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There is debate as to whether a time-dependent transformation of the episodic-like memory network is observed for non-

episodic tasks, including procedural motor memory. To determine how motor memory networks reorganize with time and

practice, mice performed a motor task in a straight alley maze for 1 d (recent), 20 d of continuous training (continuous), or

testing 20 d after the original training (remote), and then regional c-Fos expression was assessed. Elevated hippocampal c-Fos

accompanied remote, but not continuous, motor task retrieval after 20 d, suggesting that the hippocampus remains

engaged for nonhabitual remote motor memory retrieval.

[Supplemental material is available for this article.]

Consolidation of episodic memories, or memories for unique
events, requires the hippocampus (Dudai et al. 2015; Sekeres
et al. 2018b). Motor memories are considered a form of nondeclar-
ativememory that do not require conscious recollection or the hip-
pocampus, although their retrieval potentially continues to engage
an intact hippocampus (Albouy et al. 2008). The development of a
new skill like riding a bike is viewed as a motor task, yet the initial
acquisition of that skill is linked to the unique experience of the
first bike riding event. Dissociating the episodic memory experi-
ence from the motor memory component of the event can be dif-
ficult. Despite not explicitly recalling the episodic components of
that unique first riding experience each time one gets on a bike,
the implicit motor memory supports the performance of the
task. Like the episodic memory for the event, the motor memory
for the task changes over time as it becomesmore familiar through
repeated performance. This transformed version of the motor
memory is accompanied by a reorganization of neural activity
(Dayan and Cohen 2011; Albouy et al. 2015; King et al. 2019). It
is also difficult to dissociate the effects of the distributed practice
of a motor task from the effects of time on memory consolidation.
Thus, time and practice are often confounded in studies of human
motor memory consolidation to date.

In rodents, common physiological changes have been ob-
served following cellular consolidation of episodic-like memories
andmotor memories, including dendritic spine growth in the dor-
sal hippocampus (Restivo et al. 2009) and primary motor cortex
(Xu et al. 2009; Hwang et al. 2022; Yang et al. 2022), respectively.
These observations suggest that episodic and motor memories un-
dergo common cellular consolidation processes. Large-scale sys-
tems consolidation and hippocampal–cortico reorganization of a
context fearmemorynetwork occur over the course of 2–4wk, after
only a single conditioning trial in the context (Frankland et al.
2004; Winocur et al. 2007; Goshen et al. 2011; Vetere et al. 2017,
2019; Sekeres et al. 2018a, 2020). Conversely, motor skills often

require repeated conditioning sessions to successfully acquire the
motor memory (Song 2009). With repetition, motor skills become
increasingly familiar and habitual and typically recruit the stria-
tum, a neural region known to be engaged during habitual learning
and behavior (Shadmehr and Holcomb 1997; Krakauer and
Shadmehr 2006; Albouy et al. 2015; Badreddine et al. 2022). The
prolonged process of systems consolidation and hippocampal–
cortico reorganization of episodic memory networks has been
well characterized in rodents (Winocur et al. 2007, 2009;
Wheeler et al. 2013; Cullen et al. 2015; Sekeres et al. 2018a,
2020; Vetere et al. 2019; Roy et al. 2022), but whether a similar pat-
tern of recollection network reorganization underlies prolonged
procedural motor memory consolidation remains unclear.

