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Abstract

The neural systems that govern declarative and procedural memory processing do not always operate inde-
pendently. Direct evidence of competition between these two memory systems in humans is supported by
studies showing that performing a declarative learning task immediately after motor skill learning can disrupt
procedural memory and abolish the off-line gains in skill performance obtained during consolidation. The aim
of the present study was to extend recent investigations demonstrating that the exposure to a brief bout of
cardiovascular exercise can protect procedural memory by enhancing postpractice consolidation. We used an
experimental paradigm designed to assess whether exercise can also protect procedural memory consolida-
tion from interference induced with declarative learning. The implicit acquisition of a serial reaction time task
(SRTT) was tested after a 6-h waked-filled period. Participants who were exposed to a non-learning vowel
counting (VC) task following the practice of the SRTT exhibited successful procedural memory consolidation
and significant off-line gains in skill performance. Confirming that declarative memory processes can interfere
with procedural memory consolidation, off-line gains in motor skill performance were suppressed when the
performance of the VC task was replaced with a word list (WL) task requiring declarative learning. Performing
a bout of cardiovascular exercise after the SRTT protected the newly formed procedural memory from the in-
terference produced by the WL task. Protection was evidenced by a return of significant off-line gains in skill
performance after the waked-filled period. Exercise optimizes the utilization of neural resources reducing inter-
ference between procedural and declarative memory systems.
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Our memory system is extremely selective and imposes a “bottleneck” limiting the capacity to process multiple
memories simultaneously. Competition between memories occurs between memories of the same memory
system and between memories relying on different memory systems. This study demonstrates that cardiovas-
cular exercise can protect a procedural memory from interference induced by declarative learning. We show
that a bout of exercise between the practice of a motor skill acquired implicitly and declarative learning protects
the newly formed procedural memory from declarative interference, promoting off-line gains in skill perform-
ance after a period without sleep. Our findings suggest that exercise optimizes the use of neural resources dur-
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Introduction

Cardiovascular exercise can be used as a simple and
affordable intervention for improving different types of
learning and memory (Roig et al., 2013). For procedural
learning, a robust long-term benefit is associated with just
a single session of exercise (Roig et al., 2012). When
performed shortly after practice, cardiovascular exercise
facilitates procedural learning by improving memory con-
solidation (Roig et al., 2016). As such, several investiga-
tions have demonstrated that a single bout of exercise
performed in close temporal proximity to motor skill prac-
tice enhances the long-term retention of the motor skill
(Roig et al., 2012; Mang et al., 2014; Skriver et al., 2014;
Thomas et al., 2016a,b). Depending on the motor task
used, exercise-induced enhancements in procedural
memory during consolidation manifest either as a preser-
vation of the motor skill (i.e., stabilization) or as an in-
crease in skill performance despite no additional motor
practice (i.e., off-line gain; Robertson et al., 2004). Such
enhancements in procedural memory consolidation occur
after a period of sleep (Roig et al., 2012; Mang et al.,
2014; Rhee et al., 2016; Thomas et al., 2016a,b,c) and
after a wake period (Ostadan et al., 2016; Stavrinos and
Coxon, 2017).

Acute cardiovascular exercise can also protect proce-
dural memory from behavioral-induced interference dur-
ing consolidation. Rhee et al. (2016) inserted 20 min of
vigorous cardiovascular exercise (Garber et al., 2011) be-
tween the practice of a target motor sequence and addi-
tional practice with a novel interfering motor sequence
performed 2 h later. Despite exposure to interference, a
small off-line improvement was observed 24 h later for in-
dividuals who exercised compared with those who did
not. Jo et al. (2019) expanded this work using a 6-h reten-
tion interval that did not include sleep and found similar pro-
tection for a novel procedural memory from interference
through exercise (also see Lauber et al., 2017). However, all
these studies used primary and secondary (i.e., interfering)
motor tasks with overlapping internal models that competed
for the same neural resources during memory processing
(Zach et al., 2012). Whether acute exercise protects proce-
dural memory from the interfering effects of tasks originating
from other non-overlapping memory system (e.g., declara-
tive system) is currently unknown.

