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perceptual decision. If reward were to affect only the integration stage, it should influence behavioural
responses to neural signals in the same way regardless of whether those signals have been evoked by
visual input or artificially by microstimulation ( Figure 4). Experimentally, however, we found the
converse (Figure 5). We propose that, on this view, reward interacts with the sensory/perceptual
signals in cortical representations of the visual stimulus during visual perceptual decision-making, in
addition to affecting the integration stage (see Figure 1).

In the fitting of the bounded evidence-accumulation model, we found that when available reward
was large there was a decrease in the distance between the starting point of the DV and the decision
bounds. Under conditions where one choice is associated with a larger expected reward than the
other, previous neurophysiological, human neuroimaging and computational studies have shown a
decreased distance between the DV starting position and the decision bound for larger reward, which
is beneficial because this bias results in an overall greater accumulation of reward ( Feng et al., 2009;
Rorie et al., 2010; Summerfield and Koechlin, 2010; Gao et al., 2011; Mulder et al., 2012). When
both choices are associated with larger rewards, as in the present study, the distance to both decision
bounds might be expected to decrease, as we, and others ( Rorie et al., 2010), have found. On its
own, this effect would impair performance accuracy when available reward is large because the closer
proximity of the DV to the bounds would result in a greater effect of accumulated noise on the final
perceptual choice (Bogacz et al., 2006, 2007; Rorie et al., 2010). However, the reciprocal increase in
sensitivity to the visual stimulus, discussed above, balances the decrease in accuracy resulting from the
shorter distance-to-bound, so that overall performance in fact improves when available reward is
larger, as we observe.

Previous studies found that information about reward was reflected only at the integration stage of
visual perceptual decision-making, represented in sensorimotor structures ( Feng et al., 2009; Rorie
et al., 2010; Summerfield and Koechlin, 2010; Gao et al., 2011; Mulder et al., 2012). However,
experiments employing other types of task, such as a cued curve-tracing saccade task (Stanisor et al.,
2013), somatosensory discrimination (Pleger et al., 2008), tasks in which a subject must select
between two presented visual stimuli ( Serences, 2008; Serences and Saproo, 2010), or a fixation
task where a reward is delivered with or without a visual cue ( Arsenault et al., 2013), found that
activity in sensory cortex can also be modulated by reward. Except for Stanisor et al. (2013), these
studies used BOLD-fMRI, an indirect measure of neural activity that averages the responses of many
neurons excited or inhibited by the sensory stimulus ( Logothetis et al., 2001; Logothetis and
Wandell, 2004). Our results extend these previous findings by indicating that expected reward also
interacts with sensory representations about the visual stimulus during visual discrimination itself.

The source of the reward signal affecting sensory cortex may reflect an influence from prefrontal
cortex, anterior cingulate cortex, or amygdala, known to represent reward and value predictions
during decision-making ( Rushworth and Behrens, 2008; Bermudez and Schultz, 2010; Levy and
Glimcher, 2012), or neuromodulation by serotonergic neurons originating from the dorsal raphe
nucleus, which also signal reward (Cohen et al., 2015). Another significant source of reward signals in
the brain are dopaminergic reward-predicting neurons, which may also indirectly modulate or
enhance sensory cortical activity (for review, see Schultz 2002).

In the present study, the size of available reward was expected to affect animals’ motivation and
indeed they demonstrate better performance in large reward trials. In this way, our study differs from
other studies in which prior probability, not reward value, of each stimulus is cued in each trial, which
may bias perceptual decisions to obtain larger overall rewards without necessarily affecting motivation
or performance (for example, Rao et al. 2012).

