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A Shared Resource between Declarative Memory and Motor
Memory
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The neural systems that support motor adaptation in humans are thought to be distinct from those that support the declarative system.
Yet, during motor adaptation changes in motor commands are supported by a fast adaptive process that has important properties (rapid
learning, fast decay) that are usually associated with the declarative system. The fast process can be contrasted to a slow adaptive process
that also supports motor memory, but learns gradually and shows resistance to forgetting. Here we show that after people stop perform-
ing a motor task, the fast motor memory can be disrupted by a task that engages declarative memory, but the slow motor memory is
immune from this interference. Furthermore, we find that the fast/declarative component plays a major role in the consolidation of the
slow motor memory. Because of the competitive nature of declarative and nondeclarative memory during consolidation, impairment of
the fast/declarative component leads to improvements in the slow/nondeclarative component. Therefore, the fast process that supports
formation of motor memory is not only neurally distinct from the slow process, but it shares critical resources with the declarative

memory system.

Introduction

The motor system maintains the ability to perform accurate
movements because of an adaptive system that learns from
sensory prediction errors (Wallman and Fuchs, 1998; Noto
and Robinson, 2001; Mazzoni and Krakauer, 2006; Tseng et
al., 2007). Adaptation exhibits multiple timescales: during a
typical experiment in which a perturbation is imposed on sac-
cades (Ethier etal., 2008) or reaching movements (Smith et al.,
2006), changes in motor output are driven by a fast process
that learns strongly from error but produces a motor memory
that decays quickly, and a slow process that learns weakly from
error but produces a motor memory that shows little decay.
The idea that motor adaptation is supported by a fast and a
slow process accounts for a number of phenomena, including
the well studied phenomenon of rapid initial improvement in
performance, followed by slow, gradual improvements (Redding
and Wallace, 1996; Karni et al., 1998; Della-Maggiore and McIntosh,
2005; Anguera et al., 2010), spontaneous recovery of motor
memory (Chen-Harris et al., 2008), retention properties of
motor memory (Criscimagna-Hemminger and Shadmehr,
2008; Joiner and Smith, 2008), and interference between mo-
tor memories (Sing and Smith, 2010). An important question
is whether the neural bases of the fast and slow processes are
distinct (Medina et al., 2001) or a reflection of the multiple
timescales present in the synaptic plasticity of single neurons
(Fusi et al., 2007; Jirenhed et al., 2007).
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If the fast and slow processes are neurally distinct, then there
should exist certain inputs that interfere with one process but not
the other. Here, we focused on the fast process, as theory suggests
that this process is preferentially engaged when the motor system
encounters large errors. Such errors typically produce awareness
of the perturbation (Malfait and Ostry, 2004; Hwang et al., 2006),
and awareness can engage the declarative memory system.

Declarative memory is a memory of facts and events, and is
dependent on the medial temporal cortex (Cohen and Squire,
1980; Squire, 1992). It is curious that the properties of the hypo-
thetical fast process (rapid learning and fast forgetting) are also
those of the declarative memory system. In contrast, nondeclara-
tive memory refers to skill and habit learning, and depending on
the task, engages the cerebellum, striatum, and other structures.
If the fast process is dependent on the declarative system, then a
declarative task might interfere with the motor memory that has
been established by the fast process.

Materials and Methods

Fifty-four volunteers participated in five experiments (mean age = 26 =
4.3 years, 24 males). Experimental procedures were approved by the
Johns Hopkins University School of Medicine Institutional Review
Board and each participant signed a consent form.

The experiment was a standard single-target task in which subjects
held the handle of a robotic arm and made point-to-point reaching
movements (Shadmehr and Mussa-Ivaldi, 1994). The robot handle and
the participant’s hand were obscured by a horizontal screen and a cursor
was projected onto the screen to indicate the handle position. Each trial
began with the cursor at a center crosshair. Participants were instructed
to move the cursor to a target that was placed near the body midline at 10
cm from the origin. Following each trial, the robot brought the hand back
to the center.

On some trials, the movement was perturbed by one of two velocity-
dependent curl force fields, in which f = A% (field A) or f = Bx (field B),
where A = [0 13; —13 0] N - s/m, B = —A, and x reflects hand velocity.
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Participants were rewarded with an animated target explosion when the
movement duration was 0.5 = 0.07 s and the peak movement speed was
0.20-0.55 m/s.

