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Stimulus timing-dependent plasticity in high-level vision
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Summary

Humans are able to efficiently learn and remember complex visual patterns after only a few
seconds of exposure[l]. At a cellular level, such learning is thought to involve changes in synaptic
efficacy, which have been linked to the precise timing of action potentials relative to synaptic
inputs[2-4]. Previous experiments have tapped into the timing of neural spiking events by using
repeated asynchronous presentation of visual stimuli to induce changes in both the tuning
properties of visual neurons and the perception of simple stimulus attributes[5, 6]. Here we used a
similar approach to investigate potential mechanisms underlying the perceptual learning of face
identity, a high-level stimulus property based on the spatial configuration of local features. Periods
of stimulus pairing induced a systematic bias in face identity perception in a manner consistent
with the predictions of spike timing-dependent plasticity. The perceptual shifts induced for face
identity were tolerant to a two-fold change in stimulus size, suggesting that they reflected neuronal
changes in non-retinotopic areas, and were more than twice as strong as the perceptual shifts
induced for low-level visual features. These results support the idea that spike timing-dependent
plasticity can rapidly adjust the neural encoding of high-level stimulus attributes [7-11].

Results

Plasticity in face identity perception

We began by testing whether a period of stimulation with asynchronously paired face
images would lead to a systematic shift in the subsequent perception of identity. We took as
a measure of identity perception the perceptual midpoint of a gradually varied stimulus set
that was generated by morphing together two individual source faces (Face A and Face B;
Fig 1 A). Each session of the experiment included the following stages: (1) a threshold block
to establish the perceptual midpoint (that is, the morph level that was equally likely to be
classified as Face A or Face B), (2) a pairing block to present repeated stimulus pairs, and
(3) a test block to determine whether the perceptual midpoint had been shifted as a result of
the pairing (see Supplemental Information for a complete description of the Experimental
Procedures). The threshold block (Fig 1B) consisted of 110 trials in which a face stimulus
appeared, and the subjects were required to report the identity of the face using a button box.

" To whom correspondence should be addressed: mcmahond@mail.nih.gov.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

McMahon and Leopold Page 2

In the pairing block (Fig 1C), subjects fixated on a small crosshair in the center of the screen
while a series of 100 rapidly presented face pairs appeared over the fixation point. Each
stimulus in the pair appeared for a single monitor refresh cycle (10 ms). Both the temporal
order of the pair (A-B or B-A) and the stimulus onset asynchrony (SOA) were held constant
throughout a single experimental session. In the test block (Fig 1D), the subjects again
judged the identity of seven morph levels centered around the perceptual midpoint. Plasticity
induced in the pairing block was measured by assessing what shift in the perceptual
midpoint (if any) occurred between the initial threshold block and the final test block.

Based on the physiological properties of spike timing-dependent plasticity[4-6], we
predicted that face identity perception would be systematically altered by appropriately
timed face pairings (Fig 1D). The rationale for this prediction is illustrated schematically in
Fig 2 for the case of A-B pairings. During the pairing block, the successively presented face
images will evoke temporally offset volleys of synaptic activity. Thus two volleys of
excitatory postsynpatic potentials (EPSPs) will reach a face-responsive neuron immediately
before and immediately after the neuron starts to fire spikes (Fig 2A). After repeated
pairings of EPSPs and spikes that fall within the permissive window for spike timing-
dependent plasticity, the synapses carrying input from the first stimulus will be strengthened
and the synapses conveying input from the second stimulus will be weakened (Fig 2B). This
change in the balance of synaptic weights will make the network more sensitive to Face A
input and less sensitive to Face B. In a network of broadly-tuned face-selective neurons that
encode face identity in the distribution of activity across the population[12, 13], the
perceptual midpoint will correspond to the stimulus that evokes balanced activity in
populations of A-selective and B-selective neurons (Fig 2C). After biasing the synaptic
weights in the network, a stimulus with more Face B content will be needed to evoke
balanced firing. Accordingly, the perceptual midpoint assessed psychophysically is
predicted to shift towards Face B. Likewise, a shift in the opposite direction (towards Face
A) will be observed after a block of B-A pairing within the permissive window of plasticity.

