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Behavioral/Cognitive

High Working Memory Load Increases Intracortical
Inhibition in Primary Motor Cortex and Diminishes the
Motor Affordance Effect

Scott M. Freeman,' Sirawaj Itthipuripat,”> and Adam R. Aron'?
Department of Psychology and 2Neurosciences Program, University of California—San Diego, La Jolla, California 92093

Motor affordances occur when the visual properties of an object elicit behaviorally relevant motor representations. Typically, motor
affordances only produce subtle effects on response time or on motor activity indexed by neuroimaging/neuroelectrophysiology, but
sometimes they can trigger action itself. This is apparent in “utilization behavior,” where individuals with frontal cortex damage inap-
propriately grasp affording objects. This raises the possibility that, in healthy-functioning individuals, frontal cortex helps ensure that
irrelevant affordance provocations remain below the threshold for actual movement. In Experiment 1, we tested this “frontal control”
hypothesis by “loading” the frontal cortex with an effortful working memory (WM) task (which ostensibly consumes frontal resources)
and examined whether this increased EEG measures of motor affordances to irrelevant affording objects. Under low WM load, there were
typical motor affordance signatures: an event-related desynchronization in the mu frequency and an increased P300 amplitude for
affording (vs nonaffording) objects over centroparietal electrodes. Contrary to our prediction, however, these affordance measures were
diminished under high WM load. In Experiment 2, we tested competing mechanisms responsible for the diminished affordance in
Experiment 1. We used paired-pulse transcranial magnetic stimulation over primary motor cortex to measure long-interval cortical
inhibition. We found greater long-interval cortical inhibition for high versus low load both before and after the affording object, suggest-
ing that a tonic inhibition state in primary motor cortex could prevent the affordance from provoking the motor system. Overall, our
results suggest that a high WM load “sets” the motor system into a suppressed state that mitigates motor affordances.
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Is an irrelevant motor affordance more likely to be triggered when you are under low or high cognitive load? We examined this
using physiological measures of the motor affordance while working memory load was varied. We observed a typical motor
affordance signature when working memory load was low; however, it was abolished when load was high. Further, there was
increased intracortical inhibition in primary motor cortex under high working memory load. This suggests that being in a state of
high cognitive load “sets” the motor system to be imperturbable to distracting motor influences. This makes a novel link between
working memory load and the balance of excitatory/inhibitory activity in the motor cortex and potentially has implications for
disorders of impulsivity. j

ignificance Statement

1979). For example, viewing a right-facing cup handle activates
left hemisphere motor areas (Grafton et al., 1997; Chao and Mar-
tin, 2000), resulting in potentiation of the right hand (McBride et
al., 2012). Such motor potentiation from affording (vs nonaf-
fording) objects has been observed using a range of methods.

Introduction
Motor affordances occur when the visual properties of an object
elicit behaviorally relevant motor representations (Gibson,
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These include the following: shorter reaction times (RTs) when
the orientation of a handle is compatible with the responding
hand (Tucker and Ellis, 1998, 2004), increased BOLD signal in
premotor cortex when viewing graspable objects (Grafton et al.,
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1997; Chao and Martin, 2000), greater motor excitability in the
affording effector (measured as motor evoked potentials
[MEPs]) (Buccino et al., 2009; Franca et al., 2012), greater mu
frequency (7.5-12.5 Hz) event-related desynchronization (ERD)
over centroparietal electrodes (Muthukumaraswamy et al., 2004;
Proverbio, 2012), and higher amplitude in a late positive event-
related potential (ERP) called the P300 (Proverbio et al., 2011;
Righi et al., 2014).

Notably, motor affordances appear to occur automatically, as
response-compatibility effects are found even when the objects
are irrelevant to the task (Ellis and Tucker, 2000; Fischer and
Dahl, 2007) and when attention is focused away from the object
(Riggio et al., 2008). This automatic motor potentiation could
have functional benefits for behavior by facilitating more efficient
use of objects that entail action requirements (Handy et al., 2003;
Tucker and Ellis, 2004). However, when the affording object is
irrelevant to the task, such motor potentiation could be maladap-
tive by provoking automatic action tendencies that are incongru-
ent with task goals. In line with this, inappropriate reaching and
grasping of affording objects have been observed in patients with
frontal lobe damage, i.e., so-called “utilization behavior” (Lher-
mitte, 1983; Shallice et al., 1989; Archibald et al., 2001; Besnard et
al., 2010). This raises the possibility that, in healthy-functioning
individuals, frontal cortex helps ensure that motor activity elic-
ited by irrelevant affording objects remains below the threshold
for actual movement (Schaefer et al., 2010; McBride et al., 2012,
2013).

In Experiment 1, we tested this “frontal control” hypothesis by
“loading” frontal resources with an effortful working memory
(WM) task (Mitchell et al., 2002; Kim et al., 2005; Owen et al.,
2005). Specifically, we presented affording and nonaffording
objects while participants were under high (effortful) or low
(noneffortful) WM load. We indexed motor affordances with the
well-established electroencephalographic (EEG) signatures of
mu ERD and the P300 ERP component over centroparietal elec-
trodes (Pfurtscheller and Neuper, 1997; McFarland et al., 2000;
Righietal., 2014). In accordance with the frontal control hypoth-
esis, we predicted increased affordance effects for the mu ERD
and P300 ERP component during high WM load, as fewer re-
sources would be available to control task-irrelevant motor prov-
ocations. Following Experiment 1’s results, we conducted a
second experiment to try to better understand how WM load and
the affordance are related.

Materials and Methods

Experiment 1
Participants. Seventeen right-handed, neurologically intact human vol-
unteers (11 females) with normal or corrected-to-normal vision were
recruited from the University of California, San Diego (mean * SD age,
21 * 3.3 years). Each participant provided written informed consent as
required by the local Institutional Review Board at University of
California—San Diego. They were compensated $15 per hour. Following
preprocessing, data from 3 participants still contained substantial blink,
eye movement, and head movement artifacts that resulted in systematic
noise across all electrodes, rendering their data unanalyzable. We there-
fore excluded the 3 participants, which left the data from 14 participants
in the final behavioral and EEG analyses. Right-handedness was deter-
mined by participants’ self-report before arriving and upon arrival.

