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Downregulation of CDKS5 signaling i

in the dorsal striatum alters striatal microcircuits
implicating the association of pathologies
with circadian behavior in mice

Hu Zhou', Jingxin Zhang', Huaxiang Shi, Pengfei Li, Xin Sui, Yongan Wang" and Liyun Wang"

Abstract

Dysfunction of striatal dopaminergic circuits has been implicated in motor impairment and Parkinson’s disease
(PD)-related circadian perturbations that may represent an early prodromal marker of PD. Cyclin-dependent kinase

5 (CDK5) negatively regulates dopamine signaling in the striatum, suggesting a critical role of CDKS5 in circadian and
sleep disorders. Here, we used clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 gene editing
to produce mice with a dorsal striatum (DS)-specific knockdown (KD) of the Cdk5 gene (referred to as DS-CDK5-KD
mice) and investigate its role in vivo. DS-CDK5-KD mice exhibited deficits in locomotor activity and disturbances in
activity/rest behavior. Additionally, Golgi staining of neurons in the DS revealed that CDK5 deletion reduced dendrite
length and the number of functional synapses, which was confirmed by significant downregulation of MAP2, PSD-95,
and synapsin I. Correlated with this, DS-CDK5-KD mice displayed reduced phosphorylation of Tau at Thr181. Further-
more, whole-cell patch-clamp recordings of green fluorescent protein-tagged neurons in the striatum of DS-CDK5-KD
mice revealed a decreased frequency of spontaneous inhibitory postsynaptic currents and altered excitatory/inhibi-
tory synaptic balance. Notably, anterograde labeling showed that CDK5 KD in the DS disrupted long-range projec-
tions to the secondary motor cortex, dorsal and ventral thalamic nuclei, and basolateral amygdala, which are involved
in the regulation of motor and circadian rhythms in the brain. These findings support a critical role of CDK5 in the

DS in maintaining the striatal neural circuitry underlying motor functions and activity/rest associated with circadian
rhythms that are perturbed in neurodegenerative disorders.

Keywords: Cyclin-dependent kinase 5 (CDK5), Dorsal striatum (DS), Neuronal projections, Motor activity, Circadian
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Introduction addition to the classical motor symptoms of neuro-
Neurodegenerative disorders, such as Parkinson’s dis-  degenerative disorders in older adults, high rates of
ease (PD) and Alzheimer’s disease (AD), are increas- sleep disorders, such as insomnia, hypersomnia, sleep
ing in prevalence with the aging of the population. In  apnea are likely caused by damage to sleep-controlling

regions of the brain. PD is a devastating neurodegen-

erative disorder characterized pathologically by the loss
"Hu Zhou and Jingxin Zhang contributed equally to this work. of dopaminergic neurons in the substantia nigra (SN)
pars compacta (SNpc) [1]. The dorsal striatum (DS) is
the main recipient of dopaminergic innervation from
the SNpc, and accordingly, the impact of its loss on
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striatal microcircuitry has been extensively studied in
PD [2, 3]. Dysfunction of striatal dopaminergic neural
circuits has been implicated in the pathophysiology of
both motor and non-motor symptoms in PD [4, 5], and
sleep disorders are more common in PD than in AD.
It is estimated that rest/activity cycle disturbances in
PD emerge when approximately 60% of nigral neurons
are lost, and dopaminergic striatal content is reduced
by 80% [6, 7]. Thus, it is important to recognize and
properly manage these sleep disorders because treat-
ment may improve the symptoms of a neurodegenera-
tive condition and substantially improve quality of life
[8,9].

Traditionally, dopamine (DA) has been associated with
wake-promoting activity. Amphetamines promote wake-
fulness by enhancing DA release and preventing its reup-
take by DA transporters [10]. Modafinil, a wakefulness
inducer, has also been linked to dopaminergic activity
[11, 12]. The striatum is the main recipient of dopamin-
ergic innervation from the SNpc and is composed pri-
marily of GABAergic medium spiny projection neurons
(MSNs) that express the DA receptors D, and D, [13,
14]. Dopamine and cAMP-regulated phosphoprotein
32 (DARPP-32) is a highly enriched cytosolic protein in
MSNs and is considered an important integrator of stri-
atal cellular excitability and synaptic transmission [15].
DA exerts bidirectional control on the phosphorylation
state of DARPP-32 at Thr34; D, receptors stimulate, and
D, receptors inhibit this phosphorylation. Addition-
ally, cyclin-dependent kinase 5 (CDK5) phosphorylates
DARPP-32 at Thr75, leading to the dephosphorylation of
DARPP-32 at Thr34 [16, 17]. Therefore, CDK5 negatively
regulates DA signaling in the striatum, indicating a func-
tional role of CDKS5 in regulating the rest/activity cycle.
In addition, CDK5 modulates dendritic spine forma-
tion and cortical neurotransmission. CDK5 dysfunction
is associated with several neurodegenerative disorders,
such as AD and PD [18, 19]. For example, CDK5 phos-
phorylates the NMDA receptor subunit NR2B to mod-
ulate synaptic transmission [20] and phosphorylates
postsynaptic density protein 95 (PSD-95) to promote
synaptic PSD-95 clustering and glutamate transmission
[21]. These findings indicate that aberrant hypoactivation
of CDK5 may contribute to neural circuitry disorders
in human and rodent brains. In mouse models of PD,
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine ~ (MPTP)
treatment results in higher levels of CDK5 and its spe-
cific activator, the P25 complex, in dopaminergic neu-
rons, leading to neuronal death [22]. Furthermore, MPTP
is toxic to dopaminergic neurons in the SNpc, causing
irreversible changes to striatal DA levels and PD symp-
toms, including a perturbed daily activity/rest behavior
[23-25]. Thus, we predict that CDK5 in DS involves in
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the maintenance of wakefulness and the control of move-
ment, although the mechanisms underlying these effects
are not completely understood.

Here, we aimed to assess the role of CDK5 in the reg-
ulation of circadian rest/activity behavior using clus-
tered regularly interspaced short palindromic repeats
(CRISPR)/Cas9 gene editing to generate dorsal striatum
(DS)-specific CDK5 knockdown (KD) mice (referred to
as DS-CDK5-KD mice). The DS was selected because it
is a major area of DA involvement in the early stages of
motor processing, and DS disturbance may produce the
well-documented behavioral changes associated with
cerebral neurodegenerative disorders [26]. In addition
to assessing motor activity, we examined the changes
of wake/sleep behaviors in DS-CDK5-KD mice. Elec-
trophysiological and anterograde labeling studies were
performed to examine whether CDK5 KD impairs cel-
lular excitability and synaptic transmission in the striatal
network, which appears to play a key role in the patho-
physiology of sleep dysfunction in mice. This article is
intended to clarify the possible mechanism of CDK5 in
wake/sleep behavior associated with circadian rhythm.

Materials and methods

Animals

Eight-week-old male C57BL/6 mice, initially weighing
18-20 g (Vital River Laboratories, Beijing, China), were
group-housed in a controlled environment at 18-22 °C
and 40-60% humidity, with a 12/12 h light/dark cycle
and access to food and water ad libitum. Enrichment was
provided with nestlet shredding. Cages (32 x 22 x 17 c¢m,
eight mice per cage) were changed every week by des-
ignated facility staff. All mice were group-housed for
1 week prior to use in experiments and handled daily to
minimize the effects of handling stress. All experiments
were performed in accordance with the National Insti-
tutes of Health Guide for the Care and Use of Labora-
tory Animals (NIH Publications No. 80-23) and approved
by the Animal Care and Use Committees of the Beijing
Institute of Pharmacology and Toxicology. Efforts were
made to minimize the number of animals used for each
experiment.

