adult visual
cortex. Following just a few presentations of a novel stimulus,
many IT neurons rapidly drop out of the pool of highly activated neurons, suggesting that cortical object representations
become more specific, or ‘sparser,’ as animals gain experience
with those objects23–29,45. Furthermore, when different stimuli
are associated in time, such as in paired-associate tasks, IT neurons also tend to respond more similarly to each stimulus in the
pair after one day of experience46,47, suggesting that novel object
categories have been created. Likewise, IT neurons respond more
similarly to different views of the same three-dimensional object
after experience with the objects rotating than following experience with only two-dimensional static views48. Changes with
experience of the functional architecture in IT cortex may allow
these and other newly formed object representations in IT cortex to be reactivated and recalled.

METHODS
the trial-to-trial variability in the response to individual stimuli
by nearby neurons.
We considered the possibility that inadvertent poor isolation
of neurons on the same electrode or tetrode might have contributed to the response correlations among the near neurons.
However, neurons were very carefully isolated, and low noise correlations suggest that problems with neuron isolation cannot
explain the major findings. First, if the neurons had not been well
isolated, and if that accounted for part of the correlation between
responses of nearby neurons, this would not explain why correlations were larger for familiar stimuli than for novel ones. Second, the noise correlations were extremely low, which is
inconsistent with poor isolation, and the noise correlations for
novel and familiar stimuli were very similar.
Outside of IT cortex, other studies demonstrate dramatic
shifts in cortical topography following alterations in sensory
inputs or training in adult primates. Reorganization of sensory
or motor cortical maps is observed following long-term behavioral training39–44, and following permanent changes in sensory
input such amputation36,37, sensory differentiation38 or retinal

Subjects. Five adult male rhesus monkeys (Macaca mulatta) weighing
7–9 kg were used. All procedures were approved by the Animal Care and
Use Committee and followed NIH guidelines. Monkeys were prepared
for recording and recording sites were verified using magnetic resonance
imaging as described46.
Stimuli. Stimuli were multicolored complex patterns, ranging from one
to three degrees in size, presented on a computer display. Some stimuli
were digitized photographs of recognizable objects, and others were
abstract designs or artwork (Fig. 1). Complex stimuli were used because

a

b

c

d

Fig. 4. Stimulus response preferences. (a, b) The mean rank-ordered
responses for novel (a) and familiar (b) stimuli recorded during the discrimination task. (c, d) Neuronal stimulus selectivity was assessed using
the ω2 statistic. The ω2 is an estimate of the amount of the variance
accounted for, based on the mean responses of the neurons and their
variability. There was no difference in the stimulus selectivity (ω2)
between the novel (c) and familiar (d) stimuli.
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Fig. 5. Trial-by-trial variability. (a) Raster plots show the trial-by-trial
responses to one stimulus of two simultaneously recorded neurons.
Each point in the raster indicates one action potential, and each row of
points shows the neuronal response for one stimulus presentation.
Vertical lines indicate the onset and offset of the stimulus (500 ms), and
the corresponding spike density histogram is overlaid across the raster
plots normalized to the peak of the response. (b) The noise correlation, a measure of correlated variability, was measured by computing
an r-value on a trial-by-trial basis between the two neurons on the
deviation from the mean number of spikes. The noise correlation was
negligible, regardless of the distance between the neurons and the
monkey’s experience with the stimuli (novel, filled squares; familiar,
open diamonds). Inset, distribution of r-values for all neuron pairs,
regardless of experience or distance.
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monkeys learned the positive stimulus through trial and error.

