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Motor sequence learning on the serial reaction time task involves the integration of response-, stimulus-, and effector-based information.
Human primary motor cortex (M1) and the inferior parietal lobule (IPL) have been identified with supporting the learning of effector-
dependent and -independent information, respectively. Current neurocognitive data are, however, exclusively based on learning complex
sequence information via perceptual-motor responses. Here, we investigated the effects of continuous theta-burst transcranial magnetic
stimulation (cTBS)-induced disruption of M1 and the angular gyrus (AG) of the IPL on learning a probabilistic sequence via sequential
perceptual-motor responses (experiment 1) or covert orienting of visuospatial attention (experiment 2). Functional effects on manual
sequence learning were evident during 75% of training trials in the cTBS M1 condition, whereas cTBS over the AG resulted in interference
confined to a midpoint during the training phase. Posttraining direct (declarative) tests of sequence knowledge revealed that cTBS over
M1 modulated the availability of newly acquired sequence knowledge, whereby sequence knowledge was implicit in the cTBS M1 condi-
tion but was available to conscious awareness in the cTBS AG and control conditions. In contrast, perceptual sequence learning was
abolished in the perceptual cTBS AG condition, whereas learning was intact and available to conscious awareness in the cTBS M1 and
control conditions. These results show that the right AG had a critical role in perceptual sequence learning, whereas M1 had a causal role
in developing experience-dependent functional attributes relevant to conscious knowledge on manual but not perceptual sequence

learning.

Introduction

Numerous cognitive faculties and behaviors, such as language
acquisition, cognitive skill learning, and motor skill learning, can
be conceptualized as a sequence learning process. Perceptual-
motor aspects of sequence learning have been examined exten-
sively using the serial reaction time task (SRT task), wherein
sequential manual key presses confined to four fixed locations are
performed in response to visual targets that appear at one of four
corresponding spatial locations (Nissen and Bullemer, 1987;
Shanks, 2005). Human functional neuroimaging studies indicate
that a cortico-cerebellar network underlies sequence learning on
the SRT task, with activation in the inferior parietal lobule (IPL)
identified with coding an effector-independent (visual/spatial
coordinates) description of successive locations (Grafton et al.,
1998b; Seidler et al., 2005), whereas the coding of effector-specific
(motor/response coordinates) information in egocentric space is
identified with early activation within the primary motor cortex
(M1) (Grafton et al., 1998b; Willingham, 1998). Current neuro-
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cognitive data are, however, only informative about the neural
areas related to learning complex sequence information involv-
ing perceptual-motor responses.

Recent behavioral evidence has shown that learning on the
SRT task can proceed when responses are confined to sequential
covert reorienting of visuospatial attention (Song et al., 2008).
Hence, motor responses are not a necessary condition for
complex sequence learning. This is an important consider-
ation because task demands lead to different instantiations of the
response-, stimulus-, and effector-based information that under-
lie sequence learning (Clegg et al., 1998). By extension, unless the
contribution of the IPL to sequence learning can be shown to be
independent of response mode, it is conceivable that activation
within the IPL during manual sequence learning reflects the op-
eration of more general mechanisms identified with the parietal
cortex, such as perceptual-motor integration, task difficulty, or
spatial attention (Willingham et al., 2002; Majerus et al., 2006).
Here, we examine the role of the right angular gyrus (AG)—a
subregion within the IPL—in sequence learning because it has
been implicated in the maintenance and control of covert reori-
enting of attention over time within bilateral hemispaces, as part
of a network supporting the detection of salient new items em-
bedded in a sequence (Sack, 2009).

Given these limits on understanding the cortical substrate un-
derlying sequence learning, we investigated the role of M1 and
the right AG by administering continuous theta-burst transcra-
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nial magnetic stimulation (¢TBS) (three pulses at 50 Hz, repeated
every 200 ms) before training on the SRT task. We used the ¢cTBS
protocol because it induces disruption that outlasts the time of
stimulation (up to 60 min) and the effects are mediated by an
analog of the type of long-term potentiation- and/or long-term
depression-like changes in synaptic transmission that have been
implicated in learning and memory (Ziemann et al., 2004; Huang
etal., 2005, 2008; Cheeran et al., 2008). Responses on the SRT
task involved either sequential unimanual key presses and free
eye movements (experiment 1; manual condition) or covert
reorienting of visuospatial attention (experiment 2; perceptual con-
dition). Visual targets followed a probabilistic second-order
conditional rule on which transition probabilities between
spatial locations were unpredictable (improbable) on 15% of
trials (Shanks et al., 2006). We exploited this stochastic prop-
erty to measure the time course of the cTBS-induced effect on
learning [reaction time (RT) to probable vs improbable trials]
independently of general response execution and to encourage
learning without awareness (implicit vs explicit learning).
Learning and awareness were assessed using posttraining sub-
jective, indirect (procedural) and direct (declarative) tests
(Albouy et al., 2008). If the IPL is involved with coding
effector-independent information related to learning per se,
transient disruption should interfere with learning on the SRT
task independently of the response mode. Conversely, tran-
sient disruption of the hypothesized effector-dependent con-
tribution of M1 should affect learning on the manual, but not
perceptual, SRT task.

Materials and Methods

Participants

Forty-eight participants (46 right-handed, 2 left-handed) (Oldfield,
1971) were recruited from the undergraduate student population at Im-
perial College London. Local research ethics committee approval was
granted for the experimental procedure. All participants provided writ-
ten informed consent and were screened to exclude those with a history
of neurological disorder or head injury. Twenty-four participants took
part in experiment 1 and 24 participants took part in experiment 2.
Within each experiment, the participants were subdivided into three
groups according to whether ¢TBS was administered over the dominant
hand area of the primary motor cortex (cTBS Mljanps # = 8), the
angular gyrus of the inferior parietal lobule (¢TBS AG; n = 8), or admin-
istered as sham cTBS over the vertex (electrode site, Cz; control; n = 8).
All participants had normal or corrected-to-normal visual acuity. None
of the participants had previous experience of the SRT task or sequence
learning tasks. All participants were naive to TMS.

Design and materials

Experiment 1 and experiment 2 each comprised three phases (Fig. 1): (1)
magnetic resonance imaging (MRI)-guided neuronavigation and cTBS;
(2) a training phase consisting of either a manual SRT task (experiment
1) or perceptual SRT task (experiment 2) performed alongside a vigilance
task; and (3) a posttraining direct test phase comprising a sequence
awareness questionnaire (Curran, 1997), a manual (experiment 1) or
perceptual (experiment 2) cued-generation task, and a manual (experiment
1) or perceptual (experiment 2) recognition test. Conjoint performance
across the subjective, indirect (procedural) and direct (declarative) tests
administered during phase 3 was used to detect learning and, impor-
tantly, to be highly sensitive to the extent to which knowledge was pri-
marily implicit or explicit (Destrebecqz and Cleeremans, 2001). All of the
behavioral tasks were implemented using a proprietary program written
in C++.