The impact of stimulus pairing blocks with 20 ms SOA on face identity perception is shown
for a single subject in Fig 3A (average of 10 sessions). The psychometric functions obtained
before stimulus pairing (black curve) are shown together with the shifts in perceptual
midpoint assessed immediately after the block of stimulus pairings. In agreement with the
predictions outlined above, the shift in the perceptual midpoint depended on the order of the
pairing, with the curve shifted toward the face that was presented second in the pair, i.e.
towards Face A after B-A pairings (blue curve) and towards Face B after A-B pairings (red
curve). The magnitude of this effect was strongly timing-dependent, as revealed by the
average perceptual shifts observed in sessions with SOAs ranging from -100 to +100 ms (30
subjects, Fig 3B). Plasticity peaked narrowly at +20 ms SOA, and was considerably weaker
or absent altogether in sessions with SOAs beyond £60 ms. The overall shape of the timing
dependency curve shown here is consonant with the hypothesis that face identity perception
is susceptible to stimulus timing-dependent plasticity. Since the designations “face A” and
“face B” were arbitrary, we pooled equivalent conditions together after flipping the x-axis
for all the negative SOAs (Fig 3C). A significant perceptual shift was only observed after
pairing with SOAs of 20 ms, 40 ms, and 60 ms (p < 0.001, single-condition bootstrap test).
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Comparing plasticity in perception of high- and low-level stimulus features

We repeated the same experimental design using the perceptual judgment of orientation,
which, unlike face identity, could be made on the basis of information explicitly represented
by neurons in early visual cortex (see Supplemental Information). Paired gratings produced
a small but statistically significant shift in perceived line orientation at +40 ms SOA (0.3°
+0.16°, p < 0.01, single-condition bootsstrap test). The 0.1° shifts induced by the other
SOAs tested (20 and +60 ms) were not significant (Fig 3C). This result agrees with a
previous finding by Yao and Dan, who reported that stimulus pairings within a 40 ms time
window induced a shift in perceived line orientation on the order of 0.2° [5]. To compare the
plasticity effects induced by the two different classes of stimuli (faces vs. gratings) we
scaled the perceptual shifts by the kernel sigma of the psychometric function, which is
equivalent to applying a z-transform to the plasticity effects. When the most effective
conditions for both faces and gratings were compared (20 ms and 40 ms SOASs respectively),
pairing induced a 77% of sigma shift in face perception, which was significantly greater
than the 38% shift induced in orientation perception (p = 0.001, two condition bootstrap test,
Fig. 3D). This difference may reflect a general trend towards enhanced plasticity in higher-
level visual areas[14, 15], and a correspondingly greater capacity for acquiring visual
expertise in higher-level object vision.