they typically elicit stimulus-selective responses from IT neurons. For
each recording session, a set of 16 or 24 stimuli were arbitrarily chosen
from a pool of more than 500. The number of trials per stimulus ranged
from 15 to 147 for novel stimuli and from 10 to 198 for familiar stimuli.
The mean number of trials was 97 ± 3 (mean ± s.e.m.) for the novel stimuli (121 pairs) and 59 ± 3 for familiar stimuli (259 pairs).
Behavioral tasks. Monkeys viewed stimuli under three different behavioral conditions: a discrimination task with bar release, a passive viewing task, and a passive viewing task with stimuli learned in a
discrimination task with saccades. In all three tasks, monkeys maintained
fixation on a spot, and trials were aborted if the eyes moved outside a
1–3º fixation window.
Two monkeys were trained on a discrimination task46 with both novel
and familiar stimuli. Briefly, the monkeys initiated trials by grabbing a
bar, which was followed by the presentation of a fixation spot at the center of the screen. After monkeys maintained fixation for 250 ms, one of
eight pairs of successive stimuli was presented at fixation. Each of the
two stimuli in the pair was presented for 500 ms, with a 1-second delay
between them. For half the pairs (the ‘go’ stimuli), the monkeys were
rewarded with a drop of juice for releasing the bar within 1000 ms of the
second stimulus. For the other half of the pairs (the ‘no go’ stimuli), the
monkeys were rewarded for continuing to hold the bar. The monkeys
learned through trial and error which stimuli required a bar release.
Behavioral performance was consistently better than 90% for both monkeys. Neuronal responses recorded during the few incorrect trials were
not included in the analysis.
In the passive viewing task, three monkeys were rewarded for maintaining fixation on a spot while stimuli were presented on the fixation
spot. Each trial consisted of a single stimulus presented twice for 300 ms,
separated by a 200-ms delay. Only the first presentation of the stimulus
was used in this analysis because of response habituation to the second
presentation. In this task, monkeys were tested with familiar stimuli that
they had previously seen only under passive viewing conditions.
The third task was also a passive viewing condition, but two of the three
monkeys from the passive viewing condition were tested with familiar
stimuli that they had previously learned in a saccade discrimination task.
In this version of the passive viewing task, stimuli were presented for
200 ms, with a 200-ms delay period between them. Monkeys first learned
the stimuli in a saccade discrimination task in which they were trained to
make a saccade to one of two stimuli presented peripheral to fixation. The
nature neuroscience • volume 3 no 11 • november 2000

Electrophysiology. Neurons were recorded with two different types of
probes: single electrodes or multiple semichronically implanted tetrodes
or stereotrodes. Single electrodes were standard, commercially available,
sharpened tungsten electrodes (ROBOZ, Rockville, Maryland). We never
attempted to isolate more than two neurons from the tungsten electrodes.
The tetrodes were made from 4 fine wires twisted together and glued
inside a 30-gauge stainless steel tube. Recording techniques are published
elsewhere46,49,50. Neurons recorded from tetrodes or stereotrodes were
isolated offline using standard cluster-cutting software. We included only
those neurons that had amplitudes well above the threshold for collecting spikes, that were completely free from overlap with other spikes on at
least one projection, and that were stable across the recording session in
the original set of 698 neurons.

ACKNOWLEDGEMENTS
NIMH IRP supported this work. S. Shirazi, A. Durham and B.K. Changizi
assisted with monkey training, electrode fabrication and data analysis.
C. Barnes, M. Kilgard and M. Shadlen commented on the manuscript.

RECEIVED 5 JUNE; ACCEPTED 19 SEPTEMBER 2000
1. Hubel, D. H., Wiesel, T. N. & LeVay, S. Plasticity of ocular dominance
columns in monkey striate cortex. Phil. Trans. R. Soc. Lond. B Biol. Sci. 278,
377–409 (1977).
2. LeVay, S., Wiesel, T. N. & Hubel, D. H. The development of ocular dominance
columns in normal and visually deprived monkeys. J. Comp. Neurol. 191,
1–51 (1980).
3. Gilbert, C. D. & Wiesel, T. N. Receptive field dynamics in adult primary
visual cortex. Nature 356, 150–152 (1992).
4. Hubel, D. H. & Wiesel, T. N. Receptive fields and functional architecture of
monkey striate cortex. J. Physiol. (Lond.) 195, 215–243 (1968).
5. Albright, T. D., Desimone, R. & Gross, C. G. Columnar organization of
directionally selective cells in visual area MT of the macaque. J. Neurophysiol.
51, 16–31 (1984).
6. Murray, E. A. & Mishkin, M. Visual recognition in monkeys following rhinal
cortical ablations combined with either amygdalectomy or
hippocampectomy. J. Neurosci. 6, 1991–2003 (1986).
7. Murray, E. A. in The New Cognitive Neurosciences (ed. Gazzaniga, M. S.)
753–763 (MIT Press, Cambridge, Massachusetts, 2000).
8. Suzuki, W. A., Zola-Morgan, S., Squire, L. R. & Amaral, D. G. Lesions of the
perirhinal and parahippocampal cortices in the monkey produce longlasting memory impairment in the visual and tactual modalities. J. Neurosci.
13, 2430–2451 (1993).
9. Thornton, J. A., Rothblat, L. A. & Murray, E. A. Rhinal cortex removal
produces amnesia for preoperatively learned discrimination problems but
fails to disrupt postoperative acquisition and retention in rhesus monkeys.
J. Neurosci. 17, 8536–8549 (1997).
10. Zola-Morgan, S., Squire, L. R., Amaral, D. G. & Suzuki, W. A. Lesions of
perirhinal and parahippocampal cortex that spare the amygdala and
hippocampal formation produce severe memory impairment. J. Neurosci. 9,
4355–4370 (1989).
11. Zola-Morgan, S., Squire, L. R., Clower, R. P. & Rempel, N. L. Damage to the
perirhinal cortex exacerbates memory impairment following lesions to the
hippocampal formation. J. Neurosci. 13, 251–265 (1993).
12. Desimone, R. & Gross, C. G. Visual areas in the temporal cortex of the
macaque. Brain Res. 178, 363–380 (1979).

