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TLR7 and IL-6 differentially regulate the effects
of rotarod exercise on the transcriptomic profile
and neurogenesis to influence anxiety and memory

Yun-Fen Hung' and Yi-Ping Hsueh'.?*

SUMMARY

Voluntary exercise is well known to benefit brain performance. In contrast,
forced exercise induces inflammation-related stress responses and may cause
psychiatric disorders. Here, we unexpectedly found that rotarod testing, a
frequently applied assay for evaluating rodent motor coordination, induces anx-
iety and alters spatial learning/memory performance of mice. Rotarod testing
upregulated genes involved in the unfolded protein response and stress re-
sponses and downregulated genes associated with neurogenesis and neuronal
differentiation. It impacts two downstream pathways. The first is the IL-6-
dependent pathway, which mediates rotarod-induced anxiety. The second is
the Toll-like receptor 7 (TLR7)-dependent pathway, which is involved in the ef-
fect of rotarod exercise on gene expression and its impact on contextual
learning and memory of mice. Thus, although rotarod exercise does not induce
systemic inflammation, it influences innate immunity-related responses in the
brain, controls gene expression and, consequently, regulates anxiety and
contextual learning and memory.

INTRODUCTION

Exercise is known to influence brain functions in human and rodents (Delezie and Handschin, 2018; Peder-
sen, 2019). Voluntary exercise benefits neurogenesis and enhances the expression of neurotrophic factors
to improve learning and memory performance (Bettio et al., 2019; Cooper et al., 2018; Hamilton and Rho-
des, 2015; Pedersen, 2019; Rendeiro and Rhodes, 2018; Ryan and Nolan, 2016; Voss et al., 2019). However,
for forced exercise, it is more complex because despite the beneficial effects provided by the muscular and
cardiovascular systems, forced exercise (such as treadmills for rodents) also can induce stress responses
(Contarteze et al., 2008; Svensson et al., 2016) and systemic inflammation (Cook et al., 2013; Nambot
et al., 2020). Stress triggers the unfolded protein response of the ER(Gold et al., 2013; Hotamisligil,
2010), influences neural plasticity (Duman and Li, 2012; Pittenger and Duman, 2008) and neurogenesis
(De Miguel et al,, 2019), and it decreases dendritic spine density and shortens the dendritic branches of
neurons (De Miguel et al., 2019). Consequently, forced exercise impairs spatial memory (de Quervain
et al.,, 2017) and results in anxiety (Gold et al., 2015). Thus, the stress condition caused by forced exercise
damages the brain function, although the detailed mechanism remained unclear.

Toll-like receptors (TLR) detect both exogenic pathogenic pattern molecules and endogenous damage
signals to trigger innate immune responses. Consequently, in addition to removing pathogens, TLR acti-
vation also fine-tunes organ development and morphogenesis (Akira and Sato, 2003; Chen et al., 2019; Ku-
mar et al., 2009; Liu et al., 2014; Sommer and Bickhed, 2013). For instance, activation of TLR3 or TLR4 by
systemic administration of poly(l:C) or lipopolysaccharide at prenatal or neonatal stages, respectively, re-

sults in anxiety and other behavioral defects similar to the features of neurodevelopmental disorders (Bilbo UInstitute of Molecular

etal, 2018; Chen et al., 2019; Khandaker et al., 2015; Knuesel et al., 2014). TLRs are also involved in sensing _?;Ci’:e?ﬁ'é;gdig?ﬁa?”égc

gut microbiota to modulate homeostasis and development of host immune and gastrointestinal systems, 2L ead contact
ead contac

as well as influencing metabolism, development and brain function (Burguefio and Abreu, 2020; Caputi and
Giron, 2018; Lin et al., 2019; Sommer and Backhed, 2013; Spiljar et al., 2017; Yiu et al., 2017). Deletion of
TLRs also alters mouse behaviors (Chen et al., 2019; Hung et al., 2018a; Liu et al., 2013), strengthening ev-
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Figure 1. Rotarod training at 5 or 10 weeks of age induces anxiety in adult mice

(A) Outline of our experimental design.

(B) Arrangement of behavioral paradigms for (C and D). A rotarod test (RR) was carried out on mice at 5 weeks (w) of age, followed by open field (OF) and

elevated plus maze (EPM) as indicated.

(
(
(
(
(

C) The results of open field test on mice with rotarod training at 5 weeks of age.

D) The results of elevated plus maze test of mice with rotarod training at 5 weeks of age (n = 9 for WT-RR, n = 8 for WT + RR).
E) Arrangement of behavioral paradigms for (F)-(G). Mice were subjected to rotarod training at 10 weeks of age.

F) The results of open field test on mice with rotarod training at 10 weeks of age.

G) The results of elevated plus maze test on mice with rotarod training at 10 weeks of age (n = 8 for WT-RR mice, n = 9 for WT + RR mice).

Data represent mean plus SEM. Two-tailed Mann-Whitney U test (B-C). *p < 0.05; ***p < 0.001.

In this study, we report that rotarod testing, a popular exercise assay for assessing the motor coordination
and balance of rodents, induces anxiety and alters spatial learning/memory of mice. Using genetically
modified mice, we demonstrate that rotarod training uses IL-6 and TLR7 pathways to regulate neurogen-
esis and transcription and thereby controls various mouse behaviors. Our study dissects mechanistic details
of how innate immune molecules control behaviors and brain plasticity, and it also suggests that rotarod
testing can interfere with other brain functions, such as emotion and learning/memory.

RESULTS
Rotarod training induces anxious behaviors

To characterize the behavioral features of mice, the same mice were usually subjected to a series of behav-
ioral paradigms. We unexpectedly found that accelerating rotarod test likely influenced the results of
behavioral assays following the rotarod test. It seems that the accelerating rotarod test with three trials
per day for three consecutive days can change brain activity and function and therefore alter the perfor-
mance of mice in other behavioral tests. To investigate this possibility, we subjected naive mice to a rotarod
test on three consecutive days at the ages of 5 or 10 weeks (Figure 1A). Data on animal usage for each
experiment are available in Table S1. Mouse performance in rotarod testing is summarized in Figure ST.
After rotarod training, various behavioral tests, immunostaining, quantitative RT-PCR and transcriptomic
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analyses were applied to establish if and how rotarod training influences brain function and plasticity (Fig-
ure TA). First, we characterized mice subjected to rotarod training at the age of 5 weeks (Figure 1B).
Compared with mock control mice, 5-week-old mice that underwent rotarod training spent less time in
the central area and exhibited a reduced number of rearing events and lower overall moving distance
and speed in the open field assay (Figure 1C). Mice treated with rotarod training at 5 weeks old also spent
less time exploring the open arm of an elevated plus maze (Figure 1D). These results suggest that rotarod
treatment at the age of 5 weeks impairs both horizontal and vertical movements and induces anxious
behavior in mice at the age of 8-9 weeks. For mice subjected to the rotarod test at the age of 10 weeks
(Figure 1E), they still spent less time in the central area of the open field and presented fewer rearing events
(Figure 1F). However, although rotarod training at the age of 10 weeks tended to reduce the time spent
exploring the open arm of an elevated plus maze, the difference relative to control was not significant (Fig-
ure 1G). Thus, compared to juvenile mice, adult mice were relatively resistant to rotarod treatment, but still
exhibited abnormal behaviors in an open field.