Controls for animal strategy and performance fluctuation
Our results could not be explained by an adaptive change in the animals’ strategy based upon
recognizing the presence of microstimulation. In a control experiment, in which an additional visual
disparity (∆dx) signal that mimicked the microstimulation effect was clearly cued by a change in
stimulus colour, the effect of ∆dx on choices was not affected by expected reward size, even though
overall task performance was better in large reward trials as seen in the electrical microstimulation
sessions. This indicates that the animal did not apply a strategy to compensate for the ∆dx signal
specifically on large reward trials, even when trials that contained additional visual disparity were
clearly identifiable. This experiment controls for the situation in which microstimulation produces a
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Electrophysiological recordings from stimulus-relevant neurons during visual perceptual decision-
making are necessary to directly show whether expected reward modulates the neuronal firing rates
and tuning functions at a specific visual cortical site in the manner predicted by an increase in stimulus
sensitivity under large reward. Yet, the unique contribution of a microstimulation intervention to this
question is to show that reward modulations at a level prior to the integration stage have a causal

effect on the perceptual decision, rather than representing a top-down echo of decision-formation
that might not be causally relevant to the perceptual choice itself.

The form of the bounded accumulation model considered here is a simplified case of the race
model, in which evidence for each choice is integrated separately by two decision variables ( Usher
and McClelland, 2001). We used the assumption that the accumulator inputs are perfectly negatively
correlated, which corresponds to the action of one accumulator only ( Figure 5A,B) (Palmer et al.,
2005; Ratcliff and McKoon, 2008). To avoid unnecessary assumptions and over-fitting, we chose the
simplest model framework that could explain our findings. The microstimulation signal was modelled
as additional sensory evidence towards the cylinder rotation direction preferences of the micro-
stimulated neurons. The null choice bias, whereby animals apply an overall bias towards the non-
preferred direction of the stimulated neurons in order to match overall reward proportions for different
choices (Salzman et al., 1992), was modelled as an offset to the overall psychometric function ( Equation 3a,
‘Materials and methods’). The parameters of the bounded accumulation model are commonly used to
explain both choice and reaction time. However, bounded integration underlies perceptual decisions
even when stimulus viewing duration is dictated by the environment ( Kiani et al., 2008), and the
model can be fit usefully in these circumstances (Fetsch et al., 2014). Although we employed a fixed
viewing duration task, differential effects of reward on parameter k, coding for stimulus scaling
sensitivity, and parameter B, coding for distance-to-bound, could be differentiated in our model due
to the insertion of the microstimulation signal in visual area V5/MT ( Figure 4).

The lack of reaction-time measurements in the present experiment leaves open the possibility that
changes to parameter B may also arise from an overall increase in the gain of accumulation of sensory
evidence. The consensus from electrophysiological studies (Rorie et al., 2010), human neuroimaging
(Summerfield and Koechlin, 2010; Mulder et al., 2012), and psychophysical studies (Diederich and
Busemeyer, 2006; Diederich, 2008) is that reward effects on the DV accumulation process occur
through changes to the distance-to-bound; we therefore follow this interpretation. A microstimulation-
reaction time task, or detailed measurement of neuronal firing rates in sensorimotor structures such as
LIP that represent the integration stage, would be necessary to resolve this issue. Regardless, the
specific interpretation of parameter B’s effects does not affect the main conclusions of this study.

Relationship between reward and attention
We have argued that the most parsimonious explanation for our observations is that larger available
reward increases the sensitivity of visually evoked sensory representations about the visual stimulus.
This bears strong similarity to the effect on neuronal responses when attention is allocated to a
specific spatial location or to a PREF stimulus feature (Treue and Maunsell, 1996, 1999; McAdams
and Maunsell, 2000; Corbetta and Shulman, 2002; Saenz et al., 2002). Indeed, manipulations of
reward and attention are often difficult to separate ( Maunsell, 2004). However, these effects cannot
trivially explain our findings.