In vivo KD of the Cdk5 gene in the mouse DS

To efficiently KD mouse CDK5 in the DS, Cdk5-targeting
single-guide RNAs (sgRNAs) were designed (Fig. 1A).
Lentiviral (LV) vectors (p24 stock solutions ranging
between 200 and 300 ng/uL and approximately 2 x 10%
transducing units/mL) co-expressing a P2A promoter-
driven enhanced green fluorescent protein (eGFP) and
a U6 promoter-driven small single-guide RNA (sgRNA),
either specifically directed against Cdk5 mRNA (LV-
Cdk5-sgRNA) or a negative control (LV-NC-sgRNA),
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Fig. 1 Lentivirus expressing Cdk5-sgRNA reduces CDKS5 protein levels in the DS. Immunoassays were performed 14 days after LV/Cas9-sgRNA
microinjection. A Schematic of the LV/Cas9-sgRNA expression vector. B HEK293 cells transduced with 10 pL LV/Cas9-Cdk5-sgRNA (2 x 108 pfu/
mL) and eGFP expression of HEK293-T evaluated using a fluorescence microscope. Scale bars =200 um. C The transfection rate of the virus,
indicating a well-established effect relationship between the transfect rate and LV/Cas9-Cdk5-sgRNA virus. D Experimental timeline and schematic
of microinjection sites in the mouse brain. LV/Cas9-sgRNA were highly expressed in the DS region, as indicated by GFP (green) under fluorescence
microscopy. E Representative immunofluorescence image of CDK5 staining (red) in the dorsal striatum (DS) of CDK5-NC and CDK5-KD mice. The
enlarged image shows multiple mCherry-labeled neurons in the DS (scale bar= 10 um). F Representative western blot assay of CDK5 expression in
the DS. Band intensity of CDKS5 relative to B-actin is shown as the mean 4= SEM, n=8 independent experiments. One-way ANOVA, Tukey's multiple
comparisons test, *p < 0.05, **p <0.01, **p <0.001 vs WT
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were produced by GeneChem Co., Ltd (Shanghai,
China). The sequence used for targeted editing of Cdk5
was 5-TCAGCTTCTTGTCACTATGC-3’, and the non-
specific NC sequence was 5-CGCTTCCGCGGCCCG
TTCAA-3". Standard procedures and LV/Cas9-sgRNA
validation in vivo were reported previously [21]. Briefly,
HEK293T cells were plated in 6-well plates (5x 10°
cells/well) and cultured in Dulbecco’s Modified Eagle
Medium with 10% fetal bovine serum at 37 °C in 5%
CO,. Once cells were completely attached, they were
transduced with 10 pL LV-Cdk5-sgRNA or LV-NC-
sgRNA (2 x 10® pfu/mL). The medium was replaced after
48 h, and the cells were further incubated until 48 h as
required. For in vitro validation, C57BL/6] mice were
anesthetized with pentobarbital sodium [50 mg/kg, intra-
peritoneal (i.p.), Sigma-Aldrich, St. Louis, MO, USA] and
mounted on a stereotaxic apparatus (Zhongshidichuang
Science and Technology Development Co., Ltd, Bei-
jing, China). Mice were randomly divided into wild-type
(WT), LV-NC-sgRNA (CDK5-NC), and LV-Cdk5-sgRNA
(CDK5-KD) groups, and the respective LV vectors were
bilaterally microinjected into the DS. For microinjection,
we used the following two bilateral sites in the DS (1.5 uL
per site, 3 pL total) with stereotaxic coordinates (in mm)
according to the modified stereotaxic mouse atlas of Pax-
inos and Franklin [27]: (1) anterior/posterior (A/P) 4+ 1.1,
medial/lateral (M/L) +1.2, dorsal/ventral (D/V) —3.2
and (2) A/P +0.9, M/L £2.0, D/V —3.2. The delivery
rate was 0.33 pL/min using a UMP3 microsyringe injec-
tor and Micro4 controller (World Precision Instruments,
Sarasota, FL, USA). The needles were left in place for
3 min to allow for full delivery of the solutions and then
slowly retracted. Next, the scalp was sutured with 7-0
Vicryl sutures (ETHICON Co., Ltd, New Jersey, USA).

Experimental design and behavioral tests

Mice were screened 3 days before use, and mice with
abnormal behavior were excluded. Mice were randomly
divided into WT, DS-CDK5-NC, and DS-CDK5-KD
groups, with 30 mice in each group. Fourteen days after
LV transduction, 20 mice from each group were selected
for behavioral testing. After the behavioral tests were
completed, mice were deeply anesthetized with ether and
sacrificed by decapitation for immunoassays (immuno-
fluorescent and western blot). The remaining mice were
used for Golgi staining, electrophysiology assays, and
anterograde labeling. All behavioral experiments were
stared at 9:00 am. Each behavioral test was performed on
the same animals with an interval of 24 h between tests.
The testing apparatus was cleaned with a hypochlorous
acid solution between subjects. The experimenters were
blinded to grouping and drug treatment.
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Locomotor activity test

A locomotor activity test was used to assess spontane-
ous locomotor activity and arousal in mice. The method
used was similar to a previously published protocol [28].
Briefly, animals were placed individually in a square
arena (50 x 50 x 80 ¢cm) with a Plexiglas floor and walls
(Zhongshidichuang Science and Technology Develop-
ment Co., Ltd) and allowed to move freely. After a 5-min
habituation period, all animal locomotor activities were
recorded with AnyMaze software (Stoelting Inc., Wood
Dale, USA), and the distance traveled during a 60-min
period was recorded and analyzed.

Wheel-running behavioral test

Mice were housed in temperature-controlled circa-
dian cabinets (Zhongshidichuang Science and Technol-
ogy Development Co., Ltd) within polypropylene cages
(33.2x15x 13 cm) containing a metal running wheel
(35-cm diameter). The experiment started at 6:00 am and
ended at 6:00 pm on the next day (total 48 h; LD condi-
tion: 12 h-light/12 h dark cycle x 2; DD condition: 48 h
dark). Mice were acclimatized to the running wheel for
1 h prior to assessment. Rest/activity behavior were
monitored with a ClockLab data collection system (Ver-
sion 3.603, Actimetrics, Wilmette, IL, USA) by determin-
ing the number of electrical closures triggered by wheel
rotations. The number and duration of wheel running by
mice were the main indicators. The o/p ratio is the ratio
of wheel running duration (a) to wheel stopping dura-
tion (p). Cage changes were performed in 48-h intervals.
Wheel-running activity was monitored over 48 h and
analyzed using ClockLab Analysis software (Actimetrics
Software).

Golgi staining and dendritic spine measurements
Golgi-Cox staining was performed using a Rapid Golgi
Stain Kit (FD Neuro Technologies, Ellicott City, MD,
USA) following the manufacturer’s instructions. Briefly,
brains were quickly removed, rinsed, and incubated in a
mix of solution A/B for 14 days in the dark at room tem-
perature. Then, solution A/B was changed to solution
C for 3 days. Coronal sections of the DS (200 um thick)
were cut (ranging from 0.7-1.2 mm anterior to bregma;
two sections per animal) on a freezing microtome (Leica,
Wetzlar, Germany) and mounted onto gelatinized slides.
After sections were dried in the dark, they were reacted
in solutions D and E for 10 min and dehydrated sequen-
tially in 50%, 75%, 95%, and 100% ethanol. Finally, sec-
tions were cleared in xylene and cover slipped with
resinous mounting medium.