Scale invariance of face plasticity

Although we observed the greatest plasticity in experiments that manipulated face
perception, it does not necessarily follow that those effects were mediated by changes in
face-selective cortical areas such as the fusiform gyrus[16]. An alternative possibility is that
the observed changes reflect neural modification in early visual cortex, or at multiple
processing stages in the visual system. If the effect does primarily reflect changes in face-
responsive neurons in the temporal lobe, a strong prediction derives from the fact that
neurons in monkey inferotemporal cortex tend to show broad tolerance to changes in
stimulus size[17-19]. As a consequence of this property, a stimulus that drives spikes in one
pool of neurons in inferotemporal cortex will also drive mostly the same pool of neurons
when the stimulus size is doubled or halved. Accordingly, a perceptual change induced by
pairing with stimuli of one size should still be observed when subsequently testing with
stimuli of a different size. By contrast, in retinotopic visual areas such as V1, the same
change in stimulus size will drive separate pools of neurons with largely non-overlapping
receptive fields and therefore plasticity effects will show little scale invariance. To test this
prediction, we conducted a variation on our standard experimental design in which there was
a stimulus size mismatch between the pairing block as compared to the threshold and test
blocks (SOA = 20 ms). In experimental sessions, the stimuli were either small (4 x 5 degrees
of visual angle) or large (8 x 10 degrees). In control sessions the large and small stimulus
sizes were held constant throughout all blocks (Fig 4A). The magnitude of the plasticity
effect did not differ between sessions where the stimulus size was changed or held constant
between pairing and testing blocks (p > 0.05, two-condition bootstrap test). This tolerance to
changes in stimulus size supports the idea that plasticity in face perception is indeed driven
by changes in higher-level visual areas.
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Impact of stimulus novelty on plasticity

Previous studies have suggested that stimuli become less effective at driving changes in
neural responses as the stimuli become more familiar[20]. Consistent with this notion, our
pilot data suggested that the magnitude of conditioning was strongest for the first session,
which prompted us to conduct the above experiments exclusively with novel face sets. In a
separate set of experiments, we contrasted the capacity of novel and familiar stimuli to
induce plasticity by exposing 11 subjects to five different stimulus sets repeatedly over six
days (SOA = 20 ms). A significantly greater perceptual shift was induced on day one (when
the subjects encountered the stimuli for the first time) than on subsequent days (Fig 4B, p <
0.05, two-condition bootstrap test). This result could indicate that novel stimuli are
particularly susceptible to perceptual shifts, or alternatively that the capacity for plasticity is
greater in “naive” synapses that were not exposed to previous pairings [21]. The reduced
degree of plasticity is not due to saturation, as we alternated pair ordering (A-B on day one,
then B-A on day two, etc). A comparison between the perceptual midpoints assessed in the
threshold block on successive days revealed no evidence for a residual effect from the
pairing block from the previous session (p > 0.05, two-sample t-test).

Can stimulus timing-dependent plasticity be explained by adaptation?

We considered the possibility that the effect of A-B pairing on perception can be accounted
for by adaptation, rather than by spike timing-dependent plasticity as we propose. After-
effects (perceptual shifts) are commonly observed following prolonged exposure to a single
adapting stimulus; thus looking at face B for several seconds will induce a shift of the
psychometric function towards B (and likewise for face A) [22, 23]. To test whether a series
of 100 flashed faces is sufficient to induce a robust after-effect, we conducted a control
experiment (N = 5 subjects, 25 sessions per condition) in which face B was presented by
itself (Fig 4C). Conditioning with B alone resulted in a perceptual shift of 0.8%+1.3%. This
effect was not significantly different from zero (p > 0.05, single-condition bootstrap test),
and crucially, was significantly less than the shift induced by A-B conditioning with 20 ms
SOA in the same control subjects (p < 0.05; two-condition bootstrap test). To further
investigate the possible effects of adaptation combined with asymmetrical masking under
the conditions used in our experimental paradigm, we again repeated the experiment using
face images paired with phase-scrambled mask images of equal spatial frequency content
(SOA =20 ms). The magnitude of the perceptual shift measured in the backward masking
condition (mask-face B; 2.1%+1.5%) was not greater than the shift induced by the forward
masking (face A-mask; -3.8%z1.4%.) condition (p > 0.05, two-condition bootstrap test).
These results indicate that the stimulus timing parameters used in the current study were not
sufficient to induce a robust after-effect.