Phase 2. Training on experiments 1 and 2 involved a 3 (site of stimu-
lation: ¢TBS M1janp €TBS AG, control) X 12 (training blocks: 12)
mixed-factorial design, with site as a between-subjects factor and block as
a within-subjects factor. Each block of the manual SRT task and percep-
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tual SRT task comprised 100 trials. Twelve training blocks were admin-
istered after an initial pseudorandom practice sequence. In each block,
ninety-six trials were critical items and the first four trials were buffers.
Two basic sequences were generated in accordance with a second-order
conditional (SOC) deterministic rule, such that each target location was
determined on the basis of the two preceding targets (Reed and Johnson,
1994) (Fig. 1, phase 2). These sequences—SOC1 and SOC2—were mod-
ified so that the assigned training sequence appeared according to the
target second-order transitions with a probability 0.85 and were replaced
by second-order transitions from an alternate sequence with a probabil-
ity 0.15. Hence, there were short- and longer-range predictive target
locations—a probable/improbable ratio of 0.85:0.15 can be learned to
asymptote after 9—12 blocks of trials (Shanks et al., 2006). Each block of
the 96 critical trials began at a random point in the primary sequence.
Target sequences were counterbalanced across participants.

Visual stimuli comprised two sizes of target—a standard target (5 mm
diameter) and a large-diameter target (LDT) (8 mm diameter)—that
appeared in one of four squares (35 X 35 mm) arranged along the hori-
zontal meridian against a white background. Visual stimuli were pre-
sented on a 21 inch Sony Trinitron cathode ray tube computer monitor
configured to a screen resolution of 1024 X 769 pixels at a 100 Hz refresh
rate, positioned at a 75 cm viewing distance. Screen locations of the
squares corresponded with positions 1—4 as read from left to right, with
the spatial locations corresponding to numeric values of the probabilistic
SOC sequence. In each block of the manual and perceptual SRT task,
LDTs were presented between 18 and 36% of trials; the order of the LDTs
was random within a block and set at a proportion to ensure that partic-
ipants performed at ceiling.

Phase 3. Direct tests of sequence knowledge immediately followed the
SRT task and were administered in the same response mode as the train-
ing phase (Fig. 1). The sequence awareness questionnaire comprised five
propositions (Curran, 1997). A novel cued-generation task followed the
sequence awareness questionnaire and comprised an inclusion test (I)
and an exclusion test (E). Test order was counterbalanced across partic-
ipants. Stimulus materials on each trial were generated by starting at each
ordinal position of SOC1 and SOC2 for two consecutive positions. Se-
quence knowledge on the cued-generation task is inferred if follow-on
self-generated responses on the inclusion test and/or exclusion test ex-
ceed baseline (B) (for a full specification of the baseline, see Results).
Intentional, conscious control of acquired sequence knowledge is in-
ferred if participants are able to respond in accordance with test instruc-
tions (i.e., I trained > E trained; E trained = B). In contrast, a null effect
(i.e., I trained = E trained, or E trained > B) is construed as evidence of
implicit knowledge (Destrebecqz and Cleeremans, 2001).

The recognition test followed the cued-generation task and comprised
12 trained (old) and 12 untrained (new) six-element sequences. Twelve
sequences (starting from each ordinal position of the 12-element SOC
sequence for six consecutive locations) were generated from SOC1 and
12 were generated from SOC2. To ensure sensitivity to even partial de-
clarative knowledge, a six-point scale was used to obtain a confidence
rating for each six-element sequence (Shanks and Johnstone, 1999).
Manual recognition test performance was also examined for response
priming to trained (vs untrained) sequences because recognition is de-
pendent on explicit knowledge and on the processing fluency associated
with performing each six-element sequence (Shanks and Perruchet,
2002).

MRI-guided neuronavigation and cTBS

All participants in the M1 and AG ¢TBS groups underwent an MRI
anatomical scan. Scans were obtained in anterior commissural—posterior
commissural orientation, using high-resolution (256 slices, 1 mm apart),
axial T1-weighted (magnetization-prepared rapid-acquisition gradient
echo) images. Scans were acquired using a 1.5 T clinical scanner fitted
with an echo-planar imaging upgrade (Siemens).

TMS coil positioning was guided using optical tracking via the frame-
less stereotactic system (BrainSight; Rogue Research). MRI neuronavi-
gation was used to reduce the potential impact that low statistical power
can have on being able to reject the null (Sack et al., 2009). In the cTBS
AG condition, the right AG was identified within the posterior region of



Rosenthal et al. » Cortical Contributions to Sequence Learning

J. Neurosci., December 2, 2009 + 29(48):15115-15125 « 15117

(Phase 1) MRI-guided

neuronavigation and Vigilance task (Exps. 1 & 2)

: (Phase 2) Manual or Perceptual SRT task§ (Phase 3) Post-training tests of learning and awareness

’ Probabilistic training sequence

‘ Phase 3 was comprised of three direct (declarative) tests.

1 - 12 blocks

oo®=o

omoo

_ Two trials showing visual stimuli
Q on SRT task (100 trials/block)

> | (a) Sequence awareness questionnaire comprised of five
propositions (Curran, 1997)

1 = “The sequence of stimuli was random”
§ 2 = “Some positions occurred more often than others”

(@)3412@31)42132341243142)132
(b)12(432)341243143)1421324314

i 3 = “The movement was often predictable”

| 4 =“The same sequence of movement would often appear”

! 5 ="“The same sequence of movements occurred throughout
| the experiment”

cTBS administered immediately before
manual (Exp. 1) or perceptual (Exp. 2)
SRT task over either primary

sensorimotor cortex (M1,,\p), angular
gyrus (AG), and vertex (Cz, control).

improbable).

(b) Cued-generation task (single-trial/24)

[Ofm ] ooom@
ooEO mOoOoo
%k oo@0O

mOoOoo

Four self-generated

| Two cued responses
‘ responses

L%

Sample training sequence showing 24 trials
(positions 1[far left]-4[far right]): (a) 12-

element second-order deterministic base
sequence; and (b) probabilistic training :
sequence with improbable trial substitutions
marked in bold (.85 probable vs .15 .-~

i 1000 ms prompt to generate four self-generated responses.
Two types of test instruction (blockwise): inclusion or exclusion

. (c) Recogpnition test (single-trial/24)

Old New
Old/ 1 4,
New? 2. &
3 6.