For dendritic spine measurements, the DS region
was identified at low power (100x magnification), and
MSNs were traced at 250x (final magnification) using
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the camera lucida technique on an Olympus light micro-
scope (Model BX51) equipped with a drawing attach-
ment and the 8-bit Image] plugin Neuron J. Dendrite
length and branching were measured by Sholl’s analy-
sis of ring intersections. A series of concentric rings at
20 um increments printed on a transparent grid was cen-
tered over the soma. The total number of intersections
between each ring and dendritic branches was counted
and converted to estimates of dendrite length as a func-
tion of distance from the soma (i.e., for each 20-um seg-
ment) and overall dendrite length. Spine density was
measured manually in the stacks using the Image] Plugin
Cell Counter. Three to five dendrite segments per slice,
with each dendrite segment ranging from 20 to 30 um in
length, were used for spine density analysis. Spines were
marked in the appropriate focal plane, preventing any
double counting of spines.

Immunohistochemistry

After the last behavioral test, mice were euthanized, and
striatum sections were prepared for immunohistochem-
istry. Briefly, striatal sections (30 pm) were cut with a
vibratome (VT1000 S, Leica) and collected in phosphate-
buffered saline (PBS) as free-floating sections. Sections
were rinsed three times in PBS and permeabilized and
blocked in PBS containing 0.3% Triton X-100 and 5%
normal goat serum (Pierce Biotechnology, Rockford, IL,
USA) for 1 h at room temperature. Sections were then
washed in PBS and incubated overnight at 4 °C with an
anti-CDKS5 antibody (1:400; Cat# ab40773, Abcam, Cam-
bridge, England) and anti-GAD antibody (1:400; Cat#
ab26116, Abcam), which was detected with an anti-rabbit
Alexa Fluor 594 secondary antibody (1:200; Absorption
Peak: 590 nm, Emission Peak: 617 nm; Cat# ZF-0516,
ZSGB Biotech, Jiangsu, China) and anti-mouse Alexa
Fluor 488 secondary antibody (1:200; Absorption Peak:
493 nm, Emission Peak: 519 nm; Cat# ZF-0512, ZSGB
Biotech). To identify nuclei, sections were counter-
stained in mounting medium containing 4’,6-diamidino-
2-phenylindole (DAPI) (Sigma-Aldrich). Finally, sections
were mounted and examined using a fluorescence micro-
scope (Zeiss, Oberkochen, Germany or Leica, Germany).

Western blotting

Western blot assays were used to measure protein levels.
After the last behavioral test, mice were euthanized with
pentobarbital sodium salt (50 mg/kg, i.p.). The striatum
was dissected and homogenized in radioimmunopre-
cipitation assay lysis buffer [10 mM PBS, pH 7.4, con-
taining 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS,
and complete protease inhibitor cocktail (Roche, Basel,
Switzerland)]. Tissue dissection was performed in the
same time window for all groups. For western blotting,
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solubilized proteins (50 pg per sample) were resolved
on SDS-PAGE gels and transferred onto polyvinylidene
fluoride membranes (Millipore, Bedford, MA, USA). The
membranes were blocked with 5% non-fat milk diluted in
TBST at room temperature for 1 h and then incubated
overnight at 4 °C with the following primary antibodies:
anti-CDK5 mouse monoclonal antibody (1:1000; Cat#
ab40773, Abcam), anti-MAP2 rabbit polyclonal antibody
(1:1000; Cat# ab183830, Abcam), anti-synapsin 1 mouse
monoclonal antibody (1:1000; Cat# MAN894, Millipore),
anti-PSD-95 rabbit polyclonal antibody (1:500 dilution,
Cat# ab12093, Abcam), anti-phospho-Tau (Ser202) rabbit
polyclonal antibody (1:800; Cat# 11834s, Cell Signaling
Technology, MA, USA), anti-phospho-Tau (Thr181) rab-
bit polyclonal antibody (1:800; Cat# 12885s, Cell Signal-
ing Technology), anti-Tau mouse monoclonal antibody
(1:1000; Cat# MAB3420, Millipore), and anti-B-actin
mouse monoclonal antibody (1:1000; AF0003, Beyo-
time). The membranes were then washed with TBST and
incubated with the appropriate peroxidase-conjugated
secondary goat anti-rabbit/mouse IgG (1:2000; Cat#
AB-2301/ZB-2305, ZSGB-Bio, Beijing, China) for 1 h at
room temperature. An ECL detection kit (Thermo Fisher
Scientific, Waltham, MA, USA) was used, and immu-
noreactive bands were quantified on an imaging system
(ProteinSimple, San Jose, CA, USA). B-actin was used as
the loading control.

Anterograde labeling

To characterize the dopaminergic projections to dif-
ferent brain regions, adeno-associated virus (AAV)-
hSyn-mCherry-IRES-WGA-Cre was packaged (SunBio
Biomedical Technology Co. Ltd., Shanghai). On day 14
after Cdk5-sgRNA injection, the AAV-hSyn-mCherry-
IRES-WGA-Cre was bilaterally microinjected into the
center of the original virus injection points (coordinates:
A/P +1.0 mm, M/L +1.8 mm, D/V —3.2 mm). Ani-
mals were anesthetized throughout surgery with pento-
barbital sodium (50 mg/kg, i.p.). Following craniotomy,
a microsyringe was lowered into the brain using the
above coordinates, and 500 nL of AAV-hSyn-mCherry-
IRES-WGA-Cre were injected over a 10-min period
[29]. Thirty days later, mice were deeply anesthetized
and immediately perfused transcardially with normal
saline followed by 4% paraformaldehyde. Brains were
removed, post-fixed overnight in the same solution, cryo-
protected by immersion in 30% sucrose, and then frozen
in dry ice-cooled methyl butane. Serial coronal cryostat
sections (40 um) through the whole brain were cut with
a vibratome (VT1000 S, Leica), rinsed in PBS, coun-
terstained with the nuclear dye DAPI (0.2 mL; Zsbio,
Beijing, China), and mounted on slides. Images were
captured with a microscope slide scanner (Pannoramic
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SCAN II, 3DHistech, Ltd., Budapest, Hungary). Coronal
sections of the cortex, striatum, thalamus, and basolat-
eral amygdala (BLA) were confirmed in the microscope
slide scanner. CaseViewer 2.3 software (3DHistech, Ltd.)
was used for image observation and analysis.