Note, for our 5-week-old mice cohort, some of the mice tended to jump away from the moving rod at day 3
of rotarod training, consequently shortening the time they stayed on the rod (Figure S1A). Ten-week-old
mice exhibited normal motor learning ability to stay on the rotarod longer when they received more
training trials (Figure S1B). It is unclear why some of the 5-week-old mice tended to jump away from the
rotarod. It may be due to hyperactivity at the adolescence stage or hypersensitivity to the duress of rotarod
testing. Since 10-week-old mice behaved much more stably than 5-week-old mice on the rotarod, we used
10-week-old mice in the following experiments.

IL-6 is involved in rotarod-induced anxiety

To further confirm and characterize rotarod-induced anxiety in adult mice, we used quantitative RT-PCR
(Table S2) to analyze cytokine expression in cortices, hippocampi and spleens 3 hr after undergoing ro-
tarod treatment at the age of 10 weeks. In this report, we always mixed cortical and hippocampus tissues
to represent RNA samples prepared from brains. Among the five cytokines we examined (i.e., IL-6, IL-1B,
TNFa, IFNB and CCL5), we found that mRNA levels of 16 were increased in brains of adult WT mice that
undertook rotarod training (Figure 2A, upper) but not in their spleens (Figure 2A, lower). In fact, mRNA
levels of both 16 and 1118 tended to be reduced in the spleen of adult WT mice following rotarod training
(Figure 2A, lower). Thus, rotarod training specifically induced 116 expression in brains among examined
cytokines. Although 116 levels in the brain were increased, the population of glial cells was not altered
by rotarod training (Figure S2, both microglia and astrocytes). Expression of various TIr genes in both
brains and spleens was also not influenced by rotarod training (Figure S3). These results suggest that
although the rotarod assay induces expression of IL-6 in cortices and hippocampi, the effect of rotarod
testing on inflammation was not global. Rotarod training did not induce noticeable inflammation in pe-
ripheral tissues.

To evaluate the role of IL-6 in rotarod-induced anxiety, we subjected 116 knockout mice to rotarod training.
Unlike adult WT mice, lI6~~ mice pretrained with a rotarod assay did not spend more time in corners of an
open field test and rearing behavior was not affected (Figure 2B). Numbers of glial cells were also unaltered
(Figures 2C and 2D, information on antibodies is available in Table S3).

Taken together, these results suggest that IL-6 is critical for rotarod-induced anxiety in an open field test,
and that glial cells are not involved in the effect of rotarod training on adult mice.

TLR7 is not involved in rotarod-induced anxiety

Next, we tested TIr7 knockout mice for rotarod-induced stress responses because our previous studies
have shown that TLR7 activation in neurons induces IL-6 expression to control neuronal morphology (Liu
etal., 2013) and that TIr7 knockout mice (i.e. TIr7™¥ mice) are less anxious and perform normally in rotarod
test (Hungetal., 2018a) Since 16 is critical for rotarod-induced anxiety (Figure 1D), we investigated if TLR7 is
involved in that response. Consistent with our previous study, Tlr7 deletion did not influence the results of
rotarod testing (Figure S1D). Similar to WT mice, 1I6 RNA levels were still upregulated in TIr7™ mouse
cortices and hippocampi after rotarod training, although reduced 1l6 expression was found in the spleen
of TIr77 mice (Figure 2A). This result suggests that TLR7 is unlikely involved in rotarod-induced Il6 expres-
sion. In the open field, TIr7" mice subjected to rotarod training (TIr77” + RR) also spent less time in the
central area and longer in the corners, which is a similar outcome to rotarod-trained WT mice (WT + RR)
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Figure 2. Rotarod training at 10 week of age induces anxiety through IL-6

(A) Rotarod training at 10 weeks of age differentially regulates cytokine expression in brain tissue (cortices and hippocampi) and spleens. Quantitative PCR
was performed to measure relative cytokine expression levels in WT and TIr7 mice (n = 5 for WT, n = 6 for TIr7™7).

(B) Deletion of 16 mitigates rotarod-induced anxiety in an open field (n = 8 for 1/677-RR mice, n = 9 for 116~/~+RR mice).

(C) Rotarod training does not alter the population of glial cells in hippocampi (n = 5 for + RR). Representative images of GFAP (red) and IBA1 (green) dual

staining are shown.

(D) Quantification of IBA1T and GFAP immunoreactivities. Signal coverage (area) percentage of the CA3 and hilus regions of hippocampi was determined.
Data represent mean +/— SEM and the results of individual samples are shown. Two-tailed Mann-Whitney U test (B and D); two-way ANOVA with
Bonferroni's multiple comparisons test (A). *, p < 0.05; **, p < 0.01. Scale bar: (C) 100 um.

(Figures 3A (1) and 3B). However, in contrast to WT mice, rotarod training did not reduce the number of
rearing events of TIr7™Y mice in the open field (Figure 3B, TIr77Y-RR vs. TIr77¥ + RR). Thus, TIr7 deletion
influences some but not all rotarod-induced behavioral alterations in the open field.
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Figure 3. TIr7 deletion alters rotarod-induced behavioral patterns and neurogenesis
(A) Experimental arrangements for mice with rotarod training at 10 weeks of age. (1) for (B) and (C); (2) for (D); (3) and (4) for (E) and (F).

(B) The effect of rotarod training (RR) on open field (OF) responses. Rotarod training reduced the time spent in the center of an open field for both WT and
TIr7™ mice, but not the number of rearing events of TIr7~ mice (n = 12 for WT-RR, n = 10 for WT + RR, n = 9 for TIr7Y-RR, n = 10 for TIr7™”Y + RR).

(C) The effect of RR on fear conditioning. Rotarod training solely enhanced contextual memory of TIr7" mice (n = 10for WT =+ RR, n =9 for TIr7”¥ + RR). AS,

right after stimulation (representing pain sensation).

iScience 24, 102384, April 23, 2021

5



¢? CellPress iScience
OPEN ACCESS

Figure 3. Continued

(D) In Barnes maze, RR differentially impacted escape latency in WT and TIr7™ mice but did not affect short- (D5) or long-term (D12) memory (n = 10 for WT-
RR, n = 15 for WT + RR, n = 10 for TIr77’-RR, n = 13 for TIr7™¥ + RR).

(E) Representative images of BrdU labeling.

(F) The results of BrdU labeling. For short-term 24-hr BrdU labeling, RR enhanced neurogenesis in both WT and TIr7" mice (n = 6 for WT-RR, n = 11 for WT +
RR, n = 6for TIr77-RR, n = 11 for TIr7™Y + RR). For long-term 4-week BrdU labeling, RR reduced neural differentiation only in WT mice but notin TIr7™" mice
(n =9 for WT=RR, n = 8 for WT + RR, n = 7 for TIr7”-RR, n = 7 for TIr7™” + RR).

Data represent mean +/— SEM and the results of individual samples are shown. two-way ANOVA with Bonferroni’s multiple comparisons test (B-D and F). *,
p < 0.05; **, p < 0.01. Scale bar: (E) 100 um.

