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Abstract

Restless legs syndrome (RLS) is a nocturnal neurological disorder affecting up to 10%of the 

population. It is characterized by an urge to move and uncomfortable sensations in the legs which 

can be relieved by movements. Mutations in BTBD9 may confer a higher risk of RLS. We 

developed Btbd9 knockout mice as an animal model. Functional alterations in the cerebral cortex, 

especially the sensorimotor cortex, have been found in RLS patients in several imaging studies. 

However, the role of cerebral cortex in the pathogenesis of RLS remains unclear. To explore this, 

we used in vivo manganese-enhanced MRI and found that the Btbd9 knockout mice had 

significantly increased neural activities in the primary somatosensory cortex (S1) and the rostral 

piriform cortex. Morphometry study revealed a decreased thickness in a part of S1 representing the 

hindlimb (S1HL) and M1. The electrophysiological recording showed Btbd9 knockout mice had 

enhanced short-term plasticity at the corticostriatal terminals to D1 medium spiny neurons 

(MSNs). Furthermore, we specifically knocked out Btbd9 in the cerebral cortex of mice (Btbd9 
cKO). The Btbd9 cKO mice showed a rest-phase specific motor restlessness, decreased thermal 

sensation, and a thinner S1HL and M1. Both Btbd9 knockout and Btbd9 cKO exhibited motor 

deficits. Our results indicate that systematic BTBD9 deficiency leads to both functional and 

morphometrical changes of the cerebral cortex, and an alteration in the corticostriatal pathway to 

D1 MSNs. Loss of BTBD9 only in the cerebral cortex is sufficient to cause similar phenotypes as 

observed in the Btbd9 complete knockout mice.
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Introduction

Restless leg syndrome (RLS) is a sensorimotor neurological disease that affects up to 10% 

of the general population. Characteristic sensory symptoms of RLS include an urge to move 
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and uncomfortable sensations commonly in the lower limbs, which can be relieved by 

movements like walking and stretching (Garcia Borreguero et al., 2017). Mostly occurring at 

night, RLS causes perturbation of the sleep cycle and impacts the patient’s overall quality of 

life (DeAndrade et al., 2012a). Although not being fully understood, the pathophysiology 

underlying the RLS is thought to be related to dysfunctional iron metabolism and 

dysregulated dopamine (DA) system (Ferre et al., 2019; Khan et al., 2017).

Structural alterations have been reported in the cerebral cortex of RLS patients in several 

imaging studies (Bucher et al., 1997; Celle et al., 2010; Chang et al., 2015; Comley et al., 

2012; Connor et al., 2011; Etgen et al., 2005; Hornyak et al., 2007; Lee et al., 2018; 

Margariti et al., 2012; Pan et al., 2014; San Pedro et al., 1998; Scalise et al., 2004; Scalise et 

al., 2010; Tyvaert et al., 2009; Unrath et al., 2007; Unrath et al., 2008). RLS patients have 

been found to have significantly decreased regional gray matter volume in the bihemispheric 

primary somatosensory cortex, which extended into left-sided primary motor areas (Unrath 

et al., 2007). In addition, RLS patients show altered white matter properties, including fiber 

density, axonal diameter, and myelination, in brain regions connected to somatosensory and 

motor/premotor cortical areas (Unrath et al., 2008). Recently, RLS patients were shown to 

have thinner brain tissue in the primary somatosensory cortex and fewer connections in the 

somatosensory pathway (Lee et al., 2018). These clinical observations suggest that 

symptoms of RLS may be associated with cortical sensorimotor dysfunction (Tyvaert et al., 

2009). Moreover, the iron-deficient rats show hypersensitive corticostriatal glutamatergic 

terminals, which indicates a functional alteration in the corticostriatal neurotransmission 

(Yepes et al., 2017). However, the role of cerebral cortex in the pathogenesis of RLS is still 

unknown.

Genome-wide association studies (GWAS) have implicated up to 19 risk loci, including 

BTBD9, as genetic risk factors of RLS (Schormair et al., 2017; Winkelmann et al., 2007). 

Our knowledge about the physiological roles of BTBD9 is limited. It has been known that 

BTBD9 codes for a protein belonging to the BTB (POZ) protein family, which modulates 

protein ubiquitination (Stogios et al., 2005). Alterations in hippocampal synaptic plasticity 

and neurotransmission have been found in Btbd9 knockout (KO) mice (DeAndrade et al., 

2012b). Although there is no evidence for a decrease in the functioning of BTBD9 in human 

RLS, loss of the BTBD9 homolog in Drosophila melanogaster results in increased motor 

activity, decreased DA levels, and disrupted sleep patterns (Freeman et al., 2012) akin to 

human RLS. Similarly, Btbd9 KO mice showed motor restlessness, thermal hypersensitivity, 

and a disruption in the sleep structure (DeAndrade et al., 2012a). Therefore, Btbd9 KO can 

be considered as a valuable disease model to study the pathophysiology of RLS (Allen et al., 

2017).

To understand the role of cerebral cortex in the pathophysiology of RLS, we performed in 
vivo manganese-enhanced magnetic resonance imaging (MEMRI) with our Btbd9 KO mice 

and mapped their cerebral cortical activity. We also compared the morphology of the 

somatosensory cortex, primary motor cortex, and corpus callosum between the Btbd9 KO 

mice and their wild type (WT) littermates. Paired-pulse facilitation (PPF) at the D1 

corticostriatal terminals was then measured. Finally, we conditionally deleted Btbd9 in the 

cerebral cortex and conducted behavioral and morphological tests.
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Material and methods

Mice

All animal experiments comply with the ARRIVE guidelines were carried out following the 

National Institutes of Health guide for the care and use of laboratory animals (NIH 

Publications No. 8023, revised 1978). All animals used were adult males about 3 to 15 

months of age, unless otherwise specifically indicated.