Memory interference may be influenced by a competi-
tive interaction that can occur between different memory
systems (Albouy et al., 2008). For example, Brown and
Robertson demonstrated that performing a declarative
learning task immediately after motor skill learning can
disrupt procedural memory and abolish off-line gains
in skill performance during a period of consolidation with-
out sleep (Brown and Robertson, 2007a). Identifying

M.R. was supported by Fonds de La Recherche de Québec Santé (FRQS;
Salary Award Junior ).

Correspondence should be addressed to Jing Chen at jchen@tamut.edu.

https://doi.org/10.1523/ENEURO.0070-20.2020
Copyright © 2020 Chen et al.
This is an open-access article distributed under the terms of the Creative
Commons Attribution 4.0 International license, which permits unrestricted use,
distribution and reproduction in any medium provided that the original work is
properly attributed.

July/August 2020, 7(4) ENEURO.0070-20.2020

Research Article: New Research 20of9
strategies to reduce interference between different memory
systems is relevant because our brain is continuously chal-
lenged to process different types of memories seldom
acquired in isolation. To evaluate whether exercise contrib-
utes to a brain state that optimizes the interaction between
different memory systems, the present work attempted to
replicate the interference from declarative learning on proce-
dural consolidation (Brown and Robertson, 2007a) while
also testing whether the inclusion of exercise could mitigate
such interference. Specifically, we sought to determine the
efficacy of an acute bout of cardiovascular exercise for facili-
tating procedural consolidation over a wake interval despite
experiencing interference from supplemental declarative
learning. A novel prediction was that exposure to cardiovas-
cular exercise would nullify the interfering impact of declara-
tive learning on procedural memory consolidation allowing
off-line gains to occur across a 6-h wake-filled period.

Individuals learned an implicit version of a serial reac-
tion time task (SRTT), which elicits off-line gains in motor
skill performance after wake (Brown and Robertson,
2007a). One hour after the practice of the SRTT, partici-
pants performed either a declarative learning task de-
signed to induce interference or a control vowel counting
(VC) task, which did not require declarative learning. An
additional experimental condition involved the insertion of
a 20-min bout of cardiovascular exercise before the de-
clarative learning task, which as in the previous two con-
ditions, was also performed 1 h after the SRTT. The
extent of procedural memory consolidation was inferred
from the change in motor skill performance at the conclu-
sion of training and the retention test administered after a
wake-filled 6-h interval (Jo et al., 2019). It was expected
that while an off-line gain for the SRTT would occur for in-
dividuals that experienced the control VC task, this gain
would be abolished when a declarative learning word list
(WL) task was included (Brown and Robertson, 2007a).
Adding an acute bout of exercise after practice of the
SRTT but before declarative learning was predicted to
protect procedural memory, leading to off-line gains from
consolidation across a wake interval to the level observed
for the individuals exposed to the VC task.

Materials and Methods

Participants

A total of 112 undergraduate right-handed students
with no neurologic or psychiatric condition and with no
contraindications to exercise were recruited. All partici-
pants gave informed consent to take part in the experi-
ments. At the end of the study, 40 participants were
excluded from the analysis as a result of being able to re-
call, in a postexperiment verbal recall test (VRT), more
than four elements in the 12-item sequence of the implicit
version of the SRTT used in the study (see full description
provided in following section, procedural learning). This
requirement is applied to ensure that participants acquire
this version of the SRTT implicitly, thus minimizing the in-
volvement of declarative learning as much as possible
(Willingham and Goedert-Eschmann, 1999). Satisfying
this requirement was especially important in this study,
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Figure 1. Three experimental conditions (WL, VC, and WL+EXE) were included. All participants practiced the SRTT (procedural
skill), and skill was determined before (TB0) and at the conclusion of this bout of practice (TB1). Individuals in the WL condition then
performed a WL recall task (declarative learning), which was subsequently tested 10 min after several repetition of the WL (WL1). A
different set of individuals performed a vocal counting activity after practice of the SRTT (VC condition). This condition serves as a
control. VC has been argued to engage the declarative system but does not involve learning. A final set of participants followed the
same protocol as the WL condition with the addition of a bout of cardiovascular exercise immediately after practice with the SRTT
but before exposure to the WL (WL+EXE condition). All participants completed an additional TB (TB2) with the SRTT 6 h after the
initial training was completed as well as a VRT of the SRTT. For the individuals assigned to the WL and WL+EXE conditions, this

was followed by a final WL recall (WL2).

where interference between procedural (i.e., non-declara-
tive) and declarative memory processes was investigated.
Importantly, the proportion of participants finally excluded
(86%) was similar to what has been reported in previous
studies (Brown and Robertson, 2007a). Data from 72 par-
ticipants including 21 males and 51 females were in-
cluded in the final analysis.