Behavioral task. Stimuli were presented on a PC running Windows XP
using MATLAB (The MathWorks) and the Psychophysics Toolbox (ver-
sion 3.0.8). Participants were seated 60 cm from the CRT monitor with a
white background (60 Hz refresh rate) in a sound-attenuated and elec-
tromagnetically shielded room (ETS Lindgren).

The experiment was divided into two stages: the capacity test, followed
by the experiment proper. The purpose of the capacity test was to provide
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an estimate of WM capacity for the high WM load condition in the
experiment proper. In the capacity test, each trial began with a fixation
cross for a variable intertrial interval period of 2-5 s. Then, a string of
black uppercase letters in Arial font appeared at the center of a white
screen. The string of letters always consisted of 6, 7, 8, or 9 letters. All
letters were chosen randomly from an alphabetic list that excluded only
vowels. These letters remained on the screen for 4.5 s. During this time,
the word “Memorize” was presented in red color at the top of the screen,
as participants were instructed to do their best to read the letters on the
screen and hold those letters in WM. After the 4.5 s Memorize phase,
there was a 1.875 s interstimulus interval (ISI) before participants were
tested on the string of letters. During this period, participants were en-
couraged to rehearse the letter strings during the retention interval. Next,
participants were probed with another letter string to evaluate their per-
formance on the WM task. The probe letter string either identically
matched the letters presented in the Memorize phase, or differed such
that (only) two adjacent letters switched positions. Thus, the Probe phase
always consisted of the same letters as in the Memorize phase, with the
only possible change being a switch of two adjacent letters in the string.
During the Probe phase, the words “Same or Different?” were displayed
at the top of the screen in red. Moreover, the letter string in the probe
phase was presented in lowercase Times font to reduce the likelihood that
participants could rely on familiarity of the letter string instead of WM.
The Probe phase lasted for a maximum of 3.75 s, and participants were
instructed to respond both as quickly and as accurately as possible by
pressing a keypad button with the right middle finger for “same” and the
right index finger for “different.” The actual probability of the Probe
letter string matching the Memorize letter string was 0.5. There were two
blocks of 30 trials in the capacity test phase (60 trials total). The string
lengths used (6, 7, 8, and 9) were each presented 15 times. EEG data were
not recorded during the capacity test.

Following the capacity test, we plotted the percentage correct (of 15)
for each string length and chose the string length that was closest to a 75%
correct for the experiment proper (50% correct is chance). This allowed
the following: (1) relatively equal high load difficulty and performance
across participants; (2) a moderate level of high WM load difficulty that
was above chance, yet also taxed WM resources; and (3) a single high
WM load string length for each individual, which helped avoid potential
confounds of different letter string lengths in the analysis stage.

Next, the experiment proper stage began (Fig. 1). This stage was very
similar to the capacity test, but with several key differences. First, on any
given trial, the letter string in the Memorize phase consisted of either two
letters (low load) or the high WM load string length chosen from the
capacity test (i.e., 6, 7, 8, or 9 letters). Regardless of letter string length,
participants were given 4.5 s to memorize the string. Second, on 80% of
the trials, either an image of a right-handled cup (affording object) or an
urn (nonaffording control object) was presented for 750 ms in the center
of the screen. The cups used here were used in a previous TMS-EMG
experiment that showed an affordance effect via greater MEPs when
viewing the cups versus control objects (Buccino et al., 2009). Moreover,
the same cups were used in a pilot TMS-EMG experiment we conducted
that measured irrelevant affordances in a target detection task and found
a significant affordance effect (S.M.F. and A.R.A., unpublished observa-
tions). Together, this increased our confidence that viewing the cups
potentiated motor activation and thus was sufficiently affording. As for
the control objects, urns were chosen to match the physical properties of
the cups as best as we could, without the control object having a strong
affordance, at least compared with the handled cups. The presentation of
the stimulus objects occurred at a variable ISI of 0.75, 1.5, 2.25, or 3 s
(occurring with an equal probability) following the Memorize phase. The
purpose of the variable ISI times was to make the appearance of the object
unpredictable, thus helping ensure that the participant did not avert
attention away from the screen. Note that we could not include ISI as part
of the statistical analysis because trials numbers would be far too low
(<10 trials) for each condition. The images of the cup and urn were
randomly selected from a set of five possible images for each object type,
and each object had a visual angle of ~6.2° X 6.2°. The total ISI between
the Memorize and Probe phases remained constant at 4.5 s. A third
difference was that, on 20% of trials (called catch trials), no object image
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was presented and the Probe phase occurred in

its place. This ensured that participants main- Low Load

tained their attentional focus because they were
instructed to respond as quickly and accurately
as possible. Finally, the experiment proper had
5 blocks with 40 trials per block (200 total tri-
als). In each block, there were 8 trials per ex-

Memorize!

GL

45s

perimental condition (low load affording
[low-afford], low load control [low-control],
high load affording [high-afford], high load
control [high-control]), as well as 4 low load
catch trials and 4 high load catch trials per

0.75-3 s

block. Across the entire experiment, this
yielded 40 total trials per experimental condi-
tion. As in the capacity test phase, the actual
probability of the Probe letter string matching

High Load

the Memorize phase was 0.5.

EEG recording. The continuous EEG data
were recorded using a 64 electrode Biosemi Ac-
tiveTwo system (Biosemi Instrumentation) at
a sampling rate of 512 Hz. The elastic EEG cap

Memorize!

TMGSFPN

0.75s

0.75-3 s

45s

Same or Diff?

covered the head from above the eyebrows to
below the inion and the 64 electrodes were
equally spaced across the EEG cap. The central
electrode Cz was placed right above the vertex
located halfway between the nasion and the in-

L G 375s

0.75-3 s

ion and between the left and right ears. Two
additional electrodes were placed at the left and
right mastoids, as reference electrodes. Blinks
and vertical eye movements were monitored
via four extra electrodes placed below and
above the eyes. Horizontal eye movements
were monitored by another pair of electrodes,

Catch Trials

Memorize!