Electrophysiology
Mice were anesthetized with pentobarbital sodium
(50 mg/kg, i.p.), and brains were removed. Striatal
slices (300 um) were cut in ice-cold cutting solution [(in
mM) 124 NaCl, 2.8 KCl, 1.25 NaH,PO,, 2 CaCl,, 1.25
MgSO,, 26 NaHCOs, 10 glucoses; pH 7.3; bubbled with
95% 0,/5% CO,] using a vibrating tissue slicer (MA752,
Campden Instruments, Loughborough, UK). Coronal
slices were submerged for 30 min at 32 °C in artificial
cerebrospinal fluid (ACSF) [(in mM) 126 NaCl, 2.5 KCl,
26.2 NaHCO,, 1.25 NaH,PO,, 2 CaCl,, 1.5 MgSO,, 10
D-glucose, 5 sodium ascorbate; pH 7.3; bubbled with 95%
0,/5% CO,] at 295-300 mOsm/L. All reagents were from
Sigma-Aldrich (St. Louis, MO, USA) unless otherwise
indicated. Following this recovery period, slices were
transferred to room-temperature ACSF until recording.
Patch pipettes were prepared from borosilicate glass
(Sutter Instrument Company, Novato, CA, USA) using a
P-97 Flaming/Brown micropipette puller (Sutter Instru-
ment Company) and had a resistance of 6-8 MQ when
filled with the following intracellular solution [(in mM)
130 CsCl, 10 NaCl, 0.25 CaCl,, 2 MgCl,, 5 EGTA, 10
HEPES, 10 glucose, 2 Mg-ATDP, 0.3 Na,-GTP]. The pH of
the pipette solution was adjusted to 7.3 with 1 mM CsOH,
and osmolarity was adjusted to 285-290 mOsm/L. A
low-power objective (4x) was used to identify the DS
region, and a 40x water immersion objective (NIR Apo,
Nikon, Japan) coupled to an infrared differential interfer-
ence contrast microscope with a fluorescence system and
a CCD camera was used to visually identify, patch, moni-
tor, and record CDK5-KD neurons in the DS. MSNs were
identified according to previously determined membrane
characteristics and firing properties [30]. Recording in
normal current-clamp or voltage-clamp modes was per-
formed with a Digidata 1440A digitizer, an Axon 200B
amplifier, and Clampex 10.2 software (all from Molecu-
lar Devices, San Jose, CA, USA) at room temperature.
Fast and slow capacitance compensation were performed
after tight-seal (>1 GQ) formation. During whole-cell
recordings, series resistance was monitored and compen-
sated (80-90%) periodically. When the series resistance
of a neuron was above 50 GQ or changed by more than
25%, it was excluded from further analysis. Data were fil-
tered at 2 kHz and acquired at a sampling rate of 10 kHz.
Access resistance and leak currents were monitored, and
recordings were rejected if these parameters changed sig-
nificantly during data acquisition.
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For miniature excitatory postsynaptic current (mEPSC)
recordings, the oxygenated ACSF contained the GABA
receptor antagonist (+)-bicuculline (10 pM; Sigma-
Aldrich) and the voltage-gated sodium channel blocker
tetrodotoxin (TTX) (1 uM; Abcam) to abolish inhibitory
postsynaptic current (IPSC) events and action potentials.
For spontaneous IPSC (sIPSC) recordings, the oxygen-
ated ACSF contained the competitive NMDA receptor
antagonists ~ 6-cyano-7-nitroquinoxaline-2,  3-dione
(CNQX) (20 pM; Sigma-Aldrich) and L-(+)-2-amino-
5-phosphonopentanoic acid (L-AP5) (50 pM; Tocris,
Ellisville, MO, USA), as well as TTX (1 pM) to abol-
ish excitatory postsynaptic current events and action
potentials. The sections were superfused with the oxy-
genated ACSF solutions at a rate of 1.2 mL/min. Spon-
taneous activity was recorded 5 min after the whole-cell
mode was obtained for at least 3 min. Data were analyzed
using Clampfit 10.2 (Molecular Devices), OriginPro 2018
(Origin Lab, Washington, MA, USA), and/or GraphPad
Prism 7 (GraphPad, San Diego, CA, USA).

Statistical analysis

GraphPad Prism 8.0 software (GraphPad Software, Inc,
La Jolla, CA, USA) was used for behavior analyses, west-
ern blotting, fluorescence imaging, and Golgi staining.
Clampex 10.2 software (Molecular Devices, Union City,
CA, USA) was used for electrophysiology analysis, and
the Kolmogorov—Smirnov test was used to compare the
cumulative distributions of frequency and amplitude
between groups. Differences between groups were deter-
mined by one-way analysis of variance followed by Tuk-
ey’s multiple comparisons test. All results are expressed
as the mean +standard error of the mean. The number
of samples/subjects per experiment is noted in the corre-
sponding figure legend. A p-value<0.05 was considered
statistically significant.

Results

Motor impairment after LV delivery of Cdk5-sgRNA

into the DS of mice

We generated DS-CDK5-KD mice using the CRISPR-
Cas9 system, and the efficiency of LV/Cas9-Cdk5-sgRNA
transduction was examined in vitro and ex vivo. For
the in vitro study, HEK293 cells were transduced with
10 pL LV/Cas9-Cdk5-sgRNA and LV/Cas9-NC-sgRNA
(2 x 10® pfu/mL) for 96 h. We found that transduction
with LV/Cas9-sgRNA resulted in high eGFP expres-
sion (Fig. 1B), and there was no significant difference
in the viability of HEK293-T cells transduced with LV/
Cas9-Cdk5-sgRNA and LV/Cas9-NC-sgRNA (Fig. 1C).
In vitro validation demonstrated that LV/Cas9-Cdk5-
sgRNA could be used in further experiments. For the
in vivo study (Fig. 1D), LV/Cas9-Cdk5-sgRNA was highly
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expressed at the microinjection sites of DS regions, as
indicated by GFP (green) under fluorescence micros-
copy. Meanwhile, immunofluorescence studies revealed
abundant CDKS5 staining (red) in virus-transfected cells
(green) in the DS transfected with LV/Cas9-NC-sgRNA,
whereas CDKG5 staining (red) was greatly reduced in DS-
CDK5-KD mice throughout the 14 days after LV/Cas9-
sgRNA injection (Fig. 1E), indicating the effectiveness of
this LV. Accordingly, we extracted protein from eGFP-
positive areas in the WT, DS-CDK5-NC, DS-CDK5-
KD mice for western blot analysis. CDK5 expression in
the DS of mice injected with LV/Cas9-NC-sgRNA did
not change significantly, whereas CDK5 expression was
significantly decreased in mice injected with LV/Cas9-
Cdk5-sgRNA [Fig. 1F; WT, 100.0£3.51%, LV/Cas9-
NC-sgRNA, 103.10£3.77%, LV/Cas9-Cdk5-sgRNA,
57.89+527%, F (2, 21)=35.25, p<0.0001]. Taken
together, the immunostaining and western blot analyses
showed that LV/Cas9-sgRNA efficiently knocked down
CDKS5 in DS neurons by day 14 after injection.

We then examined whether reduced CDK5 expression
in the DS altered behavioral performance. Locomotor
activity was monitored at day 14 after LV/Cas9-sgRNA
injection. The distance plot of DS-CDK5-KD mice in
10-min intervals revealed severe spontaneous gen-
eral activity abnormalities (Fig. 2A). Statistical analysis
showed that both the total distance traveled [Fig. 2B; WT,
163.1£13.11.62 m vs DS-CDK5-KD, 87.37+10.60 m; F
(2, 57)=12.74, p<0.001] and the total velocity [Fig. 2C;
WT, 5.00£0.21 cm/s vs DS-CDK5-KD, 3.04+0.27 cm/s;
F (2, 57)=23.67, p<0.001] were significantly reduced in
DS-CDK5-KD mice. In addition, the activity heatmap
revealed that DS-CDK5-KD mice preferred to travel
in the peripheral area more than the central area of the
arena (Fig. 2D). Consistent with this, statistical analysis
showed that the activity duration (% total 60-min) was
significantly decreased in DS-CDK5-KD mice [Fig. 2E;
WT, 74.57 +0.87% vs DS-CDK5-KD, 64.86+1.87%, F (2,
57)=59.37, p<0.001]. In addition, DS-CDK5-KD mice
spent more time nest building and curled up (Fig. 2F)
during the test period [Fig. 2G; W'T, 1048 4-34.43 s vs DS-
CDK5-KD, 1693+62.73 s, F (2, 57)=48.11, p<0.001],
which may simply be a matter of comfort as animals seek
warmth to prepare for sleeping. In contrast, both WT
and DS-CDK5-NC mice exhibited normal free-walking
activity. In line with the immunostaining and western
blot analyses showing efficient KD of CDK5 in the DS,
the altered behavior indicated that CDK5 deficiency in
the DS affects the DS neural network that controls motor
behavior.
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Circadian change of wheel-running activity is altered