Experimental design

The timeline for all phases of the experiment are pro-
vided in Figure 1. All participants were first exposed to
motor practice with the SRTT. One hour after practice
participants were randomly assigned to conditions that
incorporated either a declarative learning activity that in-
volved a WL task or an alternative non-learning control
verbal task that involved VC. A third group of participants
were assigned to the WL and exercise (WL+EXE) condi-
tion. In this condition, participants also performed the WL
task 1 h after practicing the SRTT, but they experienced
an acute bout of cardiovascular exercise immediately
after motor practice was completed and before declara-
tive learning. The purpose of introducing exercise at this
point was to enhance the consolidation of procedural
memory and determine whether exercise protects this
memory from the interfering effects derived from declara-
tive learning. Participants in all experimental conditions
(WL, VC, WL+EXE) completed a test of the SRTT to as-
sess motor skill retention 6 h after motor practice.
Moreover, participants in conditions WL and WL+EXE
completed a retention test of the WL task 6 h after having
performed the declarative learning task.

Procedural learning

A SRTT previously used to study implicit procedural
learning was used (Robertson, 2007). Participants were
comfortably seated in front of a computer screen. A solid
circular visual cue appeared at any one of four possible
positions organized horizontally in the lower third of the
computer screen. The left most visual cue was labeled
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“1,” whereas the right most was labeled “4.” Each of the
four horizontal positions corresponded to one of the four
spatially compatible keys on a computer keypad on which
the fingers of the participant’s right hand rested. When a cir-
cular cue was illuminated, participants were instructed to
press the corresponding key on the keyboard as accurately
and quickly as possible. The visual cue remained illuminated
until the correct key was pressed. Having pressed the cor-
rect key, the cue on the screen disappeared and it was re-
placed by the next cue after a delay of 250 ms. The 12 visual
cues for the SRTT presented on the computer screen fol-
lowed the following order: 2-3-1-4-3-2-4-1-3-4-2-1.
Importantly, the SRTT was explained to participants as a
test of reaction time and, to minimize declarative knowledge
of the sequence, they were not made aware of the existence
of any repeating pattern.

Performance of the SRTT began with test block (TB)0,
which involved 15 repetitions of the 12-item sequence
(i.e., 180 trials). Data from TBO was used to determine skill
level at baseline. TBO was followed by a longer period of
practice that was made up of 25 repetitions (i.e., 300 tri-
als). This period of practice was followed by TB1, which
also included 15 repetitions of the repeated sequence
(i.e., 180 trials). Data from TB1 was used to determine skill
level post practice (skill 1). TB2 of the SRTT, that again
consisted of a single block with 15 repetitions (i.e., 180 tri-
als) of the repeated sequence, was performed 6 h after ini-
tial practice to assess skill retention (skill 2). Importantly,
50 random trials preceded and followed the blocks of tri-
als with the repeating 12-item sequence. A VRT to assess
each individuals’ explicit knowledge of the SRTT was per-
formed after TB2. As previously stated, data of partici-
pants who reported knowledge of the correct ordinal
position of more than four items in the 12-item sequence
were removed from the analyses (Willingham and
Goedert-Eschmann, 1999).

Declarative learning
A WL task previously used and described as involving
declarative learning was used (Brown and Robertson,
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2007a,b). For this task, a word,selected from a predeter-
mined set of 16 words drawn from the California verbal
learning test, was presented on a computer monitor for 2
s. After the 2-s presentation of the initial word, a new
word from the set was then presented. This presentation
scheme continued until 16 words that constituted the
learning list had been viewed by the participant. Once all
16 words had been viewed, participants were asked to re-
call, in any order, as many of the words from those just
presented in the previous list. When this recall test was
completed, the same 16 words were presented to the par-
ticipant an additional four times, for a total of five presen-
tations of the list, with the words being presented in the
same order each time and recall being requested follow-
ing each viewing of the complete set of 16 words. Ten mi-
nutes and 6 h after the fifth presentation of the WL, each
individual was asked to complete immediate (WL1) and
delayed free recall tests (WL2) of the WL, respectively.