Discussion

We demonstrated that the perception of face identity is susceptible to stimulus timing-
dependent plasticity. In qualitative terms at least, our results are consistent with a
mechanism in which sequential visual stimuli give rise to sequential volleys of spikes that
result in the modification of synaptic efficacy in visually selective neurons (see Fig 2).
When paired gratings were used to induce shifts in perceived line orientation, the magnitude
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and timing dependency of the effects observed in the current study were similar to those
reported previously[5]. Somewhat surprisingly, pairing with face images resulted in a
broader effective timing window for inducing plasticity than the timing window observed
for gratings. Although previous physiological studies conducted in vitro found a consistent
relation between synaptic changes and the order of synaptic and spiking events, the effective
timing window reported for different brain regions (and using different preparations) has
varied from 10 ms to >100 ms [4]. In the absence of physiological data from extrastriate
visual cortex obtained from awake behaving animals, it is therefore not possible to predict in
quantitative terms what the shape of the timing dependency curve should be for plasticity in
human subjects.

Our study focused on the timing required to elicit a perceptual shift, but did not track its
duration. Results from single unit recording studies show that plasticity induced by paired
stimulation may last on the order of several minutes to a few hours. In VI neurons in
anesthetized cats, shifts in orientation selectivity driven by stimulus pairings similar to the
ones employed here were shown to persist for 15 to 20 minutes [5]. In neurons in
inferotemporal cortex of awake monkeys, changes in stimulus selectivity could be induced
by pairing the peripheral view of one object with the foveal view of a different object tended
to accumulate over time spans as long as 2.5 hours[9]. In human subjects, one study reported
that paired pulses of transcranial magnetic stimulation applied to human motor areas
induced an increase in the amplitude of evoked motor potentials that persisted for 30
minutes[24]. Taken together, these results support the idea that changes driven by stimulus
timing can mediate long-term visual learning, although the impact of intervening visual
stimulation on plasticity has yet to be systematically investigated.

Spike timing-dependent plasticity has been proposed as a mechanism for the emergence of
invariant feature selectivity in ventral visual cortex[7, 8, 10, 11, 25]. Recent theoretical work
exploring this idea has shown that the timing dependency characteristics demonstrated in
physiological in vitro studies of synaptic plasticity are well-suited to underlie a “slow
learning” algorithm[25], whereby patterns of visual stimulation that change continuously
over time (for instance, while viewing a rotating object from gradually changing viewpoints)
become associated together[8]. Experimental findings from psychophysical studies are in
harmony with this computational framework. In studies of viewpoint invariance in face
recognition, subjects were more likely to confuse two distinct individuals after viewing a
face that was morphed between the two identities while the face was simultaneously subject
to slow changes in either its three dimensional orientation[7, 26], or its illumination[26]. In a
rather different study, Cox et al.[27] found that, after swapping the identity of a saccade
target in mid-flight, subjects tended to associate the peripheral view of one object with the
foveal view of the swapped object. In the current study, we tested a key prediction of the
idea that spike timing-dependent plasticity contributes to perceptual learning. The temporal
profile of the perceptual shifts we observed is consonant with the permissive window of
synaptic changes revealed by physiological studies of stimulus timing-dependent plasticity
[5, 6], although as noted above the timing kernel relevant to face perception remains to be
measured experimentally.
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Our findings extend previous work by demonstrating stimulus timing-dependent plasticity in
the perception of complex stimulus attributes. Face identity cannot be derived from local
structural features, but instead derives from global relational properties of the facial
elements. We found not only that identity perception was influenced by the stimulus
pairings, but also that the relative magnitude of the plasticity was substantially greater than
the comparable effect induced for orientation perception. Given the need to learn and
remember new face identities well into adulthood, this difference may reflect a particularly
high degree of plasticity in brain regions that are selective for faces and objects. Consistent
with this notion, several physiological studies examining perceptual learning have pointed to
a trend towards more robust plasticity in higher-level visual areas than in earlier areas[14,
15, 31, 32]. A parallel conclusion can be drawn by comparing the behavioral aspects of
high- and low-level visual learning. In contrast to the rapid time course characteristic of
perceptual learning in object recognition, expertise in low-level feature perception tends to
be more modest in size and slower to acquire[31, 32]. It is impossible to conclude on the
basis of behavioral evidence alone that the changes we observed in face perception were
driven by plasticity in ventral visual cortex, and conversely that the effects on perceived line
orientation depend exclusively on early visual areas. The fact that the effects on face
perception proved to be scale invariant supports this interpretation, but physiological
recording studies will be necessary to test this idea directly.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank Rebecca Berman and Alex Maier for critical comments on the manuscript and Carol Gianessi, Steven
Jennings, and Alexis Kington for their assistance with data collection. This work was supported by the NIMH,
NINDS, and NEI Intramural Research Programs, and by NIH grant EY018028.