B F

placed laterally near the outer canthi of the left
and right eyes. The EEG data were referenced
on-line to the common mode sense active elec-
trodes/driven right leg passive electrodes and

0.75 s

+ 0.75-3 s

Same or Diff?

45s

TMGSFPN|375s

all offsets from the reference were maintained
<20 V.

EEG preprocessing. We used EEGlab11.0.3.1b
(Delorme and Makeig, 2004) and custom
MATLAB scripts to preprocess the EEG data

0.75-3 s

Same or Diff?

offline. First, we re-referenced the continuous
EEG data to the mean of the two mastoid elec-
trodes and applied 0.25-Hz high-pass and
55-Hz low-pass Butterworth filters (3rd or-
der). Then, we rejected prominent eye blink

B F 3.75s

ITI=2-5s

artifacts using independent components anal-
ysis from the continuous EEG data (Makeig et
al., 1996). Next, the continuous data were seg-
mented into epochs extending from-976 ms
before the onset of the object to the end of the
trial. Finally, we disregarded epochs contami-
nated by residual eye blinks, eye movements,
excessive muscle activity, or slow-going drifts
using threshold rejection and visual inspection
(9.62% * 1.4% of trials were rejected).

EEG frequency analysis. To examine differences in mu amplitudes
across experimental conditions, we filtered the epoched EEG data using
the complex Morlet function in MATLAB (cmor5-3). We then focused
on the mu frequency band, which ranges from ~7 to 13 Hz (Arroyo et al.,
1993; Pfurtscheller and Lopes da Silva, 1999; Wang et al., 1999). Notably,
previous studies have shown that lower (~8-10 Hz) versus upper
(~10-12 Hz) frequency bands in the mu range likely correspond to
different sensorimotor mechanisms (Pfurtscheller, 2003; Pfurtscheller et
al., 2006; Proverbio, 2012; Riither et al., 2014). We therefore analyzed
lower and upper mu rhythms separately, with a frequency range of 7-10
Hz and 10-13 Hz for low and high mu rhythms, respectively (we used a
slightly broader range than previous studies to capture all possible mu-

Figure 1.

Task design. The Memorize phase consisted of trials with low WM load (2 letters) and high WM load (6 -9 letters,
determined by a capacity test). Participants held the letter string in WM until the end of the trial. On 80% of trials, either an image
of a right-handled cup (affording object) or an urn (nonaffording control object) was presented while the letter strings were held
in WM. Finally, during the Probe phase, participants were required to press a button to indicate whether or not the probe letter
string identically matched the letter string presented during the Memorize phase. To ensure participants focused on the screen for
the entire trial duration, catch trials occurred in which the object image was omitted with the probe occurring in its place.

related activity). Based upon a recent study that analyzed affordances
based on lower and upper mu frequency bands (Ruther et al., 2014), we
expected the affordance to take place in the lower mu frequency range.
We investigated mu ERD in three selected centroparietal electrodes
(Cz, CPz, Pz), which was based on the topographic maps of past studies
that found mu ERD motor affordance effects (Proverbio, 2012; Kumar et
al., 2013). These studies tended to show affordance-related ERD at more
midline and posterior sensorimotor areas than classic ERD studies ex-
amining actual and planned movements (Pfurtscheller and Aranibar,
1979; McFarland et al., 2000). To test for mu amplitude differences, we
focused on a relatively broad time window of 100750 ms after the onset
of the object. We tested for mu amplitude differences in lower and upper
mu frequency bands separately using two-way repeated-measures
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ANOVAs with factors of Load (high/low) and Object (affording/con-
trol). The ANOVAs were followed by planned contrasts to examine po-
tential differences in the affording versus control object for both high and
low load.

In addition, past studies have shown that frontal theta activity (~4-7
Hz) is an index of the involvement of frontal cortex in WM processes,
including the maintenance and manipulation of WM contents (Gevins et
al., 1997; Jensen and Tesche, 2002; Onton et al., 2005; Pesonen et al.,
2007; Mizuhara and Yamaguchi, 2011; Itthipuripat et al., 2013; Hsieh
and Ranganath, 2014). In general, it has been shown that frontal theta
activity increases with WM load (Gevins et al., 1997; Jensen and Tesche,
2002; Onton et al., 2005; Pesonen et al., 2007). Thus, to confirm that our
task manipulation successfully manipulated WM load, we analyzed fron-
tal theta activity in the low and high load conditions over midline elec-
trodes (AFz, Fz, and FCz). We filtered the data from 4 to 7 Hz (with the
same procedure as mu ERD), and compared differences in theta ampli-
tude across high and low load conditions from —750-0 ms before the
onset of the object (without baseline correction). We then used a paired
t test to analyze potential differences between high and low load.

ERP analysis. In addition to the EEG frequency analysis, we compared
amplitude differences of ERPs across all experimental conditions. To do
so, we first subtracted the —100—0 ms pre-object baseline from the
artifact-free epoched data and computed the average of the object
stimulus-locked EEG data for each participant using a standard averag-
ing procedure (Luck, 2005). Then, we averaged the data across all partic-
ipants to obtain the grand-average ERPs for low-afford, low-control,
high-afford, and high-control conditions. In this analysis, we focused on
the following: (1) the early positive potential P1 (peaking at 90 to 120 ms
in left and right posterior-occiptal electrodes; i.e., O1, PO3, PO7 for left
and 02, PO4, PO8 for right) to confirm that there were no general
perceptual difference in object processing across WM load conditions;
and (2) the later positive potential P300 (peaking at 300 to 500 ms at the
centroparietal electrodes; i.e., Cz, CPz, Pz) because past studies have
found higher P300 amplitude for affording versus nonaffording stimuli
(Proverbio et al., 2011; Righi et al., 2014). For the P100 analysis, we used
a three-way repeated-measures ANOVA to compare mean amplitude
differences for the factors of Load (high/low), Object (affording/con-
trol), and Hemisphere (right/left) because early visual processing of the
right-handled cup was likely to show hemispheric differences. For the
P300 analysis, we used a two-way repeated-measures ANOVA to com-
pare mean amplitude difference for the factors of Load (high/low) and
Object (affording/control) in the midline centroparietal electrodes.