Vowel counting task (VC)

A VC task was used as the control condition for the de-
clarative learning task. While this task engages the declar-
ative system, it does not entail learning (Brown and
Robertson, 2007a,b). Participants were shown a list of 16
nonsense letter strings, varying in length from three to 12
letters. The goal of the task was to count and then state
the number of different vowels within a string. Each string
was presented on the computer monitor for 2 s and, like
the WL, involved a new letter string being presented until
16 nonsense letter strings had been viewed. Consistent
with the protocol for the WL condition, each participant
was exposed to five presentations of the list of 16 non-
sense letter strings, completed the counting task, and ar-
ticulated the vowel count after each trial. After the
presentation of the fifth set was complete, a 10-min inter-
val was allowed before the 16 nonsense letter strings
were again presented followed by an assessment of the
number of different vowels within each string. Any single
nonsense letter string was not repeated.

Exercise intervention
One experimental condition included in the experiment
(WL+EXE) required participants to perform an acute bout
of cardiovascular exercise between the practice of the
SRTT (i.e., procedural learning) and the WL task (i.e., de-
clarative learning; Fig. 1). Before any participation in the
experiment, resting heart rate (RHR) was obtained from all
participants using a HR monitor (Polar, EDC). To control
for different fitness levels, the intensity of the acute exer-
cise bout used during the experiment before completing
the declarative learning activity was individually tailored
using each participant’s HR reserve (HRR) calculated as:
HRR = (HRage—predictedmax - RHR)a

where
HRagefpredictlineed max = 208 — (07 X age) (Tanaka etal, 2001)

Participants assigned to the exercise condition
(WL+EXE) began with a 3-min warm-up at 60% HRR
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(HRR x 0.6 + RHR) on a bicycle ergometer. This was fol-
lowed by 20 min of exercise at 80% HRR (HRR x
0.8 + RHR). This exercise intensity is categorized as vig-
orous according to American College of Sports Medicine
guidelines (Garber et al., 2011). During the entire exercise
bout, participants maintained a cadence of 75rpm, and
the resistance of the ergometer was adjusted individually
to meet the target HRR. After the completion of the exer-
cise bout, all individuals cycled at 0 W for an additional 3-
min cool-down period.

Statistical analysis

Response time in the SRTT was defined as the time from
the stimulus to pressing the appropriate key associated
with the visual cue. Only the response times for correct re-
sponses were included in the analysis. Furthermore, any re-
sponse time longer than 2.7 SDs from a participant’s mean
was removed, as was any response time exceeding 3 s
(Brown et al., 2009). Skill for all TBs was determined by sub-
tracting the average response time of the final 50 sequential
trials in the block from the average response time of the
50 random trials that followed that block (Brown and
Robertson, 2007a). As noted earlier, skill 1 was calculated
from TB1 to determine skill at the conclusion of practice,
while skill 2 was calculated from the TB2 to assess skill re-
tention (Fig. 1). The difference (A) between skill 1 and skill 2
reflected the extent of procedural consolidation (i.e., off-line
gains in skill performance) over the 6-h wake-filled period.

The extent of consolidation for each experimental con-
dition (WL, VC, WL+EXE) was evaluated using a mixed-
model ANOVA and targeted follow-up contrasts. A
mixed-model ANOVA including the recall for the immedi-
ate and delayed (6 h) tests was also used to assess differ-
ences in declarative learning between WL and WL+EXE.
Pearson’s correlations between the immediate test of the
WL task and the difference between skill 1 and skill 2 in
conditions WL and WL+EXE were used to explore inter-
actions between declarative learning and procedural
memory. Furthermore, to confirm that there were no asso-
ciations between declarative learning and any residual ex-
plicit knowledge of the motor skill, a correlation analysis
between performance on the immediate recall test of the
WL task and the number of items in the SRTT sequence
recalled correctly was also performed (see Brown and
Robertson, 2007a).