Rotarod training differentially regulates contextual learning and memory in WT and TIr7™"Y
mice

We then investigated if rotarod training influences the outcomes of fear conditioning and Barnes maze as-
says in WT and TIr77Y mice (Figure 3A (1)-(2)). The fear conditioning assay tested both contextual and cued
fear memory. For WT mice, we did not observe an effect of rotarod training on contextual or cued fear
memory. However, we did find that the performance of TIr77¥ mice in contextual fear memory was
enhanced after rotarod treatment (Figure 3C).

For the Barnes maze test, mice underwent four training trials to find an escape hole every day for four
consecutive training days (D1-D4), and were then subjected to a short-term memory test at D5 and a
long-term memory test at D12. We found that the rotarod treatment impaired the learning performance
of WT mice, as the WT + RR group took much longer to find the escape hole at D4 (Figure 3D, upper).
The learning performance of the TIr77Y-RR group was similar to that of the WT-RR group (Figure 3D, up-
per, D4). Consistent with their better performance in contextual fear memory, TIr7™”Y + RR mice took less
time to find the escape hole than non-rotarod-trained counterparts (i.e. TIr7”Y-RR) at D1 and D2 or the
WT + RR group from D2 to D4 (Figure 3D, upper). Performances of these four groups in both short-term
and long-term memory tests were similar to each other (Figure 3D, lower).

Together, the results of our fear conditioning and Barnes maze tests demonstrate that rotarod pretreat-
ment may impair the spatial learning ability of WT mice but can enhance the spatial learning performance
of TIr77Y mice, indicating that TIr7 deletion alters the response of mice to rotarod training, especially with
regard to spatial learning.

Rotarod training differentially enhances neurogenesis and neural differentiation in WT and
TIr7"Y mice

Next, we investigated the effect of rotarod training on neurogenesis and differentiation of the hippocam-
pal dentate gyrus (Figure 3A (3) and (4)). After the last day of rotarod training, we intraperitoneally injected
bromodeoxyuridine (BrdU) into mice to label newborn neurons. Twenty-four hours after BrdU treatment,
we observed that numbers of BrdU + cells were increased in both WT and TIr7~ mice with rotarod training
(Figures 3E and 3F). The majority of those BrdU + cells were also doublecortin (DCX)-positive (Figures 3E
and 3F), confirming that BrdU labeled newly generated neurons. Thus, neurogenesis was enhanced by ro-
tarod training in both WT and TIr7™ mice. However, when we performed BrdU staining 4 weeks later (Fig-
ure 3A (4)), we found that the WT + RR group presented reduced numbers of BrdU + cells and BrdU +
NeuN + cells compared with the other three groups (Figures 3E and 3F). Since NeuN labels differentiated
neurons (Gusel'nikova and Korzhevskiy, 2015), these results suggest that although rotarod training pro-
moted neurogenesis in WT mice, the newborn neurons could not differentiate and integrate into the brain
circuitry. In contrast, numbers of both BrdU + cells and BrdU + NeuN + cells of the TIr77¥ + RR group were
comparable to those of the WT-RR and TIr7"Y=RR groups (Figures 3E and 3F). Together, these data sug-
gest that TIr7 deletion neutralizes the negative effect of rotarod training on neural differentiation.

Rotarod training differentially alters the transcriptomic profiles of WT and TIr7"¥ mice

To characterize the molecular features of rotarod-induced stress and the effect of TIr7 knockout, we
analyzed the transcriptomic profiles of the WT-RR, WT + RR, TIr7’-RR and TIr7™ + RR groups. Four
mice were used for each group. Three hours after undergoing rotarod training or mock control, total
RNA was isolated from mouse cortices and hippocampi and analyzed using RNA-seq. Principle component
analysis (PCA) indicated that rotarod training indeed elicits differential gene expression in WT and TIr7™
mouse brains (Figure 4A). Based on criteria of fold-change > 1.3, a false discovery rate <0.1 and average
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Figure 4. Transcriptomic profiles and networks are differentially altered by rotarod training in WT and TIr7 ¥ mice

(A) Principal component analysis of RNA-seq data from WT and TIr7”¥ mouse brains with/without rotarod training.

(B) Venn diagram showing overlap of upregulated (left) and downregulated (right) genes between WT and TIr7~ mice following rotarod training. Gene lists
are provided in Tables ST and S2. FC, fold-change; FDR, false discovery rate; TPM, transcripts per million.

(C-G) Protein interaction networks analyzed by STRING. Node color represents an association with the different networks indicated at the bottom. Nodes

with multiple colors indicate associations with multiple networks.
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Figure 5. Genes regulated by rotarod training are highly correlated with neurological functions and diseases

(A) Ingenuity Pathway Analysis (IPA) of genes regulated by rotarod training in WT and TIr7”Y mouse brains. Both upregulated (red) and downregulated (blue)
genes were combined for IPA. The functions of each network are indicated. Black font depicts genes unaffected by rotarod training but that interact with
identified differentially expressed genes (DEG).

(B) Overlapping DEG are highly relevant to anxiety. Eighteen and eight genes out of a total of 29 upregulated and 10 downregulated genes, respectively, are
associated with anxiety. The related manuscripts and their PMIDs are indicated.

(C) Heatmap of DEG. Color intensity represents relative TPM levels (log2 values) normalized to the WT-RR group. Gene groupings are also indicated. The
color-coded bar represents the Z score.

transcripts per million (TPM) > 0O (in each group), we identified 70 upregulated and 137 downregulated
genes in WT brains (Figure 4B, Table S4). For TIr7™¥ mice, 46 and 30 up- and downregulated genes
were influenced by rotarod training, respectively (Figure 4B, Table S4). Only 29 upregulated and 10 down-
regulated genes overlapped between the WT and TIr7™ groups (Figure 4B, Table S5). These data suggest
that TIr7 knockout alters gene expression caused by rotarod training.

We employed STRING to analyze the differentially expressed genes (DEG). In WT mice, “response to to-
pologically incorrect protein”, "ER" and "stress response” were three notable gene ontology (GO) terms
for upregulated DEG (Figure 4C), suggesting that rotarod training induced a stress response even at mo-
lecular levels. For downregulated DEG in WT mice, GO terms were highly relevant to development, cell
proliferation, response to endogenous stimulation, and transcriptional regulation (Figure 4D), consistent
with the effect of rotarod training on altering neural differentiation and neurogenesis (Figures 3E and
3F). This outcome further indicates that rotarod training impairs responses to stimulation and transcrip-
tional regulation and that it likely results in defective neurogenesis and differentiation in WT brains. For
TIr7™ mice, STRING analysis did not reveal any notable GO terms, except that many upregulated DEG
contained a signal peptide or a disulfide bond (Figures 4E and 4F). For the combined 39 overlapping
DEG shared by WT and TIr77 mice, no particular GO terms were apparent (Figure 4G).