in DS-CDK5-KD mice

To examine the DS-specific CDK5-driven 48 h activity/
rest behavior associated with circadian change, wheel-
running activity was continuously monitored for 48 h
under LD and DD conditions. Hourly activity profiles are
shown in Fig. 3A (LD conditions) and B (DD conditions).
WT and DS-CDK5-NC mice sustained normal rhythms
of activity/rest behavior with free movement dur-
ing the night but exhibited a lower overall activity dur-
ing the daytime in both LD and DD conditions. Under
normal LD conditions (Fig. 3C), DS-CDK5-KD mice
exhibited lower activity counts in running wheel tests
during the day and night (day: WT, 2398.131+1383.83
vs DS-CDK5-KD, 100.53+28.80, p<0.01; night: WT,
10,427.91+2393.71 vs DS-CDK5-KD, 2533.07 £532.26,
p<0.001) and shorter activity duration during the day
and night (day: WT, 166.19+£44.57 s vs DS-CDK5-KD,
49.56 +14.27 s, p<0.001; night: WT, 1381.324+197.83 s
vs DS-CDK5-KD, 503.13+74.22 s, p<0.001). It is well
known that the o/p ratio [the ratio of running duration
(a) to rest duration (p)] is positively correlated with the
circadian period [31, 32]. Accordingly, the a/p ratio of
DS-CDK5-KD mice was significantly decreased under
the LD condition (day: WT, 1.00£0.27 vs DS-CDK5-
KD, 0.2940.08, p<0.001; night: WT, 1.0040.14 vs DS-
CDK5-KD, 0.36 £0.05, p <0.001).

Interestingly, after closer examination of the daily
patterns of activity under abnormal DD conditions
(Fig. 3D), we observed that the activity counts were
significantly increased during periods of the subjec-
tive day (activity counts: WT, 2255.784+1196.37 vs
DS-CDK5-KD, 3515.18+-1482.33, p<0.05) but dra-
matically reduced during periods of the subjective night
(activity counts: WT, 8461.974+951.62 vs DS-CDK5-
KD, 3244.144+776.65, p<0.001) in DS-CDK5-KD
mice. Notably, compared with littermate WT mice, a
remarkable difference in circadian activity duration was
observed in DS-CDK5-KD mice under DD conditions
(subjective day: WT, 473.77+£106.95 s vs DS-CDK5-
KD, 704.26 £131.69 s, p<0.01; subjective night: WT,
1194.21£170.17 s vs DS-CDK5-KD, 476.23+75.19 s,
2<0.001). The o/p ratio during periods of the subjective
day was significantly higher (day: WT, 1.0010.23 vs DS-
CDK5-KD, 1.49+0.40, p<0.001), and the o/p ratio dur-
ing periods of the subjective night was significantly lower
(night: WT, 1.00+0.14 vs DS-CDK5-KD, 0.40+0.07,
p<0.001). This reversal in the a/p ratio (a higher o/p dur-
ing the subjective day and a lower o/p during the subjec-
tive night) suggested disruption of activity/rest behavior
associated with circadian system in DS-CDK5-KD mice.
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CDKS5 deficiency causes morphological alterations in MSN
dendrites and spines in the DS

CDKS5 is required for radial neuronal dendrite and spine
maintenance [33], and CDK5 dysregulation may dramati-
cally affect striatal-dependent brain function. Here, we
performed an additional experiment to rule out the detri-
mental effects of CDK5 KD on the MSNs in the striatum.
As indicated by HE, TUNEL, and Nissl staining (Addi-
tional file 1 and 2), when compared with those in con-
trols, the results showed that there were not significantly
increased neuronal apoptosis and loss in Cdk5-deficient
MSNs studied in ex vivo. Furthermore, we showed the

stratification of apical MSN morphology in the striatum
of WT and DS-CDK5-NC mice, and significant changes
in neuronal morphology were observed in DS-CDK5-KD
mice, as determined by Golgi staining (Fig. 4A). Dendrite
lengths in WT (746.3£40.81 pm, n=20 MSNs) and DS-
CDK5-NC (725.0+62.49 um, n=12 MSNs) mice were
not significantly different. However, in DS-CDK5-KD
mice, dendrite length (142.8+£15.00 pm, 7 =12 MSNs)
was significantly reduced [Fig. 4B; F (2, 25)=48.91,
p<0.0001]. By concentric circle (Sholl’s) analysis, we
found a significant decrease in dendritic branching
in DS-CDK5-KD mice (Fig. 4C). Impaired dendritic
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branching occurred proximal (rings 3—8) and then dis-
tal to the soma (rings 9-20), indicating significantly
decreased MSN neurite arborization in DS-CDK5-KD
mice. Moreover, total dendritic branching was signifi-
cantly reduced in DS-CDK5-KD mice (56.5047.68,
n=12 MSNs) compared with that in WT (108.5+6.98,
n=20 MSNs) and DS-CDK5-NC (86.50+8.66, n=20
MSNs) mice [Fig. 4D; F (2, 15)=11.18, p=0.0011].
CDK5 KD in the DS also impaired MSN spine genera-
tion and significantly decreased dendritic spine density.

Representative sections of dendritic spines are shown
for each group in Fig. 4E. The dendritic spine density
per 20 pum was significantly reduced in DS-CDK5-KD
mice (5.23+£0.52, n=15 segments) compared with that
in WT (12.61+0.79, n=16 segments) and DS-CDK5-
NC (11.21£0.77, n=16 segments) mice [Fig. 4F; F (2,
48) =27.37, p<0.0001].

Because the surgery and LV did not damage the DS
(Additional file 2), we performed western blotting to
determine the levels of synaptic and spine formation
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proteins (Fig. 5A), including MAP2 (Microtubule asso-
ciated protein 2), synapsin 1 (presynaptic proteins), and
PSD-95 (postsynaptic protein-95). Statistical analy-
sis revealed that DS-CDK5-KD mice had significantly
decreased levels of PSD-95 [Fig. 5B; W'T, 100.0 +7.04%
vs DS-CDK5-KD, 54.83+16.47%; F (2, 21)=13.82,
p=0.0001], MAP2 [Fig. 5B; WT, 100.04+7.65% vs DS-
CDK5-KD, 67.56£6.53%; F (2, 15)=10.15, p=0.0016],
and synapsin 1 [Fig. 5B; WT, 100.04+12.02% vs DS-
CDK5-KD, 52.09£8.40%; F (2, 21)=6.350, p=0.007].
Next, we examined Tau protein and its phosphoryla-
tion sites Thr181 and Ser202 (Fig. 5C), which are closely
related to synapse reconstruction and neuronal morphol-
ogy maintenance. Compared with those in WT mice,
total Tau protein levels were significantly reduced in
DS-CDK5-KD mice [Fig. 5D; WT, 100.0£7.56% vs DS-
CDK5-KD, 65.82+6.58%; F (2, 15)=9.150, p=0.005].
Interestingly, there were no changes in the phosphoryla-
tion of Tau at Ser202 in DS-CDK5-KD mice [Fig. 5D;
WT, 100.0£8.76% vs DS-CDK5-KD, 85.96+5.82%; F
(2, 15)=1.280, p=0.31]. However, we found a signifi-
cant decrease in the phosphorylation of Tau at Thr181
in DS-CDK5-KD mice compared with that in WT mice,
indicating a reduction in the phosphorylation activity
of CDK5 at Thr181 [Fig. 5D; WT, 100.0+8.69% vs DS-
CDK5-KD, 70.19+£5.47%; F (2, 21)=7.055, p=0.0045].
These data indicate that CDK5 downregulation in the
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DS perturbs dendrite branching and spine formation and
the phosphorylation of Tau at Thr181, and CDKS5 plays a
key role in synaptic transmission. Together, these results
demonstrate that CDK5 KD disrupts morphology and
induces biochemical changes in DS neurons.