References

1. Standing L. Learning 10,000 pictures. Q J Exp Psychol. 1973; 25:207-222. [PubMed: 4515818]

2. Markram H, Lubke J, Frotscher M, Sakmann B. Regulation of synaptic efficacy by coincidence of
postsynaptic APs and EPSPs. Science. 1997; 275:213-215. [PubMed: 8985014]

3. Zhang LI, Tao HW, Holt CE, Harris WA, Poo M. A critical window for cooperation and
competition among developing retinotectal synapses. Nature. 1998; 395:37-44. [PubMed: 9738497]

4. Dan Y, Poo MM. Spike timing-dependent plasticity: from synapse to perception. Physiol Rev. 2006;
86:1033-1048. [PubMed: 16816145]

5. Yao H, Dan Y. Stimulus timing-dependent plasticity in cortical processing of orientation. Neuron.
2001; 32:315-323. [PubMed: 11684000]

6. Fu YX, Djupsund K, Gao H, Hayden B, Shen K, Dan Y. Temporal specificity in the cortical
plasticity of visual space representation. Science. 2002; 296:1999-2003. [PubMed: 12065829]

7. Wallis G, Biilthoff HH. Effects of temporal association on recognition memory. Proc Natl Acad Sci
USA. 2001; 98:4800-4804. [PubMed: 11287633]

8. Michler F, Eckhorn R, Wachtler T. Using spatiotemporal correlations to learn topographic maps for
invariant object recognition. J Neurophysiol. 2009; 102:953-964. [PubMed: 19494190]

9. Li N, DiCarlo JJ. Unsupervised natural experience rapidly alters invariant object representation in
visual cortex. Science. 2008; 321:1502-1507. [PubMed: 18787171]

Curr Biol. Author manuscript; available in PMC 2015 February 26.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

McMahon and Leopold

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Page 7

. Masquelier T, Thorpe SJ. Unsupervised learning of visual features through spike timing dependent
plasticity. PLoS Comput Biol. 2007; 3:e31. [PubMed: 17305422]

Li N, DiCarlo JJ. Unsupervised natural visual experience rapidly reshapes size-invariant object
representation in inferior temporal cortex. Neuron. 2010; 67:1062-1075. [PubMed: 20869601]
Freiwald WA, Tsao DY, Livingstone MS. A face feature space in the macaque temporal lobe. Nat
Neurosci. 2009; 12:1187-1196. [PubMed: 19668199]

Leopold DA, Bondar 1V, Giese MA. Norm-based face encoding by single neurons in the monkey
inferotemporal cortex. Nature. 2006; 442:572-575. [PubMed: 16862123]

Yang T, Maunsell JH. The effect of perceptual learning on neuronal responses in monkey visual
area V4. J Neurosci. 2004; 24:1617-1626. [PubMed: 14973244]

Freedman DJ, Assad JA. Experience-dependent representation of visual categories in parietal
cortex. Nature. 2006; 443:85-88. [PubMed: 16936716]

Kanwisher N, McDermott J, Chun MM. The fusiform face area: a module in human extrastriate
cortex specialized for face perception. J Neurosci. 1997; 17:4302-4311. [PubMed: 9151747]
Schwartz EL, Desimone R, Albright TD, Gross CG. Shape recognition and inferior temporal
neurons. Proc Natl Acad Sci U S A. 1983; 80:5776-5778. [PubMed: 6577453]