Next, we used Ingenuity Pathway Analysis (IPA) to characterize the identified DEG. We found that the DEG
of WT mice were associated with several protein networks, with three of them controlling behavior, nervous
system development and function, and neurological disorders (Figure 5A), echoing the phenotype of WT
mice that underwent the rotarod treatment. For TIr7 mice, only one network was apparently relevant to
behavioral features, i.e., that related to cell-to-cell signaling and neurological and psychological diseases
(Figure 5A). Together, these analyses suggest that rotarod treatment elicits differential gene expression in
WT and TIr7™ mice, but TIr77Y mice seem to be less sensitive to the impacts of rotarod training.

Overlapping DEG are relevant to anxiety

Since we found that rotarod training induces anxiety in both WT and TIr7™ mice, we expected that the
overlapping DEG would have some relevance to anxiolytic behaviors. However, neither STRING nor IPA
analyses presented an association of overlapping DEG with anxiety. Apart from 1/6, we anticipated that
more genes relevant to anxiety are regulated in both WT and TIr77¥ mice. Therefore, we manually anno-
tated the overlapping DEG by searching PubMed (https://www.ncbi.nlm.nih.gov). Of the 39 overlapping
DEG, 26 (66%) of them have been associated with anxiety, depression or other mental disorders in patient
studies and/or animal models (Figure 5B). Thus, together with IL-6, these 26 overlapping DEG appear to
control expression of anxiety to rotarod training.

TIr7 deletion diminishes the negative effect of rotarod training on expression of genes
related to memory and neurogenesis

We then investigated how TIr7 deletion benefits spatial learning and memory in mice. We speculated that
genes less sensitive or even resistant to rotarod treatment in Tlr7”¥ mice would more likely be relevant to
the better learning performance of the Tlr7”¥ + RR group. We used heatmaps to compare gene expression
among the four groups of mice. We observed very similar expression levels of the 39 overlapping DEG in
the WT + RR and TIr77 + RR groups (Figure 5C). For genes belonging to WT-specific GO, such as ER unfolded
protein response, neuronal differentiation, cell death and behaviors, the WT + RR and TIr7 + RR groups still
presented the same expression tendency (either up- or down-regulation) (Figure 5C). Those genes were not
present in the list of TIr7” DEG because their expression was already reduced in the TIr7Y-RR group. The ef-
fect of rotarod treatment was therefore diminished when we compared the TIr7Y-RR and TIr7 + RR groups.
Nevertheless, this heatmap comparison allowed us to observe that expressions of some genes, such as Tbx21,
Frmd7 and others, were indeed less sensitive to rotarod training in TIr77 mice (Figure 5C).
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Figure 6. Quantitative RT-PCR verifies differential expression of DEGs identified from RNA-seq

A total of ten DEGs were selected from the heatmap shown in Figure 5C for quantitative RT-PCR. Data represent mean + SEM. The results of individual
animals are also shown. The sequences of primers and the numbers of Universal probes for PCR are available in Table S6. two-way ANOVA with Bonferroni's
multiple comparisons test showed that rotarod treatment altered expression of all ten examined genes compared with mock control. The results of post-
testing on significant differences are indicated. *, p < 0.05; **, p < 0.01; ***, p < 0.001. Sample size N = 4.

To verify the results of our RNA-seq analysis, we analyzed via quantitative RT-PCR the expression levels of a
total of ten genes, including Plin4, Nptx2, Hspa5, Hsph1, Calr, Dcx, Kif4, Fos, Egr2, and Npas4. PLIN4,
NPTX2, HSPAS5, FOS, EGR2, and NPAS4 are all relevant to anxiety (Figure 5B). HSPA5, HSPH1 and CALR
also participate in the ER unfolded protein response (Figure 5C). DCX and KLF4 are involved in neuronal
differentiation (Figure 5C). It is also well known that FOS, EGR2, and NPAS4 contribute to neuronal activa-
tion. The results of quantitative RT-PCR were generally consistent with the results of RNA-seq (Figure 6),
confirming the reliability of our RNA-seq analysis.

We further applied the same heatmap analysis to the total of 137 downregulated DEG in WT mice and
found that 105 of them presented smaller changes in the TIr7™ + RR group relative to the WT + RR group,
i.e., the ratio of normalized TIr77¥ + RR expression to normalized WT + RR expression was greater than 1
(Figure 7A; Table S6). Based on STRING and Metascape analyses, these 105 rotarod-resistant genes were
highly relevant to signal transduction, neurogenesis, neuron differentiation, development and transcrip-
tion (Figures 7B and 7C). More specifically, thirteen of these rotarod-resistant genes have been found to
play roles in learning and memory (Table S7, red font), ten are relevant to neurogenesis (Table S7, green
font), and thirty-nine are involved in neuronal and/or brain functions (Table S7, brown font). These results
indicate that TIr7 deletion exerts a protective effect to regulate the gene expression controlled by rotarod
training. Altered expression of these rotarod-resistant genes in TIr7”¥ mice may regulate the activity of
other DEG in the network (Figure 7B) to influence learning and memory of mice.

DISCUSSION

In the current report, we show that rotarod training, a regular test for motor coordination and balance, are
actually able to induce anxiety and alter spatial learning/memory of mice via at least two different mech-
anisms. One is an |L-6-dependent pathway, which is involved in rotarod-induced anxiety. The other is via
TLR7-regulated gene expression, which is critical for spatial learning/memory. Our study strengthens the
role of neuronal innate immunity in controlling emotion and cognitive function and also unexpectedly re-
veals an impact of rotarod training on brain function. Since rotarod training influences anxiety and spatial
learning/memory, caution should be taken when rotarod test and other behavioral assays are being ar-
ranged to analyze the same animals. These results also imply that exercise training might not always be

10 iScience 24, 102384, April 23, 2021



iScience ¢? CellPress
OPEN ACCESS

Q)
A © PN IR N A G SN S VPSR SN S
o & ! N2 &, S8 00 o AR 22O Qo Pk o Lo S B I S
RR & KR TRRE P RENGIRONR N T RGN S L S NS N KPR RS N®
WT +
TIr7-1Y ‘ !I
<& N Do N > 08 A N KON AR
S0 &0 SFX P DO SEIN ORI AP A Jle, SEXEEG & o o Ko B SRR D
RR S R e B R S O R R B AR R B S B R A GRSt
W 0
TIr7-1Y ‘
3-2-10
Zc3h12¢ mee T
B ch"bz =Y Synpr Fetls Ketd12 cd i
pda Gentl Mgatdc Cacngs Gbp3 = B3galn2_ o
O 0O A A A A @ a" M _M M
. & _/ & | - \/ o/ y%_/
m deK_\Famlzﬁa Lysmd3 - mTexlS Al
K-\ mﬁhpll m
— G T —/ - {
. Kenk15 \./
Fimd3 e Ppfibp1 Slcosal
IcoSa
/-\ Lgrs
|- m m Ccdc117
Sox4 m
p—4
Adrala
Cdc42ep3
Ddr2
Palm2Akap2 é Frzb Wispl
é Abcat Stomi3 e&"
@ !
eRn 3 emsraz Rasa2 Npri Ly6g6e Ndnf Myol Mmp14 Pipro
900 00 -
@ signal transduction ) Neurogenesis @ Transcription, DNA-templated
C

G0:0007423 Sensory organ development
G0:0072001 Renal system development
G0:0021879 Forebrain neuron differentiation
G0:0008285 Negative regulation of cell proliferation
G0:0007389 Pattern specification process
G0:0016055 Wnt signaling pathway

GO0:0001501 Skeletal system development
G0:0003012 Muscle system process

G0:0031016 Pancreas development

G0:0001649 Osteoblast differentiation

G0:0030032 Lamellipodium assembly

G0:0009611 Response to wounding

G0:0032922 Circadian regulation of gene expression
G0:0070373 Negative regulation of ERK1 and ERK2 cascade
G0:0019932 Second-messenger-mediated signaling

0 2 4 6
-log10(P)

Figure 7. TIr7 deletion influences the expression of DEG regulated by rotarod training

(A) Heatmaps of downregulated DEG. The genes listed here have expression ratios of TIr7 + RR to WT + RR greater than 1 (Table S3). Relative expression
levels (log2) were normalized to WT-RR. The color-coded bar represents the Z score.