To identify the neural network dynamics as a novel motor
task becomes familiar over time, we assessed time-dependent and
experience-dependent changes in brain activation using immedi-
ate–early gene expression of c-Fos across the brain as amouse learns
a motor task over the course of 3 wk. We aimed to determine
whether motor memory undergoes a transformation from hippo-
campal dependency to greater dependency on other brain areas,
including the anterior cingulate cortex (aCC) and striatum, as
the memory for the experience becomes less unique and more fa-
miliar over time. If motor memory network reorganization follows
a pattern similar to that of episodic-like declarative memory net-
work reorganization, we predicted that the hippocampus would
continue to be engaged during both recent learning and remote
memory retrieval of themotor task in the original training context.
We also anticipated that the aCCwould bemore highly active dur-
ing the remote, relative to the recent, memory retrieval sessions
(Frankland et al. 2004). Additionally, by varying the age of the
memory (1 or 20 d) and the frequency of training (two training ses-
sions or 20 training sessions), we can dissociate the contributions
of time and practice on motor memory systems consolidation
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and network reorganization. If continuous practice renders the
motor memory relatively schematized (Richards et al. 2014; King
et al. 2019), we predicted a decline in hippocampal activity during
the performance of the continuousmotor task,whereaswepredict-
ed continued hippocampal engagement during remote memory
retrieval in the absence of continued exposure to the task and
context.

To identify motor learning and memory network activity, we
imaged c-Fos expression in the dorsal hippocampus (CA1 andDG),
aCC, striatum, and motor cortices (M1 and M2) following train-
ing on a motor task in a straight alley maze (SAM). Mice were
randomly assigned to one of four conditions: recent training
(1-d train, n=17), remote training (1-d train/18-d rest/1-d train,
n =16), continuous training (1- to 20-d train, n=16), or home
cage (HC) control (n =8). See Figure 1A for the study design sche-
matic. All procedures were approved by Baylor University’s
Institutional Care and Use Committee and conducted in accor-
dance with the National Institutes of Health’s Guide for the Care
and Use of Laboratory Animals.

The motor task required mice to learn to swim down the SAM
to reach a submerged escape platform. The SAM was housed in a
circular pool filled with opaque water, surrounded by a black cur-

tain (Fig. 1B). All training/test days consisted of five nonconsecu-
tive trials, where mice were placed at the end of the SAM
opposite the platform and given up to 60 sec to mount the plat-
form. If the mouse failed to mount the platform, it was guided
by the experimenter. At the end of each trial, the mouse was given
30 sec to rest atop the platform. Test trials were conducted identi-
cally to the training trials. Trials were recorded by an overhead vid-
eo camera and analyzed usingNoldus Ethovision software to assess
escape latency, distance, and speed. For the remote and continuous
groups, a learning index (LI) was calculated, where day 1 values
were subtracted from the day 20 values to generate a measure of
behavioral change over time (Badreddine et al. 2022). The HC con-
trol group was included to control for baseline expression of c-Fos,
a transcriptional regulator and marker of neuronal activity (Cruz
et al. 2015). These mice were maintained in their home cages
throughout the experiment and did not undergo behavioral
training.

Immediately following the final trial, mice were transferred to
a quiet holding room. After 90min,micewere anesthetized and in-
tracardially perfused with PBS and 4% paraformaldehyde. Brains
were postfixed for 48 h and then sectioned coronally (30 µm). A
subset of brains (eight/group) was randomly selected for c-Fos

staining and cell quantification. Ten sec-
tions per brain ranging between 2.22
and −3.52 mm from bregma were sam-
pled. Sections were washed in PBS, incu-
bated for 2 h at room temperature in
10%normal goat serum and blocking sol-
ution (PBS and 0.3% Triton X-100), and
then incubated with rabbit anti-c-Fos
polyclonal primary antibody (1:1000;
PBS and 0.3% Triton X-100; Abcam
ab190289) for 48 h at 4°C. Sections were
washed in PBS, incubated with goat anti-
rabbit Alexa 488 secondary antibody
(1:200; Invitrogen A-11034) for 2 h at
room temperature, washed, mounted
with PermaFluor mounting medium
(Thermo Scientific) on glass slides, and
cover-slipped. Stained sections were im-
aged and analyzed using a Nikon
Eclipse-NI-E fluorescent microscope at
10× magnification and digitally stitched
together using NIS-Elements software
(Nikon version 4.1.3) to reconstruct
each region of interest (ROI; hippocam-
pus, aCC, striatum, and motor cortex).
The number of c-Fos+ nuclei within each
ROI was counted using ImageJ. The num-
ber of c-Fos+ cells was divided by the out-
lined ROI area to generate a normalized
c-Fos+ cells/100,000-µm area value. The
mean value for each ROI per brain was
calculated, and group means were then
calculated for each condition. Univariate
ANOVAs were conducted for c-Fos levels
and for SAM behavior. Statistical analyses
were conducted using SPSS 26.