The generation of Btbd9 KO mice—The Btbd9 KO mice used in the imaging study 

were generated as described previously (DeAndrade et al., 2012a). Btbd9 KO mice used in 

the histology and electrophysical recordings were generated from a line of mice imported 

from the European Mouse Mutant Archive (EMMA) (EMMA ID: 05554). In this line, the 

4th exon of the Btbd9 gene is flanked by loxP sites (floxed). We first removed the neomycin 

selection cassette by crossing with FLP mice (Jackson Laboratory stock no. 003946) to 

obtain Btbd9 loxP breeders, which was then crossed with the Emx1-cre mice, with cre 
directly inserted into the downstream of putative Emx1 promoter (Guo et al., 2000). Double 

heterozygous male mice were then crossed with homozygous Btbd9 loxP female mice. 

Emx1 expresses in the testis germ cells (Yue et al., 2014). Therefore, when the sperms 

contained both Emx1-cre and Btbd9 loxP, the recombination occurred and led to a deletion 

of the targeted sites. The offspring generated from this sperm had a Btbd9 heterozygous KO 

locus. Heterozygous Btbd9 KO mice were either interbred directly or bred with the Drd1-
EGFP mice (MMRRC stock no. 000297-MU) to generate Drd1-EGFP Btbd9 KO double 

heterozygous mice, which were then bred with heterozygous Btbd9 KO mice to produce the 

experimental heterozygous Drd1-EGFP and homozygous Btbd9 KO mice, and the 

heterozygous Drd1-EGFP control littermates. Mice were housed in standard mouse cages 

(29 × 18 × 13 cm; up to 5 mice with the same gender) at 72°F under normal 12-hour light, 

12-hour dark cycle (12 LD) condition.

The generation of cerebral cortex-specific Btbd9 knockout mice—The cerebral 

cortex-specific Btbd9 knockout mice (Btbd9 cKO) were generated by crossing Btbd9 loxP 
mice with Emx1-cre mice. Double heterozygous female mice (Emx1-cre+/−Btbd9 loxP+/−) 

were then crossed with homozygous Btbd9 loxP male mice (Btbd9 loxP−/−). The offsprings 

whose genotypes were Emx1-cre+/−Btbd9 loxP−/− were used as experimental animals. 

Btbd9 loxP+/− or Btbd9 loxP−/− littermates were used as controls. PCR was used for 

genotyping the Emx1-cre (forward: ATC TCC GGT ATT GAA ACT CCA GCG C; reverse: 

CAC TCA TGG AAA ATA GCG ATC) and the loxP sites (forward: ACA TCA CCC ATT 

ACT TAG AAC CTC; reverse: CAC AGC TAT TTC CTG TCA TTC TGG ACA).

Manganese-enhanced magnetic resonance imaging (MEMRI)

Manganese Chloride (MnCl2) pretreatment—A total of 6 adult Btbd9 KO and 8 WT 

littermates were used in brain imaging. Before the treatment, the animals used in the 

experiment were handled every day for 2 weeks and acclimatized to the investigator. 

Manganese (II) chloride tetrahydrate was purchased from Sigma-Aldrich Chemical Co. (St. 

Louis, MO, USA), dissolved in distilled deionized water and sterilely filtered before 
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administered intraperitoneally at a dose of 70 mg/kg/ml. After injections, mice were 

returned to their home cage and imaged in the next 20–24 h.

Magnetic resonance imaging (MRI)—Images were collected by a 4.7 Tesla Magnex 

Scientific scanner under the control of Agilent Technologies VnmrJ 3.1 console software. A 

38-mm quadrature transmit/receive radiofrequency coil tuned to 200MHz was used (Insight 

NeuroImaging Systems, LLC, Leominster, MA). Mice were anesthetized with 2.0% (0.1 L/

min) of isoflurane delivered in 100% oxygen for 30–60 s. Then the level of isoflurane was 

maintained between 1.0–1.25% throughout the entire setup and imaging session, during 

which the respiratory rates were monitored continuously and sustained between 20–30 beats 

per minute by adjusting isoflurane levels between the range. Placed prone on custom-size 

plastic bed with a respiratory pad placed underneath the abdomen, body temperatures of the 

mice were maintained using a warm air recirculation system (SA Instruments, Inc., New 

York). The head and incisors of mice were secured on the front end of the plastic bed to 

minimize motion. The front half of the bed was aligned and clamped inside the quad RF coil 

and placed inside the isocenter of the scanner. Images were acquired using a T1 - weighted 

spin echo pulse sequence with the following parameters: repetition time (TR)= 300 ms, echo 

time (TE) = 12 ms, field of view = 19.2 × 19.2, slice thickness = 0.8 mm, 12 slices. Total 

scan time per mouse was 30 min.

Histology

Six adult Btbd9 KO mice and 7 WT littermates, or 2 adult Btbd9 cKO mice and 4 control 

littermates were anesthetized and perfused with 0.1 M phosphate-buffered saline (pH 7.4; 

PBS) followed by 4% paraformaldehyde in 0.1 M PBS. The brains were soaked in the 

paraformaldehyde-PBS at 4°C overnight and soaked in 30% sucrose in 0.1 M PBS until they 

sank. The brains were frozen by dry-ice powder and cut coronally into 40 μm sections with a 

Histoslide 2000 sliding microtome (Reichert-Jung) (Yokoi et al., 2009). Sections were 

rinsed, mounted, and dipped in freshly prepared cresyl violet stain at room temperature for 

16 min. After dehydrated with progressively more concentrated ethanol and clarified with 

xylene, sections were coverslipped with DPX Mountant for histology. Neurolocida was used 

for the measurements. The magnification used was 10× for ocular lenses and 2.5× for 

objective lenses. Measurements of the S1HL, M1 and the corpus callosum thickness were 

made in two planes. The positions of the two planes were (1) between 4.42 and 3.94 mm/

interaural reference (anterior), Btbd9 KO, n = 33 sections for S1HL, n = 64 sections for M1 

and n = 57 sections for corpus callosum; WT, n = 44 sections for S1HL, n = 56 sections for 

M1 and n = 54 sections for corpus callosum; Btbd9 cKO, n = 18 sections for the S1HL, n = 

29 sections for the M1 and n = 20 sections for the corpus callosum; control, n = 44 sections 

for the S1HL, n = 86 sections for the M1 and n = 46 sections for the corpus callosum, and 