(B) STRING analysis of the protein networks of selected genes (the same gene set in A). Node color represents an association with the different networks
indicated at the bottom.

(C) Gene ontology analysis of selected genes assessed using Metascape.
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positive for cognitive and emotional responses. Stressful duress in exercise training may result in negative
effects. Although itis unclear if stressful exercise training also results in negative effects in human, we advo-
cate carefully designing training programs to avoid potential negative effects.

Although our study suggests that rotarod-dependent regulation is highly relevant to IL-6 and TLR7, two
important innate immune regulators, neither astrocytes nor microglial cells were activated by rotarod
training. Thus, the effect of IL-6 and TLR7 may primarily act on neurons. Indeed, previous findings have indi-
cated that neurons express various cytokines, including IL-6 (Hung et al., 2018a; Liu et al., 2013; Wu et al.,
2016) and different TLRs, such as TLR3, TLR7, and TLR8 (Chen et al., 2017; Hung et al., 2018b; Liu et al.,
2015). Itis know that IL-6 regulates neuronal morphology (Liu et al., 2013) and anxious behaviors (Lazaridou
et al., 2018; O'Donovan et al.,, 2010). TLR3, TLR7 and TLR8 all cell-autonomously fine-tune neuronal
morphology, including axonal and dendritic growth and/or dendritic spine formation (Chen et al., 2017;
Hung et al., 2018b; Liu et al., 2013). Rotarod training likely controls expression and/or activity of IL-6 and
TLR7, thereby influencing anxiety and spatial learning/memory of mice.

Note, the impact of rotarod training and TLR7 on different spatial memory tests varied. For WT mice, rotarod
pretraining did not affect the spatial memory in contextual fear conditioning and Barnes maze assays, but it did
slow down the learning process in Barnes maze. However, upon TlIr7 knockout, rotarod pretreatment enhanced
contextual fear memory and facilitated spatial learning in Barmnes maze. Thus, TIr7 knockout appears to
neutralize or even reverse the negative effect of rotarod training on spatial learning/memory. Our transcrip-
tomic analyses further indicate that the beneficial effect of rotarod training on learning and memory in Tlr77
mice likely arises through altered expression of genes controlling neurogenesis and mouse behaviors.

In our experiment, the mice performed rotarod pretraining at least two weeks before undertaking other behav-
ioral assays. Thus, the effect of rotarod training on anxiety and spatial learning/memory is long-lasting. Many
genes involved in the ER-related unfolding protein response were upregulated 3 hr after rotarod training,
echoing our observation that rotarod exercise does indeed induce a stress response, at least in the cortex
and hippocampus. Based on our transcriptomic profiling, we noticed that several transcriptional regulators
were impacted by rotarod training, suggesting that altered regulation of gene expression is likely involved in
the long-lasting effect of forced rotarod exercise. Since our data indicate an involvement of TLR7 and given
that our previous study demonstrated that TLR7 activation in neurons can evoke the MYD88-dependent pathway
to induce C-FOS expression (Liu et al., 2013), TLR7 likely contributes to the transcriptional regulation induced by
rotarod exercise. Moreover, TLR7 can recognize endogenous miRNA (Lehmann et al., 2012; Liu et al., 2015).
Therefore, since miRNA can be transported via exosomes to activate TLR7 (Lehmann et al.,, 2012; Liu et al.,
2015), it would be very intriguing to explore if miRNAs/exosomes represent critical mediators of how forced ro-
tarod exercise controls TLR7 activation and consequently influence transcriptional and behavioral changes.

For typical forced exercise, treadmill is a popular model for rodents (Contarteze et al., 2008; Svensson et al.,
2016). It is a very stressful treatment that induces global inflammation in both brain and peripheral tissues
(Cook et al., 2013; Nambot et al., 2020; Svensson et al., 2016). In this report, we found that rotarod testing
also influence Il-6 expression in cortices and hippocampi. The rotarod test is a much milder task compared
to treadmill, as we found that it did not trigger cytokine expression in mouse spleen. However, the duress of
being placed on the moving rod is sufficient to increase //6 mMRNA levels in the cortex and hippocampus and
ithas along-term impact on mouse behaviors. Thus, arotarod test can serve as a relatively specific model to
investigate the effect of forced exercise-induced stress on brains.

Limitations of the study

First, although we have demonstrated the involvement of IL-6 and TLR7 in rotarod-regulated anxiety and spatial
learning/memory, we are still unsure how rotarod training modulates gene expression, including of Il-6. The
signal pathway operating downstream of rotarod training remains unclear. Second, we have focused on the effect
of rotarod training on the cortex and hippocampus because these two brain regions are highly relevant to anxiety
and spatial learning/memory. Since it is unclear if any specific region accounts for the effect of rotarod training, we
pooled cortex and hippocampus together for analysis. We have identified and validated several DEGs from the
mixed hippocampus and cortex samples in this report. It would be illuminating to further explore more specific
brain regions, such as dorsal or ventral hippocampi and somatosensory, cingulate or motor cortices, and also to
investigate the role of other brain regions. Third, we found that rotarod training at 5 weeks old had a stronger
effect on anxiety and locomotion compared to training at 10 weeks old. Thus, rotarod training at 5 weeks could
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likely serve as amodel to investigate how early life experiences influence emotion and cognitive activity in adults,
warranting further investigation. Finally, we used male mice in the current report. We do not know whether female
mice are also sensitive or even more susceptible to rotarod training. Given that the prevalence of anxiety disor-
dersis much higher forwomen than men (https://www.texashealth.org/Health-and-Wellness/Behavioral-Health/
How-Anxiety-Affects-Men-and-Women-Differently), it would be intriguing to compare the responses of female
and male mice to rotarod training. Thus, sex-biased effects need to be considered in future studies.
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Supplemental Figure S1. The performance of wild-type, /67~ and TIlr7”” mice on
rotarod (related to Figures 1, 2 and 3).