1147

© 2000 Nature America Inc. • http://neurosci.nature.com

© 2000 Nature America Inc. • http://neurosci.nature.com

articles

13. Gross, C. G., Schiller, P. H., Wells, C. & Gerstein, G. L. Single-unit activity in
temporal association cortex of the monkey. J. Neurophysiol. 30, 833–843 (1967).
14. Gross, C. G., Rocha-Miranda, C. E. & Bender, D. B. Visual properties of neurons
in inferotemporal cortex of the macaque. J. Neurophysiol. 35, 96–111 (1972).
15. Gross, C. G. Representation of visual stimuli in inferior temporal cortex. Phil.
Trans. R. Soc. Lond. B Biol. Sci. 335, 3–10 (1992).
16. Fujita, I., Tanaka, K., Ito, M. & Cheng, K. Columns for visual features of
objects in monkey inferotemporal cortex. Nature 360, 343–346 (1992).
17. Tanaka, K., Saito, H., Fukada, Y. & Moriya, M. Coding visual images of
objects in the inferotemporal cortex of the macaque monkey. J. Neurophysiol.
66, 170–189 (1991).
18. Wang, G., Tanaka, K. & Tanifuji, M. Optical imaging of functional organization
in the monkey inferotemporal cortex. Science 272, 1665–1668 (1996).
19. Buffalo, E. A. et al. Dissociation between the effects of damage to perirhinal
cortex and area TE. Learn. Mem. 6, 572–599 (1999).
20. Meunier, M., Bachevalier, J., Mishkin, M. & Murray, E. A. Effects on visual
recognition of combined and separate ablations of the entorhinal and
perirhinal cortex in rhesus monkeys. J. Neurosci. 13, 5418–5432 (1993).
21. Keppel, G. Design & Analysis: A Researcher’s Handbook (Prentice-Hall,
Englewood Cliffs, New Jersey, 1973).
22. Baylis, G. C. & Rolls, E. T. Responses of neurons in the inferior temporal
cortex in short term and serial recognition memory tasks. Exp. Brain Res. 65,
614–622 (1987).
23. Brown, M. W., Wilson, F. A. & Riches, I. P. Neuronal evidence that
inferomedial temporal cortex is more important than hippocampus in certain
processes underlying recognition memory. Brain Res. 409, 158–162 (1987).
24. Eskandar, E. N., Richmond, B. J. & Optican, L. M. Role of inferior temporal
neurons in visual memory. I. Temporal encoding of information about visual
images, recalled images, and behavioral context. J. Neurophysiol. 68,
1277–1295 (1992).
25. Fahy, F. L., Riches, I. P. & Brown, M. W. Neuronal activity related to visual
recognition memory: long-term memory and the encoding of recency and
familiarity information in the primate anterior and medial inferior temporal
and rhinal cortex. Exp. Brain Res. 96, 457–472 (1993).
26. Miller, E. K., Li, L. & Desimone, R. A neural mechanism for working and
recognition memory in inferior temporal cortex. Science 254, 1377–1379 (1991).
27. Miller, E. K. & Desimone, R. Parallel neuronal mechanisms for short-term
memory. Science 263, 520–522 (1994).
28. Sobotka, S. & Ringo, J. L. Investigation of long-term recognition and
association memory in unit responses from inferotemporal cortex. Exp. Brain
Res. 96, 28–38 (1993).
29. Sobotka, S. & Ringo, J. L. Stimulus specific adaptation in excited but not in
inhibited cells in inferotemporal cortex of macaque. Brain Res. 646, 95–99 (1994).
30. Lee, D., Port, N. L., Kruse, W. & Georgopoulos, A. P. Variability and
correlated noise in the discharge of neurons in motor and parietal areas of the
primate cortex. J. Neurosci. 18, 1161–1170 (1998).
31. Zohary, E., Shadlen, M. N. & Newsome, W. T. Correlated neuronal discharge
rate and its implications for psychophysical performance [erratum, Nature
371, 358, 1994]. Nature 370, 140–143 (1994).
32. Gochin, P. M., Colombo, M., Dorfman, G. A., Gerstein, G. L. & Gross, C. G.
Neural ensemble coding in inferior temporal cortex. J. Neurophysiol. 71,
2325–2337 (1994).
33. Gawne, T. J., Kjaer, T. W., Hertz, J. A. & Richmond, B. J. Adjacent visual

1148

34.
35.
36.
37.
38.
39.