With regard to feature attention, our trial-by-trial reward schedule was balanced so that both
perceptual interpretations of the cylinder were equally rewarded, if correctly identified. Feature
attention was therefore not directed in favour of one perceptual interpretation of cylinder rotation
direction. Our experimental task always directed spatial attention to the location of the visual
stimulus, because the animal responded to the visual stimulus in every trial to obtain a reward,
whether small or large. Thus, results from spatial attention studies, which measure differences in
neuronal activity when attention is directed into and away from their RF ( Treue and Maunsell, 1996,
1999; McAdams and Maunsell, 2000), cannot directly be applied to our results. The definition of
spatial attention could be extended to encompass gradations of attention applied to a particular
spatial location according to expected reward size, which may be manipulated by experiments such as
ours. In that case, the present study would be the first to provide data demonstrating such an effect
during perceptual decision-making, and to integrate such modulations of sensory representations
coherently with reward manipulation and decision model theory ( Smith and Ratcliff, 2009).
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In Oxford, stimuli were displayed binocularly using a Wheatstone stereoscope configuration with
two monitors (Eizo FlexScan 78, Eizo, Bracknell, UK). A pair of mirrors positioned in front of the
monkey reflected the images from each of the two monitor screens separately into the left and right
eyes. Frame rate was 72 Hz. Monitor screens were positioned 84 cm from the monkey, and covered
approximately 21� × 17� of the visual field. Mean luminance was 42 cd/m 2 and dot diameter was 0.2�.
The dot refresh rate was 2%, that is, on each video frame, 2% of the dots were relocated to a
randomly chosen location on the cylinder surface, so that dots had a mean lifetime of 615 ms in each
location.

At NIH, stimuli were displayed binocularly using two DLP projectors (Projection Design evo2sx +,
projectiondesign � /Barco, Inc., Xenia, OH) with polarizing filters. The image was projected onto a
polarisation-preserving screen (Filmscreen 150, Stewart Filmscreen, Amelia, OH). Frame rate was
60 Hz. The screen was 112 cm away from the monkey, and covered approximately 41� × 32�. Mean
luminance of the display viewed through polarized filters was 17.5 cd/m 2 and dot diameter was 0.18�.
Dot refresh rate was 1%.

Psychophysical task
The psychophysical task was a two-alternative forced choice discrimination of the direction of rotation
of the SFM cylinder. Stimulus disparities were matched to the psychophysical threshold of the animal
in order to obtain a full psychometric function. To initiate a trial, the animal had to acquire the fixation
point. The visual stimulus was then presented for 2000 ms (Figure 2). At stimulus offset, the fixation
point also disappeared and two choice targets corresponding to the two possible directions of
cylinder rotation appeared. In the Oxford, targets were located to the left and right side of the fixation
point. In the NIH set-up, targets were also located opposite one another on either side of the fixation
point but on an axis normal to the cylinder orientation. The animals indicated their perceptual decision
by making a saccadic eye-movement to one of the two targets. A saccade to the correct target
resulted in a fluid reward. If the choice was incorrect, the animal received no reward and there was a
short time-out before the start of the next trial. For ambiguous cylinders (zero-disparity trials), 50% of
the trials were rewarded at random. If the animal broke fixation during stimulus presentation, no
reward was given.

Reward schedule
Animals worked on the task to gain fluid rewards to meet their daily requirements. Reward size
available for a correct choice on each trial depended upon the number of immediately preceding
consecutive correct responses that the animal had made, increasing in two steps up to a maximum
(Figure 1). Choices in zero-disparity trials were rewarded 50% of the time at random, and for the
purposes of calculating the reward sequence they were discounted. For monkey Ica, reward size was
0.08 ml on the first and second consecutive correct choices after an error, 0.12 ml for the third
consecutive correct choice, and 0.2 ml on the fourth and all subsequent consecutive correct trials. For
monkey Fle, reward size was 1/3 of maximum for the first correct choice, 2/3 of maximum for the
second, and reached maximum size (usually 0.18 ml) for the third and all subsequent consecutive
correct choices. Thus reward size increased more quickly for Fle than Ica as a function of consecutive
correct responses. For both animals, we categorized trials into two conditions: maximal (large) reward
size and sub-maximal (small) reward size, where for both animals the average size of the two
sub-maximal reward sizes was half that of the maximal reward size. Animals were familiar with their
respective reward schedule because it was used throughout all training and recording sessions with
the discrimination task; it was not introduced only for the microstimulation experiments.

V5/MT multi-unit recording
Recording from MU neuronal clusters was carried out to characterize and select the cortical
microstimulation sites. Single tungsten microelectrodes coated with polyimide tubing were used
(0.1–0.3 M� impedance at 1 kHz; MicroProbe, Inc., Gaithersburg, MD). A hydraulic microdrive
mounted on the recording cylinder advanced the electrode through a guide tube. Electrical signals
from the electrode were filtered, amplified and displayed through visual and audio monitors, and
stored to computer disk. Online classification of activity and pre-processing steps were done with
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the DataWave Discovery system (DataWave Technologies, Loveland, CO) at Oxford and Spike 2
(Cambridge Electronic Design Ltd., Cambridge, UK) data acquisition program at NIH.