=mOo0oo

oom@O

=mOOoo

Figure 1.

Time

Experimental setup and design in manual (experiment 1) and perceptual (experiment 2) sequence learning. Phase 1, MRI-guided neuronavigation and continuous theta-burst

transcranial magnetic stimulation. TMS coil positioning was guided using optical tracking via a frameless stereotactic system in conjunction with an anatomical MRI scan. Phase 2, Training phase:
each block of trials followed a probabilistic second-order conditional sequence. Participants were instructed to respond with a location contingent manual key press to each visual target (experiment
1: manual SRT task) or maintain fixation and attend to each target (experiment 2: perceptual SRT task). To ensure that participants attended to the sequence (experiments 1and 2), they were also
instructed to maintain a blockwise cumulative count of the number of large-diameter target presented among the standard targets and report the value at the end of each block. Phase 3, Posttraining
direct tests of sequence knowledge: a, sequence awareness questionnaire; b, schematic of the cued-generation task showing one trial comprising two cues and four self-generated responses.
Participants were instructed to respond to the two cues in the same way as on the SRT task. Next, either a red (exclusion test) or green (inclusion test) question mark appeared in each square
(blockwise) as the prompt to self-generate four manual (experiment 1) or four vocal (experiment 2) responses that were either different from (exclusion test) or the same as (inclusion test) the
training sequence; and ¢, schematic of the recognition test showing one trial comprising a six-element sequence derived from the trained (old) sequence or an untrained (new) sequence presented
in same way as on the respective SRT tasks. Participants determined whether sequence was old/seen or new/unseen and then rated their confidence on a six-point scale.

the IPL as the area directly adjacent to the dorsolateral projection of the
superior temporal sulcus; the superior temporal sulcus bifurcates the AG.
The AG was localized for each participant in slice and three-dimensional-
rendered T1-weighted MRI brain scans using a frameless stereotaxy sys-
tem (BrainSight; Rogue Research). These data were used to coregister the
neuroanatomical site with the scalp surface. Stimulation was adminis-
tered using a figure-of-eight coil (70 mm diameter) connected to a Mag-
stim Super Rapid stimulator.

The M1, site of stimulation was selected as the site that evoked
maximum movement in the hand contralateral to the site of stimulation
at the lowest level of stimulator output. Individual resting motor thresh-
old (RMT) for M1;,yp» as @ measure of M1 stimulation (Robertson et
al., 2003), was used to determine stimulator output for cTBS in the AG
and M1;,np conditions. RMT was established as the lowest output in-
tensity of single-pulse TMS to elicit at least three consecutive movements
in the contralateral relaxed hand after five pulses of TMS. cTBS [trains of
three pulses at 50 Hz repeated at 200 ms intervals (i.e., at 5 Hz) (Huang et

al,, 2005)] was applied at 70% of RMT immediately before training on
the SRT task. In experiment 1, there was no significant difference in the
mean stimulator output between cTBS M1;;,np (mean of 44) and AG
(mean of 44) conditions (f,,) = 0.14, p = 0.89); correspondingly, in
experiment 2, there was no significant difference in the mean stimulator
output between the cTBS M1;,np (mean of 44) and AG (mean of 48)
conditions (¢4 = 0.99, p = 0.33).

In experiment 1, cTBS was applied for a single continuous 20 s train,
whereas in experiment 2, cTBS was applied for 30 s; the longer duration
was intended to address an anticipated increase in the training time when
recording eye movements on the perceptual SRT task. In the control
condition, a commercially available double 70 mm placebo coil system
positioned over the Cz electrode vertex position was used to administer
stimulation at the same frequency as used with the cTBS conditions
(Magstim). The coil replicates the appearance and operation of the stan-
dard double 70 mm coil used in the AG and M1 conditions and provides
mild cutaneous stimulation and discharge noise without stimulating cor-
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tical tissue. An IBM personal computer-compatible computer running
E-Prime software (version 1.1; Psychology Software Tools) controlled
the delivery of ¢TBS. Participants wore a close-fitting nylon scalp cap to
enable marking of the regions on the scalp designated to overlie the
MI1anp area, AG, and the vertex control site (Cz electrode position)
(Jasper, 1958).

Eye movement recording

Eye movements were recorded using an Eyelink IT infrared eye tracker
to ensure continuous central fixation during each block of the per-
ceptual SRT task and perceptual direct tests (spatial resolution,
<0.5% SR Research). Eye movements were monitored in real time by the
experimenter to ensure that participants maintained central fixation.
Head movements were minimized using a chin rest. Verbal feedback was
provided if a participant deviated from central fixation. Viewing was
binocular. Monocular, pupil-only eye tracking of the dominant eye was
conducted at a sampling rate of 250 Hz. Calibration and validation of eye
position was performed using a five-element array. Eye movement fixa-
tion data were analyzed offline using a proprietary application developed
within MATLAB version 6.5.1 (MathWorks). Saccades with latency of 12
ms or less were excluded from a trial sample, as were saccades that began
and ended within a central region (1°). Less than 7% of trials in the
perceptual cTBS M1;,np> CTBS AG, and control conditions were asso-
ciated with saccades, which indicates that participants were able to main-
tain central fixation.

Behavioral tasks

Participants were tested individually, and both experiments were per-
formed in a dark visual Ganzfeld. An experimental session lasted ~1h 30
min in experiment 1 and 1 h 45 min in experiment 2.

Manual and perceptual SRT tasks (phase 2). Each trial of the SRT task
comprised a single target stimulus presented at one of four possible lo-
cations. On the manual SRT task, participants were instructed to press
one of four keys in response to target onset (RB Series Response Pad,
model RB-730; Cedrus Corporation) and were allowed to make free eye
movements. Keys were marked 1, 2, 3, and 4 and corresponded to screen
locations 1 (left) to 4 (right). Responses in the manual SRT task were
made to locations 1-4 with the digitus secundus manus, digitus medius,
digitus annularis, and digitus minimus manus of the dominant hand,
respectively. On detection of a manual response, the target stimulus was
extinguished and the next trial started, or, if no response was detected,
the target was extinguished after 3000 ms. On the perceptual SRT task,
participants were instructed to maintain central fixation on a circle (0.3
cm diameter) positioned midway between locations 2 and 3. Each trial
began with the presentation of a target stimulus at the center of one of the
four squares (1000 ms). Extinction of the target was followed by a 200 ms
interval. Hence, peripheral targets captured attention in an exogenous
and automatic manner, as a component of the endogenous allocation of
attention (Juola et al., 1995).