Univariate ANOVAs assessed group
differences in motor performance at
each delay. All mice acquired the motor
task within the first day of training (Fig.
1C), with all mice mounting the escape
platform in <16 sec. Unexpectedly, mice
randomly assigned to the remote training
condition performed better than the
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Figure 1. Study design and escape latencies. (A) Schematic of the study design. Each arrow indicates a
training day (five trials/day). (B) Schematic of the straight alley maze (SAM) apparatus. (C ) Escape
latency (in seconds) on day 1 (d1) and day 20 (d20) of SAM training. (D) Learning index (LI)
measure of escape latency between day 1 and day 20 of SAM training. The LI was calculated by subtract-
ing day 1 latency values from day 20 values to generate a measure of motor learning over time.
Individual data points are presented for each subject within the training conditions. Bars represent
the group mean, and error bars represent the standard error of the mean (SEM). (***) P<0.001.
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other conditions on training day 1 (F(2,46)
= 6.252, P=0.004, η2 = 0.214), with slight-
ly faster escape latency than the recent
(1-d training, P=0.001) or continuous
(20-d consecutive training, P=0.018)
groups. A one-sample t-test comparing es-
cape latency between day 1 and day 20 for
the remote condition confirmed that
mice in the remote condition did signifi-
cantly improve their performance on
day 20 relative to their day 1 performance
(t(15) = 12.373, P<0.001). A similar com-
parison of day 1 versus day 20 latency
also revealed significant improvements
in performance after 20 d of consecutive
training in the continuous group (t(15) =
14.554, P<0.001). Despite both groups
showing improved motor memory for
the SAM on day 20, a direct comparison
of escape latency on day 20 between the
remote and continuous groups confirmed
better motor performance after 20 d of
continuous training in the SAM (t(30) =
−2.794, P=0.009) (Fig. 1C), suggesting
that continuous training enhanced
motor task performance (see the Supple-
mental Material for analyses of distance
[Supplemental Fig. S1A], speed [Supple-
mental Fig. S1B], and complete training
latency [Supplemental Fig. S1C] for the
continuous condition). To control for
the difference in baseline performance
between the remote and continuous
groups, independent sample t-tests (two-
tailed) of the LI confirmed the enhanced
savings in escape latency for the continu-
ous group relative to the remote group on
test day 20 (t(30) =−4.707, P<0.001), indi-
cating significant improvement in motor
task performance following continuous
training relative to the equally aged but
nonpracticed remotemotor task (Fig. 1D).