Results

The interfering effects of declarative learning on
procedural memory consolidation

Individuals assigned to the three experimental condi-
tions (VC, WL, WL+EXE) did not differ as a function
of age (F269=0.85, p=0.43, n2 = 0.02), body mass
index (Fz,69=2.53, p = 0.09, 2 = 0.07), and resting HR
(Fi2,69)=0.53, p=0.59, n,f = 0.02; Table 1). Skill for each
individual was submitted to a 3 (condition: VC, WL,
WL+EXE) x 2 (TB: TB1, TB2) ANOVA with repeated
measures on the last factor. This analysis revealed a sig-
nificant main effect of TB, F(; g9)=32.67, p <0.01, 0] =
0.32. Interpretation of the TB main effect was superseded
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Table 1: Characteristics of participants included in the study

N Male Female Age (years; SEM) BMI (kg/m?; SEM) RHR (bpm; SEM)
VC 24 3 21 19.7 (0.3) 21.6(0.4) 72.8 (1.0)
WL 23 9 14 20.2 (0.3) 23.3(0.7) 71.2(2.2)
W + EXE 25 9 16 20.3 (0.4) 22.8(0.5) 70.8(1.2)
Total 72 21 51 20.1 (0.20) 22.60 (0.31) 71.60 (0.86)

Number of male and females, mean age, body mass index (BMI), and resting HR (RHR) as a function of the VC, WL, and WL+EXE conditions. Data are reported
as means and SEM.

by a S|gn|f|cant condition x TB interaction, Fp g9)=13.42, =6 ms; WL+EXE: M=41 ms, SEM =8 ms). Targeted fol-
p <0.01, 77p = 0.28 (Fig. 2). Skill did not differ as a func-  low-up contrasts revealed a significant off-line gain be-
tion of condition at TB1, F, ggy=2.09; p > 0.05, np =0.06 tween TB1 and TB2 when procedural learning was
(VC: Mean (M) =44 ms, SEM 7 ms; WL: M=58 ms, SEM  followed by VC, which did not involve declarative learning,
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Figure 2. Mean response time (A) was calculated for the last 50 sequence trials (square symbol) and the 50 random trials (circle
symbol) that occurred at the conclusion of practice of the SRTT (TB1) and again 6 h later for TB2 for individual assigned to each of
the three experimental conditions (VC, WL, WL+EXE). Skill was determined as the difference between mean response time for the
sequence and random trials at TB1 and again for TB2 (B). The difference in skill (A skill) between TB1 and TB2 reflects procedural
consolidation and is presented for the VC, WL, and WL+EXE conditions (C). A larger score in this figure reflects greater procedural
consolidation. These data indicate that participants in the VC and WL+EXE conditions revealed significant procedural consolidation
across the 6-h wake period, which was not the case for the individuals assigned to the WL group.
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tp3=4.39, p<0.001 (TB1: M=44 ms, SEM =7ms; TB2:
M=70ms, SEM =7 ms). Off-line gain was eliminated when
participants experienced declarative learning following
procedural skill acquisition, t,2=0.93, p=0.36 (TB1:
M=58ms, SEM = 6ms; TB2: M=53 ms, SEM =6ms).
Importantly, despite engaging in declarative learning, indi-
viduals exposed to a short bout of cardiovascular exercise
after procedural learning but before exposure to the WL, re-
vealed an off-line improvement, 3 =6.39, p <0.001 (TB1:
M=41ms, SEM =8 ms; TB2: M=74 ms, SEM =8 ms). To
verify that off-line gain after exercise was larger than off-line
gain without exercise, an independent samples t test com-
paring differences in skill scores between TB1 and TB2 be-
tween WL+EXE and WL was performed. As expected,
WL+EXE revealed significantly larger off-line gain compared
with WL, fue) = 5.14, p <0.001 (WL+EX: M=33 ms, SEM
=5ms; WL: M = —5ms, SEM =5 ms; Fig. 2C).

These results confirmed that the introduction of a de-
clarative learning task after the practice of the SRTT inter-
fered with the consolidation of procedural memory,
suppressing off-line gains in skill (Brown and Robertson,
2007a). More importantly, the results showed, for the first
time, that the performance of a single bout of vigorous
cardiovascular exercise after practicing the SRTT pro-
tects procedural memory, mitigating the interfering effects
of introducing a declarative learning and returning off-line
gains in skill after the consolidation period.

