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Abstract

Genetic analyses have linked BTBD9 to restless legs syndrome (RLS) and sleep regulation. Btbd9 
knockout mice show RLS-like motor restlessness. Previously, we found hyperactivity of cerebellar 

Purkinje cells (PCs) in Btbd9 knockout mice, which may contribute to the motor restlessness 

observed. However, underlying mechanisms for PC hyperactivity in Btbd9 knockout mice are 

unknown. Here, we used dissociated PC recording, brain slice recording and western blot to 

address this question. Our dissociated recording shows that knockout PCs had increased TEA-

sensitive, Ca2+-dependent K+ currents. Applying antagonist to large conductance Ca2+-activated 

K+ (BK) channels further isolated the increased current as BK current. Consistently, we found 

increased amplitude of afterhyperpolarization and elevated BK protein levels in the knockout 

mice. Dissociated recording also shows a decrease in TEA-insensitive, Ca2+-dependent K+ 

currents. The result is consistent with reduced amplitude of tail currents, mainly composed of 

small conductance Ca2+-activated K+ (SK) currents, in slice recording. Our results suggest that 

BK and SK channels may be responsible for the hyperactivity of knockout PCs. Recently, BTBD9 

protein was shown to associate with SYNGAP1 protein. We found a decreased cerebellar level 

of SYNGAP1 in Btbd9 knockout mice. However, Syngap1 heterozygous knockout mice showed 

nocturnal, instead of diurnal, motor restlessness. Our results suggest that SYNGAP1 deficiency 

may not contribute directly to the RLS-like motor restlessness observed in Btbd9 knockout mice. 

Finally, we found that PC-specific Btbd9 knockout mice exhibited deficits in motor coordination 

and balance similar to Btbd9 knockout mice, suggesting that the motor effect of BTBD9 in PCs is 

cell-autonomous.
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Introduction

BTBD9 is a gene ubiquitously expressed (Fagerberg et al., 2014). The protein encoded by 

the gene contains a BTB/POZ domain, which is responsible for protein-protein interaction 

(Stogios et al., 2005). Polymorphisms in BTBD9 are associated with restless legs syndrome 

(RLS) (Winkelmann et al., 2007; Jimenez-Jimenez et al., 2018; Akcimen et al., 2020), 

sleep duration, sleep timing, and daytime sleepiness (Jones et al., 2019; Wang et al., 

2019). Restless legs syndrome is considered a sleep disorder. It affects up to 10% of 

the general population (Gossard et al., 2021), causing patients to feel the urge to move, 

which may or may not be accompanied by uncomfortable sensations (Trenkwalder et al., 

2018). The symptoms of RLS usually happen in the evening or during periods of rest, 

leading to a sleep disturbance (Gossard et al., 2021). Although the pathophysiology of 

RLS is mostly unclear, gene silencing of the BTBD9 homolog in flies leads to increased 

motor activity, decreased dopamine levels, and fragmented sleep patterns (Freeman et al., 

2012). Similarly, Btbd9 systemic knockout (Btbd9 KO) mice also show motor restlessness, 

thermal hypersensitivity, dysregulated iron homeostasis, and a disruption in sleep structure 

(DeAndrade et al., 2012a). Two independent studies also observed sleep deficits in different 

lines of Btbd9 KO mice (Muramatsu et al., 2019; Gao et al., 2022). These studies indicate 

a role of BTBD9 in the generation of RLS-like phenotypes, and Btbd9 KO mice are useful 

in understanding the function of BTBD9 in motor control, sleep regulation, thermosensation, 

and iron homeostasis (DeAndrade and Li, 2015; Allen et al., 2017).

Using Btbd9 KO mice, we have found that Btbd9 knockout throughout the whole body 

leads to decreased neural activity in the cerebellum, more non-tonic Purkinje cells (PCs), 

and increased excitability of tonic PCs (Lyu et al., 2020a). The cerebellum is important for 

maintaining balance and fine-tuning and coordination of movements. Consistent with the 

changes in PCs, Btbd9 KO showed deficiency in rotarod and beam walking tests, both of 

which indicate that Btbd9 KO also has impaired motor balance and coordination (Lyu et 

al., 2020b). Although it is hard to rule out the influence of brain circuits and development, 

the results suggest a function of Btbd9 protein in PC activity, which may contribute to 

the behavioral output of Btbd9 KO mice. We next investigated the RLS-like behaviors, 

including circadian-dependent hyperactivity and thermosensation, in PC-specific Btbd9 KO 

mice (Btbd9 pKO). We found that Btbd9 knockout only in cerebellar PCs causes increased 

locomotion during the rest phase, but not during the active phase, and is insufficient for 

developing a sensory deficit (Lyu et al., 2020a). Our results confirmed that Btbd9 deficiency 

in PCs is responsible for generating motor-aspect of RLS-like phenotypes. However, what 

underlies the changes in PC activity, and whether Btbd9 pKO can result in deficits in motor 

balance and coordination is unknown.

BK channel regulates action potential (AP) repolarization and afterpotentials of PCs (Niday 

and Bean, 2021). Ex vivo, both BK channel blocker and BK activator increased the firing 
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frequency of the PCs (Sausbier et al., 2004; Liu et al., 2022). In vivo, gain or loss of function 

of the BK channel has been reported to be associated with motor impairment. BK KO 

mice showed deficits in motor coordination, with significantly smaller afterhyperpolarization 

(AHP) amplitude and slightly longer mean AP 90–10% decay time of PCs (Sausbier et 

al., 2004). PC-specific BK KO mice displayed motor alterations similar to those observed 

in global BK KO mice (Chen et al., 2010). With motor impairment as well, the C9orf72 

KO mouse line also showed hyperactivity of PCs accompanied by a significant increase of 

BK protein in the cerebellum (Liu et al., 2022). Similarly, Dyt1 knock-in mice (Liu et al., 

2020) and PKCγ knockout mice (Watanave et al., 2022) displayed motor defects, larger BK 

current, and increased cerebellar BK protein.

SK channel also regulates AHP and the activity of PCs (Womack and Khodakhah, 2003). 