Area V5/MT was approached posteriorly through the recording chamber in incremental steps of
about 100 � m. Area V5/MT was identified by established physiological criteria: (1) the approach
through the grey/white matter pattern comprising the striate cortex, lunate sulcus and the posterior
bank of the superior temporal sulcus (STS) (Zeki, 1974); (2) by neurons’ characteristic direction
selectivity and binocular disparity selectivity and its clustering in V5/MT ( Van Essen et al., 1981;
Maunsell and Van Essen, 1983; Albright and Desimone, 1987; Bradley et al., 1995, 1998;
DeAngelis et al., 1998; DeAngelis and Newsome, 1999); (3) the known relationship between the
size and eccentricity of V5/MT receptive fields ( Desimone and Ungerleider, 1986); and (4) from
penetration to penetration, the relationship between RF positions and known topography of V5/MT
(Albright and Desimone, 1987).

Selection and characterisation of stimulation sites
Monkeys maintained fixation on a central fixation point while direction selectivity was established for
an MU cluster at a particular electrode location, using kinetic dots moving coherently in different
directions. The direction evoking the greatest response on average was assigned to be the PREF
motion direction for the MU cluster. The RF boundaries were then mapped using a patch of dots
moving in the PREF motion direction. After quantitative confirmation of direction tuning within these
boundaries, the binocular disparity preference of the MU cluster was measured by presenting a plane
of moving dots in the PREF direction at different binocular disparities around the fixation plane. Only
MU sites with discernible motion and disparity tuning were further explored. The directions of motion
of the two transparent planes of dots that made up the cylinder were aligned with the PREF and the
opposite (NULL) directions of the MU cluster and the MU cylinder preference was calculated online
over a range of disparities.

When the direction- and cylinder disparity-preference of MU cluster activity were found to remain
constant over at least 300 � m of cortex, the electrode was retracted to the middle of that stretch. At
the proposed stimulation site, the MU RF size, direction selectivity and cylinder preference were
quantitatively re-measured. The cylinder stimulus position, size, orientation, and dot speed were
carefully matched to the preferences of the MU at the stimulation site. The monkey first performed
50 to 140 trials of the psychophysical task without microstimulation, prior to the microstimulation
experiment, in order to allow the selection of a range of stimulus disparities near threshold at that site.

The total number of cortical sites at which microstimulation was applied was 20 in monkey Fle and
28 in monkey Ica. This number of biological replicates (different stimulation sites) was chosen to be as
close as possible to the number of microstimulation sites used in previous studies of this cortical area
(V5/MT; in particular, DeAngelis et al. 1998). Stimulation sites were selected freshly on each day of
recording and the choice of sites for stimulation was independently determined on each occasion of
performing the experiment, by reference to the selection criteria presented above.

Experimental procedure for microstimulation
Electrical microstimulation was applied during the 2000 ms of stimulus presentation on half of the
trials, pseudo-randomly interleaved with non-microstimulated trials. Stimulation consisted of 20 � A
biphasic pulses of 200 � s cathodal stimulation followed by 200 � s anodal stimulation, delivered at 200
Hz. Only cortical microstimulation sites with at least 10 microstimulation trials and 10 non-stimulation
trials at each of at least 5 different stimulus disparities were included in subsequent analyses. All
included sites showed significant tuning to disparity in the cylinder stimulus (one-way ANOVA, p
< 0.05).

Site-by-site quantification of microstimulation effect
For each microstimulation site, we plotted the proportion of choices made by the monkey towards the
PREF rotation direction, at each stimulus disparity, separately for microstimulated and non-microstimulated
trials. Behavioural data were fitted for each site wi th a two-mean cumulative Gaussian distribution:

PPREFðCÞ= 1
.