To test the predictions related to the
time-dependent reorganization of net-
work activity typically associated with
episodic-like memory, we analyzed c-Fos
in the CA1, DG, and aCC. Significant
main effects of training condition were
observed for hippocampal c-Fos in the
CA1 (F(3,25) = 10.121, P<0.001, η2 =
0.548) and DG (F(3,25) = 13.901, P<
0.001, η2 = 0.635), with all experimental
conditions having significant increases
in activity-induced c-Fos expression rela-
tive to HC control levels (all Ps < 0.02)
(Fig. 2B,C). No differences in c-Fos expres-
sion were observed between the recent
and the remote conditions in the CA1 (P
=0.950) (Fig. 2B) or DG (P=0.247) (Fig.
2C), suggesting that the hippocampus
continues to be engaged during retrieval
of the remote but relatively unfamiliar
motor memory. This is consistent with
observations in the hippocampus when
testing episodic-like context fear memo-
ry, where comparable levels of c-Fos
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Figure 2. Continued hippocampal engagement over time is sensitive to the relative novelty of the
motor task. (A, left) Representative c-Fos expression in the aCC and motor cortices (M1 and M2) for
each training condition (recent, remote, and continuous training and home cage [HC] control
groups). (Middle) Representative c-Fos expression in the hippocampus (CA1 and DG) for each experi-
mental condition and HC control group. (Right) Representative c-Fos expression in the striatum for
each experimental condition and HC control group. Scale bar, 500 µm. (B,C ) Mean c-Fos expression
levels in the CA1 (B) and DG (C ) were significantly higher following remote motor testing relative to
the continuous training levels on day 20, suggesting that continued hippocampal engagement over
time depends on the relative familiarity of the motor task. (D) Mean c-Fos expression in the aCC was in-
sensitive to age or familiarity of the motor memory. All groups show an activity-induced increase in c-Fos
expression relative to HC control levels in the hippocampus and aCC. (E–G) No significant differences in
c-Fos expression levels in the striatum (E), M1 (F), or M2 (G) were observed between training conditions.
Error bars represent the SEM. (aCC) Anterior cingulate cortex, (DG) dentate gyrus, (d1) training day 1,
(d20) training day 20, (HC) home cage control, (M1) motor cortex 1, (M2) motor cortex 2, (SEM) stan-
dard error of the mean. (*) P<0.05, (∼) P<0.06.
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were observed when tested 24 h or 28 d after conditioning in the
original training context (Sekeres et al. 2018a, 2020). Together,
these findings suggest that, in healthy brains, the hippocampus
continues to be engaged during retrieval of a remote motor task
that is still relatively unfamiliar. A different trend was observed
when comparing c-Fos in the recent condition with c-Fos levels
in the continuous condition in the CA1 (P= 0.060) and DG (P=
0.054), with these regions being less active following the final
test session on day 20 (Fig. 2B,C), suggesting that hippocampal en-
gagement declines as the motor task becomes more familiar over
time.

We next directly compared hippocampal c-Fos expression in-
duced by motor task performance on day 20 with groups differing
only in the degree of exposure to the task during the 20-d training–
test interval. c-Fos expression levels in the remote condition were
significantly higher than levels observed in the continuous condi-
tion on day 20 (CA1, P=0.038; DG, P=0.002) (Fig. 2B,C). These
data suggest that continued hippocampal engagement during re-
motemotormemory retrieval is dependent on the relative familiar-
ity of the task, with the less familiar task continuing to strongly
engage the hippocampus.

A main effect of training condition was observed in the aCC
(F(3,28) = 4.602, P=0.010, η2 =0.330), but this was driven by
activity-induced c-Fos expression in all training conditions relative
to HC controls (all Ps >0.025) (see Supplemental Table S1 for full
statistical results). Neither time nor practice mediated c-Fos expres-
sion within the aCC. No differences in aCC activity were observed
between recent and remote training (P=0.248) or recent and contin-
uous training (P=0.610) (Fig. 2D) conditions. Comparable aCC ex-
pression levels were also induced by both remote and continuous
training conditions on day 20 (P=0.491), suggesting that retrieval
of a familiar motor memory did not differentially engage the aCC
relative to an equally aged yet relatively unfamiliar motor task.

Together, these findings suggest that the pattern of reorgani-
zation underlying motor memory consolidation follows a pattern
similar to, yet distinct from, what is commonly observed in the
episodic-like memory recollection network (Sekeres et al. 2018a,
2020). The results observed in the hippocampus indicate that the
memory task retrieved in the original conditioning environment
continues to engage the hippocampus, as retrieval of the task is
possibly tied to the experience of first learning themotor taskwith-
in this context. As the task is repeated over time, it is possible that
the reduction in hippocampal activity observed following the con-
tinuous memory test reflects a schematization of the task during
which attention to the environment declines, as the episodic ele-
ments of the memory are less salient over time (Tse et al. 2007;
King et al. 2019). It remains unclear whether altering the context
at the time of remotemotormemory retrieval would differently ac-
tivate the hippocampal–aCC network.