CDKS5 deficiency affects inhibitory synaptic transmission

in the DS

Deletion of CDK5 dramatically affects the morphology of
MSN s in the DS, which may subsequently affect the neu-
ronal signal transduction that underlies behavior. There-
fore, we recorded mEPSCs and sIPSCs using whole-cell
techniques. Moreover, action potential properties were
used to recognize MSNs in the DS region, as indicated in
Fig. 6A. Electrodes were placed in MSNs which were con-
firmed by double-labeling for CDK5 with glutamate decar-
boxylase (GAD) after recording, as indicated in Fig. 6B.
The mEPSCs reflect the presynaptic release of neuro-
transmitters from vesicles [34]. Representative mEPSC
traces were showed at Fig. 6C. In DS-CDK5-KD mice,
there was no change in the frequency of mEPSCs [Fig. 6D;
WT, 7484+0.69 Hz vs DS-CDK5-KD, 7.80+0.70 Hz, F
(2, 33)=0.20, p=0.82] or the average amplitude [Fig. 6D;
WT, 27.324+1.54 pA vs DS-CDK5-KD, 26.53+2.40 pA,
F (2, 33)=1.44, p=0.25]. mEPSCs recorded in the pres-
ence of TTX showed no changes in amplitude and fre-
quency. Therefore, we recorded sIPSCs without TTX
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Fig. 5 CDKS5 deficiency reduces the expression of PSD-95, MAP2, synapsin 1 and Tau phosphorylation in the DS. A Representative blots of PSD-95,
MAP2 and synapsin | from the DS of WT, DS-CDK5-NC, and DS-CDK5-KD mice. B ANOVA analysis of relative protein levels of PSD-95, MAP2 and
synapsin 1. C Representative blots of total Tau and phosphorylated Tau at Thr181 and Ser202 from the DS of WT, DS-CDK5-NC, and DS-CDK5-KD
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and studied the impact of CDK5 KD on inhibitory syn-
apses and inhibitory changes in the loop (Fig. 6E). sIPSC
amplitude was unaffected in DS-CDK5-KD mice [Fig. 6F;
WT, 32.17+£2.39 pA vs DS-CDK5-KD, 29.17+£3.26 pA,
F (2, 33)=0.51, p=0.61]. However, the frequency of sIP-
SCs was reduced in DS-CDK5-KD mice [Fig. 6F; WT,

6.22+0.82 Hz vs DS-CDK5-KD, 3.414+0.48 Hz; F (2,
33)=6.59, p=0.0039]. Given that the frequency of sIPSCs
reflects the release of presynaptic GABA [35], CDKS5 likely
enhances GABA receptor-mediated neurotransmission.
These findings indicate that dysregulation of CDKS5 in the
striatum may alter inhibitory synaptic transmission within
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the DS in a manner that is consistent with the morphologi-
cal and behavioral deficits.

CDKS5 deficiency in the DS reduces long-range projections
to the secondary motor cortex (M2), thalamic nucleus,

and BLA nucleus

To examine whether CDK5 KD in the DS affects striatal-
dependent brain function, we performed anterograde
tracing with AAV-hSyn-mCherry to label fiber tracts
that project from the DS (Fig. 7A). Figure 7B illustrates
a scheme of the simplified DS projection pathways.
This sensitive neuroanatomical tract tracing technique
can be used to visualize neuronal projections, includ-
ing dendritic arbors [36]. All injections were centered
in the DS [coordinates: A/P +1.0 mm, M/L +1.8 mm,
D/V —3.2 mm from bregma] and visualized using fluo-
rescence microscopy to evaluate injection accuracy.
Striatal sections obtained after anterograde AAV injec-
tion showed that most striatal neurons expressed the
mCherry tracer in the DS region (Fig. 7C). Four weeks
after AAV-hSyn-mCherry microinjection, whole brain
sections were used to trace long-range axonal connec-
tions from the DS to the M2, dorsal thalamic nuclei, and
BLA, which are regions closely associated with motor
function and circadian rhythm regulation. Figure 7D-F
illustrates the pattern of anterograde labeling observed in
the M2, thalamus, and BLA in WT, DS-CDK5-NC, and
DS-CDK5-KD mice. In WT and DS-CDK5-NC mice,
most anterogradely labeled cells were located in the M2,
thalamic nuclei, and BLA, which revealed the close con-
nection of all three brain regions with the DS. In con-
trast, the viral tracers were unevenly and weakly present
in the M2, thalamus, and BLA of DS-CDK5-KD mice.
Bar graphs of mCherry fluorescence in the M2, thalamus,
and BLA show that fluorescence intensities in all three
brain areas were significantly reduced in DS-CDK5-KD
mice compared with those in WT mice [mCherry fluo-
rescence in the M2 (Fig. 7D): W', 100.0% =+ 6.49% vs DS-
CDK5-KD, 33.91%+1.21%; F (2, 6)=40.68, p=0.003;
mCherry fluorescence in the thalamus (Fig. 7E): WT,
100.0%+2.78% vs DS-CDK5-KD, 52.97%+1.40%; F
(2, 9)=40.81, p=0.0003; mCherry fluorescence in the
BLA (Fig. 7F): WT, 100.1%£8.27% vs DS-CDK5-KD,
41.72%+437% F (2, 6)=18.43, p=0.0027]. These
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findings indicate that CDKS5 is important for neural con-
nectivity between the DS and the M2, thalamus, and
BLA. The DS is the main integration station of the basal
ganglia, and CDK5 may have a critical role in maintain-
ing the neural circuits associated with motor function
and circadian rhythms in the DS.

Discussion

The regulation of DA/DARPP-32 neurotransmission by
CDKS5 in the striatum has been previously evaluated, and
the aberrant hypoactivation of CDK5 may contribute to
the neural circuitry underlying circadian disorders in the
human and rodent brain. However, the role of CDKS5 in cir-
cadian regulation is unknown. Therefore, we used an LV-
based CRISPR/Cas9 system to efficiently knock down the
Cdk5 gene in the DS of mice. DS-CDK5-KD mice exhibited
behavioral deficits in locomotor activity and disturbed daily
rest/activity cycles, along with dendrite and spine morpho-
logical abnormities and impaired basal GABA-mediated
sIPSCs in the DS. Furthermore, CDK5 deficiency reduced
long-range connections from the DS to the M2, thalamus,
and BLA. These findings provide insight into the involve-
ment of striatal CDK5 in circadian modulations.