Vigilance task. Alongside the manual and perceptual SRT tasks, partic-
ipants were instructed to maintain a cuamulative count of the number of
LDTs presented during each block and report the value at the end of each
block. The vigilance task was important for ensuring that participants
attended to the sequence of visual stimuli, particularly on the perceptual
SRT task. On-screen feedback on vigilance task performance was based
on accuracy relative to the actual number of LDTs: participants entering
a count within 5% accuracy were informed that their count was accurate
and were asked to continue with their good performance; participants
responding with count of 5% error or greater were shown their percent-
age underestimation or overestimation and were instructed to try harder
in the forthcoming block of trials.

Posttraining direct tests of learning and awareness (phase 3). After se-
lecting a response on the sequence awareness questionnaire to indicate
the extent to which regularities had been detected during the training
session, participants were informed that the target stimuli had followed a
regular repeating sequence during the training session. Each trial of the
cued-generation task (manual and perceptual) involved the presentation
of two consecutive cue stimuli on the computer screen (Fig. 1, phase 3b).
Participants were instructed to either respond with a manual key press
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(experiment 1; manual cued-generation task) or attend to each cue (ex-
periment 2; perceptual cued-generation task) and then use knowledge
acquired on the SRT task to either enter four key presses (experiment 1)
or vocalize (experiment 2) four locations that followed on from the two-
cue sequence in accordance the test instructions. Instructions on the
inclusion test directed participants to respond with the next four posi-
tions of the training sequence, even if they felt they could not remember
particular parts of the sequence that followed the cues. On the exclusion
test, participants were asked to respond with a sequence that was novel
and avoided the training sequence. Participants were reminded to avoid
responding with contiguous repetitions of a single location or natural
sequences because these were not presented during training (e.g., 4-4-2-1
or 1-2-3-4). On the perceptual cued-generation task, the experimenter
entered a key press contingent with each vocal response. All self-
generated responses led to a black circle appearing in a corresponding
target location. After completion of each cued-generation test, partici-
pants were asked to indicate their confidence, on a scale of 0-100, with
responding in accordance with the test instructions. Responses to each
six-element sequence on the recognition test were performed in the same
way as on the SRT task (Fig. 1, phase 3c). After responding to each six-
element sequence, participants were asked to determine whether the se-
quence was “old/seen” or “new/unseen’; that is, participants were asked to
decide whether or not the sequence had appeared during the training ses-
sion. After each old/new discrimination, participants were asked to rate how
confident they were in their judgment on the six-point scale.

Results

Experiment 1

Participants in all three between-subject conditions achieved >95%
accuracy on the vigilance task, which indicates that participants were
able to attend consistently to the target sequence and could reliably
discriminate LDTs from standard targets. Mean end times in the
cTBS AG, cTBS M1,np> and control conditions were 32 min 57 s,
31 min 52 s, and 33 min 12 s, respectively.

Response execution and learning on the manual SRT task
Mean error rates collapsed across block were <1% for each of the
between-subject conditions. A 3 (site: M1,np»> AG, control) X
12 (block: 12) mixed-factorial ANOVA performed on the mean
SRT task error rates revealed no significant main effects or inter-
actions (F values <1.2). Hence, there were no systematic differ-
ences in error as a function of site of stimulation or block. This
level of error on the SRT task is well within level of response
accuracy routinely reported under single-task conditions. Man-
ual RTs for the first four buffer trials of each block and error trials
were excluded from the analyses performed on the latency data.
To assess the effect of training, RTs were first summarized by
computing the mean RT's in each block to probable and improb-
able trials for each participant. Figure 2a shows the mean block-
wise learning scores (mean RT to probable trials — mean RT
improbable trials) obtained over the manual SRT task, plotted
separately for the cTBS M1 np, ¢TBS AG, and control condi-
tions. A negative score that is significantly different from 0 is
consistent with priming. A 3 (site: M1yanp» AG, control) X 2
(sequence: probable, improbable) X 12 (block: 12) mixed-
factorial ANOVA performed on the mean RTs revealed a signif-
icant main effect of sequence (F, ,;, = 23.32, p < 0.0001) and
block (F;; 531y = 4.89, p < 0.00001). Importantly, although there
was no significant main effect of site (F,,,, = 2.13, p = 0.14),
there was a significant interaction between site and sequence
(F2,01) = 5.37, p < 0.01), which indicates that emergence of
sequence knowledge differed between groups. All other inter-
action terms were not significant (F values <1.4).

Figure 2b shows the emergence of sequence knowledge as a
function of the mean end times for each block of the manual
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5-8,and 9-12) and plotted separately each site of stimulation, with SE.

SRT task. A 3 (site: M1yanp» AG, control) X 12 (block: 12)
mixed-factorial ANOVA performed on the mean block end times
revealed a significant main effect of block (F,; 53,y = 6121.7,p <
0.00001) and no main effect of site (F(, ,;, = 1.01, p = 0.38), and,
importantly, there was no interaction between site and block
(F22231) = 1.36, p = 0.13). Hence, the differences in the emer-
gence of sequence knowledge between each site cannot be readily
attributed to systematic differences in the time course underlying
training in each between-subjects condition.

To summarize the effects of cTBS on learning at each site as a
function of exposure to the sequence, a measure of learning
across blocks was calculated by obtaining a composite learning
score (mean RT to probable trials — mean RT improbable trials)
for epochs at the beginning (blocks 1-4), middle (blocks 5-8),
and end (blocks 9-12) of the manual SRT task (Fig. 2b). Mean

Manual sequence learning (experiment 1). @, Mean blockwise learning scores (RT to probable trials — RT to improb-
able trials) across 12 blocks of the manual SRT task, plotted separately for each of three site conditions (M1,,,p. AG, and control),
with SE. Probabilistic sequence SOCT (S1) was used for half of the participants, and probabilistic sequence SOC2 (S2) was used for
the remaining half of the participants on blocks 1-12. The nontrained SOC was used on improbable trials. b, Mean learning scores
(RT to probable trials — RT to improbable trials) on the manual SRT task plotted against the mean end times (seconds) for each
block and shown separately for each of three site conditions (M1, AG, and control), with SE; *p << 0.05. ¢, Means of composite
learning scores (probable — improbable trials) calculated to summarize the learning effects for three training epochs (blocks 1- 4,

bo-12 (ti7) = 2.41,p <0.05) and late (t,, = 3.39,
p < 0.01) epochs, whereas the learning
score was not significantly different from
0 in the middle epoch (mean start and end
times, 11 min 31 sand 22 min 15 s, respec-
tively) (¢, = 0.24, p = 0.82). The loss of
sensitivity to improbable trials was partic-
ularly pronounced at block 6: block 6
mean start and end times, 14 min 17 s and
16 min 50 s, respectively. Overall, evi-
dence of a functional-temporal dissocia-
tion between the cTBS M1 y,np and cTBS
AG conditions combined with the results
from control condition suggests that the
functional effects were not attributable to
nonspecific effects associated with TMS or
attributable to systematic between-group
differences in the time points related to each block end time.