(2) from 3.82 to 2.58 mm/interaural reference (posterior), Btbd9 KO, n = 67 sections for 

S1HL, n = 93 sections for M1 and n = 85 sections for corpus callosum; WT, n = 83 sections 

for S1HL, n = 110 sections for M1 and n = 119 sections for corpus callosum; Btbd9 cKO, n 

= 64 sections for the S1HL, n = 58 sections for M1 and n = 78 sections for the corpus 

callosum; control, n = 124 sections for the S1HL, n = 132 sections for M1 and n = 131 

sections for the corpus callosum.
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Whole-cell voltage-clamp recording

Five adult Drd1-EGFP Btbd9 KO (male: n=2; female: n=3) and 6 Drd1-EGFP littermates 

(male: n=2; female: n=4) with an average age of 2 months were sacrificed, and their brains 

were rapidly removed. Coronal corticostriatal slices were used for recording spontaneous 

postsynaptic currents (sEPSC) for 5 mins and evoked currents from EGFP-positive MSNs. 

Recordings were done in the whole-cell voltage-clamp (MSN neurons were held at −70 mV) 

configuration, with Cesium methane sulfonate-based internal solution (in mM): 125 Cesium 

methane sulfonate, 8 NaCl, 10 HEPES, 4 MgATP, 0.3 NaGTP,0.2 EGTA, 0.1% Biocytin, pH 

7.2. Picrotoxin (50μM; GABAa receptor blocker) was added in the artificial cerebrospinal 

fluid (ACSF). Paired-pulse ratios were measured by a glass electrode (3–5 MΩ) filled with 

the ACSF, which was placed in the white matter around 40 μm away from the recorded 

region to evoke currents. Currents were obtained from the dorsal-lateral striatal MSNs close 

to the white matter. The position of the glass electrode was carefully adjusted so as not to 

evoke polysynaptic responses. Two pulses (20 Hz) were given 10 times for every 10 s with 

50 ms inter-pulse interval.

Quantitative real time-PCR (qRT-PCR)

qRT-PCR was performed as described before (Yokoi et al., 2015) to confirm whether exon 4 

was deleted in the Btbd9 cKO mice after cre-mediated recombination. In brief, 3 adult Btbd9 
cKO mice and 3 littermates were sacrificed, and brain regions including the cerebral cortex, 

cerebellum, and spinal cord were harvested and flash frozen in liquid nitrogen. RNA was 

extracted using an RNAeasy Mini kit (Qiagen) according to the manufacturer’s instructions. 

Next, cDNA was made using SuperScript III reverse transcriptase (Invitrogen). PCR primers 

specific to Btbd9 exons 4 and 5 (forward: GAC TCT TGT CTC CGG ATG CT; reverse: 

TCA CAA CCT GAG CCC CAT AC) and β-actin (forward: CAC CCG CGA GCA CAG 

CTT CTT TG; reverse: AAT ACA GCC CGG GGA GCA TCG TC) were used. The CFX 

real-time system was programmed in the following way: 50°C for 2 min, 95°C for 2 min, 50 

cycles of 95°C for 30 s, and 65°C for 1 min + plate read, followed by the melting curve 

analysis: melt curve 65°C to 95°C, increment 0.5°C for 5 s + plate read.

Behavioral studies

30 min open field—Sixteen adult Btbd9 cKO mice and 14 control littermates were used 

in the open field analysis as previously described (Yokoi et al., 2008). Briefly, each mouse 

was placed in the center of a VersaMax Legacy open field apparatus connected to a 

computerized Digiscan System (Accuscan Instruments, Inc. OH) and continuously 

monitored for 30 min. Bright illumination (approximately 1 k lux at the center by a 60 W 

white bulb) was focused on the center of each field.

Continuous open field—A separate batch of four adult Btbd9 cKO mice and 8 control 

littermates was monitored under 12 LD for 7 ½ days. As described previously (Lyu et al., 

2019a; Lyu et al., 2019b; Meneely et al., 2018), each mouse was placed in the center of a 

VersaMax Legacy open field apparatus with enough corncob bedding, food, and water. The 

apparatus contains infrared sensors along the walls that detect any breaks in the beams, 

which are then decoded by VERSDATA version 2.70–127E (AccuScan Instruments INC.) 
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into behavioral patterns. The data was recorded every 15 min (15 min bin) throughout the 

experiment. Data from the first three days were excluded from analysis because the animals 

were assumed to be accommodating. To compare the total distance traveled between Btbd9 
cKO and WT, we separated the data into a light cycle or dark cycle because mice are 

nocturnal. Each cycle contains 4–5 periods, from day 4 to day 8, or night 4 to night 7. The 

distance traveled during each period was added up from the 15 min bins. To compare the 

probability of waking between the two groups, we recoded the data according to the total 

distance traveled during each 15 min bin. If the total distance traveled during the 15 min was 

0, the mouse was considered as sleeping, and the data were coded as 0; otherwise, the mouse 

was considered as awake, and the data were coded as 1.

Wheel running—Sixteen adult Btbd9 cKO mice and 14 control littermates (after the open 

field test) were monitored under 12 LD condition for 7 days. Wheel running activity was 

recorded as the number of wheel revolutions occurring during 5 min bins and analyzed using 

Lafayette Instrument Activity Wheel Monitor software. The activities from the 5th to the 7th 

day were included in the data analysis, grouped by the light and dark cycles.

Tail flick—Sixteen adult Btbd9 cKO mice and 14 control littermates (after the wheel 

running test) were tested for the perception of warm stimuli using the Tail Flick Analgesia 

Meter (San Diego Instruments) as previously described (DeAndrade et al., 2012a). Briefly, 

each mouse was placed in an acrylic restrainer with the distal end of its tail protruding under 

a heat lamp. The lamp, together with a timer, was turned on, both of which stopped 

automatically when the mouse flicked its tail away from the light. The latency to respond 

was limited to 15 s to prevent injury to the mouse.