Applying the SK blocker decreased the amplitude of the AHP and increased the firing rate 

of PCs without affecting the shape of AP (Womack and Khodakhah, 2003). Intraperitoneal 

(IP) injection of SK channel inhibitor in wildtype (WT) mice induces an irregular pattern 

of PC activity. In contrast, IP injection of SK channel-positive modulator decreases the 

spontaneous firing rate of cerebellar PCs (Egorova et al., 2016). Mice with SK2 deletion 

specifically in PCs displayed a significant increase in the firing of PCs (Grasselli et al., 

2020). However, although systemic SK KO mice showed motor impairment, the deficits are 

not apparent in mice with SK2 deletion specifically in PCs (Grasselli et al., 2020).

Btbd9 is known to interact with Syngap1 (Li et al., 2017; Wilkinson et al., 2017). 

SYNGAP1 is part of the postsynaptic density protein complex. It accelerates GTP-to-GDP 

conversion and thus directly inactivates small GTPase proteins within the Ras superfamily 

(Weldon et al., 2018). Loss of function of SYNGAP1 leads to reduced cognitive function, 

altered excitatory-inhibitory balance, and changes in brain morphology and innate behavior 

(Kilinc et al., 2018). Mutations in SYNGAP1 have been linked to autism (Berryer et 

al., 2013). Children with autism have been reported to have a high prevalence of RLS 

symptoms (Russell et al., 2017). A retrospective study indicates all individuals with 

SYNGAP1 mutations had impairment in gross motor function (Jimenez-Gomez et al., 

2019). It is unclear whether loss of Btbd9 can decrease SYNGAP1 level and if a deficiency 

in SYNGAP1 will lead to RLS-like behavior in mice.

We hypothesize that BTBD9 deficiency leads to altered K+ channel activity and decreased 

level of SYNGAP1, which are responsible for the increased excitability observed in Btbd9 
KO PCs and motor restlessness and incoordination. To test the hypothesis, we first isolated 

and compared different K+ currents in cerebellar PCs of Btbd9 KO and WT mice using 

dissociated neuron recording, followed by brain slice recording to compare tail currents, and 

western blot to quantify protein levels of ion channels and SYNGAP1 in the cerebellum. 

We further analyzed action AP and AHP based on the whole-cell patch-clamp recordings 

performed with PCs before (Lyu et al., 2020a). To explore the contribution of SYNGAP1 to 

the behavioral phenotype of Btbd9 KO mice, we reanalyzed the home-cage activity data of 

Syngap1−/+ mice (Nakajima et al., 2019). Finally, we tested motor coordination and balance 

of Btbd9 pKO mice to determine if motor phenotypes observed in Btbd9 KO (Lyu et al., 

2020b) are cell autonomous.
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Experimental Procedures

Mice

The experiments were conducted in accordance with national legislation and associated 

guidelines, and the procedures were approved by the Institutional Animal Care and Use 

Committee of the University of Florida. Experiments were conducted with males to 

minimize the variations caused by estrous cycles in females. The generation of Btbd9 KO 

mice and Btbd9 pKO mice has been described before (Lyu et al., 2020a).

Dissociated PC recording

Experiments were conducted according to protocols described previously (Raman and Bean, 

1999; Tian et al., 2014; Liu et al., 2020). It should be noted that healthy dissociated PCs 

can only be isolated from mice younger than 21 d of age. Investigators who performed 

the recordings were blind to the genotypes. Eight KO cells and 5 WT cells were recorded 

from 3 Btbd9 KO pups and 3 WT littermates. Briefly, mice (13–18 d) were sacrificed, and 

the cerebellum was rapidly removed to a Tyrode’s (TYR) Solution (in mM): 150 NaCl, 

4 KCl, 2 CaCl2, 2 MgCl2, 10 HEPES, and 10 glucose (buffered to pH 7.4 with NaOH). 

The vermal layer of the cerebellum was removed and minced in an ice-cold, oxygenated 

dissociation solution containing (in mM): 82 Na2SO4, 30 K2SO4, 5 MgCl2, 10 HEPES, 10 

glucose, and 0.001% phenol red (pH 7.4). The minced tissue was subsequently incubated in 

the dissociation solution with 3 mg/ml protease XXIII (pH 7.4) at 35 °C for 7 min while 

oxygen was blown over the surface of the solution. Subsequently, the tissue was washed in 

warm, oxygenated dissociation solution containing 1 mg/ml bovine serum albumin and 1 

mg/ml trypsin inhibitor and then maintained in TYR solution while oxygen was blown over 

the surface of the fluid. Occasionally, one-fifth of the tissue was withdrawn and triturated 

with a fire-polished Pasteur pipette to liberate individual neurons, after which 300 μl of the 

solution was transferred to poly-D-lysine coated cover glass.

The acutely dissociated PCs were allowed to settle on poly-D-lysine coated cover glass for 

5 min before transferring the cover glass to the recording chamber. After washing out tissue 

debris with TYR solution, PCs with a pear-like shape and smooth surface were selected. 

Recording pipettes (5–10 MΩ) were filled with an intracellular solution containing (in mM): 

122 K-gluconate, 9 NaCl, 1.8 MgCl2, 0.9 EGTA, 9 HEPES, 14 Tris-creatine phosphate, 

4 MgATP, and 0.3 Tris-GTP (pH 7.2). The control external solution was TYR solution, 

which was applied to the recorded cell during the gigaseal formation. After adding 300 nM 

tetrodotoxin (TTX) to TYR solution to block all major sodium (Na+) channels, the solution 

was referred to as “Ca ECS” (current a, Fig. 1B). A “Co ECS” solution was made by 

replacing CaCl2 in Ca ECS with 2mM CoCl2, which reversibly blocks Ca2+ currents through 

all types of Ca2+ channels (currents b, Fig. 1D). To block certain K+ channels, we added 

tetraethylammonium (TEA; 1mM) to Ca ECS and Co ECS to make “CaTEA ECS” (currents 

c, Fig. 1E) and “CoTEA ECS” (currents d, Fig. 1F), respectively.

The change of different ECS was achieved by turning a 3-way stopcock with a gravity-

driven perfusion system. Whole-cell recordings of dissociated PCs were performed at room 

temperature (23 ± 1 °C) using the Axopatch 1D Amplifier (Molecular Devices). Data were 
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acquired using pCLAMP 10 software, with P/N subtraction of the leak currents built into 

the software. Signals were filtered at 5 kHz, and digitized at 10 kHz with a DigiData 1440 

(Molecular Devices, Union City, CA). After establishing the whole-cell configuration, the 

cell was voltage-clamped at −80 mV (without correcting liquid junction potential).