2
�

1 + erf
��

C � ð� 0 + β� 1ÞÞ
.
σ

ffiffiffi
2

p ��
; (1a)
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where C is the cylinder disparity (positive in PREF direction); � i is the mean of the distribution; � is the
s.d.; erf is the error function; � = 1 for microstimulated trials and � = 0 for non-microstimulated trials.
PPREFcorresponds to the probability of making a decision in the PREF direction of the microstimulated
site. To test whether microstimulation significantly shifted the psychometric function, the two-mean
model was compared to a model in which mean was not allowed to vary by microstimulation ( Krug
et al., 2013 ):

PPREFðCÞ= 1
.

2
�

1 + erf
�

ðC � � 0Þ
.

�
���
2

p ��
: (1b)

A � 2 likelihood-ratio test was used to ascertain whether the full model fitted the data significantly
better than the nested model (p < 0.05; 1 degree of freedom as models differed by 1 parameter).
Maximum likelihood estimate model fitting was performed with MATLAB’s fminsearch function and
was repeated multiple times from a wide range of starting parameter values, in order that results
would not be driven by local minima.

The microstimulation effect is quantified by taking the estimated value of parameter � 1; this is
equivalent to a horizontal shift in the psychometric curve. The size of the electrical microstimulation
effect can thus be expressed in terms of the size of binocular disparity that would need to be added to
the stimulus to shift perceptual behaviour to the same extent ( Krug et al., 2013 ).

Quantification of interaction between reward, task performance and
microstimulation
A cumulative Gaussian function was used to evaluate the interaction between reward, task
performance and microstimulation for psychometric data pooled across multiple microstimulation
sites. Prior to pooling, we normalized stimulus disparity values at each site by dividing them by the
maximum disparity value of the site. This ensured that the maximum normalized disparity was 1 and
minimum was � 1, with the other disparity values lying in between. In the full model both the mean �
and standard deviation (s.d.) � are allowed to vary by microstimulation condition and reward
condition,

PPREFðCÞ= 1
.

2
�

1 + erf
�

ðC � ð� 0 + �� 1 + �� 2 + ��� 3ÞÞ=ð� 0 + �� 1 + �� 2Þ
���
2

p ��
; (2a)

where C is the cylinder disparity (positive in PREF direction); � i represents the mean; � i represents s.d.,
� = 1 in trials were available reward is large, otherwise � = 0; � = 1 in trials where additional
stimulation is introduced, otherwise � = 0; erf is the error function. P PREF corresponds to the
probability of making a decision in the PREF direction of the additional stimulation introduced. To test
whether reward affected task performance, this full model was compared with a nested model in
which s.d. � (a measure of performance threshold) was not allowed to vary by reward condition:

PPREFðCÞ= 1
.

2
�

1 + erf
�

ðC � ð� 0 + �� 1 + �� 2 + ��� 3ÞÞ
.

ð� 0 + �� 2Þ
���
2

p ��
: (2b)

A � 2 likelihood-ratio test was used to ascertain whether the full model fitted the data significantly
better than the nested model (p < 0.05; 1 degree of freedom as models differed by 1 parameter).
Similarly, the effect of reward on microstimulation was evaluated with a � 2 likelihood-ratio test to
compare the full model with a nested model in which the change in mean by microstimulation,
represented by �� i, was not allowed to vary by reward condition:

PPREFðCÞ= 1
.

2
�

1 + erf
�

ðC � ð� 0 + �� 1 + �� 2ÞÞ
.

ð� 0 + �� 1 + �� 2Þ
���
2

p ��
: (2c)

Model fitting was performed as described in the previous section. We report uncorrected p values;
however, all statistically significant results survive Bonferroni correction for multiple comparisons
across the two animals (where relevant).