On null trials, participants reached to the target unperturbed. On field
trials, participants reached to the target in the presence of one of the two
force fields. On error-clamp trials, participants reached to the target, but
the movement was constrained to a straight line to the target via a stiff
channel (spring coefficient = 2500 N/m; damping coefficient = 25N - s/m).
We recorded the force produced against the channel “wall.” Learning on
error-clamp trials was quantified by an adaptation index (AI), or the
force that subjects produced against the channel walls at peak velocity as
a percentage of the ideal force (i.e., the force that the robot would pro-
duce at the same hand velocity).

Interfering tasks. We considered two kinds of tasks, one that is thought
to engage declarative memory, and one that is thought to not require this
memory system. These tasks were modeled after work by Brown and
Robertson (2007a, 2007b). The tasks were designed to last 3 min each.

In the memory task, participants were shown 12 word pairs (i.e.,
“COMFORT-ATOM,” “LEGEND-BLANK”). Words were chosen from
the University of Western Australia Psycholinguistic database, so that all
words were of comparable frequency and familiarity ratings. Each pair
was shown for 3 s. Immediately after viewing the words, participants were
then shown one word from each pair and instructed to say the corre-
sponding word aloud. The test words were shown at a fixed pace of 3 s per
word. The study and test phases were then repeated with the same words.

In the nonmemory task, participants were shown strings of letters (i.e.,
“kdinedlr”). Each string was shown at a fixed pace of 3 s per string. The
participant was instructed to say aloud the number of vowels in the
string. There were 48 strings in total, shown in groups of 12 with 3 s
pauses between groups. No feedback was given for either task.

Experiment 1. In experiment 1 (see Fig. 2A), our aim was to interfere
with the motor memory that is produced by the fast process and measure
the effect of this interference during the subsequent spontaneous recov-
ery period. We considered a reaching paradigm in which a force field
perturbed the hand. After a long period of training in field A, subjects
were briefly exposed to field B. Subsequently, they stopped performing
the motor task and were presented with a 3 min task that engaged the
declarative memory system (“memory” group), a 3 min task that did not
require retaining material in declarative memory (“nonmemory”
group), or simply rested for 3 min (“no task” group). In theory, the long
period of training in field A results in a motor memory that is mainly due
to the slow process (see Fig. 1), and the brief exposure to field B results in
a motor memory that is mainly due to the fast process. Because the two
fields are in the opposite directions, the two memories will compete. If
the fast process shares resources with the declarative memory system,
then after motor training has stopped, a declarative memory task might
still interfere with the memory for field B. As a result, motor output
following the declarative task should actually be greater in the interfered
group because the declarative task removes the influence of the compet-
ing fast process.

Eighteen individuals were randomly assigned to three groups (six par-
ticipants per group). All subjects trained on a 192-trial null block in
which 1/8 of the trials were error clamp (pseudorandomly distributed
across the block), and the remaining trials were null trials. All partici-
pants then completed 384 field A trials (1/8 error clamp) and 20 field B
trials (0 error clamp). Subsequently, participants either completed the
memory task (memory group) or the nonmemory task (nonmemory
group), or underwent a 3 min rest (no-task group). Finally, all partici-
pants completed 192 error-clamp trials in a test block.

Experiment 2. Here, our aim was to disrupt the hypothetical fast motor
memory that is produced during the initial phase of adaptation to field B
(see Fig. 2B). To do so, we allowed a brief exposure to field B, then
administered the interfering task. Eighteen individuals were randomly
assigned to three groups. All participants first trained in a null block
(identical to experiment 1), followed by 20 field B trials (no error-clamp
trials were present during this brief training period). Subsequently, par-
ticipants either completed the memory task (memory group) or the non-
memory task (nonmemory group), or underwent a 3 min delay (no-task
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group). Finally, all participants completed 150 error-clamp trials in a test
block.

Experiment 3. If our hypothesis is correct, namely, that a declarative
memory task interferes with the motor memory produced by the fast
process, then the same task should have no effect on the memory pro-
duced by the slow process. Experiment 3 was designed to test this idea
(see Fig. 3). Here, interference conditions were applied after extended
training on field A, at which point the slow process drives motor output.
Twelve individuals were randomly assigned to two groups. All partici-
pants trained in a null block (identical to experiment 1), followed by 384
field A trials (1/8 error clamp). Subsequently, participants either com-
pleted the memory task (memory group) or underwent a 3 min delay
(none group). Finally, all participants completed 192 error-clamp trials
in a test block.