Experiment 2

We used long-interval paired-pulse transcranial magnetic stimulation
(ppTMS) over primary motor cortex (Nakamura et al., 1997; Chen et al,,
1999; McDonnell et al., 2006). This method lets one measure long-
interval cortical inhibition (LICI). LICI has been shown to relate to
gamma-aminobutyric acid-B (GABAp) tone in primary motor cortex
(McDonnell et al., 2006; Kohl and Paulsen, 2010). To measure LICI, one
compares the amplitude of the MEP from a single test pulse with the
amplitude of a test pulse that is preceded by a conditioning pulse, typi-
cally 50-200 ms earlier. The conditioning pulse putatively activates
GABAj; interneurons, and this attenuates the amplitude of the test pulse,
compared with the nonconditioned test pulse.

Participants. Twenty right-handed, neurologically intact human
volunteers (8 females) with normal or corrected-to-normal vision
were recruited from the University of California, San Diego (mean *
SD age, 20.5 = 1.7 years). Each participant provided written informed
consent as required by the local Institutional Review Board at Uni-
versity of California—San Diego. They were compensated $15 per
hour. Four subjects were excused before participating in the experi-
ment proper because there was excessive EMG noise (specifically,
EMG values consistently exceeded our cutoff criterion of 0.01 mV)
during threshholding and in the intertrial baseline during the capacity
test. It was later determined that this related to an equipment mal-
function that was subsequently fixed. This left data from 16 partici-
pants in the final behavioral and TMS analyses.

J. Neurosci., May 18, 2016 - 36(20):5544 5555 + 5547

Behavioral task. The behavioral task was almost identical to the design
in Experiment 1, with a few small exceptions to adjust for the ppTMS
method used in Experiment 2. First, instead of 5 total blocks in the
experiment proper, there were now 6 blocks to allow for more TMS
pulses. Second, the total ISI between the Memorize and Probe phases
remained constant at 4.0 s (instead of 4.5 s) to allow for more trials.
Third, instead of making a button press with the right hand, participants
were instructed to respond verbally into a microphone by saying “true” if
they thought that the trial was a match and to not respond at all if they
thought that it was not a match. This helped avoid any possible contam-
ination of the electromyography (EMG) signal due to preparatory hand
movement and minimized the amount of action required on a given trial.
To determine whether a response was made, audio files from each trial
were analyzed via visual inspection for both amplitude and shape of the
response.

Paired-pulse TMS procedure details. TMS pulses were generated with
a MagStim 20-2 monophasic stimulator connected to a MagStim
BiStim module (Magstim) and a 70 mm figure-of-eight coil. Surface
EMG was recorded from the first dorsal interosseous muscle of the
right hand via 10 mm-diameter Ag-AgCl hydrogel electrodes (Medi-
cal Supplies).

The coil was placed 5 cm lateral and 2 cm anterior to the vertex and
repositioned while delivering a TMS stimulus to locate the position
where the largest MEPs were observed consistently. The maximum MEP
size was determined by increasing TMS stimulus intensity in 3%—4%
increments until the MEP amplitude no longer increased. Then, the TMS
stimulus intensity was adjusted to produce MEPs that were approxi-
mately half of the maximum MEP amplitude while the participant was at
rest. Once a half-maximum TMS stimulus intensity was established,
ppTMS was applied while the participant was at rest, such that TMS
pulses alternated between paired and single pulses (note that TMS stim-
ulus intensity is the same for both pulses). All paired pulses throughout
the experiment were delivered at a 100 ms ISI, which is an effective ISI to
evoke LICI that reflects supraspinal inhibition in the motor cortex (Na-
kamura et al., 1997; Chen et al., 1999; McDonnell et al., 2006; Chu et al.,
2008). The TMS stimulus intensity was adjusted until it was verified that
(1) the nonconditioned pulse (NP) continued to elicit half-maximum
MEP amplitudes and (2) the test pulse (TP) elicited a ~50% inhibition.
This procedure was then repeated during the capacity test to confirm that
the TMS stimulus intensity continued to meet the above criteria in a task
setting. The mean TMS stimulus intensity across participants was 51.9 =
9.6% stimulator output. An examination of the root mean square values
for the 100 ms time window before the TMS pulse showed no significant
main effects or interactions (all p values >0.34), demonstrating that the
MEDP patterns described below were not contaminated by differences in
the pre-TMS period.

During the experiment proper, single and paired-pulse trials were
presented randomly to avoid predictions regarding pulse type. The pulse
was delivered either before or after the onset of the object. To reduce
predictability of the pulse timing, the pulse was presented either 300 or
500 ms before or after the object onset. All trials types were fully coun-
terbalanced within each experimental block.

LICI analysis. An EMG sweep started 200 ms before stimulation. MEPs
were identified from the EMG using in-house software developed in
MATLAB (The MathWorks). To ensure participants were at rest before
the MEP, trials were excluded if the root mean square EMG in the 100 ms
before the TMS pulse was >0.01 mV. To ensure an MEP was generated
on a given trial, trials were excluded if the MEP of the NP was <0.05 mV
(during single-pulse trials) or if the MEP of both the conditioning pulse
and the TP were <0.05 mV (during paired-pulse trials). Finally, we also
excluded trials if the amplitude maxed outat 1 mV or —1 mV because we
used a CED MICRO 1401 system that has a cutoffat 2 mV (range 1 to —1)
and thus we could not be sure of the true MEP amplitude when it ex-
ceeded 2 mV (e.g., 2.1 mV, 4 mV, etc.). For this reason, we elected to
exclude such MEPs that “maxed out,” as we feel that this provides the
most accurate version of the MEP dataset. The mean percentage of ex-
cluded trials across participants was 5.89 * 0.92%, and there was no
significant difference in the number of excluded trials for low and high
WM load (f < 1). Mean peak-to-peak amplitudes of MEPs were calcu-
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lated for all conditions. The pulse times of 300 and 500 ms preceding or
following the object were collapsed, as the two pulse times only served to
reduce predictability among participants. LICI was calculated for each
participant and in each condition using the following formula:
LICI(%) = [1 — (TP/NP)] X 100, where TP is the median test pulse MEP
amplitude and NP is the median nonconditioned pulse MEP amplitude.
Thus, 100% inhibition reflects complete abolition of the TP MEP ampli-
tude whereas 0% inhibition reflects no effect of the conditioning stimu-
lus (Coxon et al., 2006). LICI values were then entered into a repeated-
measures ANOVA with factors of Load (high/low) and Time (before/
after). Although affording and control stimuli were used to match
Experiment 1’s design, the object type was not a factor in the analysis, as
the goal was to measure LICI rather than the affordance.