The relationship between declarative learning and
procedural memory consolidation

To assess differences in declarative learning between
participants in the WL and WL+EXE, word recall for the
immediate and delayed tests for each individual that
underwent declarative learning was submitted to a 2 (con-
dition: WL, WL+EXE) x 2 (recall test: immediate, delayed)
ANOVA with repeated measures on the last factor. This
analysis revealed a significant main effect of test,
F1.46)=16.74, p <0.01, 72 = 0.28. This main effect was a
result of poorer recall during the delayed test (WL:
M =14.22 words, SEM = 0.38 words; WL+EXE: M = 14.36
words, SEM =0.36 words) compared with that observed
during the immediate test (WL: M=14.87 words,
SEM =0.34 words; WL+EXE: M=15 words, SEM=0.33
words) for both conditions. However, mean word recall
was similar across conditions and there was no significant
main effect of condition, F(1 46=0.08, p=0.77, npz =0.01,
and condition x recall test interaction, F ¢ =0.01,
p=0.97, n,f = 0.01. Taken together, these results show
that there were no differences in declarative learning be-
tween WL and WL+EXE and thus that performing exer-
cise before the WL task did not have any significant
influence on WL retention (i.e., declarative learning).

On the basis of findings from Brown and Robertson
(Brown and Robertson, 2007a), it was expected that the
extent of an individual’s declarative learning would have a
direct interfering effect on procedural memory consolida-
tion. In other words, we hypothesized that greater WL recall
would lead to smaller off-line gains in skill performance dur-
ing consolidation in participants in conditions WL and
WL-+EXE. To evaluate this prediction, the WL recall from the
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immediate test for each individual in the WL and WL+EXE
conditions was correlated with A skill (i.e., off-line gain) ex-
hibited between TB1 and TB2. This assessment failed to re-
veal a significant relationship between declarative learning
and off-line gains in skill performance when separate analy-
ses were conducted for the WL (12 = 0.007, F=0.08,
p=0.79), and the WL+EXE ( = 0.04, F=0.39, p=0.54)
conditions. Moreover, combining data from the WL and
WL+ EXE conditions still failed to reveal a significant associ-
ation between the magnitude of declarative learning and
procedural consolidation (* = 0.01, F=0.20, p = 0.66).

The relationship between declarative learning and
explicit knowledge of the motor skill

A three (condition: VC, WL, WL+EXE) one-way be-
tween-subject ANOVA was conducted on the degree of
explicit knowledge for the SRTT. As expected, given par-
ticipants who were able to recall more than four elements
in the 12-item sequence of the SRTT were excluded, this
analysis failed to reveal a significant main effect of condi-
tion, F34=0.11,p=0.90, 77p2 =0.01. Specifically, explicit
knowledge of the ordinal structure of the SRTT was simi-
lar for individuals assigned to the WL (M=2.5 elements,
SEM =0.3 elements), VC (M =2.3 elements, SEM =0.3 el-
ements), and the WL +EXE (M =2.2 elements, SEM =0.4
elements) conditions. Moreover, the participants’ level of
declarative learning (i.e., number of words recalled during
the immediate test) did not dictate the extent of explicit
knowledge for the practiced SRTT exhibited by individu-
als in the WL (* = 0.01, F=0.74, p = 0.41) or the WL+EXE
(? = 0.04, F = 2.51, p=0.14) conditions. These data indi-
cate that there was no relationship between the declara-
tive learning that occurred as a result of the WL task and
thus that the amount of declarative learning did not influ-
ence the level of explicit knowledge of the ordinal struc-
ture of the SRTT.

Discussion

Exercise protects procedural memory consolidation
from declarative learning interference

Memory consolidation has been described as a time-de-
pendent process of strengthening memories typically ob-
served as memory stabilization or off-line enhancement
(McGaugh, 2000). Stabilization is most commonly described
as decreased susceptibility to interference (Krakauer and
Shadmehr, 2006). For example, memory for a newly ac-
quired motor skill is reduced when the initial training used to
encode this skill is followed by practice of another motor
skill performed in close temporal proximity (Robertson et al.,
2004). Increasing the time delay between the practice of the
primary motor skill and the secondary interfering motor skill
has been reported to reduce the amount of interference
(Brashers-Krug et al., 1996). Given the prevailing assump-
tion that declarative and procedural memory systems are
fundamentally distinct (Squire and Zola, 1996), it is not sur-
prising that studies investigating the protective effect of ex-
ercise on interference have focused exclusively on the
declarative or procedural memory systems separately.
Acute cardiovascular exercise has shown to have an
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enhancing effect on procedural memory during consolida-
tion, reducing interference between motor skills acquired in
close temporal proximity (Rhee et al., 2016; Lauber et al.,
2017; Jo et al., 2019). The results of the present study dem-
onstrate, that acute exercise can also protect the consolida-
tion of procedural memory against the interfering effects of
an intervening bout of declarative learning.