Experiment 4. To examine the interaction between the fast and slow
systems over time, participants in experiment 4 underwent the same
protocol as those in experiment 1, except that they completed the test
block 6 h after the cognitive tasks (see Fig. 4 A). If the results of Brown and
Robertson (2007a) apply to reaching adaption, impairment of the declar-
ative component of the task would benefit the nondeclarative compo-
nent, such that a group that experiences interference performs better at a
delayed test than the group that does not experience interference. Put
another way, impairment of the fast memory component might benefit
the consolidation process that alters the slow memory component.

Eighteen individuals were randomly assigned to three groups (six par-
ticipants per group). This experiment was identical to experiment 1,
except that there was a 6 h delay between the end of the 3 min delay and
the beginning of the test block.

Experiment 5. To determine whether the effects observed in Experi-
ment 4 were due to consolidation of field A or field B, we ran a control
study in which subjects only trained on field A. Twelve individuals were
randomly assigned to two groups (six participants per group). This ex-
periment was identical to experiment 3, except that there was a 6 h delay
between the end of the 3 min delay and the beginning of the test block.

Data analysis. Unless stated otherwise, mean metrics were compared
using Kruskal-Wallis test, a nonparametric mean rank test, due to the
relatively small sample size (Kruskal and Wallis, 1952). SAS PROC
MIXED (SAS Institute) was used to conduct repeated-measures analyses.

Results

Consider a simple adaptation task in which a long period of ad-
aptation is followed by brief period of deadaptation (i.e., a long
period of training in A is followed by training in B, as in Fig. 1 A).
Let us assume that there are two states that contribute to motor
output: a state that changes strongly due to error, but has poor
retention (the fast state), and a state that changes little due to
error, but has good retention (the slow state) (Smith et al., 2006).
According to this theory, the long period of adaptation results in
a motor output that is primarily supported by the slow process
(Fig. 1B). When the perturbation suddenly changes, the fast pro-
cess responds to the large errors, competing with the slow process
and returning the motor output to near baseline. If at this point
movements are executed without errors (i.e., “error-clamp” tri-
als), behavior exhibits “spontaneous recovery” (dashed black
line, Fig. 1 B), as the memory that was produced by the fast pro-
cess decays more rapidly than the memory produced by the
slow process (Smith et al., 2006; Criscimagna-Hemminger and
Shadmehr, 2008; Ethier et al., 2008). This pattern of behavior
affords an excellent opportunity to isolate the fast and slow com-
ponents. Because performance is the net output of fast and slow
memories of opposing fields, we can measure interference on the
fast system alone in this critical window. If we could somehow
interfere with the memory of the fast process (Fig. 1C), then only
the memory of the slow process can support motor output (red
line, Fig. 1C). Therefore, the theory predicts that disruption of the
fast memory will alter the pattern of spontaneous recovery, re-
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Figure 1. Model of fast and slow processes that support motor adaptation. 4, Participants

train onanull field, train formany trialsin field A, then train briefly in field B (an opposing field).
After performing an interfering task, participants complete error-clamp trials in which they
make movements without error. B, If there is no interference, the motor output exhibits “spon-
taneous recovery” (dashed black line). , Here, a declarative task occurs immediately after field
B training. The task may interfere with the fast component, thereby altering the patterns of
spontaneous recovery.

sulting in a greater adaptive response in the positive direction
(dashed black line, Fig. 1C). That is, interference with the fast
memory should strengthen the initial motor output, relative to
the no-interference case.

In all experiments, Als from the null block were analyzed by
creating 13 two-trial bins of the 26 error-clamp trials. Binned Als
were then subjected to repeated-measures analyses with group
and bin as predictors. These predictors failed to reach signifi-
cance in any of the five experiments. That is, performances in the
null blocks were indistinguishable among the various groups.

In experiments 1 and 2, our aim was to interfere with the
motor memory that was produced by the fast process. Our idea
was that the fast process may share resources with the declarative
memory system. As a result, a task that engaged the declarative
memory system should alter the patterns of spontaneous recov-
ery. For example, in experiment 1 (Fig. 2A), motor output fol-
lowing the declarative task should actually be greater in the
interfered group because the declarative task removes the influ-
ence of the competing fast process. In experiment 1, performance
was comparable among the three groups during field A, as deter-
mined by comparing mean Als of the last eight error-clamp trials
of training among the three groups, x(,,15 = 3.03, p = 0.22.
Performance was also comparable among the three groups dur-
ing the subsequent field B training. We compared the mean per-
pendicular displacement of the last eight trials of field B training,
and this analysis failed to indicate group differences, x(,,5) =
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0.57, p = 0.75. We conclude that the three groups performed
similarly in the A and B fields.