Effects of cTBS over M1 and AG on posttraining direct tests of
learning and awareness

Subjective measures of sequence learning. Participants in the cTBS
M1 anp (mean = SE, 1.9 * 0.45) and control (mean * SE, 1.5 =
0.45) conditions perceived the movement of target stimuli to be
essentially random, whereas participants in the cTBS AG condi-
tion (mean * SE, 2.8 = 0.45) were aware that some positions
occurred more often than others, but there was no significant
difference between the three groups (Kruskal-Wallis ANOVA,
Xy = 2.41, p = 0.30). We also assessed participants’ subjective
rating of their performance on the cued-generation task. Partic-
ipants in all between-subjects conditions were more confident in
their ability to generate a novel sequence on the exclusion test
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(mean * SE, 51.4 = 4.75) than generate
the trained sequence on the inclusion test
(mean * SE, 24.6 * 3.85) (F, ,;, = 19.10,
p < 0.001). No interactions were signifi-
cant (F values <1.8).

Cued-generation task. Mean start times
for the cued-generation task in the cTBS
Mlyanp €TBS AG, and control condi-
tions were 37 min 4 s, 37 min 3 s, and 37
min 46 s, respectively. Performance was
assessed by first calculating the propor-
tion of SOC sequence triplets generated
out of the maximum number of correct
SOC triplets that could be generated. Four
possible triplets could be generated on
each of the 12 trials per test, thereby yield-
ing a possible 48 correct SOC triplets on
each test. Baseline rates of responding
were calculated separately for each test as
the proportion of triplets that were incon-
sistent with the training sequence, i.e., the
value was the proportion of triplets that
corresponded to the untrained sequence
on each free-generation test (Wilkinson and Jahanshahi, 2007).

Figure 3a shows the mean proportions of trained and baseline
SOCs generated under each site condition for the inclusion and
exclusion tests. A 3 (site: M1,np> AG, control) X 2 (test: inclu-
sion, exclusion) X 2 (sequence: trained, baseline) mixed-factorial
ANOVA revealed significant main effects of test (F; 5, = 9.99,
p < 0.01) and sequence (F, ,;, = 20.74, p < 0.001). The interac-
tion between site, test, and sequence was also significant (F(, ,,, =
5.17, p < 0.05). No other effects were significant. Planned compar-
isons revealed that participants in the cTBS AG and control con-
ditions were able to exert intentional, conscious control when
responding on the cued-generation task (i.e., I trained > E trained)
(Fy o1 = 14.02, p < 0.01 and F, ,,, = 8.00, p < 0.01, respec-
tively), whereas the generation of trained sequences was equiva-
lent across inclusion and exclusion tests in the cTBS M1 ;anp
condition (F < 1). Importantly, participants in the cTBS AG
condition generated the trained sequence above baseline in the
inclusion test (F(, ,;, = 8.77, p < 0.01) and were able to exclude
the trained sequence from responses on the exclusion test (F, ,,,
=0.35,p = 0.56) (i.e., E trained = B). Conversely, participants in
the cTBS M1;,np condition were unable to avoid generating the
trained sequence above baseline on the exclusion test (F, 5, =
15.02, p < 0.001), whereas generation of the trained sequences on
the inclusion test was equivalent to baseline (F, ,,) = 1.28, p =
0.28). Participants in the control condition generated the trained
sequence above baseline on the inclusion test (F, ;) = 8.77,p <
0.01) and were able to refrain from generating the trained
sequence on the exclusion test (F < 1). Collectively, these results
reveal that sequence knowledge in the manual ¢cTBS M1y, np
condition was implicit (I = E trained; E trained > B), whereas
sequence knowledge was available to conscious, intentional con-
trolin the cTBS AG and control conditions (I trained > E trained;
I trained > B; E trained = B). All planned comparisons were
significant for Bonferroni—-Holm corrected p values.

Recognition test confidence ratings and recognition priming.
Mean start times on the recognition test in the cIBS M1yanp»
cTBS AG, and control conditions were 45 min 7 s, 45 min 34 s,
and 46 min 2 s, respectively. Results from the mean recognition
confidence ratings to trained and untrained sequences were con-
sistent with the conclusions drawn from the cued-generation task
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Manual sequence learning (experiment 1). @, Mean proportions of trained and baseline SOC triplets generated for
each site condition, under inclusion and exclusion manual cued-generation test instructions. b, Mean recognition confidence
ratings assigned to the 24 six-item short sequences for each condition. Trained sequences were allocated a rating between 1and
3, whereas untrained sequences were allocated a rating between 4 and 6. *p < 0.05.

(Fig. 3b, lower ratings correspond to greater confidence that the
sequence was “old”). A 3 (site: M1y anp> AG, control) X 2 (se-
quence: trained, untrained) mixed-factorial ANOVA revealed a
significant main effect of sequence (F(, ,;,) = 7.26, p < 0.05) and
asignificant interaction between site and sequence (F, ,,, = 3.78,
P <0.05). No other effects were significant. Planned comparisons
based on mean confidence ratings revealed that participants were
able to discriminate between trained and untrained sequences in
the cTBS AG and control conditions (F, ,,, = 8.49, p < 0.01 and
Fi,1y = 5.87, p < 0.05, respectively), whereas in the cTBS
Ml yanp condition, participants were unable to recognize the
trained sequence (F < 1).

Examination of RTs to trained and untrained sequences can
provide insight into whether there is evidence of priming of the
trained sequence in the absence of recognition (Shanks et al.,
2006) (Fig. 4). A 3 (site: M1y,np, AG, control) X 2 (sequence:
trained, untrained) X 6 (position: 1-6) mixed-factorial ANOVA
performed on the mean recognition RTs at each position revealed
significant main effects of sequence (F, ,,, = 8.41, p < 0.01) and
position (Fs 195, = 186.84, p < 0.0001). Interactions between site
and sequence (F, ,,, = 8.47, p < 0.01), between site and position
(F10,105) = 2.74, p < 0.01), and between site, sequence, and po-
sition (F;9,105) = 2.70, p < 0.01) were all significant. No other
main effects or interactions were significant. Because positions
3—6 were predictable from the preceding targets (i.e., for trained
sequences) and positions 1-2 were not predictable, position 3 is
the first trial on which priming of the trained sequence can be
detected as faster latency of response (Shanks et al., 2006). Figure
4b shows the results of the priming score calculated by subtract-
ing the mean RTs to trained sequences from untrained sequences
for positions 3—6; these values were averaged across positions 3
and 4 and across positions 5 and 6 (Shanks et al., 2006). Repeated
measures ¢ tests performed against chance (0) revealed significant
priming in the ¢cTBS M1;,np condition for positions 3—4 (24
ms) and 5-6 (27 ms) (t,, = 5.62 and 3.50, respectively, p values
<C0.01), whereas priming was absent in both collapsed locations
for cTBS AG and control conditions (p values >0.05).