Fast and slow capacitances were removed using capacitance compensation. The patch-clamp 

amplifier also compensated for series resistance. For isolation of K+ currents, voltage step 

protocols were repeated when the cell was exposed to Ca ECS, Co ECS, CaTEA ECS, 

and CoTEA ECS sequentially. The duration for each voltage step was 50 ms. For the 

quantification of ionic currents of interest, three identical recordings from the last three ECS 

solutions were averaged. Data were analyzed using Clampfit 10.3 software.

For each cell, subtractions were normalized with cell capacitance to obtain current densities. 

Then the value was normalized to the maximal current obtained with TTX or Ca ECS. 

Different types of K+ currents were analyzed separately. Each cell had 10 normalized data 

points, corresponding to voltage steps from −70mV to 20mV, which were included in the 

statistical analysis. Voltage steps and age were included as continuous variables.

Seven KO cells and twelve WT cells were recorded from the second batch of animals of 3 

Btbd9 KO pups and 5 WT littermates (14–20 d). All procedures were the same as described. 

Cells were recorded in Ca ECS solutions for 5 min with or without 1 μM Paxilline (Fig. 1H).

Voltage clamp recording to determine Purkinje cell SK current

Experiments were conducted as described by others (Tian et al., 2014). The Investigator who 

performed the electrophysiological recordings was blind to the genotypes. A total of 4 mice 

were used. Eight cells from 2 WT mice and four cells from 1 Btbd9 KO littermate at 21 to 

22 days of age, which generated 105 instances of calcium spike-induced tail currents, were 

used to quantify tail current amplitude. Animal ID, cell ID, traces, and voltage steps were all 

used to fit a multiple-level nested model (SAS GENMOD). The number of calcium spikes, 

the peak of the last calcium spike to the end of the voltage step, and the voltage step were 

used as covariates.

To confirm the major component of tail current is SK current, apamin, a blocker for SK 

channel, was used with 1 WT mouse at 20 days of age in an additional experiment. Mice 

were anesthetized by the inhalation of isoflurane, decapitated, and the brains were rapidly 

removed. Three hundred μm-thick cerebellar sagittal brain slices were cut in ice-cold, 

oxygenated cutting saline (in mM): (180 sucrose, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 

10 D-glucose, 1 CaCl2, 10 MgCl2, and 10 glucose) using a Vibratome (Leica VT 1000s) 

and the slices will be recovered in a holding chamber for 60 min at 35°C with artificial 

cerebrospinal fluid (ACSF). Final concentrations of ACSF (in mM): 126 NaCl, 2.5 KCl, 

1.25 NaH2PO4, 25 NaHCO3, 1 MgCl2, 2 CaCl2, and 10 glucose. The slices were then 

incubated at room temperature. The patch electrode was filled with an intracellular solution 

containing 135 mM potassium gluconate, 10 mM KCl, 1 mM MgCl2, 2 mM Na2-ATP, 0.4 

mM Na3-GTP, 10 mM HEPES (pH 7.2–7.3 with KOH). Each slice was transferred to a 

submerged recording chamber with the continuous flow (2 ml/min) of ACSF.
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Calcium spikes and invoked SK current were recorded by the voltage clamp at whole-cell 

recording mode with IR-DIC and an Axopatch 1D amplifier (Axon Instruments, Foster 

City, CA). The slice was perfused with ACSF with 1μM TTX and 1mM TEA to block 

voltage-gated Na+ channels, and most of the voltage-gated K+ channels, PCs were held at 

−50 mV before stepping to potentials ranging from 0 to 90 mV every 30 s for a period of 

100–300 ms to invoke Ca2+ spike complexes. At the end of the voltage step, the membrane 

potential was stepped back to −50 mV to allow Ca2+- activated tail current generation. (Fig 

1J).

Western blot

Western blot was performed as previously described (Yokoi et al., 2015b; Yokoi et al., 

2015a; Yokoi et al., 2020). The individual cerebellum was dissected from 5 Btbd9 KO mice 

and 5 WTs with an average age of 3 mo (63–147 d) and homogenized in 200 μl of ice-cold 

lysis buffer (Tris/HCl 50mM, pH=7.4; NaCl 175mM; EDTA 5mM, pH=8.0) containing 

protease inhibitor cocktail (Roche). Twenty-two μl of ice-cold 10% Triton X-100 was added 

to the homogenate. The mixtures were incubated for 30 min on ice and centrifuged at 

10,000 × g for 15 min at 4 °C. The supernatant was used as protein samples for the western 

blot. The protein concentration of the supernatant was measured by protein assay reagent 

(Bio-Rad). An aliquot of the supernatant was mixed with 2 × loading buffer containing 

2-mercaptoethanol, boiled for 5 min, chilled on ice, and spun down. The proteins were 

separated on a 10% SDS-PAGE gel and transferred to Millipore Immobilon-FL transfer 

membranes (PVDF). The PVDF membranes were washed in 0.1M PBS for 5 min and 

blocked with LICOR Odyssey blocking buffer for 1 h. The membranes were cropped 

around the position of the bands of protein size markers (Precision Plus Protein™ All 

Blue Standards, Bio-Rad, #1610373) indicated by the manufacturers. For small conductance 

Ca2+-activated K+ (SK) channels, the membrane was cut between 37 KDa and 50 KDa, 

and between 50 KDa and 75 KDa. We cut the membranes between 100 KDa and 250 

KDa to probe large-conductance Ca2+-activated K+ (BK) channels, 50 KDa to 100 KDa 

to probe Kv1.2 channels, 150 KDa to 250 KDa to probe P/Q channels, slightly above 100 

KDa to below 250 KD to probe SYNGAP1, or slightly above 25 KDa to little above 37 

KDa to probe glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The membranes were 

incubated overnight at 4 °C with rabbit polyclonal anti-KCNN2 (KCa2.2, SK2) antibody 

(Alomone lab, #APC-028) at 1:4000 dilution, mouse monoclonal anti-Slo1 (BK) antibody, 

clone L6/60 (Sigma-Aldrich, MABN70) at 1:4000 dilution, mouse monoclonal anti-KCNA2 

antibody (for Kv1.2; Sigma-Aldrich, SAB5200059) at 1:4000 dilution, rabbit polyclonal 

anti- Ca2+ channel antibody (α1A subunit; P/Q-type of voltage-gated Ca2+ channel; Sigma-