We next examined the error-clamp block to determine the
effect of the interfering tasks on spontaneous recovery. Note that
the no-task and nonmemory groups both exhibited spontaneous
recovery: the forces produced in the test phase were initially low,
but quickly rebounded (inset, Fig. 2A). The memory group did
not show this pattern. To formally analyze these data, we con-
ducted a repeated-measures analysis on the first 12 trials of the
test block. This analysis indicated an effect of group, F(, 195, =
6.62,p <0.01,and a group X trial interaction, F(, ;95) = 7.19, p <
0.01. Further, mean rank tests showed a group effect on the first
trial of the test block, X%Z,IS) = 7.89, p = 0.02, but not the 12th
block, X(5.15) = 2.01, p = 0.37. Upon examination of Figure 24, it
can be seen that this effect is driven by the initially higher perfor-
mance of the memory group, and the quick decrease in the dif-
ference between the memory group and the two control groups.
We next conducted planned contrasts on this early data from the
error-clamp block. The memory versus no-task contrast revealed
a main effect of group, F; 195y = 11.42, p < 0.01, as did the
memory versus nonmemory contrast, F; 95y = 8.16, p < 0.01.
However, the nonmemory versus no-task comparison showed no
difference, F(; 195y = 0.27, p = 0.60. In summary, a task that
engaged the declarative memory system disrupted the motor
memory that was acquired earlier by the fast process, as evi-
denced by the altered pattern of spontaneous recovery.

In experiment 2, our aim was to disrupt the fast motor mem-
ory that is produced during the short period of adaptation to field
B (Fig. 2 B). Performance of the three groups during field B train-
ing did not differ. A mean rank test of the mean maximum per-
pendicular displacement of the last 8 trials of training failed to
show a group effect, x(,15) = 1.55, p = 0.46. However, as can be
seen in Figure 2 B, the performances during the subsequent error-
clamp trials were quite different between the memory and the
nonmemory and no-task groups. The nonmemory and no-task
groups exhibited large, negative Als in initial error-clamp trials,
followed by a precipitous reduction in the magnitude of Als in
subsequent trials. The memory group, on the other hand, exhib-
ited stable Als of a similar magnitude as the nonmemory and
no-task groups’ asymptote. In other words, the motor output for
the nonmemory and no-task groups starts strong then decays
quickly, whereas the motor output for the memory group is poor
but stable. A mean rank test on the first trial of the test block reveals
agroup effect, x(, 15 = 6.45, p = 0.04. However, performance on the
12th trial did not differ by group, x(, 15 = 0.46, p = 0.98. Thus, the
groups initially perform differently, but performance subsequently
converged.

In sum, brief training on a force field task resulted in a motor
memory that decayed quickly, consistent with the theory that the
fast memory system supports initial learning. A posttraining de-
clarative task interfered with this memory. This interference was
specific to the declarative memory system, as an attention-
demanding cognitive task without a declarative memory compo-
nent did not yield such interference.

If the declarative memory task interferes with the motor
memory produced by the fast process, then the same task should
have no effect on the memory produced by the slow process. In
experiment 3 (Fig. 3), the groups did not differ during field A: a
Wilcoxon two-sample test failed to show a group difference in the
means of the last 8 trials, Z = 0.88, p = 0.38. We analyzed the
error-clamp test block and as predicted saw no difference be-
tween the group that had the memory task and the control group:
another Wilcoxon test on the first trial of test failed to show a
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Figure 2.

A, Experiment 1 experiment design (top) and performance (bottom). Participants train in a null block (no perturbation), followed by field A (positive perturbation), field B (negative

perturbation), and a test block (100% error-clamp trials). Inset shows the initial trials of the test block. The “nonmemory task” and “no task” groups exhibit spontaneous recovery, but the “memory
task” group does not. B, Experiment 2 design (top) and performance (bottom). Participants train in a null block (no perturbation), followed by field B (negative perturbation) and a test block (100%
error-clamp trials). The memory task disrupts the memory of field B. Vertical tick marks indicate error-clamp trials in the experiment design subfigure. Shaded regions of the data indicate SEM.

group difference, Z = 0.40, p = 0.69. In addition, a repeated-
measures analysis on the first 12 trails revealed a main effect of
trial, F, ;30) = 13.35, p < 0.01, but neither an effect of group,
F(1,130) = 0.30,p = 0.59, nor a group X trial interaction, F; ;59 =
2.41, p = 0.12. Thus, the declarative memory task had no effect
on performance when the motor memory was supported by the
slow system.