In summary, both the cued-generation task and recognition
test were in agreement in revealing evidence of sequence knowl-
edge that was available to conscious awareness in the cTBS AG



Rosenthal et al. » Cortical Contributions to Sequence Learning

/
/

J. Neurosci., December 2, 2009 + 29(48):15115-15125 « 15121

Effects of cIBS over M1 and AG on
posttraining direct tests of learning

and awareness

Subjective measures of sequence knowl-
edge. Learning on the perceptual SRT
task did not lead to accurate sequence
knowledge above the subjective threshold:
participants exhibited little or no meta-
knowledge about the target sequence on
the awareness questionnaire in the cTBS
Ml yanp (mean = SE, 1.5 = 0.03), cTBS
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Figure4. Manual sequence learing (experiment 1). @, Mean reaction times to targets associated with trained (t) and untrained (ut)
sequences in the manual recognition test. Positions 3—6 were predictable from the preceding targets on trained sequences, whereas
positions 1—2 were not predictable. b, Mean priming scores (RTs associated with responses to trained positions subtracted from the
corresponding RTs to untrained positions) derived from the recognition priming data. Results are combined and presented for positions
3—4(p3/p4) and 5-6 (p5/p6). Position 3—4 represents the earliest point at which the response context can induce priming. *p << 0.05.
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AG (mean = SE, 1.3 * 0.03), and control
(mean = SE, 1.1 = 0.03) conditions, and the
level of awareness was equivalent across con-
ditions (Kruskal-Wallis ANOVA, x3, =
0.51, p = 0.78). On the cued-generation task,
participants were again more confident in
their ability to generate a novel sequence on
the exclusion test (mean = SE, 51.1 * 4.45)
than generate the trained sequence on the
inclusion test (mean * SE, 27.4 * 4.28)
(F121y = 1547, p = 0.001), and this was
consistent across between-subject condi-
tions (F,,,, = 1.17,p = 0.33).
Cued-generation task. Mean start times
~ in the cTBS AG, ¢TBS M1y,np» and con-
trol conditions were 47 min 33 s, 48 min
17 s, and 46 min 39 s, respectively. Figure
5a shows the mean proportions of trained
SOCs generated under each site condition
for the inclusion and exclusion tests. A 3
(site: cTBS M1 ynp> €TBS AG, control) X
2 (test: inclusion, exclusion) X 2 (se-
quence: trained, baseline) mixed-factorial
ANOVA performed on the mean propor-
tions of second-order triplets generated
revealed a significant main effect of test
(F(1 1) = 46.24,p < 0.001) and significant
interactions between site and sequence
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rating between 4 and 6. *p << 0.05.

(and control) condition but implicit knowledge in the cTBS M1
condition. These data also indicate that, even though concurrent
tasks can limit the availability of conscious knowledge (Shanks
and Channon, 2002), the vigilance task did not preclude the ac-
quisition of above-baseline knowledge and conscious awareness
in the ¢TBS AG and control condition of experiment 1.

Experiment 2

Participants in all three between-subject conditions achieved
>95% accuracy on the vigilance task, which indicates that par-
ticipants were able to attend consistently to the sequence of target
stimuli and could reliably discriminate LDTs from standard tar-
gets using covert reorienting of visuospatial attention. Mean end
times in the ¢TBS AG, c¢TBS M1;anp> and control conditions
were 39 min 23 s, 38 min 53 s, and 38 min 7 s, respectively.

cTBS M1

W Trained
Untrained

Perceptual sequence learning (experiment 2). a, Mean proportions of trained and baseline SOC triplets gen-
erated for each site of stimulation condition, under inclusion and exclusion perceptual cued-generation test instructions.
b, Mean recognition confidence ratings assigned to the 24 six-item short sequences, under each site of stimulation
condition. Trained sequences were allocated a rating between 1 and 3, whereas untrained sequences were allocated a

¢cTBSAG  Control (F221) = 6.84,p < 0.01), between test and

sequence (F(, 5,y = 17.01, p < 0.001), and
between site, test, and sequence (F, ;) =
7.07, p < 0.01). In the perceptual cTBS
AG condition, although there was a signif-
icant difference in the proportion of
trained triplets generated on the inclusion
relative to exclusion test (F(, ,;, = 7.62,
p <0.01), this difference was undermined
by the failure to exceed baseline perfor-
mance on the inclusion [0.41 (trained) vs 0.48 (baseline)] and
exclusion [0.33 (trained) vs 0.38 (baseline)] tests (F(; ,,) = 8.98,
p <0.01and F, ,,) = 2.38, p = 0.14, respectively). In the cTBS
MI1yanp condition, conscious control when responding with
trained sequences (i.e., I > E) (F, 5,y = 13.09, p < 0.01) was
accompanied by above-baseline performance on the inclusion
test but not on the exclusion test (F(, ,;, = 8.98, p < 0.01 and
F 51y = 142, p = 0.25, respectively). Participants in the control
condition were also able to exert conscious control when responding
with the trained sequence (i.e., I trained > E trained) (F, ,,, = 28.45,
p <0.0001), and performance was above and equivalent to baseline
on the inclusion and exclusion tests (F(, ,,, = 35.93, p < 0.0001 and
F 1) = 1.59, p = 0.22, respectively). Collectively, these results
indicate that sequence knowledge in the perceptual cTBS AG
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condition was absent [I (I trained < B) > E (E trained = B)],
whereas knowledge was available to support conscious genera-
tion of the trained sequence in the ¢cTBS M1;,np and control
conditions (I trained > E trained; I trained > B; E trained = B).
All planned comparisons were significant for Bonferroni-Holm
corrected p values.