Aldrich, C1353) at 1:1000 dilution, rabbit polyclonal anti-SYNGAP1 antibody (Proteintech, 

19739–1-AP) at 1:2000 dilution, or goat GAPDH antibody (Santa Cruz, sc-20357) at 1:2000 

dilution in the blocking buffer. The membranes were washed with 0.1M PBS containing 

0.1% Tween 20 for 4 times at 5 min each, then treated for 1 h with LI-COR IRDye 800CW 

donkey anti-goat IgG (H+L), LI-COR IRDye 800CW donkey anti-mouse IgG (H+L), or 

LI-COR IRDye 680RD donkey anti-rabbit IgG (H+L) at 1:15,556 dilution. After washing 4 

times with 0.1M PBS containing 0.1% Tween 20 for 5 min each and 0.1M PBS 3 times for 

5 min each, the membranes were dried, and the signals were detected and quantified by an 

LI-COR Odyssey imaging system.
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Rotarod and beam walking

Eleven Btbd9 pKO mice and 15 control littermates with an average age of 7 mo (176–262 

d) were tested as described previously (Dang et al., 2005; Lyu et al., 2020b). The rotarod 

apparatus started at an initial speed of 4 rpm and gradually accelerated at a rate of 0.2 rpm/s. 

The latency to fall was measured with a cutoff time of 3 min. Mice were tested for three 

trials each day for 2 d. The trials on the same day were performed approximately 1 h apart.

Animals were allowed to rest for a week before the beam walking test. Animals were trained 

to traverse a medium square beam (14 mm wide) in 3 consecutive trials each day for 2 d. 

After training was completed, the experiment commenced with recordings of the number of 

hind paw slips for each of the two trials per beam. On the first test day, animals were made 

to cross the medium square and round beam (17 mm diameter), and on the second day, a 

small round beam (10 mm diameter) and an additional small square beam (7 mm wide). It 

happens that the animals cannot finish the trial and drop down from the beam. In this case, it 

was assigned the largest number observed during the whole beam walking experiment.

Statistical analysis

AP and AHP data were derived from the whole-cell patch-clamp recording experiment 

conducted before (Lyu et al., 2020a) using the Mini Analysis Program (KO, n=6 mice 

and 42 cells; WT, n=6 mice and 43 cells). Analysis of AP and AHP was performed as 

described by others (Sausbier et al., 2004). The home-cage activity of Syngap1−/+ mice 

was published earlier (Nakajima et al., 2019) and used for sleep-like behavior analysis 

(Syngap1−/+, n=19; WT, n=14). All experimental data were tested for normality using the 

SPSS statistical package (version 26). Isolated currents obtained from the dissociated PC 

recording, tail currents, western blot of SYNGAP1, rise time and decay time of AP, AP 

area, AP half-width, AHP amplitude, and behavioral data were not normally distributed and 

analyzed by the generalized linear model (GENMOD, SAS University Edition). We did not 

use the nonparametric test because the method does not have a nesting function and does not 

allow us to consider “age” as a covariate. The amplitude of AP was normally distributed and 

therefore analyzed by mixed-model ANOVA (JMP Pro 15). Western blot data of SK, BK, 

Kv1.2, and P/Q channels were analyzed with Student’s t-test. Age was used as a continuous 

variable in both SAS GENMOD and ANOVA. Data in the text are presented as “mean ± 

standard error of the mean (SEM)” unless specifically marked.

Results

Decreased SK but increased BK current density of Btbd9 KO PCs

We first used the voltage clamp technique to compare ionic currents in Btbd9 KO PCs. Due 

to PC’s extensive dendritic materials and space clamp issues, it is extremely challenging to 

perform voltage clamp of PCs in adult brain slices. Acutely dissociated PCs can be used 

instead to directly record different types of K+ currents (Raman and Bean, 1999; Tian et 

al., 2014). However, healthy dissociated PCs can only be isolated from mice younger than 

21 days of age. Dissociated PCs were identified by their large diameter and characteristic 

pear-like shape. Currents were recorded in response to voltage steps under five different 

conditions. The first recording assay was conducted without the interference of any drugs. 
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Then TTX (300 nM) was introduced to block voltage-gated Na+ channels (currents a, 

Fig. 1B). Na+ currents were obtained by subtracting currents a from the whole currents 

(Fig. 1C). Next, CoCl2 (2 mM) was added to replace CaCl2, blocking Ca2+ channels 

and Ca2+-activated K+ channels (currents b, Fig. 1D). TEA (1 mM) was used to block 

TEA-sensitive K+ channels (currents c, Fig. 1E). Finally, TTX, CoCl2, and TEA were used 

all together to reveal the TEA-insensitive, Ca2+-independent K+ channels (currents d, Fig. 

1F). Ca2+-dependent K+ currents were obtained by subtracting currents b from currents a 

(a-b). TEA-sensitive K+ currents were obtained by subtracting currents c from currents a 

(a-c). Subtraction of currents d from currents c resulted in TEA-insensitive, Ca2+-dependent 

K+ currents (c-d), which mainly contain small conductance Ca2+-activated K+ (SK) currents 

(Ishii et al., 1997). Subtraction of currents d from currents b resulted in TEA-sensitive, Ca2+-

independent K+ currents (b-d). Subtraction between TEA-sensitive K+ currents, (a-c), and 

TEA-sensitive, Ca2+-independent K+ currents, (b-d), led to TEA-sensitive, Ca2+-dependent 

K+ currents [(a-c)-(b-d)], which is mostly contributed by BK channels (Benton et al., 2013). 

There was a significant 42% decrease in TEA-insensitive K+ currents (Fig. 1G, c, KO, 0.034 

± 0.003, WT, 0.059 ± 0.007, p < 0.001, GENMOD with a gamma distribution), which was 

attributed to a significant 38% decrease in SK current density (Fig. 1G, c–d, KO, 0.021 ± 

0.004, WT, 0.034 ± 0.003, p = 0.033, GENMOD with a gamma distribution). There was 

a 23% increase in TEA-sensitive current (Fig. 1G, a–c, KO, 0.050 ± 0.005, WT, 0.040 

± 0.001, p = 0.034, GENMOD with a gamma distribution). Further analysis showed a 

significant 57% increase in BK current density of the Btbd9 KO PCs (Fig. 1G, (a–c)–(b–d), 

KO, 0.022 ± 0.004, WT, 0.014 ± 0.001, p = 0.008, GENMOD with a gamma distribution). 