Two important aspects need to be considered when inter-
preting this novel finding. First, participants in both WL and
WL-+EXE conditions exhibited similar word recall for the WL
task. This finding is crucial because it rules out the possibility
of any potential anterograde interference effect of exercise
on declarative memory, indicating that the protective effects
of exercise occur through a strengthening of the procedural
memory and, critically, not at the expense of exercise weak-
ening declarative memory. Rather than selectively improving
one type of memory over another, exercise appears to re-
duce the “bottleneck” imposed by the memory system
(Breton and Robertson, 2014) thus improving the capacity
to process both memories simultaneously. A second impor-
tant aspect to consider refers to the fact that the period of
consolidation examined during this study did not involve
sleep. Previous studies have shown that when sleep is al-
lowed, the interference effects from declarative learning on
procedural memory are reduced and off-line gains in the
performance of the SRTT can be obtained (Brown and
Robertson, 2007a). Future studies should determine
whether sleep supersedes exercise in protecting procedural
memory or, alternatively, whether sleep and exercise offer
unique contributions to memory consolidation (Mograss et
al., 2017), thus offering potentially greater protection against
the interfering effects of declarative learning.

In our study, the extent of the blockade on procedural
memory consolidation was not associated with participants’
declarative learning. Our correlation analyses failed to show
any significant association between off-line improvement in
skill performance and the magnitude of word recall in the
WL declarative task. It should be noted, however, that the
level of performance in the WL task in our study was uncom-
monly high. A closer analysis of the data showed that 92%
of the individuals from the WL and WL+EXE conditions
scored at least 15 of a possible 16 words correctly while in
previous studies only ~20% of participants achieved such
numbers (Brown and Robertson, 2007a). Thus, declarative
learning in the present study appears to have been consid-
erably greater and less variable across participants than
what has been reported previously. The non-significant cor-
relation between procedural and declarative learning may
have resulted from the large number of individuals exhibiting
a very high level of word recall. Furthermore, we did not find
associations between declarative learning and the number
of items identified in the SRTT. This association was not ex-
pected because we used a very stringent exclusion require-
ment to discard participants who relied excessively on the
declarative knowledge of the sequence to acquire the SRTT
(Willingham and Goedert-Eschmann, 1999). Moreover, as-
sociations between words recalled in the WL task and the
number of items identified in the SRTT have been reported
only when explicit versions of the SRTT have been used
(Brown and Robertson, 2007b).
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Potential mechanisms underlying the protective
effects of exercise on procedural memory

Acute cardiovascular exercise promotes a brain state
that could optimize memory consolidation processes
(Robertson and Takacs, 2017), making procedural memo-
ries more resistant to the effects of behavioral interfer-
ence. Studies exploring changes in brain state potentially
involved in the effects of acute exercise on procedural
learning have largely focused on cortico-motor networks
and, more specifically, on the primary motor cortex (M1;
Singh et al., 2016). There is evidence that acute exercise
increases cortico-spinal excitability (CSE; Singh and
Staines, 2015), a surrogate of long-term potentiation
(LTP)-like plasticity (Ziemann et al., 2004), which is essen-
tial for M1-dependent procedural learning (Rioult-Pedotti
et al., 2000). Maintaining CSE after practicing the SRTT
appears to be necessary for the development of off-line
gains in skill performance after a wakefulness period
(Tunovic et al., 2014). A single bout of cycling performed
after practicing the SRTT has been reported to increase
CSE assessed with transcranial magnetic stimulation (TMS)
applied on the M1 representational area of the hand that
performed the motor task (Ostadan et al., 2016). Increases
in CSE persisted for 2 h after motor practice and were posi-
tively correlated with skill retention assessed 8 h after motor
practice. Another study found that exercise reduced
GABA,-related inhibition in M1 (Stavrinos and Coxon,
2017). When the data of the exercise and control groups
were pooled together, GABA, disinhibition correlated with
skill retention assessed 5 h after practice. Both animal (Hess
et al., 1996) and human (Ziemann et al., 2001) studies show
that GABA disinhibition is needed for LTP induction in M1.
Taken together, the results of these studies suggest that
acute exercise can promote transient LTP-like plasticity
changes in cortico-motor networks which can facilitate the
creation of stronger procedural memories thus making them
less susceptible to interference.