If both declarative and nondeclarative systems are active dur-
ing motor adaptation, how might the systems interact during the
subsequent consolidation period? Interestingly, recent data from
sequence learning literature suggests that declarative and non-
declarative systems may interact in the postacquisition period
(Brown and Robertson, 2007a, 2007b). The authors suggested
that impairment of the declarative component of the task im-
proved consolidation of the nondeclarative component. To ex-
trapolate to the adaptation framework, if the fast and slow
processes are supported by declarative and nondeclarative mem-
ory systems, respectively, then impairment of the motor memory
produced by the fast process should improve consolidation of the
motor memory produced by the slow process. Experiment 4 (Fig.
4 A) was designed to test this idea. The three groups did not differ
during field A: a mean rank test on the mean Als of the first eight
trials failed to reveal a group effect, x(,5) = 1.30, p = 0.52. Nor
did the groups differ in field B: a similar analysis on mean per-
pendicular displacement on the last eight trials also failed to
reveal a group effect, X%ug) = 0,85, p = 0.65. However, a
repeated-measures analysis on the first 12 trials of test reveals a
main effect of group, F(, 157y = 3.24, p < 0.04, indicating that Als

of memory group were lower than those of the two control
groups. The trial effect and trial X group interaction failed to
reach significance, F(, ;57) = 0.04, p = 0.84, and F, 155y = 0,17,
p < = 0.85, respectively. That is, performance of the memory
group at 6 h was lower than the other two groups.

There are two possible explanations for the group difference
observed in experiment 4: the memory group may have (1) a
greater memory for field B or (2) a weaker memory for field A,
relative to the control groups. To distinguish between these pos-
sibilities, in experiment 5 (Fig. 4 B) we recorded performance of
participants who trained on field A only. Again, groups did not
differ in training, x(, 5, = 2.01, p = 0.15. Also, as can be seen in
Figure 4B, performance did not differ between the memory
group and the control group. This observation is borne out in
repeated-measures analysis of the first 12 trials of test, which
revealed a main effect of trial, F; ;50, = 4.22, p = 0.04, but neither
a main effect of group or a group X trial interaction, F(, ,59, =
0.17,p = 0.68,and F, |50y = 1.40, p = 0.24, respectively. Thus, we
conclude that the differences in consolidation patterns of field B
memory accounts for the effect observed in experiment 4. Im-
pairment of the fast process for B benefits the memory for B after
a delay.

Comparison of experiments 1 and 4 highlight an interesting
dissociation: following a task that engages the declarative mem-
ory system, the memory for field B is impaired in an immediate
test, but improved in a delayed test. How can the motor memory
for field B strengthen after a delay, whereas it is impaired by the
declarative task on an immediate test? We must assume that there
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was some degree of slow process during the 20 trials of field B
training. This is clearly seen in experiment 2: even after 20 trials,
the resulting memory has a component that does not decay away.
In fact, Joiner and Smith (2008) demonstrated that the slow pro-
cess can learn from as few as 11 trials in this type of task. If
interference of the declarative system improves consolidation of
the nondeclarative memory, as in the case of explicit sequence
learning (Brown and Robertson, 2007a, 2007b), we would predict
that interference with the fast motor memory would improve
consolidation of the slow motor memory. Indeed, interference
with the fast component of the memory for field B initially im-
pedes recall for this field, but benefits consolidation of the slow
component of the B memory. This process results in a superior
slow memory for field B after a 6 h delay, relative to a condition in
which no interference occurred.