40.
41.
42.

43.

44.

45.
46.
47.
48.
49.
50.

cortical complex cells share about 20% of their stimulus-related information.
Cereb. Cortex 6, 482–489 (1996).
Kobatake, E., Wang, G. & Tanaka, K. Effects of shape-discrimination training
on the selectivity of inferotemporal cells in adult monkeys. J. Neurophysiol.
80, 324–330 (1998).
Wang, Y., Fujita, I. & Murayama, Y. Neuronal mechanisms of selectivity for
object features revealed by blocking inhibition in inferotemporal cortex. Nat.
Neurosci. 3, 807–813 (2000).
Manger, P. R., Woods, T. M. & Jones, E. G. Plasticity of the somatosensory
cortical map in macaque monkeys after chronic partial amputation of a digit.
Proc. R. Soc. Lond. B Biol. Sci. 263, 933–939 (1996).
Merzenich, M. M. et al. Somatosensory cortical map changes following digit
amputation in adult monkeys. J. Comp. Neurol. 224, 591–605 (1984).
Pons, T. P. et al. Massive cortical reorganization after sensory deafferentation
in adult macaques. Science 252, 1857–1860 (1991).
Jenkins, W. M., Merzenich, M. M., Ochs, M. T., Allard, T. & Guic-Robles, E.
Functional reorganization of primary somatosensory cortex in adult owl
monkeys after behaviorally controlled tactile stimulation. J. Neurophysiol. 63,
82–104 (1990).
Nudo, R. J., Jenkins, W. M., Merzenich, M. M., Prejean, T. & Grenda, R.
Neurophysiological correlates of hand preference in primary motor cortex of
adult squirrel monkeys. J. Neurosci. 12, 2918–2947 (1992).
Nudo, R. J., Milliken, G. W., Jenkins, W. M. & Merzenich, M. M. Usedependent alterations of movement representations in primary motor cortex
of adult squirrel monkeys. J. Neurosci. 16, 785–807 (1996).
Recanzone, G. H., Merzenich, M. M. & Jenkins, W. M. Frequency
discrimination training engaging a restricted skin surface results in an
emergence of a cutaneous response zone in cortical area 3a. J. Neurophysiol.
67, 1057–1070 (1992).
Recanzone, G. H., Merzenich, M. M., Jenkins, W. M., Grajski, K. A.
& Dinse, H. R. Topographic reorganization of the hand representation in
cortical area 3b owl monkeys trained in a frequency-discrimination task. J.
Neurophysiol. 67, 1031–1056 (1992).
Recanzone, G. H., Jenkins, W. M., Hradek, G. T. & Merzenich, M. M.
Progressive improvement in discriminative abilities in adult owl monkeys
performing a tactile frequency discrimination task. J. Neurophysiol. 67,
1015–1030 (1992).
Li, L., Miller, E. K. & Desimone, R. The representation of stimulus familiarity
in anterior inferior temporal cortex. J. Neurophysiol. 69, 1918–1929 (1993).
Erickson, C. A. & Desimone, R. Responses of macaque perirhinal neurons
during and after visual stimulus association learning. J. Neurosci. 19,
10404–10416 (1999).
Sakai, K. & Miyashita, Y. Neural organization for the long-term memory of
paired associates. Nature 354, 152–155 (1991).
Logothetis, N. K. & Pauls, J. Psychophysical and physiological evidence for
viewer-centered object representations in the primate. Cereb. Cortex 5,
270–288 (1995).
Gray, C. M., Maldonado, P. E., Wilson, M. & McNaughton, B. Tetrodes markedly
improve the reliability and yield of multiple single-unit isolation from multiunit recordings in cat striate cortex. J. Neurosci. Methods 63, 43–54 (1995).
McNaughton, B. L., O’Keefe, J. & Barnes, C. A. The stereotrode: a new technique
for simultaneous isolation of several single units in the central nervous system
from multiple unit records. J. Neurosci. Methods 8, 391–397 (1983).

nature neuroscience • volume 3 no 11 • november 2000