Results

Experiment 1

Behavior

For high load, the average WM letter string length was 8.07 (SD =
0.73), and the percentage correct was 80 = 2%, closely matching
the target percentage correct of 75%. Our load manipulation was
effective, as percentage correct for high load was significantly
lower than for low load (96 = 41%, t,5, = 10.5, p < 0.001; Fig.
2A). Similarly, mean RTs in high load (2.13 * 0.06 s) were sig-

nificantly slower than in low load (1.04 = 0.06 s, t,5) = 16.8,
p < 0.001; Fig. 2B).

Midline frontal theta

As another validation of WM load, we examined frontal theta
amplitude. This was significantly increased in the 750 ms period
before the object (affording or control) for the high compared
with low load WM conditions (#,5, = 2.81, p = 0.01; Fig. 2C).
This is consistent with previous studies (Gevins et al., 1997; Jen-
sen and Tesche, 2002; Sauseng et al., 2010; Itthipuripat et al.,
2013).

Mu ERD

Mu ERD is a standard measure of motor affordance and
greater mu ERD has been directly linked to larger MEPs in M 1
(Takemi et al., 2013). As a previous mu ERD affordance study
only observed the affordance effect in the lower portion of the
mu frequency range (Ruther et al., 2014), we analyzed lower
(7-10 Hz) and higher (10-13 Hz) mu frequency bands sepa-
rately Load (high/low) and Object (affording/control) as
factors.
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Electrophysiological affordance measures for centroparietal midline electrodes. A, For the low load condition, there was significantly greater mu desynchronization (in the 7-10 Hz

range) for the affording versus the control object, demonstrating an affordance effect. There was no difference in mu desynchronization in the high load condition. B, The topographic map for the
mu desynchronization showed a strong affordance effect over centroparietal electrodes (Cz, CPz, Pz) in the low load condition, whereas the topographic map for the high load condition showed no
evidence of an affordance effect anywhere in the brain. The interaction between Load and Object was strongest for more posterior regions of the left hemisphere. C, For the low load condition, the
amplitude of the P300 ERP was significantly greater for the affording object compared with the nonaffording control object. This was consistent with the mu desynchronization results, as was the
lack of a difference in P300 amplitude in the high load condition, resulting in a significant interaction. D, The topographic map for the P300 shows a strong affordance effect over centroparietal

electrodes in the low load condition, yet no differences in the high load condition.

For the lower mu frequency range (7-10 Hz), ANOVA
showed a significant main effect of Load (F(, ;3, = 5.15,p = 0.04),
with the low load showing overall greater mu ERD than the high
load condition. Moreover, there was a nearly significant Load X
Object interaction (F, ;3) = 4.5, p = 0.054), whereby mu ERD
was diminished under the high WM load (Fig. 3A,B). Planned ¢
tests showed a significant mu ERD for the affording versus con-
trol object in the low load condition (t(,5, = 2.71, p = 0.02), but
notin the high load condition (# < 1). Moreover, mu ERD for the
affording object was significantly greater for low load compared
with high load (¢,5) = 3.7, p = 0.003), whereas the control object
showed no load differences (t < 1). We also tested mu ERD in left
hemisphere centroparietal electrodes immediately adjacent to
the midline (C1, CP1, and P1) because all the cups were right
handled, and found a significant main effect of Load (F, ;3 =
5.82, p = 0.03), as well as a significant Load X Object interaction
(Fi1s) = 557, p = 0.03).

For the upper mu frequency range (10-13 Hz), ANOVA
showed no significant main effects or interactions in mu ERD
(F values <1). These results are consistent with a previous
study that found mu ERD affordance effects in the lower, but
not the upper, frequency range (Riither et al., 2014).

Centroparietal P300

The centroparietal P300 is another measure of the motor affor-
dance. ANOVA revealed a significant Load X Object interaction
(F1.13) = 6.18, p = 0.03), with higher centroparietal P300 ampli-
tude for the affording versus the control object in the low load
condition (£(,3, = 3.36, p = 0.005), yet no affordance effect in the
high load condition (t < 1) (Fig. 3C,D). This is consistent with
the lower frequency mu ERD results.