Wild-type (WT) 5-week-old (A) and 10-week-old (B) mice, 10-week-old //67~mice (C), and
10-week-old WT and T/r77” mice (D) were subjected to accelerating rotarod test on three
consecutive days. Latency to fall, i.e. the time period to stay on the rotarod, is shown. The
curve in (A) is quite different from the curves in (B)-(D) because 5-week-old mice tended to
jump away from the rotarod at Day 3. In (D), littermates were used to compare the effect of
Tlr7 knockout on rotarod. Similar to a previous report (Hung et al., 2018a), Tlr7¥ mice
performed comparably to WT littermates in rotarod test. In conclusion, all tested mice at the
age of 10 weeks can learn to stay on the rotarod and display better performance at Day 3 (D3).
Data represent mean +/— SEM. Sample sizes have been shown in the legends of Figures 1, 2

and 3.
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Supplemental Figure S2. Rotarod training does not alter the population of glial cells in
either WT or Tlr77 mice (related to Figure 2).

A Representative images of GFAP (red) and IBAIl (green) dual immunostaining of
hippocampus. Both WT and T7r77* mice were subjected to rotarod training or mock control.
B-C Quantification of relative area of IBA1 and GFAP immunoreactivities in CA3 and hilar

regions. Data represent mean +/— SEM and the results of individual samples are shown. Two-

way ANOVA test (B-C). Scale bar: 100 pm.
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Supplemental Figure S3 Rotarod training does not change the expression of Toll-like

receptor (Tlr) genes in mouse brain or spleen (related to Figure 2).

Quantitative PCR was performed to measure the expression levels of Tlr2, Tir3, Tir4, Tlr7

and 7/r8 in the brain and spleen of mice after undergoing rotarod training at 10 weeks of age.

The results were normalized with internal control Gapdh. Rotarod training exerts no obvious

change in expression of 77r genes in brain or spleen of either WT or 7Ir7 7 mice (n=5 for WT,

n=6 for Tlr77¥). Data represent mean +/— SEM and the results of individual samples are

shown. Two-way ANOVA with Bonferroni’s multiple comparisons test. **, P < 0.01; *** P

<0.001.



SUPPLEMENTAL TABLES

Supplemental Table S1. Summary of animals used in this report (related to all Figures).
Supplemental Table S2. Q-PCR primers and UPL probes (related to Figures 2 and 6).
Supplemental Table S3. Key resource table (related to all Figures).

Supplemental Table S4. Quantitative analysis of differentially expressed genes influenced
by rotarod training in WT and 7777 mice (related to Figure 4, an Excel table)
Supplemental Table S5. List of differentially expressed genes in WT and T/r7"” mice with
or without rotarod training (related to Figure 4).

Supplemental Table S6. Downregulated genes in WT mice that are less sensitive to rotarod
training in TIr7-Y mice (related to Figure 7).

Supplemental Table S7. Selected genes from Supplemental Table S6 and their

representative references relevant to physiological functions (related to Figure 7).



Supplemental Table S1. Summary of animals used in this report (related to all Figures).

Animal group Type of analysis | Rotarod Mouse line Figures

number treatment

I Behavior yes (5w) WT 1B-1D

II Behavior no WT 1B-1D

III Behavior yes (10w) WT 1E-1G

v Behavior no WT 1E-1G

\Y RNA collection | yes and no (10w) | WT, Tlr7-/Y 2A,4,5,6,7,S53

VI Behavior yes and no (10w) | 116/~ 2B

VII IBA1/GFAP yes and no (10w) | 1/6—/— 2C
staining

VIII Behavior yes and no (10w) | WT, Tlr7-/Y 3C

IX Behavior yes and no (10w) | WT, Tlr7-/Y 3B, 3D

X BrdU labeling yes and no (10w) | WT, Tlr7-/Y 3E, 3F

XI IBA1/GFAP yes and no (10w) | WT, Tlr7-/Y S2

staining




Supplementary Table S2. Q-PCR primers and UPL probes (related to Figures 2 and 6).

Gene Quantitative RT-PCR primer pairs Probe

F: GCTACCAAACTGGATATAATCAGGA  |#6
fio R: CCAGGTAGCTATGGTACTCCAGAA

F: AGTTGACGGACCCCAAAAG #38
b R: AGCTGGATGCTCTCATCAGG

F: TTGTCTTAATAACGCTGATTTGGT #64
e R: GGGAGCAGAGGTTCAGTGAT

F: CACAGCCCTCTCCATCAACTA #78
Yo R: CATTTCCGAATGTTCGTCCT

F: TGCAGAGGACTCTGAGACAGC #110
ceb R: GAGTGGTGTCCGAGCCATA

F: GGGGCTTCACTTCTCTGCTT #50
2 R: AGCATCCTCTGAGATTTGACG

F: GATACAGGGATTGCACCCATA #26
3 R: TCCCCCAAAGGAGTACATTAGA

F: GGACTCTGATCATGGCACTG #2
ird R: CTGATCCATGCATTGGTAGGT

F: TGATCCTGGCCTATCTCTGAC #25
7 R: CGTGTCCACATCGAAAACAC

F: CAAACGTTTTACCTTCCTTTGTCT #56
s R: ATGGAAGATGGCACTGGTTC

F: AATGTGTCCGTCGTGGATCT #80
Gapdh

R: CCCAGCTCTCCCCATACATA

. F: GCTGGAGTCAGTTACCGTCAA #1

Plind R: CGCCTCCTTTTCCTCTCAT

F: TCAAGGACCGCTTGGAGA #78
Nptez R: GCCCAGCGTTAGACACATTT

F: CTGAGGCGTATTTGGGAAAG #105
Hopas R: TCATGACATTCAGTCCAGCAA
Hsphl F: AACCCCAGATGCTGACAAA #75




R: CCACCTTTATTTTAGGTTTCTTGG

F: TGAAGCTGTTTCCGAGTGGT #93
Calr R: GATGACATGAACCTTCTTGGTG

F: AGCTGACTCAGGTAACGACCA #11
bex R: GCTTTGACTTAGGTGTTGAGAGC

F: CGGGAAGGGAGAAGACACT #62
ki R: GAGTTCCTCACGCCAACG

F: GGGACAGCCTTTCCTACTACC #67
ros R: AGATCTGCGCAAAAGTCCTG

F: CTACCCGGTGGAAGACCTC #60
Fer? R: AATGTTGATCATGCCATCTCC

F: AGGGTTTGCTGATGAGTTGC #21
Apas? R: TTCCCCTCCACTTCCATCTT

F: CCTCCTCAGACCGCTTTTT #95
Hprt

R: AACCTGGTTCATCATCGCTAA




Supplemental Table S3. Key resource table (related to all Figures).