Discussion

Behavioral changes in a variety of motor tasks, including arm
movements and eye movements, suggest that acquisition of mo-
tor memory is due to a fast process that is strongly sensitive to
performance errors but produces memories that decay quickly,
and a slow process that is weakly affected by performance errors
but produces memories that show little decay. These tasks have
been typically considered examples of nondeclarative learning
[e.g., amnesic individuals, including HM, learn and recall this
reaching task (Shadmehr et al., 1998)]. Here, we found that the
fast process shares critical resources with declarative memory:
engagement of a declarative memory task after completion of the
motor adaptation task produced retrograde interference with the
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memory produced by the fast process (experiments 1 and 2), but
not the slow process (experiment 3). Further, neither a compa-
rable time delay nor a control cognitive task interfered with the
fast memory (experiments 1 and 2). The current data also reveal
an interesting interaction between declarative and nondeclara-
tive systems in the postacquisition consolidation process (exper-
iments 4 and 5). Impairment of the fast/declarative component
enhanced the slow/nondeclarative component after a delay, im-
plying an inhibitory relationship between the two systems (at
least, in one direction). This finding echoes similar findings in
explicit sequence learning (Brown and Robertson, 2007a, 2007D).
The fact that two disparate motor skills show similar effects of
declarative memory on consolidation raises important questions
regarding the consolidation process.

In our experiment, a declarative task had aretrograde effect on
a previously acquired motor memory. Yet, the resulting frame-
work also accounts for experiments in which declarative tasks are
performed during motor adaptation. For example, we learn less
from sudden, large movement errors when that error is experi-
enced in conjunction with a competing declarative task (Taylor
and Thoroughman, 2007, 2008). Similarly, we are more sensitive
to trial-to-trial movement error (i.e., we learn more) under con-
ditions in which we can verbally describe the details of the per-
turbation (Hwang et al., 2006). In both cases, the state of the
declarative system may affect the ability of the fast process to lay
down motor memories.

Our results have implications regarding the neural basis of
the multiple timescales of motor memory. Cerebellar damage
produces robust impairments in reach adaptation (Smith and
Shadmehr, 2005; Rabe et al.,, 2009). There is evidence that
cerebellar-dependent learning involves more than one site of
plasticity, with a fast-like process associated with the cerebellar
cortex and a slow-like process associated with the cerebellar nu-
clei (Medina et al., 2001). However, the multiple timescales of
memory may also be due to the inherent timescales of plasticity
within single neurons (Fusi et al., 2007), possibly in the Purkinje
cells of the cerebellum (Jirenhed et al., 2007). Because we found
that the fast but not the slow process shares resources with de-
clarative memory, the multiple timescales of motor adaptation
are unlikely to arise from mechanisms of plasticity within single
neurons. Instead, our results are more in line with behavioral and
functional imaging results that have pointed out that in the early
part of training in a motor task, there are high-level strategic
(Redding and Wallace, 1996), attentional (Della-Maggiore and
MclIntosh, 2005), and working memory (Anguera et al., 2010)
processes that are not present in the later part of motor adapta-
tion. It is possible that these prefrontal regions are a part of a
cerebelloprefrontal network that forms the neuronal basis of the
fast but not the slow process that generates motor memory.

The possibility that the fast and slow processes have distinct
neural bases is consistent with two lines of evidence. First, train-
ing schedules that engage the fast process produce different gen-
eralization patterns than training patterns that primarily engage
the slow process. For example, when force fields perturb reaching
movements, sudden perturbations (engaging the fast process)
produce internal models that generalize to the untrained arm
(Criscimagna-Hemminger et al., 2003), whereas gradual pertur-
bations (engaging the slow process) have no such generalization
properties (Malfait and Ostry, 2004). Second, patients with se-
vere damage to the cerebellar cortex are profoundly impaired
when the perturbations are introduced suddenly, but show a la-
tent ability to adapt if the perturbations are introduced gradually
(Criscimagna-Hemminger et al., 2010). Gradual perturbations
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can lead to more robust generalization
when the trained arm is used in a different
context (e.g., reaching in free air after
reaching with a robot), whereas this gen-

A Experiment 4
1

Keisler and Shadmehr e Shared Resources of Memory

Perturbation
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eralization is smaller if the training is in
response to a sudden perturbation
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(Kluzik et al., 2008). Therefore, the fast |
process lays down a motor memory that is
effector independent (i.e., one that is not
tied to the body part used), and strongly
depends on the integrity of the cerebellar
cortex. In contrast, the slow process lays
down a motor memory that is effector de-
pendent, driven by the intrinsic coordi-
nates of error, likely in proprioceptive
coordinates. This view is consistent with
evidence that early in learning, motor
skills are non-effector-specific, but be-
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come increasingly effector-specific with
continued training (Japikse et al., 2003;
Bonzano et al., 2008). In fact, the effector- B
dependent learning may help explain the
consolidation results of experiments 4
and 5, as some theorize that motor skill
consolidation is specific to the coordinate
system in which learning was acquired