Rotarod and beam walking—Eight Btbd9 KO mice and 9 WT littermates and the third 

batch of 5 Btbd9 cKO mice and 6 control littermates were tested as described previously 

(Dang et al., 2005). The 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 on each day for 2 days. The trials within the same day 

were performed approximately 1 h apart.

After resting for a week, animals were trained to traverse a medium square beam (14 mm 

wide) in three consecutive trials each day for 2 days. 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). Any animal dropped during the test was 

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

Data processing and statistical analysis

Images were processed and analyzed as previously reported (Perez et al., 2013). Mn2+ 

accumulation in active neurons produces signal intensity increases in T1 images. However, 

as this is a non-quantitative approach to measure activity and because there is scan-to-scan 

intensity variation independent of Mn2+, we normalized images based on their individual 
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variance (Perez et al., 2013). Using this normalization approach, where surpassing a 

normalized threshold value of 1 indicates increased activity associated with Mn2+ 

administration, we have observed significant differences between Mn2+ administered and 

non-treated rodents. Image processing was carried out using ITK-SNAP (http://

www.itksnap.org) and image math scripts were available on FSL (fslmaths http://

www.fmrib.ox.ac.uk/fsl/). Scans were aligned with a segmented atlas of the adult mouse 

brain using an automated affine linear registration tool from FSL (Jenkinson et al., 2012). 

Each scan was converted to a z value map through a voxel-wise normalization procedure. 

The mean signal intensity across the entire extracted brain volume (x−) was subtracted from 

each voxel (xi) and then divided by the variance (σ). A pre-set threshold of z ≥ 1 was 

selected based on a prior observation of individual datasets and a close inspection of their 

intensity distribution histograms. All voxels with z score values below this threshold were 

set to zero. Thus, the voxels exceeding the threshold value of z ≥ 1 were considered in our 

statistical analysis as having higher signal intensities (quantified as the number of voxels 

above a z value of 1). The mean number of voxels for each region of interest (ROI) was 

compared using an unpaired two-tailed t-test (homoscedastic variances, α ≤ 0.05).

The data were tested for normality using the SPSS statistical package first. Part of the 

thickness of specific brain region, PPF, membrane properties, wheel running test, continuous 

open field, tail-flick data and rotarod data for Btbd9 KO were not normally distributed and 

were analyzed by the logistic regression with a gamma distribution (SAS statistical 

package), which log-transformed the data and then normalized the WT or the control group 

to 0 without the error bar. 30 min open field activity, the sEPSC, the rest of the cortical 

thickness data and rotarod data for Btbd9 cKO were normally distributed and compared by 

mixed-model ANOVA (SAS). Beam walking data were count data hence were analyzed by 

logistic regression with a negative binomial distribution. Gender (if females were used) and 

age were used as covariates in both ANOVA and logistic regression. qRT-PCR data were 

analyzed by the Student’s t-test.

Results

Increased cortical but decreased hippocampal neural activity in the Btbd9 KO mice

After image normalization and setting a z-score threshold ≥ 1, we observed the signal 

intensity of Mn2+ uptake in various regions of interest (ROI) for both Btbd9 KO mice and 

their WT littermates (Figure 1A). These ROIs were further parceled into smaller subsections 

for subsequent qualitative inspection of neural activity. In the cerebral cortical region, the 

number of activated voxels was most significantly increased in the primary somatosensory 

cortex (S1) and the rostral piriform cortex (PirR) (Figure 1B, p < 0.05). These brain areas 

are involved in processing sensations like touch (Bolognini et al., 2013), proprioception 

(Kim et al., 2015), nociception (Bushnell et al., 1999), temperature (Moulton et al., 2012) 

and smell (Bekkers and Suzuki, 2013). In addition, we found a significantly decreased 

neural activity in the dentate gyrus (DG) of the hippocampus. The hippocampus belongs to 

the allocortex, which is the other subtype of cortex except for the neocortex (Creutzfeldt, 

1995). The DG receives most of the inputs from the entorhinal cortex (EntCtx) and projects 

to Schaffer collateral CA3 and then to CA1 (Amaral et al., 2007). Therefore, the decreased 
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neural activity in DG here is consistent with the previous data showing that Btbd9 KO mice 

have a significantly reduced CA3 to CA1 synaptic neurotransmission in the form of 

enhanced long-term potentiation (DeAndrade et al., 2012b).

Decreased cortical thickness in the S1HL and M1 of the Btbd9 KO mice

RLS patients exhibit decreased thickness in S1 and the corpus callosum (Lee et al., 2018). 

Accordingly, we measured the thickness of S1 and the corpus callosum in the Btbd9 KO 

mice. We found that the Btbd9 KO mice did not have changes in the thickness of the corpus 

callosum (Figure 2D, anterior, p = 0.84; posterior, p = 0.22) compared with their WT 

littermates. However, Btbd9 KO mice had reduced cortical thickness in the anterior S1HL 

region (Figure 2B, anterior, p = 0.02; 13% reduction) but not in the posterior S1HL region 

(Figure 2B, posterior, p = 0.95). In the WT, the thickness of S1HL generally decreased from 

the anterior to the posterior parts (data not shown). However, Btbd9 KO mice maintained the 

same thickness in S1HL across the sections. This result resembles the clinical finding and 

may be responsible for the sensory deficit found in the Btbd9 KO mice (Allen et al., 2017; 

DeAndrade et al., 2012a; DeAndrade and Li, 2015). In addition, we also found decreased 

thickness in the anterior part of the M1 (Figure 2C, anterior, p = 0.0004; 13% reduction), but 

not in the posterior part of the M1 (Figure 2C, posterior, p = 0.76) in the Btbd9 KO mice.

Corticostriatal synaptic neurotransmission in the Btbd9 KO mice

The iron deprived rats, which is thought to be an RLS rodent model, show elevated 

corticostriatal excitability (Yepes et al., 2017). Here, part of the M1 in Btbd9 KO mice 

showed morphological changes. To investigate if the output of the motor cortex to the 

striatum was influenced by the loss of BTBD9, we performed the whole-cell voltage-clamp 

recording. MSNs comprise ~95% of the neurons in the striatum. D1 MSNs, which form the 

direct pathway and account for around half of the MSNs, are thought to be involved in 

movement facilitation and pronociceptive sensation (Albin et al., 1995; Barcelo et al., 2012). 