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Rabbit anti-IBA1 FUJIFILM Wako Pure | Cat# 019-19741,

Chemical Corporation

RRID:AB 839504

Mouse monoclonal anti-GFAP (clone GAS) | Millipore Cat# MAB3402,
RRID:AB 94844
Rat monoclonal anti-BrdU [BU1/75 (ICR1)] | Abcam Cat# ab6326,
RRID:AB 305426
Goat polyclonal anti-DCX (C-18) Santa Cruz Cat# sc-8066,
Biotechnology RRID:AB 208849
4
Mouse monoclonal anti-NeuN Millipore Cat# MAB377,
RRID:AB 229877
2
Experimental Models: Organisms/Strains
Mouse: B6.129S1-Tlr7tm1F1v/J The Jackson RRID:IMSR_JAX:
Laboratory 008380
Mouse:B6;129S2-116tm1Kopf/J The Jackson RRID:IMSR_JAX:
Laboratory 002254
Mouse: B6 Taiwan National N/A

Laboratory Animal
Center

Chemicals, Peptides, and Recombinant Protei

ns

5-Bromo-2'-deoxyuridine Sigma-Aldrich B5002;CAS: 59-
14-3

Oligonucleotides

Primers for QPCR, see Table S5 \ This paper \ N/A

Critical Commercial Assays

Truseq Stranded mRNA kit [llumina 1.48v

Transcriptor First Strand cDNA Synthesis Roche N/A

Kit

LightCycler® 480 Probes Master Roche N/A

Universal Probe Library probes Roche N/A

Software and Algorithms

ImageJ https://imagej.nih.gov/ | 1.48v
ij/

Smart Video Tracking System IJ’anlab, Barcelona, N/A
Spain

FreezeScan CleverSys Inc., 2.0
Reston, VA, USA

LightCycler480 Roche 1.5.0




UPL Assay Design Center Web Service https://lifescience.roch | N/A
e.com/en_tw/brands/u
niversal-probe-
library.html#assay-
design-center

CLC Genomics Workbench https://www.qiagenbi | v.10.1.1
oinformatics.com/

Metascape http://metascape.org/g | N/A
p/index.html

IPA QIAGEN N/A

STRING https://string-db.org/ | N/A

Zen Blue Zeiss 3.1

LSM700 Zeiss N/A

Prism GraphPad 8.0

Deposited Data

Raw data This paper NCBI BioProject

ID PRINA702827




TRANSPARENT METHODS

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Wild type C57BL/6 male mice were purchased from the Taiwan National Laboratory Animal
Center for behavioral analyses. T/r77” mice (Lund et al., 2004) and 7/6” mice (Kopf et al.,
1994) in a C57BL/6 genetic background were originally imported from the Jackson
Laboratory and bred and maintained in the animal facility of the Institute of Molecular
Biology (IMB), Academia Sinica, with a 14 h light/10 h dark cycle and controlled
temperature (20-23 °C) and humidity (48-55%) under pathogen-free conditions. For
behavioral assays, mice were transferred to the behavioral room of IMB with a 12 h light/12
h dark cycle for at least 1 week before experiments. Only male mice were used for behavioral
analyses. The mice were group-housed with their littermates and each cage contained 3 to 5
mice. All animal experiments were performed with the approval of the Academia Sinica
Institutional Animal Care and Utilization Committee (Protocol No. 13-02-520) and in strict
accordance with its guidelines and those of the Council of Agriculture Guidebook for the
Care and Use of Laboratory Animals.

To investigate the effect of forced rotarod exercise on mouse behaviors, we subjected
mice to an accelerating rotarod test for three consecutive days before they underwent various
behavioral assays at various later timeframes. The temperature (20-23 °C) and humidity (48-
55%) of the behavioral room were controlled and it was equipped with a light intensity of
240 lumen/m2 (lux). All behavioral experiments were assayed during daytime from 10 am ~
5 pm. All behavioral assays used in this manuscript were based on previous publications (Hsu
et al., 2020; Hu et al., 2020; Huang et al., 2019; Huang et al., 2021; Hung et al., 2018a; Lin
and Hsueh, 2014; Shih et al., 2020a; Shih et al., 2020b; Wu et al., 2017). The details are

described below.

METHOD DETAILS

Behavioral tasks:

Accelerating rotarod

To ensure that mice could stay stably on the drum, mice were placed on the resting drum (3
cm in diameter) of a rotarod apparatus (RT-01, SINGA, Diagnostic & Research Instruments
Co. Taoyuan, Taiwan) for at least 1 min. The speed of the rotarod was accelerated from 0 to
40 rpm over a 5-min period for mice at 10 weeks of age or a 6-min period for mice at 5

weeks of age. The mice were subjected to three trials per day, with 10-15 min intervals



between trails, for 3 consecutive days. Latency to fall in each trial was recorded. The
apparatus was cleaned with 70% ethanol and air-dried between usages by different animals.
Mock control mice were either placed on a non-moving rotarod for 5 min or without
treatment. Since there was no difference between these two kinds of controls, it is not

specified in this report.

Open field

The apparatus of open field was a transparent plastic box (40x40x32.5 cm). Before the assay,
the experimental mouse was placed in a new cage for 10 min before being transferred to the
center region of the transparent box. Their movements were recorded for 10 min by
videotaping from above. The grooming, rearing, urine and stool number was counted
manually. Rearing was defined as both forelimbs leaving the ground. The total moving
distance, speed and the time spent in the four corners (10x10 cm for each corner) and the
center (20x20 cm) were quantified with the Smart Video Tracking System (Panlab, Barcelona,
Spain). The apparatus was cleaned with 70% ethanol and air-dried before being used for

another mouse.

Elevated plus maze

The maze comprised two open-sided arms (30%5 cm) and two arms (30%5 cm) enclosed by a
14-cm-high wall. The central platform was a square of 5 cm and the entire apparatus was
raised 45.5 cm above ground level. An individual mouse was placed into the central area
facing one of the open-sided arms and allowed to freely explore the maze for 10 min. Mouse
movements were recorded from above using a videocamera. The time spent in different areas
was analyzed using the Smart Video Tracking System (Panlab, Barcelona, Spain). The maze

was cleaned with 70% ethanol and air-dried before assaying another mouse.

Barnes maze

The maze was a white circular platform (100 cm in diameter) with 40 holes (5 cm in diameter)
cut into the periphery. An escape box (black plastic box, 8%20x5 cm) was attached

magnetically under one of the holes (target hole). At day 0, an individual mouse was put into

a cylindrical start chamber in the middle of the maze and, upon removing the start chamber, it

was guided to enter the target hole. Once the mouse had entered the target hole, the hole was

covered and the mouse remained there for 2 min. In the training phase, mice were allowed to

freely explore the maze individually until they had entered the target hole within 180 sec. If a



mouse had not escaped through the target hole within 180 sec, it was guided there by the
experimenter and its escape latency was recorded as 180 sec. Experimental mice underwent
four trials per day, with 15 min intervals between trials, for 4 consecutive days. Escape
latency was measured as the time taken to enter the target hole from removing the start
chamber. In a probe assay (day 5 and day 12), the target hole was covered and experimental
mice were allowed to freely explore the maze for 90 sec. In all cases, mouse movements were
recorded by videotaping from above using a wide-angle lens. The time taken to reach the
target hole was quantified using the Smart Video Tracking System (Panlab, Barcelona,
Spain). The apparatus was cleaned with 70% ethanol and air-dried between usages by

different animals.