These results together suggest PCs of juvenile KO mice have already shown functional 

changes in SK and BK channels, which are important for the neural development of firing 

patterns and frequency (Kshatri et al., 2018).

To further confirm the increased current density observed from the BK channel in KO 

mice, recordings were performed in solutions with TTX first, then were repeated by adding 

Paxilline, a BK channel blocker (Fig. 1H). Subtractions between the two recordings resulted 

in Paxilline-sensitive currents (Fig. 1H), which were significantly increased in the KO mice 

(15%, Fig. 1I, KO, 0.110 ± 0.016, WT, 0.083 ± 0.001, p = 0.0498, GENMOD with a gamma 

distribution).

To further confirm the decreased current density observed from the SK channel in KO mice, 

we used voltage steps to evoke tail currents in brain slice recording (Fig. 1J, the current 

after the end of the voltage step). Most of the tail current was responsive to apamin, an SK 

channel blocker, indicating SK current is the main component of the tail current (Fig. 1K). 

Btbd9 KO mice had a significant reduction in the tail current amplitude (18%, Fig. 1L, M, 

KO, 0.039 ± 0.003, WT, 0.048 ± 0.001, p = 0.024, GENMOD with a gamma distribution), 

suggesting a decreased SK current.

Increased cerebellar level of BK channels in Btbd9 KO mice

To explore if there exist ion channel changes in adult mice, we analyzed the related 

protein levels in the cerebellum using western blot. Previously, we have found that tonic 

PCs in Btbd9 KO have increased spontaneous firing frequency and enhanced response to 
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current steps (Lyu et al., 2020a). The firing of PCs is regulated by the TEA-insensitive, 

Ca2+-dependent K+ channels, including SK channels (Tian et al., 2014); the TEA-sensitive, 

Ca2+-dependent K+ channels comprise BK channels (Womack and Khodakhah, 2002); and 

the Ca2+-independent K+ currents contain Kv1.2 channels (Xie et al., 2010; Williams et 

al., 2012). In addition, it has been shown that P/Q-type Ca2+ channels solely provide Ca2+ 

for both SK and BK channels (Womack et al., 2004). Hence, P/Q-type Ca2+ channels were 

included in our analysis. Although the expression levels of SK, Kv1.2, and P/Q channels 

were not statistically different between Btbd9 KO and WT mice (Fig. 2A, KO, 0.318 ± 

0.032, WT, 0.255 ± 0.027, p = 0.165; C, KO, 0.807 ± 0.137, WT, 0.795 ± 0.139, p = 0.950; 

D, KO, 0.089 ± 0.025, WT, 0.096 ± 0.015, p = 0.801, all Student’s t-test), BK channels 

showed a significant increase (47%) in Btbd9 KO compared to WT mice (Fig. 2B, KO, 

0.637 ± 0.069, WT, 0.434 ± 0.046, p = 0.040, Student’s t-test). In summary, the western blot 

data suggest that the adult Btbd9 KO has increased BK channel protein in their cerebellum, 

which may contribute to the increased excitability in KO PCs.

Increased AHP amplitude of Btbd9 KO PCs

BK channels regulate the shape of AP and AHP (Sah and Faber, 2002). Increased levels 

of BK channels would be expected to cause increased AHP amplitude and smaller AP 

half-width of neurons (Haghdoost-Yazdi et al., 2008). We have previously published our 

brain slice recording results from PCs containing information about AP and AHP (Lyu et al., 

2020a). Further analysis showed that the AHP amplitude was significantly larger in Btbd9 
KO compared to WT PCs (Fig. 3H, KO, 12.606 ± 0.418, WT, 11.098 ± 0.584, p = 0.047, 

GENMOD with a gamma distribution). However, the half-width of AP was not significantly 

decreased in Btbd9 KO PCs (Fig. 3G, KO, 0.673 ± 0.022, WT, 0.627 ± 0.016, p = 0.089, 

GENMOD with a gamma distribution). It should be noted that knockout of BK channels 

in mice only has a modest effect on the AP itself, with the main impact of decreased 

AHP amplitude (Sausbier et al., 2004). Our analysis also showed that the amplitude (Fig. 

3C, KO, 15.375 ± 0.474, WT, 15.160 ± 0.469, p = 0.751, mixed model ANOVA) and 

decay time (Fig. 3E, KO, 0.473 ± 0.017, WT, 0.442 ± 0.017, p = 0.215, GENMOD with 

a gamma distribution) of AP were not statistically different between Btbd9 KO and WT 

PCs. However, Btbd9 KO PCs had an increased rise time of AP (Fig. 3D, KO, 2.374 ± 

0.017, WT, 2.275 ± 0.023, p = 0.001, GENMOD with a gamma distribution) and increased 

area of AP (Fig. 3F, KO, 12.979 ± 0.547, WT, 11.318 ± 0.367, p = 0.007, GENMOD with 

a gamma distribution). The results indicate potential changes in other voltage-gated ion 

channels responsible for the AP generation.

Decreased cerebellar level of SYNGAP1 in Btbd9 KO mice

Previous studies found putative in vitro interaction between BTBD9 and SYNGAP1 (Li 

et al., 2017; Wilkinson et al., 2017). Here, we validated such an interaction in the Btbd9 
KO cerebellum. Western blot analysis indicates a decreased level of SYNGAP1 protein 

in the Btbd9 KO cerebellum (Fig. 2E, p = 0.020, GENMOD with a gamma distribution), 

supporting such an interaction.

Lyu et al. Page 9

Neuroscience. Author manuscript; available in PMC 2023 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The increased home-cage activity of Syngap1−/+ mice during the dark phase

To further understand if the decreased cerebellar level of SYNGAP1 is associated with 

RLS-like phenotypes observed in the Btbd9 KO mice (DeAndrade et al., 2012a), we made 

a home-cage activity comparison between Syngap1−/+ mice and their control littermates 

based on the data collected before (Nakajima et al., 2019). As described, Syngap1−/+ mice 

and WTs were housed individually in their home cage, and their locomotor activity was 

monitored for 7 days by video cameras connected to a computer. We only included the last 

4 days’ data for analyses as we did before (Sausbier et al., 2004; Lyu et al., 2019; Lyu et al., 

2020b). The activity levels of the first 3 days were not stable (Nakajima et al., 2019), and the 

mice are considered to be accommodating to the environment.