To assess activity in regions more commonly associated with
procedural motor learning and memory and motor activity, we
next analyzed the expression of c-Fos in the striatum and motor
cortices (M1/M2) (Fig. 2A). We did not observe a practice-induced
increase in striatal c-Fos, with no main effect of training condition
(F(3,28) = 1.535, P=0.227, η

2 = 0.141) (Fig. 2E). While recent evi-
dence suggests that regional differences inmedial and lateral dorsal
striatal activity differentially mediate motor skill acquisition and
learning at early and later stages of training (Badreddine et al.
2022; Wolff et al. 2022), exploratory analyses did not identify re-
gional differences in medial and lateral striatal c-Fos expression be-
tween training conditions (all Ps > 0.05) (Supplemental Table S1;
Supplemental Fig. S2A,B). It is possible that more sensitive in
vivo recordings are needed to detect early- versus late-learning
changes in dorso–medial and dorso–lateral striatal activity as a mo-
tor task becomes more familiar (Yin et al. 2009; Thorn et al. 2010).
An activity-induced main effect of condition was observed in the

motor cortices in both M1 (F(3,28) = 5.225, P= 0.005, η2 = 0.359)
andM2 (F(3,28) = 6.954, P=0.001, η

2 = 0.427), with all training con-
ditions having significantly higher c-Fos expression relative to HC
controlmice (all Ps < 0.020) (Fig. 2F,G) but no other between-group
differences (all Ps > 0.200) (Supplemental Table S1).

In dissociating the effects of distributed practice from the ef-
fects of time on motor memory consolidation, we identified that
continued hippocampal c-Fos expression supported remote motor
memory retrieval after 20 d, suggesting that hippocampal engage-
ment is dependent on the relative familiarity of the task, with the
less familiar task continuing to strongly engage the hippocampus
over time. c-Fos levels in the aCC were not significantly different
during remote motor testing regardless of the level of familiarity,
suggesting that motor memory network reorganization does not
follow the same pattern of network reorganization commonly ob-
served in traditional forms of episodic-likememory. To date, inves-
tigations of systems-level memory network reorganization at the
cellular level have largely been confined to tests of declarative-like
memory, such as contextual fear conditioning in rodents (Sekeres
et al. 2018b). Similar reorganizational processes of the memory
network have also been observed following remote memory train-
ing using a prolonged training protocol using spatial versions of
the escape-motivated water task (Maviel et al. 2004; Teixeira
et al. 2006; Richards et al. 2014), suggesting that a time-dependent
increase in aCC activity typically observed during remote memory
retrieval also occurs to support remote declarative-like memory ac-
quired over repeated training trials over the course of several weeks.
Unlike these studies, the present study did not require the animal
to form a conditioned response between a context, spatial cues, or
other conditioned stimuli (Takehara et al. 2003) for successful per-
formance. It is possible that increasing task complexity to require
the integration of spatial or contextual cues would differentially
engage the aCC with time and practice. Additionally, the shift to-
ward increased aCCactivity and reducedhippocampal activity dur-
ing remote declarative memory retrieval is typically accompanied
by a loss of contextual specificity of the memory and is reflective
of a schematization and contextual generalization of the memory
over time (Winocur et al. 2007; Wiltgen and Silva 2007). Future
studies will determine how alterations in the testing context differ-
entially engage the hippocampus and aCC as the motor memory
potentially schematizes with time and practice and how inhibition
of hippocampal input during motor memory encoding or retrieval
alters activity and functional connectivity patterns of other nodes
of the recollection network. Taken together, the findings partially
support the idea that a similar pattern of systems consolidation and
memory network reorganizational processes in the hippocampus
is observed across declarative (episodic) and nondeclarative (mo-
tor) memory, with familiarity, not time, mediating the continued
engagement of the hippocampus during task retrieval.
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