Ito M, Tamura H, Fujita I, Tanaka K. Size and position invariance of neuronal responses in
monkey inferotemporal cortex. J Neurophysiol. 1995; 73:218-226. [PubMed: 7714567]

Rolls ET, Baylis GC. Size and contrast have only small effects on the responses to faces of neurons
in the cortex of the superior temporal sulcus of the monkey. Exp Brain Res. 1986; 65:38-48.
[PubMed: 3803509]

Li L, Miller EK, Desimone R. The representation of stimulus familiarity in anterior inferior
temporal cortex. J Neurophysiol. 1993; 69:1918-1929. [PubMed: 8350131]

Abraham WC, Bear MF. Metaplasticity: the plasticity of synaptic plasticity. Trends Neurosci.
1996; 19:126-130. [PubMed: 8658594]

Leopold DA, O'Toole AJ, Vetter T, Blanz V. Prototype-referenced shape encoding revealed by
high-level aftereffects. Nat Neurosci. 2001; 4:89-94. [PubMed: 11135650]

Webster MA, MacLin OH. Figural aftereffects in the perception of faces. Psychon Bull Rev. 1999;
6:647-653. [PubMed: 10682208]

Arai N, Muller-Dahlhaus F, Murakami T, Bliem B, Lu MK, Ugawa Y, Ziemann U. State-
dependent and timing-dependent bidirectional associative plasticity in the human SMA-M1
network. J Neurosci. 2011; 31:15376-15383. [PubMed: 22031883]

Sprekeler H, Michaelis C, Wiskott L. Slowness: an objective for spike-timing-dependent
plasticity? PLoS Comput Biol. 2007; 3:ell2.

Wallis G, Backus BT, Langer M, Huebner G, Bulthoff H. Learning illumination- and orientation-
invariant representations of objects through temporal association. J Vis. 2009; 9:6. [PubMed:
19761321]

Cox DD, Meier P, Oertelt N, DiCarlo JJ. ‘Breaking’ position-invariant object recognition. Nat
Neurosci. 2005; 8:1145-1147. [PubMed: 16116453]

Baker CI, Behrmann M, Olson CR. Impact of learning on representation of parts and wholes in
monkey inferotemporal cortex. Nat Neurosci. 2002; 5:1210-1216. [PubMed: 12379864]

Sakai K, Miyashita Y. Neural organization for the long-term memory of paired associates. Nature.
1991; 354:152-155. [PubMed: 1944594]

Freedman DJ, Riesenhuber M, Poggio T, Miller EK. Experience-dependent sharpening of visual
shape selectivity in inferior temporal cortex. Cereb Cortex. 2006; 16:1631-1644. [PubMed:
16400159]

Schoups A, Vogels R, Qian N, Orban G. Practising orientation identification improves orientation
coding in V1 neurons. Nature. 2001; 412:549-553. [PubMed: 11484056]

Ghose GM, Yang T, Maunsell JH. Physiological correlates of perceptual learning in monkey V1
and V2. J Neurophysiol. 2002; 87:1867-1888. [PubMed: 11929908]

Olshausen BA, Field DJ. Emergence of simple-cell receptive field properties by learning a sparse
code for natural images. Nature. 1996; 381:607-609. [PubMed: 8637596]

Curr Biol. Author manuscript; available in PMC 2015 February 26.



McMahon and Leopold Page 8

Curr Biol. Author manuscript; available in PMC 2015 February 26.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

McMahon and Leopold Page 9

A 0% 25% 50% 75% 100%
Face A Face B
B Threshold block C Pairing block D Test block:
predicted outcome
Face B Face B
100 flashed stimulus pairs 4
S A B - S
§ we_ (1] o L] , LT o §
CGE perceptual — I Sf_? shifted
midpoint SOA inter-pair interval midpoint
! (10-100ms) (800 - 1200 ms) bl
Face A Stimulus  Face B Face A Stimulus  Face B
< » - o

Figure 1.
Stimuli and sequence of main task blocks. A. Example of a series of morphed face stimuli.