We divided the activity level of each mouse into the light phase (7:00 to 18:00) and dark 

phase (19:00 to 6:00) and summed the activity level for each mouse during each phase. Each 

mouse had 4 days’ and 4 nights’ data (coded as ‘Period’ in analyses). Day and night activity 

levels were separately compared between two genotypes with the period as a within-subject 

and a covariate using the GENMOD with a gamma distribution. We also summed each 

mouse’s activity level during each hour. The activity levels of each hour were separately 

compared between two genotypes with the period as a within-subject and a covariate using 

the GENMOD with a gamma distribution. A principal feature of RLS is a desire to move, 

especially during the rest phase (Trenkwalder et al., 2018). Here, opposite to the Btbd9 KO 

mice, Syngap1−/+ mice showed an increased home-cage activity level during the dark phase 

(Fig. 4B, left panel, Syngap1−/+, 19592.459 ± 1769.898, WT, 10855.205 ± 1064.515, p < 

0.001, GENMOD with a gamma distribution), which is usually the active phase of rodents, 

but not the light phase (Fig. 4A, left panel, Syngap1−/+, 4837.726 ± 262.666, WT, 4804.460 

± 345.548, p = 0.939, GENMOD with a gamma distribution) when rodents usually are 

sleeping. We then computed the probability of waking by coding the activity level as 1 if the 

mouse had movements during a minute and coded the activity level as 0 if the mouse did not 

have any movements during that minute. The probability of day and night were separately 

compared between two genotypes with period, hour, and minute as within-subjects using 

the GENMOD with a binomial distribution. Syngap1−/+ mice had an increased likelihood of 

waking in the active phase (Fig. 4D, Syngap1−/+, 0.961 ± 0.006, WT, 0.897 ± 0.011, p < 

0.001, GENMOD with a binomial distribution), but not the rest phase (Fig. 4C, Syngap1−/+, 

0.678 ± 0.006, WT, 0.702 ± 0.015, p = 0.148, GENMOD with a binomial distribution). The 

results suggest that the reduction of SYNGAP1 protein itself in Btbd9 KO mice may not 

contribute directly to RLS-like phenotypes.

Motor coordination and balance deficits of Btbd9 pKO mice

Btbd9 KO mice have decreased latency to fall in the rotarod test and increased number of 

slips in the beam walking test (Lyu et al., 2020b) besides RSL-like phenotypes (DeAndrade 

et al., 2012a). The rotarod test assesses gross motor ability to maintain balance and 

coordination when the animals are challenged by an accelerating rotating rod. In contrast, 

the beam walking test assesses fine motor balance and coordination skills (Dang et al., 

2005). Btbd9 pKO mice showed increased locomotor activity levels and the probability of 

waking, especially during the rest phase (Lyu et al., 2020a), which is consistent with what 

we found in Btbd9 KO mice. Here, we investigated whether Btbd9 pKO mice had similar 
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motor coordination and balance deficits as Btbd9 KO. We used the same experimental setup 

to find that pKO mice showed a motor deficit in the rotarod (Fig. 5A, right panel, pKO, 

81.997 ± 4.328, Control, 98.197 ± 6.387, p = 0.032, GENMOD with a gamma distribution) 

but not in the beam walking test (Fig. 5B, pKO, 1.133 ± 0.356, Control, 1.102 ± 0.294, p 
= 0.938, GENMOD with a negative binomial distribution). Therefore, PC-specific BTBD9 

deficiency in mice is sufficient to cause RLS-like motor restlessness (Lyu et al., 2020a) and 

can lead to motor coordination and balance deficits.

Discussion

Our previous study showed that Btbd9 KO mice had increased neural activity in 

cerebellar PCs (Lyu et al., 2020a). Furthermore, Btbd9 pKO mice resemble the diurnal 

motor restlessness of Btbd9 KO mice (Lyu et al., 2020a). Based on these findings, we 

proposed that a lack of BTBD9 protein influences the function of the cerebellum, which 

may contribute to RLS-like circadian-dependent hyperactivity. However, the underlying 

mechanisms for the observed activity changes in PCs and RLS-like behavior are unclear. 

In this study, we used three lines of mutated mice, which are Btbd9 KO, Btbd9 pKO, and 

Syngap1−/+. To answer this question, we performed dissociated neuron recording, brain slice 

recording, western blot, and behavioral tests, including home-cage activity (Nakajima et al., 

2019), rotarod and beam walking. As summarized in Figure 6, our results demonstrate that 

Btbd9 KO had an increased BK but decreased SK activity level in PCs at the early postnatal 

stage. Moreover, adult Btbd9 KO had an increased protein level of BK channels, consistent 

with an increased amplitude of AHP observed from KO PCs. Although the protein level 

of SYNGAP1 decreased in the cerebellum of Btbd9 KO, Syngap1−/+ mice did not have 

RLS-like diurnal motor restlessness. Finally, PC-specific BTBD9 deficiency is sufficient for 

mice to develop motor coordination and balance deficits.

Dissociated neuron recording indicated an increased current density of BK channels in 

juvenile Btbd9 KO PCs, and western blot showed an increased protein level of BK channels 

in the adult Btbd9 KO cerebellum. The two findings are consistent and supported by the 

recently published hyperexcitability and cell-type redistribution of KO PCs (Lyu et al., 

2020a), a larger AHP of KO PCs, and increased firing frequency with a BK agonist (Liu 

et al., 2022). First, BK channels have been found to contribute to the fast AHP following 

spontaneous APs (Sah and Faber, 2002). Specifically, the strong activation of BK channels 

enhances the amplitude of AHP (Haghdoost-Yazdi et al., 2008). In addition, BK KO mice 

had reduced spontaneous activity of the PCs (Sausbier et al., 2004). Although we did not 

have evidence showing that a pharmacological blockage of BK channels in KO PCs would 

rescue the deficit, we were able to show that pharmacological stimulation of BK channels 

in WT PCs leads to increased firing frequency, as observed in KO PCs (Liu et al., 2022). 

It can be inferred that the activity increase of BK channels would be more likely to result 

in increased spontaneous activity of the PCs, which is precisely our case. However, another 

study showed that inhibition of BK channels in PCs leads to increased firing frequency in 

rats with ages less than 16 d (Womack et al., 2009). It should be noted that the effectiveness 

of iberiotoxin, a BK channel blocker, disappears when animals are older than 20 d (Womack 

et al., 2009). The mice we used in the whole-cell patch-clamp recording were around 8 

mo of age. Therefore, the effect of blocking the BK channel in increasing firing frequency 
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may have been greatly diminished. Moreover, blocking the BK channel acutely with the 

drugs is different from chronic manipulations like gene knockout. Secondly, BK channels 

are also important for the transition between tonic and non-tonic firing (Gu et al., 2007). 