Recognition confidence ratings. Mean start times in the cTBS
AG, ¢TBS M1y;snp> and control conditions were 61 min 54 s, 60
min 66 s, and 59 min 38 s, respectively. Mean recognition confi-
dence ratings to trained and untrained sequences recognition for
each site of stimulation condition are shown in Figure 5b. A 3
(site: M1anps AG, control) X 2 (sequence: trained, untrained)
mixed-factorial ANOVA revealed a significant interaction be-
tween site and sequence (F(,,,) = 3.08, p < 0.05). Importantly,
planned comparisons revealed that participants in the control
condition could discriminate between trained and untrained se-
quences (F(; ;) = 6.07, p < 0.05), whereas participants in the AG
and M1y conditions were at chance (F(, ;) = 0.44, p = 0.51
and F(, ,,, = 2.05, p = 0.17, respectively). Hence, the results from
the recognition test revealed that perceptual learning led to ex-
plicit knowledge in the control condition. Although results from
the cued-generation task and recognition test were not in agree-
ment in the cTBS M1y ,p condition, it is important to note that
functional dissociations between subjective and objective mea-
sure of learning and awareness have been reported in other studies
[e.g., forced-choice questionnaire vs free-generation and recog-
nition (Destrebecqz and Cleeremans, 2003)] and are variously
argued to reveal gradations in the awareness with which sequence
knowledge is held (Norman et al., 2006) or differences in the
nature of knowledge applied when responding on different mea-
sures (Dienes et al., 1995). None of these interpretations, how-
ever, is at variance with the notion that explicit knowledge on the
cued-generation task in the cTBS M1y ,p condition provides
evidence of conscious awareness.

Discussion

We investigated the cortical substrate underlying manual and
perceptual probabilistic sequence learning by administering
cTBS over M1 and the right AG. Four novel results were obtained:
(1) ¢TBS over M1 and AG led to a functional-temporal dissocia-
tion in manual sequence learning: learning was disrupted across
75% trials in the cTBS M1 condition, whereas in the cTBS AG
condition, disruption was confined to a midpoint during train-
ing; (2) c¢TBS over M1 modulated awareness associated with
manual sequence learning: posttraining direct tests revealed that
sequence knowledge was implicit in the ¢TBS M1 condition,
whereas sequence knowledge was explicit in the cTBS AG and
control conditions; (3) covert reorienting of visuospatial atten-
tion to visual stimuli supported probabilistic sequence learning;
and (4) perceptual sequence learning was abolished by cTBS ad-
ministered over the right AG.

Functional-temporal dissociation between M1 and AG during
manual sequence learning

cTBS over M1 led to interference with learning for at least nine
training blocks (23 min 52 s), whereas the effect of cTBS over the
AG led to loss of sensitivity to improbable trials that peaked at a
midpoint during training. Interestingly, the chronometry of the
effect in the M1 condition corresponds with the timing of early
activation associated with consolidation mechanisms implicated
in manual skill and sequence learning (Muellbacher et al., 2002;
Seidler et al., 2005), and is broadly in line with the duration of the
suppressive effect of cTBS over M1 on motor-evoked potentials
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(20 s ¢TBS/20 min effect) (Huang et al., 2005; Reis al., 2008).
TBS-induced functional effects after stimulation over the parietal
cortex have thus far been associated with tonic, rather than pha-
sic, effects lasting up to 30 min (Nyffeler et al., 2008).

Importantly, given that the SRT task error rate was compara-
ble across conditions, the effects were specific to learning and not
the result of impairment with response execution or a speed—
accuracy tradeoff and are likely to have involved disruption of
effector-independent and effector-dependent learning (Bapi et
al., 2000). Results in the cTBS M1 condition are thus consistent
with evidence showing that procedural aspects of learning on the
manual SRT task exhibit relative insensitivity to posttraining
TMS over M1 (Goedert and Willingham, 2002; Press et al., 2005).
Disentangling learning from performance is important because
changes in motor performance alone can lead to changes in the
activity of neural areas implicated in learning. Compensatory
mechanisms involving the recruitment of other parts of the mo-
tor system could, however, have masked interference with re-
sponse execution (Lee et al., 2003). Indeed, coactivation and/or
inhibition of topographically and functionally related regions,
such as the dorsal premotor cortex (PMd), supplementary motor
area (SMA), cingulate motor cortex, thalamus, putamen, and
contralateral M1 (Chouinard et al., 2003; Bestmann et al., 2004),
are possible because TMS induces effects proximal and distal to
the site of stimulation (Hallett, 2000).

Although subregions such as PMd do not have a readily iden-
tifiable casual role in manual sequence learning beyond a contri-
bution to the selection of movements according to learned
arbitrary rules (Thoenissen et al., 2002; Perez et al., 2007), se-
quence learning is routinely associated with coherent preferential
activation of cortico-cerebellar and cortico-striatal networks in
early and late phases (and delayed recall) of manual learning,
respectively (Doyon and Ungerleider, 2002; Doyon et al., 2003).
Subregions that support early motor skill learning exhibit a tem-
poral gradient in activation: a decrease in cerebellar activation
with learning is accompanied by an increase in activation of the
basal ganglia, M1, and the SMA during later stages (Hazeltine et
al., 1997; Grafton et al., 1998b). Interestingly, the production,
rather than learning, of sequences is identified with the SMA
(Perez et al., 2007; Schwarb and Schumacher, 2009), whereas M1
has been implicated in procedural consolidation (Muellbacher et
al., 2002), whereby a learned skill becomes less susceptible to
interference (Robertson et al., 2004). Given this role, it was im-
portant to assess the implications of cTBS-induced interference
on the nature of newly acquired sequence knowledge using the
declarative tests.

Motor-response-dependent contribution of M1 to the state of
awareness associated with sequence knowledge

Learning in the cTBS M1 condition was characterized by alack
of awareness of the learning process and its contents, thereby
meeting the conservative criterion for implicit knowledge
(Cleeremans, 1993). Participants failed to detect the sequence on
the questionnaire but generated comparable, above-baseline,
trained sequence elements on the cued-generation tests and two
elements primed responses on the recognition test without rec-
ognition. In contrast, performance in the control and ¢cTBS AG
conditions was consistent with explicit learning: conscious gen-
eration and recognition of the trained sequence accompanied
awareness on the questionnaire. M1 thus has a causal role in
developing experience-dependent functional attributes relevant
to conscious sequence knowledge, and this role appears to be
motor response dependent; in experiment 2, there was a null
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effect of cTBS over M1 on the state of awareness associated with
perceptual sequence knowledge, albeit after a longer duration of
cTBS over M1 (30 vs 20 s).

Our results are in agreement with TMS studies that have doc-
umented an effector-specific role for the M1 in manual sequence
learning (Pascual-Leone et al., 1994, 1996). Previous studies in-
dicate that M1 is involved with the representation of parameters
beyond movement dynamics and kinematics, such as serial order
or movement context (Grafton et al.,, 1998b; Carpenter et al.,
1999; Matsuzaka et al., 2007). Multiple additional sources of in-
formation contribute to manual sequence learning (Verwey and
Wright, 2004), such as coding for the movement or goal of the
movement (Grafton et al., 1998a). Explicit motor response informa-
tion is hypothesized to involve the integration and organization of
action-effect codes into an ordered plan of actions (Hazeltine,
2002; Tubau et al., 2007). Importantly, learning-related changes
in the motor cortices involve modulation from prefrontal cortex
and posterior parietal cortex (PPC) in forming abstract goal
and/or response-based representations (Shadmehr and Krakauer,
2008). Such abstract representations imply a level of global access
in which information can be deployed flexibly in response to
varying contextual demands, which is, arguably, a fundamental
feature of consciousness (Baars, 2002). Hence, the modulation in
awareness was arguably attributable to a loss of, or impairment
with, effector and/or response-specific information that had an im-
pact on the formation of such representations and on perceptual-
motor integration processes involved with developing knowledge
that can be deployed flexibly.