Five morph levels are shown, out of a total of 101 (0% to 100%) used in the experiment. B.
Threshold block. Psychometric functions were obtained using the method of constant stimuli
(110 trials) to characterize the subjects' baseline perception of face identity for each set of
morphed faces. The psychometric function was then used to determine the perceptual
midpoint (i.e., the morph level that was equally likely to be perceived as Face A or Face B).
C. Pairing block. The subjects fixated while 100 rapidly flashed stimulus pairs appeared on
the screen. The stimulus onset asynchrony (10 to 100 ms) and pair order (either A-B or B-A)
were held constant within a single session of the experiment. D. Test block. The
psychometric function was again sampled around the perceptual midpoint (14 trials) to
assess the impact of the stimulus pairing on the perception of face identity. If the timing of
the flashed A-B pairing matched the permissive window for spike timing-dependent
plasticity, the subject's perceptual midpoint was predicted to shift towards face B.
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Figure 2.

Expected impact of spike timing-dependent plasticity on a network of broadly-tuned face-
selective neurons. A. A pair of faces flashed in rapid succession (Face A followed by Face
B) will evoke temporally offset EPSPs in synapses conveying input from Face A and Face
B. If the time interval between the EPSPs and the first evoked spike falls within the
permissive window for spike timing-dependent plasticity, the synapses activated before the
spike will be strengthened and the synapses activated after the spike will be weakened. B.
After repeated pairings, the asymmetric impact of spike timing-dependent plasticity will
make the network of neurons more sensitive to Face A content and less sensitive to Face B
content. C. The perceptual midpoint corresponds to stimulus level that evokes equal activity
in both Face A-selective and Face B-selective neurons. After biasing the inputs to the
network, more Face B content is needed to achieve balanced activity. Accordingly, the
perceptual midpoint will shift towards B.
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Figure 3.

Effect of stimulus pairing on perception. A. Example of shifted face identity perception
induced in a single subject that was studied intensively using only £20 ms SOA pairings (10
sessions). Greater values on the x-axis indicate stimulus morph steps with greater Face B
content. Error bars are 95% confidence intervals derived from Bernoulli distribution. B.
Timing dependency profile of perceptual shift across a separate set of 30 subjects (average
of 28 sessions and 14 subjects per condition). Error bars are 95% confidence intervals
determined by Monte Carlo simulations. C. Comparison of plasticity in perception of high-
and low-level visual features. Timing dependency curves show the perceptual shift induced
in a grating orientation task (green) compared to a face identity task (black). Conditions with
SOAs of equal magnitude and opposite sign were pooled after inverting the y-axis for the
conditions with negative SOAs. The magnitudes of the shift are normalized to the slope of
the psychometric functions that were measured before conditioning. D. Peak perceptual
shifts for faces and gratings normalized as in (C). Error bars show confidence intervals from
Monte Carlo simulation. Asterisks indicate significant effects (single-condition bootstrap

Curr Biol. Author manuscript; available in PMC 2015 February 26.



1duosnuely Joyny vd-HIN 1duosnuely Joyny vd-HIN

1duosnuely Joyny vd-HIN

McMahon and Leopold Page 12

test). Crossbar indicates significant difference between conditions (two-condition bootstrap
test).
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A. The magnitude of perceptual shift was not reduced by size changes between conditioning
block and test block (two-condition bootstrap test). B. Pairing induced a stronger perceptual
shift for novel stimuli than for familiar stimuli. C. Presenting Face B alone (in place of Face
A - Face B pairings) did not induce a significant after-effect. All conventions as in Fig 3D.
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