-0.2

Experiment 5

1

o

Perturbation

Error clamp trial

3 min (cog tasks)
6 hour delay

(Test) |

and involves interaction between coordi- —
nate systems (Cohen and Robertson,
2007). 1
Perhaps the most fundamental impli-
cation of our results is that people with
deficits in the declarative memory system
will likely show impairments in the fast
process that lays down motor memories,
and will therefore show specific impair-
ments in their ability to adapt to pertur-
bations. This may account for the fact that
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whereas performance of patient HM in
the force field paradigm exhibited strong
retention (a measure of the consolidation
of the slow process), the learning rate dur-
ing acquisition was much slower than
normal (a measure of acquisition due to
the fast process) (Shadmebhr et al., 1998).

The interaction between declarative
and nondeclarative memory might also
contribute to patterns of retention when
the motor perturbations are introduced gradually versus sud-
denly. Conscious awareness of the perturbation is typically
minimal when a perturbation is introduced incrementally, as
opposed to instantaneously. Because awareness is a significant
factor in the development of declarative memory, there may
be less declarative recruitment in the incremental case that, in
this framework, might account for superior retention after
gradual training (Klassen et al., 2005; Huang and Shadmehr,
2009). Multiple factors, such as error size and the rate at which
the perturbation is introduced, likely affect retention in tasks
such as these; however, the relationship between memory sys-
tems may be one factor in posttraining consolidation.

It is surprising that a verbal task would interfere with a motor
task with no overt verbal component, both in the current exper-
iments and previous experiments on sequence learning (Brown
and Robertson, 2007a, 2007b). Indeed, one would think that the

o

-0.2

150 250

Error clamp trial

Figure4. A, Experiment 4 design (top) and performance (bottom). Inset shows the initial trials of the test (error-clamp) block.
Participants train in a null block (no perturbation), followed by field A (positive perturbation), field B (negative perturbation),a6 h
delay, and then a test block (100% error-clamp trials). B, Experiment 5 design (top) and performance (bottom). Participants train
inanullblock (no perturbation), followed by field A (positive perturbation), a6 h delay, then a test block (100% error-clamp trials).
The memory task disrupts the memory of field B. Vertical tick marks indicate error-clamp trials in the experiment design subfigure.
Shaded regions indicate SEM.

declarative component here is spatial in nature, in that partici-
pants report that they learn which direction to push (this obser-
vation was not formally tested). In fact, a recent study showed
that spatial skill predicts performance on a visuomotor task
(Anguera et al., 2010). There is ample evidence that verbal and
spatial memories are encoded in different brain regions (Shallice
etal., 1994; Moscovitch et al., 1995; Heil et al., 1996); so, why does
interference occur? There are at least two possible explanations.
First, there may be a strong verbal component in the tasks as well
as the spatial component, which is interfered with by the verbal
task. This is consistent with the study by Mazzoni and Krakauer
(2006), wherein manipulation of an explicit strategy (which likely
has a verbal component) influenced performance. Another pos-
sibility is that while spatial and verbal memories are modular in
terms of encoding, interference can occur between modalities.
However, spatial and verbal working memory buffers do not ex-
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hibit such interference (Smith et al., 1996; Baddeley, 1999). Thus,
it is perhaps more likely that the verbal task administered here
interfered with a verbal representation of how to complete the
task. In other words, the task is not “process pure” (Jacoby, 1991):
though the task is primarily motoric, performance can be sup-
ported by nonmotor memory systems.

There are a number of limitations in our work. The present
data only present a single dissociation, as we demonstrated that a
declarative task interfered with a motor task. It is possible that the
memory task interfered with the ability of the fast system to be
expressed in error-clamp trials, without interfering with the
memory per se. In this scenario, we must also posit some shared
resource between the fast system and declarative memory in or-
der for the memory task to affect retrieval of the fast memory,
though the nature of the relationship between memory systems
may be more complicated than presented here. Future work will
reveal whether interference is bidirectional, and how the pattern
of interference may affect consolidation.

In summary, our data show that the declarative memory sys-
tem shares critical resources with the fast process of motor mem-
ory but not the slow process. Our results raise the possibility that
distinct neural bases support these two processes.
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