The study of sleep and alertness in neurodegenerative
disorders is extremely challenging. In our study, using
CRISPR/Cas9-mediated gene editing, we efficiently
achieved selective knockout of the Cdk5 gene in the DS
of mice (Fig. 1E and F). Fourteen days after viral vector
injection, WT and DS-CDK5-NC mice displayed normal
locomotor behaviors during the rest/activity cycle. In
contrast, DS-CDK5-KD mice exhibited marked reduc-
tions in total distance traveled and average moving speed.
Moreover, DS-CDK5-KD mice adopted a particular pos-
ture (curling up) that coincided with the time at which
they were most likely to sleep during the test period
(Fig. 2F and G). In addition, we examined the effect of
DS-specific CDK5 KD on 48 h activity/rest behavior
using the running wheel under LD and DD conditions.
Control littermates exhibited a normal circadian activ-
ity of locomotion, whereas DS-CDK5-KD mice exhib-
ited disordered circadian locomotor activity under the
LD and DD condition (Fig. 3A and B). The activity/rest

(See figure on next page.)

Fig. 7 CDKS5 deficiency reduces long-range projections from the DS to the M2, thalamus, and BLA. A Experimental procedure. On the 14th day
after LV/Cas9-sgRNA injection, AAV-hSyn-mCherry (red) was unilaterally injected into the DS. B Scheme of the simplified DS projection pathways.
The DS pathway has been simplified, and only the representative DS projection targets are displayed. M2, secondary motor cortex; Tha: thalamic
nucleus; BLA, basolateral amygdaloid nucleus. C Coronal section and analysis graph showing anterograde labeling 30 days after AAV injection in the
DS (scale bar=100 um); the enlarged image shows multiple mCherry-labeled neurons in the DS (scale bar= 10 um). D-F M2 (D), thalamus (E), and
BLA (F) areas are labeled with mCherry projected from the DS. Data are represented as the mean & SEM, n= 3 sections from three mice per group.
One-way ANOVA, Tukey's multiple comparisons test. *p < 0.05, **p <0.01, ***p <0.001 vs WT
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disturbance indicates that striatal CDKS5 is largely associ-
ated with w circadian change.

CDKS5 is an important Ser/Thr protein kinase that partic-
ipates in actin-binding, synaptic morphology maintenance,
and postsynaptic organization [37]. CDK5 also regulates
the trafficking of synaptic vesicles and neurotransmitter
release and contributes to homeostatic scaling [38, 39].
Consistently, in DS-CDK5-KD mice, we found changes in
dendritic branching and spine formation, as well as altered
CDK5-dependent phosphorylation of Tau at Thrl81 in
the DS region. Proper spine density and morphology and
a balance between synaptic excitation and inhibition (E/I
balance) are widely regarded to be essential for sleep—wake
rhythms [40]. Furthermore, most E/I synapse in the brain
are on dendritic spines, which are small protrusions on
dendritic shafts that are important for synaptic plastic-
ity [41, 42]. The striatum contains abundant GABAergic
MSNs expressing the D; receptor, which plays a key role in
sleep—wake behavior [43, 44]. Here, we provided evidence
that several GAD-positive neurons colocalized with CDK5
signals expressed in MSNs (Fig. 6B). In addition, whole-
cell recording in DS-CDK5-KD mice revealed a specific
decrease in GABA-mediated sIPSCs, whereas no change
was observed in mEPSCs. Given that the frequency of sIP-
SCs reflects the release of presynaptic GABA, CDKS5 likely
modulates GABA receptor-mediated neurotransmission.
The GABAergic system, particularly in MSNSs, is the major
inhibitory neurotransmitter system that underlies the E/I
balance in the central nervous system. GABAergic neu-
rotransmission dysfunction has been implicated in the
pathogenesis of numerous behavioral conditions [45—48].
Therefore, CDK5 may perturb cytoskeletal assembly and
spine density, affecting the GABAergic synaptic E/I bal-
ance in the striatum, reducing the inhibitory output of
MSNs (Fig. 6C-F), and subsequently resulting in altered
activity/rest behavior associated with circadian rhythms.

Brain functions are mediated by multiple neuronal activi-
ties involving highly elaborate and complex synaptic con-
nections. Neurons need to transport organelles, proteins,
and lipids from the soma to the axon and dendrites and
back again to maintain a normal functional state [49, 50].
Microtubules act as conduits for both anterograde and ret-
rograde transport of molecules [51, 52]. Here, we found
that total Tau expression and Tau phosphorylation at
Thr181 were significantly decreased in DS-CDK5-KD mice
(Fig. 5C, D). Tau is highly enriched in neurons and was
originally identified by its ability to bind to and stabilize
microtubules. The equilibrium between Tau phosphoryla-
tion and dephosphorylation modulates the stability of the
cytoskeleton and synaptic morphology in the normal brain.
Consistent with this, we found that CDK5 KD perturbed
the anterograde trafficking of AAV from the DS to the M2,
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thalamic nuclei, and BLA. Night-time sleep disturbances
are common in PD, affecting up to 90% of PD patients
[8]. The M2, thalamic nuclei, and BLA are closely related
to sleep—wake rhythms. The M2 is important for process-
ing and integrating sensorimotor cues and is involved in
motor planning [53]. The thalamus is a critical node that
integrates input and output in the central nervous system,
and striatal-thalamic connections are the foundation of
several higher brain functions [54, 55]. The BLA is the most
important brain region for the circadian clock [56]. Thus,
we propose that CDK5 dysfunction affected microtubule
equilibrium and transport between the DS and other brain
structures associated with sleep—wake rhythms.

In the current study, we did not examine whether CDK5
dysfunction is involved in night-time sleep disturbances
associated with neurodegenerative disorders, such as PD
or AD, and this remains to be addressed in future stud-
ies. However, in an animal model of PD, in which the
neurotoxin MPTP is used to selectively induce the neu-
rodegeneration of DA neurons in the SNpc, higher levels
of CDKG5 activity are detected [57]. Furthermore, in MSNs
(the major neuronal type in the striatum), in which DA D,
and D, receptors are generally considered to exert oppo-
site effects at the cellular level [58, 59], stimulation with
DA results in the opposite regulation of cAMP and PKA
via stimulatory G protein (Gs/Golf)-mediated signaling in
D;-MSNs compared with inhibitory G protein (Gi/Go)-
mediated signaling in D,-MSNs [60-62]. Importantly,
PKA activation increases calcium levels, leading to CDK5
activation, and increased CDK5-mediated phosphoryla-
tion of DARPP-32 at Thr75 is accompanied by decreased
DA-D,-PKA-induced phosphorylation of DARPP-32 at
Thr34 [16, 17]. We therefore conclude that the greater
reduction in total striatal CDK5 may have a profound
influence on the functions of D;-MSNs. Consistent, the
selective involvement of CKD5 in D;-MSNs has been
documented in the other studies [17, 63]. The striatum
contains abundant GABAergic MSNs expressing the D,
receptors, which play a key role in sleep—wake behavior
[43, 44]. Therefore, the current findings provide a founda-
tion for extending our understanding of the role of CDK5
in the pathogenesis of sleep—wake rhythm disorders.

Together, our findings demonstrate a pivotal role of
CDK5 in inter-regional connectivity, neurotransmis-
sion, and motor control in the striatum. Targeted knock-
out of the Cdk5 gene in the DS produced major changes
in dendrite structure at most E/I synapse of MSNs in
the striatum. These changes impacted communication
between the DS and other brain regions, resulting in
the dysregulated initiation of sleep—wake disturbance
behaviors (summarized in Fig. 8). Collectively, our find-
ings implicate that CDK5 in the DS plays a key role in the
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Fig. 8 Proposed consequences of CDKS5 loss on DS neuronal transmission. Compared with WT mice, shown on the left side, mice with CDK5
knockdown exhibit reduced dendrite length and synapse density associated with downregulation of MAP2, PSD-95, synapsin 1, and p-Tau Thr181 in
the DS. This results in impaired neuronal signaling and reduced long-range projections from the DS to M2, thalamus, and BLA

maintenance of striatal neural circuits associated with
motor and circadian behavior in mice.