We compared the PPF between the Btbd9 KO mice and their WT littermates by recording 

from D1 MSNs and found a significantly increased PPF (Figure 3B, p = 0.02) in the mutant 

mice, which suggest enhanced short-term plasticity at the corticostriatal terminals to D1 

MSNs. Although there was no change in the postsynaptic sEPSC of D1 MSNs (Figure 3D, p 
= 0.64; Figure 3E, p = 0.64; Figure 3F, p = 0.87; Figure 3G, p = 0.92), the mutant mice 

showed a significantly higher membrane resistance (Figure 3, the table, p = 0.03). The 

results suggest that in the mutant mice, the spontaneous release of the neurotransmitter was 

normal, and the mutant D1 MSNs have less opened channels. Both our data and the iron 

deprived rat study imply a functional alteration at corticostriatal synapses in RLS animal 

models.

Generation and confirmation of the Btbd9 cKO mice

To find out if the BTBD9 mutation in the cerebral cortex alone is sufficient for the 

development of behavioral and morphological alterations like RLS patients, we generated 

the Btbd9 cKO mice using the cre-loxP system (Figure 4A). We used qRT-PCR and found 

that the expression of the Btbd9 was specifically decreased in the cerebral cortex (Figure 4B, 

p = 0.02), without altering the expression in the cerebellum (Figure 4B, p = 0.26) and the 

spinal cord (Figure 4B, p = 0.38). It should be noticed that the remaining expression of 
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Btbd9 may be due to the inputs from other parts of the brain and non-glutamatergic neurons 

(Guo et al., 2000; Kummer et al., 2012).

Motor restlessness, sleep disturbance and decreased thermal sensation in the Btbd9 cKO 
mice

The diagnostic criteria described in the International Restless Legs Syndrome Study Group 

include an urge to move the legs, which are partially or totally relieved by movement (Garcia 

Borreguero et al., 2017). Previous Btbd9 KO mouse and fruit fly models of RLS have shown 

increased activity levels (DeAndrade et al., 2012a; Freeman et al., 2012). Therefore, we 

utilized an open field chamber and the wheel running assembly to assess the total and 

voluntary activity levels of the Btbd9 cKO mice. In the 30 min open field test, we found that 

the Btbd9 cKO mice exhibited a similar level of total distance traveled compared with the 

control group (Figure 5A, left panel, p = 0.14). Clockwise and counterclockwise circling, 

which are linked to balance in DA system (Kim et al., 2000; Viggiano et al., 2003), were 

also found to be the same between the Btbd9 cKO mice and the controls (Figure 5A, right 

panel, CW, p = 0.42; CCW, p = 0.05). Wheel running study indicated that the voluntary 

activity levels of Btbd9 cKO mice were similar to the control group both during the light 

phase (Figure 5B, left panel, p = 0.51), when the animals are normally sleeping or resting, 

and during the dark phase (Figure 5B, right panel, p = 0.70), when the animals are usually 

active. In the continuous open field test, Btbd9 cKO showed a significant increase in their 

activity level during the light phase (Figure 5C, left panel, p = 0.02) but not during the dark 

phase (Figure 5C, right panel, p = 0.48). In addition, sleep analysis indicates an increased 

probability of waking of the Btbd9 cKO mice in the light phase (Figure 5D, left panel, p = 

0.04) but not in the dark phase (Figure 5D, right panel, p = 0.44). The results suggest that the 

Btbd9 cKO mice had significantly increased rest-phase activity. Loss of the BTBD9 protein 

only in the cerebral cortex can lead to a circadian-dependent motor restlessness.

Another critical feature of RLS is paraesthesia of the legs (Allen et al., 2014; Ondo and 

Jankovic, 1996; Yeh et al., 2016). Btbd9 KO mice showed increased thermal sensation 

(DeAndrade et al., 2012a). Therefore, we tested the sensory system of the Btbd9 cKO mice 

using the tail-flick test. The mutant mice had a lower level of sensitivity to the heat stimuli 

compared with the control group (Figure 5E, p = 0.008), indicating that loss of BTBD9 only 

in the cerebral cortex can lead to alterations in sensory perception.

Impaired motor function in both Btbd9 KO and Btbd9 cKO mice

Given the decreased thickness found in a part of the M1, motor functions of Btbd9 KO mice 

were tested by both rotarod and beam walking tests. Rotarod test reveals the animal’s gross 

motor ability to maintain balance and coordination while they are challenged by the 

instability of a rotating rod, while beam walking test poses challenges to the subject’s fine 

motor balance and coordination skills (Dang et al., 2005). We found that Btbd9 KO mice 

showed decreased latency to fall in the rotarod test (Figure 5F, left panel, p = 0.0093) and 

had a 228% increase of slips in the beam walking test (Figure 5G, left panel, p < 0.0001), 

indicating that the motor function of Btbd9 KO mice was impaired. We also tested the Btbd9 
cKO mice. Interestingly, although Btbd9 cKO mice did not show deficit in the rotarod test 

(Figure 5F, right panel, p = 0.90), they had a 219% increase of slips in the beam walking test 
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(Figure 5G, right panel, p = 0.0057), suggesting that the loss of BTBD9 only in the cerebral 

cortex is sufficient to cause motor deficit.

Decreased cortical thickness in the S1HL and M1 of the Btbd9 cKO mice

In the Btbd9 KO mice, the decreased thickness of S1HL and M1 was companied by changes 

found in both sensory and motor behavioral tests. Considering the similar behavioral 

alterations of Btbd9 cKO mice, we measured the thickness of S1HL and M1 in the Btbd9 
cKO mice with the same method. We found that Btbd9 cKO mice had thinner cortical layers 

in both the anterior and posterior S1HL regions (Figure 6B, anterior, p = 0.003; 7% 

reduction; posterior, p = 0.0008; 9% reduction), and the posterior M1 regions (Figure 6C, 

posterior, p = 0.04; 4% reduction). The thickness in the anterior M1 regions (Figure 6B, 

anterior, p = 0.17) and the corpus callosum (Figure 6D, anterior, p = 0.84; posterior, p = 

0.18) were not altered. The morphological changes were quite similar between the Btbd9 
KO and Btbd9 cKO mice.