Fear conditioning

A fear conditioning chamber (Med Associates Inc., Fairfax, VT, USA) supported with the
FreezeScan 2.0 analytical system (CleverSys Inc., Reston, VA, USA) was used to analyze the
fear memory of mice. At day 1, an experimental mouse was habituated in Box A (a
transparent plastic box) for 12 min. The freezing percentage during these 12 min was
averaged to represent the “basal” freezing response. At day 2, an individual mouse was
placed into Box B (a transparent colored box with slips of colored paper on the walls)
containing scent of 1% acetic acid. After 4 min, three paired stimulations comprising a tone
(2 kHz; 80 dB; 20 s) followed by an electronic foot shock (0.6 mA; 2 s) were applied with
one min intervals. The freezing percentage within 1 minute directly after the third foot shock
was used to represent the response “after stimulation (AS)”, indicating the immediate
response that is relevant to pain sensation of mice to foot shock. At day 3, mice were again
placed in Box B for 12 min without experiencing tone or foot shock stimulations. The
freezing responses from 3-6 min after entering Box B were averaged to indicate contextual
fear memory. At day 4, the experimental mouse was placed into Box A for 4 min and then
received twenty tones (2 kHz; 80 dB; 20 s) separated by 5-s intervals. The freezing responses

of mice were averaged from the first six tones to indicate cued fear memory.

Quantitative RT-PCR (Q-PCR).

Three hours after rotarod training, mouse cortices and hippocampi were collected by
removing the olfactory bulb and entire subcortical regions from whole brains. Cortical and
hippocampal tissues were immediately lyzed in Trizol reagent by dounce homogenization

and then stored at -80 °C until RNA extraction according to the manufacturer’s instructions



(Invitrogen), followed by DNase I (New England BioLabs) digestion for 30 min at 37 °C to
remove contaminating DNA. RNA isolated from mouse brain was then used for cDNA
synthesis by the Transcriptor First Strand cDNA Synthesis Kit (Roche) with an oligo(dT)18
primer. A real-time PCR assay was performed using the LightCycler480 (Roche) and
Universal Probe Library probes (UPL, Roche) system. The primers and their paired probes
(see Supplemental Table S2) were designed using the Assay Design Center Web Service
(Roche). The PCR thermal profile was set as follows: denaturation at 95 °C for 10 min; 45
cycles of denaturation at 95 °C for 10 s, annealing at 60 °C for 30 s, and extension at 72 °C
for 1 s; and a final cooling step at 40 °C for 30 s. Samples were assayed experimentally in
triplicate and then averaged to represent the data of a single experiment. Data was analyzed

and quantified in LightCycler 480 software.

RNA-seq and bioinformatic analysis

Mouse cortices and hippocampi were collected for RNA extraction as described in the
previous paragraph. RNA quality and quantifications were determined using an Agilent 2100
Bioanalyzer. The mRNA sequencing libraries were prepared using a Truseq Stranded mRNA
kit (Illumina) and 75-76 cycle single-read sequencing was performed using the 500 High-
output v2 (75 cycle) sequencing kit on an Illumina NextSeq500 instrument. Sequenced reads

were trimmed for adaptor sequence and low quality sequences, and then mapped to the

GRCm38.p6 whole genome wusing CLC Genomics Workbench  (v.10.1.1,
https://www.qiagenbioinformatics.com/) with parameters: mismatches = 2, minimum fraction
length = 0.9, minimum fraction similarity = 0.9, and maximum hits per read = 5. Genes

differentially expressed in WT mice with or without rotarod testing, and between TIr7 /¥

mice with or without rotarod testing were analyzed using CLC Genomics Workbench. The
output data included fold-change, p-value, false discovery rate (FDR), total counts, RPKM
and TPM. Differentially expressed genes (DEG) were defined by the criteria of fold-change >
1.3, a false discovery rate < 0.1 and average transcripts per million (TPM) > 0 (in each group).
Protein networks and functional enrichments were analyzed using ingenuity pathway analysis
(IPA) software and STRING (https://string-db.org/). Gene ontology biological processes
were assessed using Metascape (http://metascape.org/gp/index.html). For heatmap analysis,
TPM values of each gene was first normalized with the group of WT mice without rotarod
testing and subjected to GraphPad Prism 8.0 for heatmap generation. The raw RNA-seq
dataset has been available online (NCBI BioProject ID PRINA702827).



BrdU injection, immunohistochemistry and quantification

After rotarod assays, mice received a single intraperitoneal injection of BrdU at a dosage of
150 mg/kg bodyweight for short-term labeling (Figure 2A (3)). For long-term labeling, a
single intraperitoneal injection of BrdU was carried out each day for four consecutive days at
a dosage of 100 mg/kg body weight. Experimental mice were anesthetized and perfused with
4% PFA in PBS. After 4% PFA postfixation at 4 °C, brains were sliced into 50-pum-thick
sections using a vibratome. For IBAl1 and GFAP staining, the brain sections were
permeabilized with 0.3% Triton-X 100 in PBS for 10 min, then blocked for 30 min with
blocking solution (0.2% bovine serum albumin, 0.3% horse serum and 0.3% Triton-X 100 in
PBS). The sections were incubated overnight with IBA1 antibody (1:500; Wako, 019-019741)
and GFAP antibody (1:500; Chemicon, MAB3402) in blocking solution at 4 °C. Sections
were then incubated with Alexa Fluor-488- and Alexa Fluor-594-conjugated secondary
antibodies (1:500) with DAPI for 3 h at room temperature. After mounting with antifade
solution (0.5% N-propyl gallate, 20 mM Tris (pH8.0), 90% glyserol), the images were
captured with an Axio imager M2 microscope (Carl Zeiss) equipped with a 20x/NA 0.80
(Plan-Apochromat; Zeiss) objective lens. Images were captured using a cooled charge-
coupled device camera (Rolera EM-C2, QImaging) driven by the digital image processing
software Zen Blue (Zeiss). The images were quantified using ImageJ (NIH). All images were
converted into 8-bit format and adjusted (manually) with the threshold function, and the areas
of CA3 and hilus regions of the hippocampus were analyzed. For BrdU staining, the sections
were incubated with 0.3% H2O» for 30 min and then washed three times with PBS. The slices
were incubated in 2N HCI for 30 min at 37 °C for DNA hydrolysis and then neutralized with
0.1 M sodium borate buffer pH 8.5 for 10 min at room temperature. After washing three
times with PBS, the sections were blocked with blocking solution (3% horse serum and 0.1%
Triton-X 100 in TBS) for 30 min. The slices were incubated overnight with BrdU antibody
(1:200; Abcam, ab6326), together with Dcx antibody (1:100; Santa Cruz, sc-8066) or NeuN
antibody (1:100; Millipore, MAB377) in blocking solution at 4 °C. Sections were incubated
with secondary antibodies plus DAPI and mounted as described above. The images were
captured using a confocal microscope (LSM 700, Zeiss) equipped with a transmitted light
detector (Zeiss LSM, T-PMT) and a 20x/NA 0.80 (Plan-Apochromat) objective lens.

Quantifications were carried out in ImagelJ software.



Statistical analysis

Data are presented as mean plus s.e.m. GraphPad Prism 8.0 was used for analyses and to
generate plots. No statistical method was applied to evaluate sample sizes, but our sample
sizes are similar to those of previous publications (Hung et al., 2018a; Hung et al., 2018b)
and follow previously promoted principles (Charan and Kantharia, 2013). Statistical analyses
were performed using two-tailed nonparametric tests (Mann-Whitney test) and two-way
ANOVA with Bonferroni’s test as indicated in the figure legends. P values < 0.05 were

considered significant.
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