Direct mechanistic evidence of the involvement of corti-
co-motor networks in the protective effects of exercise on
procedural memory has been provided by studies em-
ploying repetitive TMS (rTMS) protocols. rTMS can be
used to modulate cortico-motor network activity and thus
explore mechanisms underlying the consolidation of pro-
cedural memory (Censor and Cohen, 2011). When applied
on M1, low-frequency rTMS tends to cause an inhibitory
response, triggering reductions in CSE levels (Fitzgerald
et al., 2006). It has been suggested that suppressing CSE
after motor skill learning serves as a physiological signal
that prevents subsequent motor consolidation (Tunovic et
al., 2014). Muellbacher et al. (2002) were the first to apply
low frequency (1 Hz) rTMS over the M1 after practicing an
acceleration pinching task and showed that this inhibitory
protocol cancelled the retention of the motor skill and im-
paired additional skill acquisition. Using the same brain stim-
ulation paradigm, a recent study demonstrated that acute
exercise can protect procedural memory from rTMS-in-
duced interference (Beck et al., 2020). Participants practiced
a visuomotor accuracy task demanding precise and fast
pinch force control. Following motor practice, participants
either rested or exercised for 20 min before receiving either
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sham rTMS or 1-Hz rTMS targeting the hand area in M1.
Skill retention was evaluated 24 h following motor practice,
and motor memory consolidation was operationalized as
overnight changes in motor skill performance. Low fre-
quency rTMS resulted in off-line decrements in motor per-
formance compared with sham rTMS, but these effects
were counteracted by the preceding bout of cardiovascular
exercise. Since changes in CSE were not assessed, it is un-
clear whether the protective effects of exercise involved a
preservation of CSE (Ostadan et al., 2016) against the sup-
pressing effects of rTMS (Fitzgerald et al., 2006).

Given the crucial role of M1 on the consolidation of pro-
cedural memory (Robertson et al., 2005), the interest in
this area of the brain to explain the effects of acute exer-
cise on procedural memory is not surprising. However, it
is also possible that broader network changes (Sami et
al., 2014) resulting from the effects of acute exercise
(Rajab et al., 2014) could also contribute to the protective
effect against declarative learning induced interference
demonstrated in this study. Recent studies show that the
effects of acute exercise on the brain are extensive, en-
hancing the efficiency of functional activity and connectiv-
ity between remote cortical areas. For example, Dal Maso
et al. (2018) demonstrated that a single bout of cardiovas-
cular exercise performed immediately after motor skill
learning enhanced skill retention 24 h after motor practice.
The study used electroencephalography to show that
exercise decreased beta band event-related desynchroni-
zation and increased functional connectivity between
electrodes located over the sensorimotor areas of both
hemispheres during memory consolidation. Reductions in
event-related beta band desynchronization can be inter-
preted as an increased efficiency in usage of the neural
resources to consolidate procedural memory. This in-
creased efficiency could potentially liberate overlapping
neural resources, allow the simultaneous consolidation of
memories and thus reduce interference. Importantly, this
study showed that skill retention was positively correlated
with beta band event-related desynchronization, not only
in sensorimotor motor areas, but also in prefrontal areas
of the brain, including the dorso-lateral prefrontal cortex
(Yanagisawa et al., 2010). This finding is relevant because
acute exercise promotes transient increases in the activity
of this area of the brain, which has been proposed to act as
a gate, regulating the competitive interaction between pro-
cedural and declarative memories (Brown and Robertson,
2007a; Cohen and Robertson, 2011).

Summary

The present study shows that the introduction of a sin-
gle bout of exercise after practicing an implicit version of
the SRTT minimizes the interfering effect of subsequent
declarative learning so that procedural consolidation un-
folds unhindered across a wake interval. Similar to the ef-
fects of non-invasive brain stimulation, exercise appears
to have the capacity to reduce the bottleneck imposed
by the brain and allow the simultaneous consolidation of
procedural and declarative memories acquired in close
temporal succession. An important next step will be to
identify the specific neural substrates subserving the
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protective effects that exercise has shown to have on
procedural memory against declarative learning-induced
interference.
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