Discussion

In this study, we determined how the loss of Btbd9 affects the function and morphometry of 

the cerebral cortex and focused on the role of corticostriatal synapses in RLS pathogenesis. 

Our results demonstrated that: (1) In the somatosensory pathway, Btbd9 KO had increased 

neural activities in the S1 and reduced thickness in the anterior part of the S1HL; (2) In the 

motor pathway, Btbd9 KO mice had reduced thickness in the anterior part of the M1 and 

increased PPF in the corticostriatal pathway to D1 MSNs. Furthermore, Btbd9 KO mice 

demonstrated motor deficits in both rotarod and beam walking tests; (3) Sole BTBD9 

deficiency in the cerebral cortex is sufficient to cause a decrease in the thickness of S1HL 

and M1, RLS-like phenotypes and motor deficits. The study has limitations. We did not 

explore the interaction between S1 and M1, while in RLS patients, sensorimotor integration 

is likely affected (Tyvaert et al., 2009). Nevertheless, the results presented here highlight the 

importance of the cerebral cortex, especially the S1 and M1, in the pathogenesis of RLS. 

Functional alteration of corticostriatal synapses may be the underlying mechanism for the 

development of RLS.

Systematic BTBD9 deficiency led to enhanced neural activity in the S1 but reduced 

thickness in part of the S1. S1 plays a critical role in processing afferent somatosensory 

input from both the body periphery and the external environment (Borich et al., 2015). The 

change in cortical thickness here is consistent with a recent clinical study showing that the 

S1 of human RLS patients has similar morphologic alterations (Lee et al., 2018). Concurrent 

with the structural changes in the somatosensory cortex and pathway (Lee et al., 2018), RLS 

patients have an altered central sensitization process in reflex and sensory tests (Nitsche and 

Paulus, 2000; Paulus et al., 2007; Schattschneider et al., 2004; Stiasny-Kolster et al., 2013). 

Similarly, decreased somatosensory cortical thickness in Btbd9 KO mice is accompanied by 

increased sensitivity to the heat stimuli (DeAndrade et al., 2012a), which may be associated 

with the increased S1 neural activity as observed in the MEMRI study.

Systematic BTBD9 deficiency did not cause neural activity changes in M1, but led to a 

decreased thickness in the anterior part of M1, increased PPF in the corticostriatal pathway 
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to D1 MSNs and motor deficits. Neurophysiologic studies with RLS patients suggest 

increased excitability in the motor cortical neurons (Bocquillon et al., 2017; Salas et al., 

2018). Although Btbd9 KO mice did not show neural activity changes in M1, they had 

increased neural activity in S1. It has been known that communication between 

somatosensory and motor areas and sensorimotor integration are important for the 

acquisition and performance of motor skills (Arce-McShane et al., 2016). Inputs from the 

sensory cortex participate in motor learning and retention of the learned motor skills. Focal 

lesions of sensorimotor areas have resulted in motor deficits in animal models (Brinkman et 

al., 1985; Gerlai et al., 2000; Hikosaka et al., 1985; Kleim et al., 2007). Therefore, neural 

activity change in S1 may contribute to the motor deficits observed in Btbd9 KO mice. In 

addition, decreased thickness in the anterior part of M1 and increased PPF in the 

corticostriatal pathway may also contribute to the abnormal behavioral output. Specifically, 

increased PPF implies a lower probability of synaptic vesicle release, a larger 

neurotransmitter pool for subsequent external stimulation and enhanced short-term plasticity 

at D1 corticostriatal synapses. Previously, iron-deprived rats show hyperactive corticostriatal 

nerve terminals (Yepes et al., 2017). The result is consistent with ours and suggests a 

functional augmentation of the motor corticostriatal synapses to D1 MSNs. D1 MSNs are 

thought to be pronociceptive and facilitate movement (Albin et al., 1995; Barcelo et al., 

2012). Altered activity in D1-mediated pathway here is consistent with the increased 

locomotor and sensory outputs found in Btbd9 KO and iron-deprived animals (DeAndrade et 

al., 2012a; Dowling et al., 2009; Qu et al., 2007).

It should be noticed that the hippocampal Schaffer collateral CA3-CA1 pyramidal neurons, 

which use glutamate as its neurotransmitter, also show increased PPF in the Btbd9 KO mice 

comparing to WT mice (DeAndrade et al., 2012b). Therefore, the enhanced short-term 

plasticity or the impaired synaptic vesicle release caused by a loss of BTBD9 function seems 

to be a common phenotype in these presynaptic glutamatergic terminals. The impaired 

glutamate release from these presynaptic terminals may transmit abnormal excitatory signals 

and affect the downstream neuronal circuits in the corresponding brain regions, which 

contribute to the behavioral phenotypes.

Cerebral cortex-specific Btbd9 mutation is sufficient to cause decreased cortical thickness, 

RLS-like phenotypes, and motor deficits. The symptoms of RLS patients begin or become 

worse at night or in the evening. One of the previous genetic mouse models of RLS, Meis1 
KO mice, showed increased activity level throughout the day and night (Meneely et al., 

2018). PTPRD homozygous KO mice were found to show 22% decrease in sleep as 

measured by video taken in for the hour before and the hour after lights off (Drgonova et al., 

2015). Here, Btbd9 cKO mice exhibited an increased activity level and the probability of 

waking only during the light phase. Since mice have opposite circadian rhythms as humans, 

Btbd9 cKO resembled the circadian rhythm-dependent hyperactivity of RLS patients. In 

addition, RLS patients show hypersensitivity to a pinprick as well as tactile hypoesthesia and 

dysesthesia to non-noxious cold stimuli (paradoxical heat sensation) (Stiasny-Kolster et al., 

2004; Stiasny-Kolster et al., 2013). Also, RLS patients show hyperalgesia to blunt pressure 

and hyperaesthesia to vibration (Bachmann et al., 2010). Btbd9 cKO mice had sensory 

changes similar to RLS patients in that they showed an increased latency to warm stimuli. 