Decision model analysis: bounded evidence accumulation
A logistic regression model representing the effect of cylinder stimulus disparity, microstimulation and
trial reward condition on the psychometric functions was derived from the simple, one-dimensional
drift-diffusion model of perceptual decision-making ( Palmer et al., 2005 ; Gold and Shadlen, 2007 )
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(see alsoFigure 1 ). The full bounded evidence-accumulation model explains perceptual choices in the
PREF direction (PPREF) according to the following equation:

PPREFðCÞ= 1 =
�

1 + êð� ððB0 + � B1Þððk0 + � k1 + � k2ÞC + � Þ+x0 + � x1ÞÞ
�

; (3a)

where C is the (normalized) cylinder disparity (positive in PREF direction); � = 1 for large reward trials
and � = 0 for small reward trials; � = 1 for microstimulated trials and � = 0 for non-microstimulated
trials. The relation between stimulus strength C and the aspect of DV drift that is driven by visually
evoked sensory evidence is represented by parameter ki (see alsoFigure 4A,B ). The distance to the
decision bounds from the starting point of the drift-diffusion process and the overall gain of the drift
rate are represented by parameter Bi. Behavioural null bias in non-stimulated trials ( Salzman et al.,
1990 , 1992 ) is represented by parameter xi. To test whether reward affected parameter ki, this full
model was compared with a nested model in which ki was not allowed to vary by reward condition:

PPREFðCÞ= 1 =
�

1 + êð� ððB0 + � B1Þððk0 + � k2ÞC + � Þ+x0 + � x1ÞÞ
�

: (3b)

A � 2 likelihood-ratio test was used to ascertain whether the full model fitted the data significantly
better than the nested model (p < 0.05; 1 degree of freedom as models differed by 1 parameter).
Similarly, the effect of reward on parameter Bi was evaluated with a � 2 likelihood-ratio test to compare
the full model with a nested model in which Bi was not allowed to vary by reward:

PPREFðCÞ= 1 =
�

1 + êð� ððB0Þððk0 + � k1 + � k2ÞC + � Þ+x0 + � x1ÞÞ
�

: (3c)

Model fitting was performed as described in previous sections. We report uncorrected p values;
however, all statistically significant results survive Bonferroni correction for multiple comparisons
across the two animals (where relevant). Quantile–quantile comparisons between the fit of this
decision model and the cumulative Gaussian model described in the previous section indicate a
reasonable correspondence between model fits ( Figure 8—figure supplement 3 ).

Site-by-site quantification of effect of reward on microstimulation shift
At each microstimulation site, trials were divided according to whether the available reward size for a
correct choice in the trial was large or small. The size of the horizontal shift of the psychometric
function induced by electrical microstimulation was re-calculated as described in the previous section,
separately for large and small reward trials. To normalise the effect of microstimulation across sites
with different associated threshold due to stimulus eccentricity (see Figure 8 ), the horizontal shift of
the psychometric function in each reward condition was divided by the psychometric threshold for
that reward condition that is, the standard devia tion (s.d.) of the fitted cumulative Gaussian ( Equation 1a ;
Uka and DeAngelis 2006 ). A Wilcoxon sign-rank test across sites (p < 0.05, two-sided) was used to
ascertain whether there was an overall significant difference in the size of the microstimulation shift
between the large and small reward conditions. A non-parametric test was used because although the
normalized shifts were normally distributed (Lilliefors test, p > 0.05), the underlying distribution of raw
shift values was not normally distributed (Lilliefors test, p = 0.001). We report uncorrected p values;
however, all statistically significant results survive Bonferroni correction for multiple comparisons
across the two animals (where relevant).

Visual perturbation ( � dx) control experiment
We performed a control experiment on one monkey, Ic a, in which we used a visual stimulus to mimic the
psychophysical effect of microstimulation. We m atched stimulus and task parameters to the micro-
stimulation experiment but no electrical microstimulation took place. Instead, we added a signal of +0.005�
disparity, termed ‘ � dx’, to the stimulus in half of the trials, pseudo-randomly selected (see Salzman et al.
1992 ; Fetsch et al. 2014 for a similar manipulation in a visual motion task). This extra signal was not
included in the determination of the correct respon se, that is, we rewarded the monkey’s perceptual
choices according to the stimulus disparity without the addition of � dx.

The � dx trials were overtly cued by a change in the colour of the cylinder stimulus, from 100% white
dots to 100% black dots ( Figure 7A,B ). This allowed us to explore the behavioural strategy adopted
by the animal when trials with and without an additional, non-rewarded visual disparity signal are
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