In hippocampal neurons (Brenner et al., 2005; Wang et al., 2016), adrenal chromaffin cells 

(Martinez-Espinosa et al., 2014), and neocortical pyramidal neurons (Shruti et al., 2008), 

enhanced BK current is linked with paradoxical increases in excitability and predisposition 

to non-tonic firing. Furthermore, BK currents are involved in the circadian regulation of the 

suprachiasmatic nucleus and generate bidirectional effects on neuronal firing under distinct 

conditions during day and night (Montgomery and Meredith, 2012). Finally, BK channels 

are associated with motor coordination in mice. Mouse models with motor impairment, 

including C9orf72 KO mice (Liu et al., 2022), Dyt1 knock-in mice (Liu et al., 2020), and 

PKCγ KO mice (Watanave et al., 2022), show a significant increase in BK protein in the 

cerebellum.

RLS-associated genes, CRBN and SUN1 (Tilch et al., 2020), have been found to be 

able to increase the BK channel activity and influence the function of the cerebellum, 

respectively. The deficiency of SUN1, which is enriched in PCs, causes cerebellar ataxia in 

mice (Wang et al., 2015). CRL4ACRBN, an E3 ubiquitin ligase, targets the BK channel for 

polyubiquitination. Inactivation of CRL4ACRBN leads to markedly increased BK channel 

activity (Liu et al., 2014). Additionally, Crbn KO animals have been found to show 

enhanced BK channel activity (Choi et al., 2018). Our results showed that Btbd9 deficiency 

led to increased BK channel activity. These findings demonstrate the importance of BK 

channels and the cerebellum in the pathogenesis of RLS.

The BACK domain of BTBD9 has been implied to help maintain substrate orientation 

in Cullin3-based E3 ligase complexes (Stogios and Prive, 2004; Stogios et al., 2005). 

The BTBD9 ortholog dBTBD9 has been found to colocalize with Cullin-3 in Drosophila 
(Freeman et al., 2012). BTBD9 is thought to work with Cullin-3 to regulate levels of 

IRP2, which is degraded by over-expressing BTBD9 in HEK cells (Freeman et al., 2012). 

Cullin-RING and BTBD9 complexes have been identified to interact with tumor necrosis 

factor α-induced protein 1 (TNFAIP1) and promote its polyubiquitination and degradation 

(Li et al., 2020). Therefore, loss-of-function in BTBD9 may affect the normal ubiquitylation 

and proteolysis process. The increased protein level of BK channels may be caused by the 

same loss of function of BTBD9 in protein ubiquitylation. Interestingly, Dynamin-1 was 

found to be significantly elevated in the systemic Btbd9 KO mice (DeAndrade et al., 2012b; 

Lyu et al., 2020c). Dynamin-1 may represent another potential ubiquitylation target that is 

regulated by BTBD9 protein.

There was a decreased current density of SK channels detected by dissociated recording 

and a reduced tail current detected by brain slice recording in juvenile Btbd9 KO PCs. 

However, we could not find protein level changes for the SK channel in adult KO mice. It 

has been found that blockage of the SK channel increased the firing frequency of PCs in 

mice (Womack and Khodakhah, 2003). Moreover, PC-specific SK2 deletion in mice leads 

to an increase in the firing of PCs (Grasselli et al., 2020). A reduction in the SK channel 

also enhances the coupling of dendritic EPSPs to spike output (Ohtsuki and Hansel, 2018), 

facilitating enhanced activity levels and excitability of PCs. Therefore, decreased levels of 
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SK current may be another contributor to the increased excitability and firing of tonic PCs 

observed in Btbd9 KO mice. However, SK channel may not be responsible for the increased 

AHP amplitude of KO PCs and the motor impairment found in KO mice. It has been 

reported that SK channel blockage in PCs leads to a decrease in AHP amplitude (Womack 

and Khodakhah, 2003). PC-specific SK2 KO mice do not have significant impairment in 

locomotion and do not show ataxia-like tremors (Grasselli et al., 2020).

Large-scale protein interactome analysis has revealed that BTBD9 protein interacts with 

SYNGAP1, a synaptic Ras GTPase activating protein abundant in the neurons’ postsynaptic 

density (Li et al., 2017; Wilkinson et al., 2017). Our western blot analysis showed a 

decreased level of SYNGAP1 protein in the cerebellum of Btbd9 KO mice, which is 

consistent with the proposed interaction in vivo. However, Syngap1−/+ mice failed to show 

RLS-like phenotypes, indicating that decreased SYNGAP1 level may not be directly related 

to the diurnal motor restlessness observed in the Btbd9 KO mice. On the other hand, one of 

the primary neuronal functions of the SYNGAP1 protein is to regulate the balance between 

excitation and inhibition. Loss of SYNGAP1 can lead to epilepsy or seizures (Berryer et al., 

2013; Mignot et al., 2016). SYNGAP1 protein has been mostly studied in the context of the 

postsynaptic density of excitatory neurons; however, a recent study also revealed the role of 

SYNGAP1 protein in the GABAergic inhibitory neurons (Berryer et al., 2016). According 

to Allen Brain Atlas, SYNGAP1 is highly expressed in the PCs and surrounding cells. A 

reduced cerebellar level of SYNGAP1 protein might lead to increased excitability of PCs 

either in a cell-autonomous manner or through cell-cell interactions with other cells.