Posterior-occipital P100

To test whether WM load may have differential effects on early
perceptual processing for the affording and control object stim-
uli, we examined the amplitude modulation of the posterior-
occipital P100. The P100 is a suitable ERP component to address
this question because the modulation of the P100 has been linked
to early sensory gain in visual cortex and early perceptual process-
ing of visual stimuli (Van Voorhis and Hillyard, 1977; Woldorff
et al., 1997; Hillyard and Anllo-Vento, 1998; Itthipuripat et al.,
2014). ANOVA with factors of Load (high/low), Object (afford-
ing/control), and Hemisphere (left/right) revealed a significant
main effect of Object (F(, ;5, = 5.88, p = 0.03), with the affording
object showing a higher amplitude than the control object. There
was also a significant Object X Hemisphere interaction (F(, 3, =
10.16, p = 0.007). Follow-up ANOVAs that analyzed the two
hemispheres separately with Object and Load as factors showed a
significant main effect of Object in the left hemisphere (F, ;5, =
12.15, p = 0.004), but not in the right hemisphere (F < 1) (Fig. 4)
(for a similar result, see Goslin et al., 2012). Notably, left hemi-
sphere electrodes showed significant affording versus control ob-
ject differences in both low load (#(,3) = 2.92, p = 0.01) and high
load (3, = 2.28, p = 0.04) conditions. The greater P100 ampli-
tude to the affording object (right-handled cups) occurred be-
cause the handle was likely the most salient feature of the cup and
therefore showed greater visual processing in the contralateral
left hemisphere, resulting in a larger P100 response. These results
are consistent with a prior affordance study (Goslin et al., 2012).
Such lateralized early visual processing did not occur when the
urn appeared, as no features of the urn were more salient than
others. Importantly, neither hemisphere showed a significant
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Posterior-occipital P100. While the right hemisphere (right panel) showed no significant effects, the P100 amplitude in the left hemisphere (left panel) was significantly greater for the

affording versus the control object during both low load and high load. Notably, there was no difference in P100 amplitude between low and high load, nor was there an interaction between Load
and Object. This demonstrates early visual processing for the affording object was selective to the contralateral hemisphere (i.e., the right handled cup in the left hemisphere) and that early sensory

perception was not significantly different between high and low WM load.

Load X Object interaction or a main effect of Load (all p values
>0.18), suggesting that the mu ERD and P300 results were not
driven by differences in early perceptual processing across WM
loads.

Theta correlations with mu ERD

Above we reported greater theta activity over frontal electrodes
for high versus low load before the onset of the object. Notably,
lower frequency mu ERD in left hemisphere centroparietal elec-
trodes showed a significant Load X Object interaction, in which
only the low load condition showed an affordance effect (i.e.,
greater mu ERD for affording vs control object). This suggests
that greater engagement of frontal regions (frontal theta prior to
the object presentation [—750 to 0]) could relate to the dimin-
ished affordance effect (mu ERD after the onset of the affording
versus control object) during high load. To test this, each partic-
ipant’s pre-object theta amplitude in the low load was subtracted
from the their pre-object theta amplitude in the high load to
obtain a participant-specific theta “load effect” value (i.e., a
higher number indicates more frontal theta activity in high load
compared to low load). To calculate a mu ERD interaction value
for each participant, left hemisphere centroparietal mu ERD for
the control object was first subtracted from the affording object,
yielding a separate affordance value for low and high load. Then,
the low load affordance value was subtracted from the high load
affordance value to obtain a participant-specific mu ERD “inter-
action effect” value. Because greater mu ERD is indicated by
more negative values, a larger interaction value means that there
is a greater affordance effect for low load compared with high
load (e.g., if the low load affordance effect = —50 [large affor-
dance] and the high load affordance effect = —5 [small affor-
dance], then the interaction value would be calculated as (—5) —
(—50) = 45, yielding a large positive interaction value). All values
were then z-scored, and we correlated the mu ERD interaction
effect values against the theta load effect values. There was a
significant correlation (r(;;, = 0.56, p = 0.037), such that
participants with greater high load pre-object theta activity
(relative to low load) showed a more diminished affordance
effect in the high load compared with the low load (Fig. 5).
This provides further evidence that greater WM load is asso-
ciated with a reduced affordance.
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Figure 5.  Relationship between frontal theta and mu ERD across participants. The frontal
theta load effect represents the engagement of frontal regions during high versus low load. A
frontal theta load effect value was calculated for each participant by subtracting the low load
pre-object frontal theta amplitude from the high load amplitude. The mu ERD interaction effect
represents the degree to which a mu ERD affordance occurred during low load compared with
high load in left hemisphere centroparietal electrodes (C1, CP1, P1). Amu ERD interaction effect
value was calculated by subtracting the low load mu ERD affordance effect (affording vs control
object) from the high load mu ERD affordance effect, yielding an interaction value (see text for
further explanation). There was a significant correlation, such that participants with greater
high load pre-object theta activity (relative to low load) showed a larger affordance effect for
low compared to high load, indicated by a larger interaction value.

Experiment 2

Experiment 1 showed that increasing WM load reduced the af-
fordance effect. Yet, the mechanism underlying the reduced af-
fordance is still unclear. One possibility is that being in a state of
high WM is concomitant with greater sustained inhibitory activ-
ity in the motor system (i.e., the motor system is “set” into a
suppressed state for the entire duration of the high load trial)
(compare Sauseng et al., 2013). As a result, task-irrelevant motor
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Predictions for different accounts underlying the diminished affordance during high WM load from Experiment 1. 4, For the sustained suppression account, suppression in M1 occurs

when WM resources are engaged. It predicts greater LICl over M1 for high versus low load both before and after the presentations of the object. B, For the proactive suppression account, there is
greater motor suppression during high load to reduce the potentially distracting influence of the task-irrelevant object. It predicts greater LICl over M1 for high versus low load only before the object
is presented because it is no longer necessary following the object. C, For the late attention account, the diminished affordance during high load is due to reduced attention during the later stages

of object processing. It predicts no differences in LICI over M1 for high versus low load.

affordances can no longer potentiate the motor system in the
normal fashion, resulting in a diminished affordance effect.

A variant of this account is that, rather than being in a
sustained state of suppression, the participant proactively en-
gaged a suppression mechanism just before the anticipated
object occurred in an effort to reduce irrelevant, potentially
distracting, motor provocations. This would perhaps be par-
ticularly important under high load because, according to La-
vie’s load theory, the potential for distraction is greatest
during high WM load due to a reduced capacity to filter the
distractors (Lavie et al., 2004).