The angular gyrus had a critical role in perceptual but not
manual sequence learning
In the perceptual cTBS M1 and control conditions, rapid— oc-
curring within 100 ms of a predictive cue (Lambert, 2003)—and
sustained covert reorienting of visuospatial attention rather than
action supported probabilistic sequence learning. Perceptual
knowledge was expressed through the conscious generation and
recognition of the trained sequence. These data serve as a coun-
terpoint to accounts in which motor responses are a condition for
sequence learning (Deroost and Soetens, 2006) but are consistent
with the view that perceptual learning involves conscious access
(Knee et al., 2007) and elaborate on previous work by demon-
strating that perceptual learning can proceed without an intentional
orientation during training. Importantly, perceptual learning was
abolished by cTBS over the AG: there was no evidence of sequence
knowledge on the cued-generation and recognition tests. In con-
trast, performance on the manual cued-generation and recognition
test was consistent with explicit knowledge. Involvement of the right
AG in sequence learning was thus sensitive to the mode of response.
Failure to detectlearning in the perceptual cTBS AG condition
did not emerge because perception of visual stimuli was im-
paired; performance on the vigilance task was at ceiling in all
conditions. This is an important consideration because TMS ad-
ministered over the right posterior parietal cortex can interfere
with spatial orienting and attentional processes and induce
neglect-like behavior (Hilgetag et al., 2001; Rosenthal et al., 2006;
Rounis et al., 2007). Although the right AG has a particular role in
the reorienting of spatial attention (Chambers et al., 2004), visuo-
spatial orienting of attention depends on a network of frontal and
parietal areas in the right hemisphere that extends to bilateral
hemispaces (Corbetta and Shulman, 2002; Husain and Nachev,
2007). Because focal lesions within this network lead to discrete
functional deficits, it will be important to examine the effect that
disruption has on perceptual learning. For example, the lateral
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prefrontal cortex is instrumental in orienting attention, par-
ticularly in relation to the selection of task-relevant informa-
tion (Brass and von Cramon, 2004), as part of an anterior
striatum basal ganglia loop involved in visuospatial represen-
tation (Hikosaka et al., 2002), whereas neurons within the
lateral intraparietal area in nonhuman primates have been
shown to integrate probabilistic evidence regarding spatial po-
sitions (Yang and Shadlen, 2007).

Although the foci, and lateralization, of activation within the
parietal cortex during manual sequence learning vary across
functional MRI studies (Hazeltine et al., 1997; Grafton et al.,
1998b; Willingham et al., 2002; Schendan et al., 2003; Bischoft-
Grethe et al., 2004; Olson et al., 2006), activation within the pa-
rietal cortex is reported consistently. Manual learning might also
be predicted to be susceptible to parietal stimulation on the
grounds that changes in ipsilateral M1 are associated with TMS
over the PPC (Koch et al., 2007). Nonetheless, our enhanced
direct and indirect test protocol revealed comparable manual
learning between the ¢cTBS AG and control conditions. Hence,
the contribution of the right AG to sequence learning per se did
not operate independently of response mode. Previous investiga-
tions have similarly reported a null effect of TMS over parietal
cortex on manual sequence learning (Robertson et al., 2001), and
intact learning on the manual SRT task has been reported in
patients with lesions involving the right parietal lobe (Berryhill et
al., 2008).

Activation within the right IPL on the manual SRT task thus
appears to be a consequence of more generalized processes in-
volving the covert allocation and redirection of attention rather
than sequence learning per se. Interestingly, deficits in spatiotem-
poral organization on tasks involving the predictive remapping of
sequential movements occur in patients with ideomotor limb
apraxia resulting from lesions within the left parietal cortex
(Harrington and Haaland, 1992; Rushworth et al., 1997). Al-
though activation within left inferior parietal cortex during
the manual SRT task is associated with changes in perfor-
mance rather than sequence learning per se (Willingham et al.,
2002), disruption of the left parietal lobe contribution to mo-
tor attention might influence manual sequence learning
(Rushworth et al., 2001). In particular, activation within the left
supramarginal gyrus is associated with the covert preparation of
movements, which, in the manual SRT task, is likely to be related to
constant redirections of motor attention (Rushworth et al., 2003).

Commonalities and differences between motor and
perceptual sequence learning

Comparable training parameters were implemented across the
manual and perceptual SRT tasks, but differences along dimen-
sions such as stimulus—response (S-R) compatibility are likely to
influence learning. Lower relative S-R compatibility in the manual—
attributable to greater response selection demands (Sternberg,
1969)—relative to the perceptual SRT task is likely to facilitate
sequence learning (Koch and Hoffman, 2000). Sensitivity to
changes in S-R compatibility has been observed within the PPC,
including the IPL, left SMA, premotor cortex, and anterior cin-
gulate cortex (Nee et al., 2007). It will be important to explore
whether there are any differences between manual and perceptual
learning in the effect of cTBS on the superior parietal cortex
because this area, along with the PMd and dorsal prefrontal cor-
tex, mediates spatial response selection (Dassonville et al., 2001;
Jiang and Kanwisher, 2003; Schumacher et al., 2007) and the
formation of spatial cue-to-response associations (Wise et al.,
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1997) and is consistently activated on the manual SRT task
(Grafton et al., 2002; Olson et al., 2006).

Conclusion

The present results point to a functional-temporal dissociation
between M1 and AG during manual sequence learning that had
direct implications for the conscious accessibility of sequence
knowledge. Training of covert attention to spatial locations led to
probabilistic sequence learning, which was dependent on intact
function within the IPL. Differences between the manual and per-
ceptual SRT tasks along dimensions such as response-to-stimulus
learning and integrated spatial/stimulus—response-based informa-
tion were sufficient to modulate the contributions of M1 and AG to
sequence learning. We conclude that the AG had a critical role in
perceptual sequence learning and disruption of the AG did not affect
the conscious expression of sequence knowledge in manual se-
quence learning, whereas M1 had a causal role in developing
experience-dependent functional attributes relevant to conscious se-
quence knowledge on manual but not perceptual sequence learning.
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