Btbd9 pKO mice showed a motor deficit in the rotarod test, similar to Btbd9 KO mice 

(Lyu et al., 2020b). However, Btbd9 KO mice showed an increased number of slips in the 

beam walking test (Lyu et al., 2020b), which is not the case for the pKO mice. This is 

reasonable because, in addition to the cerebellum, Btbd9 KO mice have BTBD9 deficiency 

in other brain regions, like the striatum and the cerebral cortex, both of which are important 

for motor controls. BTBD9 deficiency, specifically in the cerebral cortex, has been shown 

to be sufficient to cause motor deficits in the beam walking test (Lyu et al., 2020b). This 

study extends our mechanistic understanding of the BTBD9 function in the cerebellum and 

behavioral output of the Btbd9 KO mice. Future studies will test the PC activity in Btbd9 
pKO mice, the function of BK channel blockers in relieving RLS-like phenotypes in rodents, 

and their potential in clinical settings.
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Abbreviations

AHP afterhyperpolarization

AP action potential

Btbd9 KO Btbd9 knockout mice

Btbd9 pKO Btbd9 Purkinje cell-specific knockout mice

KO knockout

PC Purkinje cell

RLS restless legs syndrome

WT wildtype
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Highlights

1. Increased BK but decreased SK currents, and enhanced AHP in PCs of Btbd9 
KO mice.

2. Increased BK channel protein levels in the cerebellum of Btbd9 KO mice.

3. SYNGAP1 protein level decreased in Btbd9 KO mice due to its interaction 

with BTBD9.

4. Syngap1−/+ mice did not have restless legs syndrome-like diurnal motor 

restlessness.

5. Btbd9 PC-specific KO developed motor coordination and balance deficits as 

Btbd9 KO.
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Figure 1. 
Dissociated PC recording. (A) Voltage steps were used for whole-cell voltage-clamp 

recording of acutely dissociated PCs. Representative traces from a WT neuron bathed in: 

(B) Ca ECS solution containing 300 nM TTX, (D) Co ECS solution containing 2 mM 

Co2+ and 300nM TTX, (E) CaTEA ECS solution containing 2 mM Ca2+, 300 nM TTX, 

and 1 mM TEA, (F) CoTEA ECS solution containing 2 mM Co2+, 300 nM TTX, and 1 

mM TEA. (G) Densities of currents c and c-d were significantly decreased in the Btbd9 
KO PCs, while densities of currents a-c and (a-c)-(b-d) were significantly increased in the 

Btbd9 KO PCs, compared with the WT PCs (KO, n=3 mice and 8 cells; WT, n=3 mice and 

5 cells). (H) Representative traces from a WT neuron before (left) and after (middle) the 

application of Paxilline. (I) Densities of Paxilline-sensitive currents significantly increased 

in the Btbd9 KO PCs (KO, n=3 mice and 7 cells; WT, n=5 mice and 12 cells). (J) Voltage 

step (top) to evoke the calcium spike and tail current (bottom). (K) Tail current (black) was 
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reduced after 100 nM apamin (gray). (L) Representative tail current traces in Btbd9 KO and 

WT mice. (M) significant reduction of the tail current in KO mice (KO, n=1 mouse and 

4 cells; WT, n=2 mice and 8 cells). a, total K+ currents; b, Ca2+-independent K+ currents; 

c, TEA-insensitive K+ currents; d, TEA-insensitive, Ca2+-independent K+ currents; a-b, 

Ca2+-dependent K+ currents; a-c, TEA-sensitive K+ currents; c-d, TEA-insensitive, Ca2+-

dependent K+ currents; b-d, TEA-sensitive, Ca2+-independent K+ currents; (a-c)-(c-d), TEA-

sensitive, Ca2+-dependent K+ currents. Data in G and I are presented as box-and-whiskers 

plots, with the “box” depicting the median and the 25th and 75th quartiles and the “whisker” 

showing the 5th and 95th percentile. ***, p ≤ 0.001, **, p ≤ 0.01, *, p ≤ 0.05.
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Figure 2. 
Western blot of cerebellar tissues from the systematic Btbd9 KO mice (n=5) and their WT 

littermates (n=5). While the SK channel (A), P/Q, and Kv1.2 channels (C, D) were not 

different between the Btbd9 KO mice and the WTs, Btbd9 KO mice had increased levels of 

the BK channel (B). (E) Btbd9 KO mice had decreased levels of SYNGAP1. Target protein 

bands were normalized to the GAPDH at the bottom of each figure. Blots were cropped to 

show the representative bands. The experiment was done in duplicate. Data are presented as 

box-and-whiskers plots, with the “box” depicting the median and the 25th and 75th quartiles 

and the “whisker” showing the 5th and 95th percentile. *, p ≤ 0.05.
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Figure 3. 
Comparison of AP and AHP from the whole-cell recording of PCs of the systemic Btbd9 
KO mice (n=6 mice and 42 cells) and their WT littermates (n=6 mice and 43 cells). (A) 

Diagram showing how AP and AHP were measured. The y-axis shows the voltages without 

adjusting the junction potential (−14.5 mV). (B) Representative traces of AP and AHP from 

WT and KO mice. (C-G) AP parameters. The rise time and area of AP were significantly 

increased in Btbd9 KO PCs compared with that of the WTs. (H) The amplitude of AHP was 

significantly increased in Btbd9 KO PCs compared with that of the WTs. Data in C-H are 

presented as box-and-whiskers plots, with the “box” depicting the median and the 25th and 

75th quartiles and the “whisker” showing the 5th and 95th percentile. ***, p ≤ 0.001, **, p ≤ 

0.01, *, p ≤ 0.05.
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Figure 4. 
The home-cage activity of Syngap1−/+ (n=19) compared with the WT mice (n=14). (A) 

Syngap1−/+ mice did not have activity changes during the light phase compared with the WT 

mice. (B) Syngap1−/+ mice showed hyperactivity during the dark phase. Data are presented 

as box-and-whiskers plots, with the “box” depicting the median and the 25th and 75th 

quartiles and the “whisker” showing the 5th and 95th percentile. The hourly activity levels 

are presented next to the corresponding box-and-whiskers plots. Significant p values are 

marked above each time point. (C, D) Syngap1−/+ mice showed an increased probability of 

waking during the dark phase but not during the light phase. Histograms represent means 

plus 95% CIs. ***, p ≤ 0.001, *, p ≤ 0.05.
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Figure 5. 
Rotarod and beam walking tests for Btbd9 pKO mice (n=11) and their control littermates 

(n=15). (A) Btbd9 pKO mice showed decreased latency to fall in trials 3 and 4 (left), 

and when 6 trials were considered as repeated measurements (right). (B) Btbd9 pKO mice 

had a similar number of slips in the beam walking test compared with controls. Data are 

presented as box-and-whiskers plots, with the “box” depicting the median and the 25th and 

75th quartiles and the “whisker” showing the 5th and 95th percentile. *, p ≤ 0.05.
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Figure 6. 
Summary of the findings. A solid line indicates a validated relationship, and a dotted line 

represents a possible contributing factor.
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