An entirely different account is that the affordance was re-
duced under high load because the participant did not attend
properly to the object. There are, however, several immediate
challenges to this account. First, the P100 results showed higher
amplitude for the affording versus control object in the left hemi-
sphere (the contralateral hemisphere to the rightward-facing cup
handle) under both low and high load, with no main effect of
Load or interaction between Object and Load. As modulation of
the P100 has been linked to early perceptual processing of visual
stimuli (Van Voorhis and Hillyard, 1977; Woldorff et al., 1997;
Hillyard and Anllo-Vento, 1998; Itthipuripat et al., 2014), this
result suggests that early attentional processing was not different
across loads. Second, several studies found that attentional ori-
enting toward the affording object does not influence the affor-
dance effect (Tucker and Ellis, 2004; Symes et al., 2007; Riggio et
al., 2008). In one study (Riggio et al., 2008), the authors used
offset stimuli to manipulate the automatic allocation of attention
before response selection and execution. Their results showed an
affordance effect even when the affording object was not visible
during response selection and, more generally, that it occurred
independently of the amount of attentional orienting. This has
led researchers to characterize affordances as motor potentia-
tions that emerge quickly (i.e., within 150 ms) and somewhat
automatically (Tucker and Ellis, 2004; Symes et al., 2007; Sumner
and Husain, 2008; Franca et al., 2012; Goslin et al., 2012). Not-
withstanding these points, we could not rule out the possibility
that later attentional processing of the objects (e.g., >150 ms after

object onset) was reduced during high load, resulting in a dimin-
ished affordance effect.

We now aimed to disambiguate the above-mentioned pos-
sible accounts of the diminished affordance. Because the ISI
period before the cup was variable and relatively long (0.75-3
s), both of the “suppression” accounts above predict that the
suppression would be sustained over a time period of several
seconds. We therefore measured LICI over M1 because LICI is
generally associated with a more tonic form of inhibition,
thought to reflect the slower GABAy receptor signaling (Kohl
and Paulsen, 2010). On the sustained suppression account, the
motor system (perhaps primary motor cortex) is “set” into a
suppressed state throughout the high WM load trial (before
and after the object); on the proactive suppression account,
the motor system is “set” into a suppressed state only before
the object; and on the attention account, the motor system has
nothing to do with the reduced affordance.

TMS pulses were delivered both before and after the object
presentation to examine whether any differences in LICI would
be present only before the object onset or sustained throughout
the WM retention interval. Given this design, each account
makes distinct predictions (Fig. 6). If the diminished affordance
observed in Experiment 1 is due to increased sustained suppres-
sive activity while in a state of high WM, then this predicts greater
LICI for high versus low load through the WM retention interval
(i.e., a main effect of Load; Fig. 6A); if it is due to increased
suppressive activity that proactively prevents the task-irrelevant
affordance to reduce potential distraction, then this predicts
greater LICI for high versus low load before, but not after, the
object (i.e., an interaction between Load and Time; Fig. 6B); if the
diminished affordance is due to reduced late attentional process-
ing of the objects during high load, then this predicts no differ-
ence in LICI at M1 (i.e., no main effects or interactions; Fig. 6C).

Behavior

The behavioral results for Experiment 2 largely resembled those
from Experiment 1. For high load, the average WM letter string
length was 8.44 (SD = 0.73) and the percentage correct was 78 =
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Figure 7.  Experiment 2 results. LICI over M1 was greater for high versus low load. This
supports the sustained suppression account for the diminished affordance effect during high
load, in which greater WM engagement leads to a concomitant increase in inhibitory activity
over motor regions. LICl was calculated using the following: LICI (%) = [1 — (TP/NP)] X 100,
where TP is the test pulse and NP is the nonconditioned pulse. Error bars indicate SEM.
*p < 0.05.

Table 1. Mean MEP amplitudes across participants for each condition”

Pre Post

NP TP NP TP
Low load 0.418 (0.14) 0.103 (0.13) 0.408 (0.17) 0.104 (0.11)
High load 0.618 (0.23) 0.092 (0.11) 0.540 (0.16) 0.096 (0.13)

“Data are given as mV: mean (SD).

2%), closely matching the target percentage correct of 75%. The
load manipulation was successful, as percentage correct for high
load was significantly lower than in low load 98 = 0.25%; t,5) =
11.6, p < 0.001), and mean RTs in high load (2.39 = 0.06 s) were
significantly slower than in low load (1.04 * 0.04 s; t,5, = 22.7,
p < 0.001). There were no significant differences for percentage
correct or RTs when comparing affording versus control trials
(all p values >0.26).

LICI

For the TMS analysis, ANOVA with the factors of Load (high/
low) and Time (before/after the object) and the dependent mea-
sure of LICI showed a significant main effect of Load. Specifically,
there was greater LICI for high (79.6% inhibition) compared
with low (68.3% inhibition) WM load (F;5, = 5.34, p = 0.036;
Fig. 7). There was also a marginally significant main effect of
Time (F5 = 4.22, p = 0.058), such that LICI was generally
greater before object onset (77.5% inhibition) compared with
after (70.4% inhibition). Notably, there was not a significant
Load X Time interaction (F < 1). As can be seen from Figure 6,
these results support the sustained suppression account. The
mean NP and TP data for both time periods are presented in
Table 1. An increase in the NP amplitude during high load is
contributing to the difference in LICI, which is not surprising
because high load likely elicits greater physiological responses
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that can influence the MEP (e.g., stress and arousal). Despite the
NP amplitude increase under high load, the TP in the high load
condition remained low, indicating an inhibitory influence in M1
during high load.

Discussion

We tested whether WM load influences motor potentiation
from affording objects. We predicted that high load would
increase the motor affordance, which was measured via mu
ERD and the P300 ERP component over centroparietal elec-
trodes. Under low load, there was a motor affordance: low-
frequency mu ERD was greater for affording versus
nonaffording control objects, consistent with previous re-
search (Riither et al., 2014). Contrary to our prediction, Ex-
periment 1 showed that, for both EEG neural measures (mu
ERD and P300 amplitude), the affordance effect was present
during low, but not high, WM load. A subsequent exploratory
analysis indicated that individuals with greater WM-related
neural activity (measured via pre-object frontal theta activity)
showed a larger interaction effect (measured via mu ERD ac-
tivity) in high versus low load. Note that a larger interaction
value indicates a larger affordance effect for low compared to
high load. This shows that the increase in frontal theta activity
during high WM load is related to reductions in task-
irrelevant motor provocations. We explored the mechanism
responsible for the diminished affordance in Experiment 2
using ppTMS to measure long-interval cortical inhibition
(LICI) over M1 during high load versus low load. Results
showed greater LICI in M1 during high compared low load,
and that this was not dependent on the timing of the LICI
measurement (before versus after the object). This suggests
that the reduced affordance under high load in Experiment 1
was due to increased sustained suppression of M 1. These find-
ings provide new insights into the interaction between WM
and the inhibitory state of M1 and also speak to the extent to
which affordances are or are not automatic.