Finally, RLS patients were found to have decreased thickness of the S1 (Lee et al., 2018). 

Lyu et al. Page 11

Exp Neurol. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We confirmed that both Btbd9 KO mice and Btbd9 cKO mice had thinner S1HL. The 

decrease in somatosensory cortical thickness, therefore, may be correlated with the sensory 

deficit. Btbd9 KO mice and Btbd9 cKO mice also had thinner M1. They both showed 

impaired motor behaviors in the rotarod and bema walking tests. Hence the decrease in 

primary cortical thickness may be correlated with the motor deficits.

Our finding demonstrated a decreased neural activity in DG but increased neural activity in 

PirR of the Btbd9 KO mice. DG receives excitatory inputs from the EntCtx (Witter, 2007). 

Although the p-value did not reach the significant, the neural activity of EntCtx showed a 

decrease in the KO (Figure 1B), which is consistent with the decreased neural activity in 

DG. The output from DG projects to CA3 (Jonas and Lisman, 2014). Therefore, the lower 

neural activity in DG is consistent with our previous finding showing that the Btbd9 KO 

mice had an enhanced long-term potentiation in the CA3-CA1 pathway (DeAndrade et al., 

2012b). PirR receives inputs from olfactory bulbs and connects to the amygdala. PirR is 

thought to be involved in the sense of smell (Bekkers and Suzuki, 2013). Disturbances in the 

olfactory system of RLS patients have not been reported in the past. However, patients with 

Parkinson’s disease (PD) often have a significant olfactory loss (Haehner et al., 2014). A 

recent study indicates that RLS may be associated with two premotor symptoms of the PD 

(Iwaki et al., 2018). Hence, we speculate that the activity change here may be another sign 

of PD development. It should be noticed that the volume of the olfactory bulb constitutes 

only 0.01% of humans brain (Morfometría Comparada Del Bulbo, 2011). Different from 

humans, rodents have a huge olfactory bulb relative to their overall brain size. Therefore, 

this change in PirR can also be rodent-specific.

Conclusions

Our findings support the idea that systematic loss of BTBD9 in mice can lead to enhanced 

neural activity in S1, a decreased thickness in the anterior parts of S1 and M1, an increased 

PPF in the D1 corticostriatal pathway and motor deficits. Cerebral cortical BTBD9 

deficiency alone is sufficient to induce both behavioral and morphological phenotypes 

resembling Btbd9 KO mice.
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Abbreviations

12 LD 12-hour light, 12-hour dark

Btbd9 cKO cerebral cortex-specific Btbd9 knockout mice

Btbd9 KO Btbd9 homozygous knockout mice

CCW counterclockwise

CW clockwise

DG dentate gyrus

EntCtx entorhinal cortex

GEE generalized estimating equation

GWAS genome-wide association studies

KO knockout

M1 primary motor cortex

MEMRI manganese-enhanced magnetic resonance imaging

MSN medium spiny neuron

PirR rostral piriform cortex

PLMS periodic limb movement of sleep

PPF paired-pulse facilitation

qRT-PCR Quantitative real time-PCR

RLS restless leg syndrome

ROI region of interest

S1 primary somatosensory cortex

S1HL primary somatosensory cortex representing the hindlimb

sEPSC spontaneous excitatory postsynaptic currents

WT wild type
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Highlights

• Btbd9 knockout (KO) mice had increased excitability in primary sensory 

cortex.

• Btbd9 KO mice had decreased cortical thickness in part of the S1 and M1.

• Btbd9 KO mice showed increased corticostriatal PPF and motor deficits.

• Cerebral cortex-specific Btbd9 KO mice (Btbd9 cKO) had RLS-like 

phenotypes.

• Btbd9 cKO showed decreased thickness in part of the S1 and M1 and motor 

deficits.
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Figure 1. 
MEMRI recordings of neural activity in the cerebral cortex of 6 Btbd9 KO males and 7 WT 

male littermates. (A) Coronal views of the averaged signal intensity from Btbd9 KO and WT 

mice. (B) Btbd9 KO had increased neural activity in S1 and PirR. No difference was 

observed in other cerebral cortical regions like the motor cortex. (C) Btbd9 KO showed 

decreased neural activity in hippocampal DG. Bars represent means plus standard errors 

(SEs). *, p < 0.05. Au: auditory cortex; Ba: basal amygdala; CA1: Cornu Ammonis 1; CA3: 

Cornu Ammonis 3; CeA: central nucleus of the amygdala; DG: dentate gyrus; EntCtx: 

entorhinal cortex; InC: caudal insular cortex; InR: rostral insular cortex; LaA: lateral 

amygdala; M1: primary motor cortex; M2: secondary motor cortex; PirC: caudal piriform 

cortex; PirR: rostral piriform cortex; Pt: posterior parietal association area; RSC: caudal 

retrosplenial cortex; RSR: rostral neutropenia cortex; S1: primary somatosensory cortex; S2: 

secondary somatosensory cortex.

*Color needed for print.
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Figure 2. 
The thickness of the primary somatosensory cortex, primary motor cortex and corpus 

callosum from 6 Btbd9 KO males and 7 WT male littermates. (A) Representative coronal 

views of brain slices (Atlas, interaural 3.94 mm) from a Btbd9 KO mouse and its WT 

littermate, respectively. The areas under the dark gray shed are the primary somatosensory 

cortex representing the hindlimb (S1HL). The areas under the light gray shed are the 

primary motor cortex (M1). The black lines are where measurements of S1HL and M1 were 

made and the white vertical lines show where the thickness of the corpus callosum was 

compared. Scale bars: 500 μm. (B) The anterior (Btbd9 KO, n=33 sections; WT, n=40 
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sections) but not the posterior (Btbd9 KO, n=67 sections; WT, n=83 sections) part of the 

S1HL of Btbd9 KO showed a 13% decrease in the thickness. (C) The anterior (Btbd9 KO, 

n=64 sections; WT, n=56 sections) but not the posterior (Btbd9 KO, n=93 sections; WT, 

n=110 sections) part of the M1 of Btbd9 KO showed a 13% decrease in the thickness. (D) 

Both the anterior (Btbd9 KO, n=57 sections; WT, n=54 sections) and the posterior (Btbd9 
KO, n=85 sections; WT, n=119 sections) parts of the corpus callosum of Btbd9 KO were 

unchanged in the thickness. Data are presented as median with 95% confident interval (CI). 

***, p < 0.005; *, p < 0.05.

*No color needed for print.
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Figure 3. 
Whole-cell voltage-clamp recording from 5 Drd1-EGFP Btbd9 KO and 6 Drd1-EGFP WT 

littermates. (A) Representative traces of paired-pulse facilitation (PPF) at the inter-pulse 

interval of 50 ms from the WT and the Btbd9 KO. (B) Btbd9 KO mice showed increased 

PPF. Data were log-transformed and the WT group was normalized to 0 without the error 

bar (see method). 17 cells from WT and 18 cells from KO mice were analyzed, cells were 

nested under animals in statistical analysis. Bars represent means plus SEs. (C) 

Representative sEPSC traces of D1 MSNs from the WT and the Btbd9 KO. (D) The 

frequency of spontaneous firing of D1 MSNs was similar between the Btbd9 KO and the 

WT groups. (E) Btbd9 KO D1 MSNs had the same amplitude of sEPSC as the WT. (F, G) 

Both the rise and decay times were not different between the Btbd9 KO and WT D1 MSNs. 
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Data are presented as median with 95% CI. The table at the bottom presents membrane 

properties of D1 MSNs. *, p < 0.05.

*No color needed for print.
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Figure 4. 
Quantitative real time-PCR with 3 Btbd9 cKO males and their 3 male littermates. (A) 

Schematic diagram of the generation of the Btbd9 cKO mice. Filled boxes represent exons. 

Filled triangles indicate loxP sites. Open triangles indicate the FRT sites that were 

incorporated to remove the neo cassette. In Btbd9 cKO mice, exon 4 is deleted in the 

cerebral cortex because cre is expressed specifically in the cerebral cortex. The 

recombination occurs in the cortical cells, while other brain regions and the rest of the body 

still retain the intact exons. (B) Btbd9 cKO mice showed a decreased level of Btbd9 mRNA 

in the cerebral cortex compared to the controls. Bars represent the means plus SEs. *, p < 

0.05.

*No color needed for print.
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Figure 5. 
Behavioral tests of Btbd9 cKO mice and their control littermates. (A) Btbd9 cKO mice 

(n=16) traveled a similar amount of distance when compared with controls (n=14) in a 30 

min open field test. The circling activities of Btbd9 cKO mice were at the same level as 

controls. (B) Wheel running activity was the same between Btbd9 cKO (n=16, 3 days and 3 

nights) and control mice (n=14, 3 days and 3 nights) both during the light and the dark 

phases. (C) In the continuous open field test, Btbd9 cKO mice (n=4, 4 days and 3 nights) 

showed a significant increase in the total distance traveled during the light phase, but not 

during the dark phase compared with the controls (n=8, 4 days and 3 nights). (D) Btbd9 cKO 

(n=4) showed an increased probability of waking in the light phase of the continuous open 

field test compared with the controls (n=8). (E) Btbd9 cKO mice (n=16, 3 repeats) showed 

an increased latency for the heat stimuli in the tail-flick test compared with the controls 

(n=14, 3 repeats). (F) Btbd9 KO mice (n=8, 6 trials), compared with their wild-type 

littermates (n=9, 6 trials), had decreased latency to fall in the rotarod test. Btbd9 cKO mice 

(n=5, 6 trials) did not show motor deficits in the test compared with their controls (n=6, 6 
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trials). (G) Both Btbd9 KO and Btbd9 cKO mice showed increased number of slips in the 

beam walking test. Bars in figure A, D, right panel of F and G represent means plus SEs. 

Data in figure B, C, E and left panel of F are presented as median with 95% CI. Data in 

figure D were analyzed by the binominal logistic regression with GEE model and data in 

figure G were analyzed by the negative binomial logistic regression with GEE model (see 

method), which log-transformed the data and normalized the control groups to 0 without the 

error bar. *** p < 0.005; **, p < 0.01; *, p < 0.05.

*No color needed for print.
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Figure 6. 
The thickness of the primary somatosensory cortex, primary motor cortex and corpus 

callosum from 2 Btbd9 cKO mice and their 4 control littermates. (A) Representative coronal 

views of brain slices (Mouse Brain Atlas, interaural 2.74 mm) from a Btbd9 cKO mouse and 

its control littermate, respectively. The areas under the dark gray shed are the primary 

somatosensory cortex representing the hindlimb (S1HL). The areas under the light gray shed 

are the primary motor cortex (M1). The black lines are where measurements of S1HL and 

M1 were made and the white vertical lines show where the thickness of the corpus callosum 

was compared. Scale bars: 500 μm. (B) Both anterior (Btbd9 cKO, n=18 sections; Control, 

n=44 sections) and posterior (Btbd9 cKO, n=64 sections; Control, n=124 sections) S1HL of 

Btbd9 cKO showed a decrease in the thickness (anterior, 7% reduction; posterior, 9% 

reduction). (C) Posterior (Btbd9 cKO, n=58 sections; Control, n=132 sections), but not the 

anterior (Btbd9 cKO, n=29 sections; Control, n=86 sections) M1 of Btbd9 cKO showed a 
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decrease in the thickness (posterior, 4% reduction). (D) Neither the anterior Btbd9 cKO, 

n=20 sections; Control, n=46 sections) nor the posterior Btbd9 cKO, n=78 sections; Control, 

n=131 sections) corpus callosum of Btbd9 cKO had decreased in the thickness. Data are 

presented as median with 95% CI. ***, p < 0.005; *, p < 0.05.

*No color needed for print.
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