Implications

The results across the two studies show that high WM load
reduces the motor affordance and increases intracortical inhi-
bition in M 1. Putting these together, we suppose that high load
“sets” the motor system into a suppressed state; and, because
of this, the incipient affordance cannot get expressed in the
same way. We suppose that greater intracortical inhibition
during high load prevents mu desynchronization, which is
thought to reflect a reduction of intracortical inhibition and
increased pyramidal neuron firing in M1 (Leocani et al., 2001;
Takemi et al., 2013; for a different paradigm, compare Hum-
mel et al., 2002).

Although it is intuitively true that being in a concentrated
state prevents processing of incoming sensory information,
there are exceptions to this (e.g., Lavie’s demonstrations that
there is more distractibility under high WM load; Lavie et al.,
2004). Regardless, here we specifically show that being under
high WM load has effects on M1, and we suppose these effects
mitigate a motor affordance (which, to our knowledge, is a
novel finding). This speaks to a second implication of our
study, which is the automaticity of motor affordances. Many
studies have argued that affordances are automatic, as they can
occur even in the absence of focused attention on the object
(Leocani et al., 2001; Riggio et al., 2008; McBride et al., 2012;
Takemietal., 2013). However, the current results indicate that
whether an affordance is expressed may also rely on an indi-
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viduals’ current cognitive state (i.e., high vs low WM load).
This suggests that subthreshold motor provocations do not
necessarily occur all the time. Rather, the strength and poten-
tial influence of such provocations depend on the excitatory/
inhibitory state of the motor system at the time when the
object is viewed (Knight et al., 1999). Notably, while in the
current study we observed this interaction using motor affor-
dances, it is possible that the same principles apply for other
types of motor provocations, including learned stimulus—re-
sponse pairings (e.g., in the Flanker or Stroop tasks) and mo-
tivationally triggered provocations (Freeman et al., 2014;
Freeman et al., 2015).

A third implication of our results concerns individuals with
attention deficit hyperactivity disorder (ADHD), who have sub-
stantial WM problems (Rapport et al., 2008; Raiker et al., 2012),
reduced intracortical inhibition (Gilbert et al., 2004, 2011; Buch-
mann et al., 2007), increased motor hyperactivity (at least for
some forms of ADHD) and poor specific (Lijffijt et al., 2005) and
general (Barkley, 1997) response inhibitory control abilities. In
light of the current study, which links increased WM load
to increased intracorical inhibition at M1, one might wonder
whether there is a similar relation in the case of ADHD. It is
possible that deficient WM and reduced intracortical inhibition
at M1 in ADHD are related and that this results in increased
motor provocation and distractibility from task-irrelevant ob-
jects.

Limitations and future questions

This study has some limitations. First, we deliberately used a
task that did not require button presses/responses for the af-
fording/control object (instead, we operationalized the affor-
dance physiologically alone). Although this obviated any dual
task effects, it meant that we had no behavioral index of the
affordance, thus limiting our ability to link neural and behav-
ioral measures. Second, in Experiment 2, there was no physi-
ological index of affordance; thus, we have to infer that an
affordance did occur. Future studies could use combined EEG
and ppTMS to try to directly relate changes in intracortical
inhibition with changes in the affordance in the same experi-
ment. Alternatively, single-pulse TMS could be used at specific
time points after the affordance, in the same experiment as
ppTMS to index LICI. Third, we only measured motor excit-
ability from the right index finger muscle, which was behav-
iorally relevant to the affording object (right-handled cup). It
is therefore unclear whether we would have observed in-
creased LICI across all muscles in the motor system, or
whether the effect was more restricted to behaviorally relevant
muscles. Fourth, although we sampled pulse times before and
after the object, we cannot know whether increased LICI was
truly sustained across the entire WM delay period or whether
it was a more phasic process that occurred near the time of
object presentation. Finally, because we did not collect control
LICI data in a resting state, we cannot rule out the possibility
that there was less inhibition in the low WM condition com-
pared with rest and high load. However, we believe this is
unlikely for two reasons. First, the targeted inhibition during
the thresholding procedure (when the participant was at rest)
was 50%, which is far below the 70% inhibition we observed
during low WM load. Second, while our LICI results (in-
creased inhibition for high WM, which likely corresponded to
a mitigation of the affordance in Experiment 1) are consistent
with a sustained-suppression-under-high-WM account, we
cannot think of any theory compatible with the pattern of
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results where there is less inhibition under low load compared
with rest and high load.

In conclusion, whereas we predicted that being under higher
WM load would deplete frontal resources and enhance the affor-
dance effect, we found that the affordance effect was instead di-
minished under high load. In Experiment 2, we found increased
long-interval cortical inhibition over M1 during high load, sug-
gesting that a sustained suppression of motor activity over M1
prevented the affordance from being generated. These results
suggest a close connection between WM-related neural activity
and the balance of excitatory and inhibitory activity in the motor
cortex. They also provide insights into when and how task-
irrelevant motor provocations can be prevented from influencing
the motor system. Importantly, these insights may help provide a
link between well-known behavioral and brain-related dysfunc-
tions in ADHD.

Notes

Raw data for this article are available at https://github.com/scott-
freeman/Freeman-Itthipuripat-and-Aron. This repository con-
tains behavioral and EEG data for Experiment 1 and behavioral
and TMS data for Experiment 2. Supplemental material for this
article is available at the same URL. This includes Excel files with
raw data and also unpublished observations that have not been
peer-reviewed.
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