Abbreviations

AAV: Adeno-associated virus; ACSF: Artificial cerebrospinal fluid; AD: Alzhei-
mer’s disease; BLA: Basolateral amygdala; CDK5: Cyclin-dependent kinase 5;
CNQX: 6-Cyano-7-nitroquinoxaline-2, 3-dione; CRISPR: Clustered Regularly
Interspaced Short Palindromic Repeats; DA: Dopamine; DARPP-32: Dopamine-
and cAMP-regulated phosphoprotein of 32 kDa; DS: Dorsal striatum; GABA:
y-Aminobutyric acid; GAD: Glutamate decarboxylase; KD: Knockdown; L-AP5:
L-(4)-2-amino-5-phosphonopentanoic acid; LV: Lentivirus; M2: Secondary
motor cortex; MAP2: Microtubule associated protein 2; mEPSC: Miniature
excitatory postsynaptic current; MPTP: 1-Methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine; MSN: Medium spiny neuron; NC: Negative control; PD: Parkinson’s
disease; PSD-95: Postsynaptic density protein 95; SQRNA: Small guide RNA;
sIPSC: Spontaneous inhibitory presynaptic current; SN: Substantia nigra; TTX:
Tetrodotoxin; WT: Wild type.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513041-022-00939-2.

Additional file 1. Additional methods.

Additional file 2: Fig. S1. (A) Cell morphology in the DS area was
detected by HE staining. The striatal neuron in DS-CDK5-KD mice

were morphologically normal and showed no significant loss. Scale

bars = 20 um. (B) Left panel: detrimental effects in the DS area of CDK5-KD
were detected by Niss| staining. Right panel: quantitative profiles of Niss|
bodies in the DS area of WT, DS-CDK5-NC, and DS-CDK5-KD mice. Niss|
staining revealed no detrimental effects induced by the delivery of LV/
Cas9-CDK5-sgRNA into the DS (Nissl body, WT: 7.467 + 0.55, DS-CDK5-
KD:7.733 £ 0.51, DS-CDK5-KD: 6.733 4 0.45). Arrows: Nissl body. Scale
bars = 0 um. (C) Left panel: cell apoptosis in the DS area was detected by

TUNEL staining. Right panel: quantitative profiles of TUNEL-positive cells

in the DS area of WT, DS-CDK5-NC and DS-CDK5-KD mice. Quantitative
analysis for the TUNEL-positive cells showed there were no significant
difference among in WT, DS-CDK5-NC, and DS-CDK5-KD mice (TUNEL-
positive cell, WT: 2474 0.27, DS-CDK5-KD: 3.07 4 0.27, DS-CDK5-KD: 3.33
=+ 0.32). Arrows: TUNEL-positive cells. Scale bars = 20 um. The TUNEL-
positive cells showed the typical morphological features of apoptosis such
as chromatin condensation, cytoplasmic budding and apoptotic bodies.
Data are represented as the mean & SEM, n = 15. One-way ANOVA,
Tukey’s multiple comparisons test.

Acknowledgements

We thank Barry Patel, Ph.D., and Melissa Crawford, Ph.D., from Liwen Bianji
(Edanz) (www.liwenbianji.cn/), for editing the English text of a draft of this
manuscript.

Author contributions

LW and YW conducted the study and wrote the manuscript; HZ collected
data, performed statistical analysis, and prepared figures; JZ, HS, PL, and XS
performed experiments. All authors read and approved the final manuscript.

Funding

This work was supported by the National Megaproject of Science Research
of China (2018ZX09301-006) and the National Integrated Drug Discovery
Technology Platform Foundation of China (20122X09301003).

Availability of data and materials
All data generated or analyzed during this study are included in this published
article and its additional information files.

Declarations

Ethics approval and consent to participate
All animal procedures were carried out in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH


https://doi.org/10.1186/s13041-022-00939-2
https://doi.org/10.1186/s13041-022-00939-2
http://www.liwenbianji.cn/

Zhou et al. Molecular Brain

(2022) 15:53

Publications No. 80-23), with the approval of the Animal Care and Use Com-
mittees of the Beijing Institute of Pharmacology and Toxicology.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing financial interests.

Received: 18 December 2021 Accepted: 27 May 2022
Published online: 14 June 2022

References

1.

20.

Poewe W, Seppi K, Tanner CM, Halliday GM, Brundin P, Volkmann J, Schrag
AE, Lang AE. Parkinson disease. Nat Rev Dis Primers. 2017;3:17013.
Gonzales KK, Smith Y. Cholinergic interneurons in the dorsal and ventral
striatum: anatomical and functional considerations in normal and dis-
eased conditions. Ann N'Y Acad Sci. 2015;1349:1-45.

Plotkin JL, Goldberg JA. Thinking outside the box (and arrow): current
themes in striatal dysfunction in movement disorders. Neuroscientist.
2019;25:359-79.

Modugno N, Lena F, Di Biasio F, Cerrone G, Ruggieri S, Fornai F. A clinical
overview of non-motor symptoms in Parkinson’s Disease. Arch Ital Biol.
2013;151:148-68.

van Rooden SM, Visser M, Verbaan D, Marinus J, van Hilten JJ. Patterns of
motor and non-motor features in Parkinson’s disease. J Neurol Neurosurg
Psychiatry. 2009;80:846-50.

Fifel K, Cooper HM. Loss of dopamine disrupts circadian rhythms in a
mouse model of Parkinson’s disease. Neurobiol Dis. 2014;71:359-69.
Ortuno-Lizaran |, Sanchez-Saez X, Lax P, Serrano GE, Beach TG, Adler CH,
Cuenca N. Dopaminergic retinal cell loss and visual dysfunction in Parkin-
son disease. Ann Neurol. 2020:88:893-906.

Schrempf W, Brandt MD, Storch A, Reichmann H. Sleep disorders in
Parkinson'’s disease. J Parkinsons Dis. 2014:4:211-21.

Videnovic A, Golombek D. Circadian and sleep disorders in Parkinson’s
disease. Exp Neurol. 2013;243:45-56.

Wisor JP, Nishino S, Sora |, Uhl GH, Mignot E, Edgar DM. Dopaminergic
role in stimulant-induced wakefulness. J Neurosci. 2001;21:1787-94.

. QuWM, Huang ZL, Xu XH, Matsumoto N, Urade Y. Dopaminergic D1 and

D2 receptors are essential for the arousal effect of modafinil. J Neurosci.
2008;28:8462-9.

Volkow ND, Fowler JS, Logan J, Alexoff D, Zhu W, Telang F, Wang GJ, Jayne
M, Hooker JM, Wong C, et al. Effects of modafinil on dopamine and dopa-
mine transporters in the male human brain: clinical implications. JAMA.
2009;301:1148-54.

Do J, Kim JI, Bakes J, Lee K, Kaang BK. Functional roles of neurotrans-
mitters and neuromodulators in the dorsal striatum. Learn Mem.
2012;20:21-8.

Hernandez-Flores T, Hernandez-Gonzalez O, Perez-Ramirez MB, Lara-
Gonzalez E, Arias-Garcia MA, Duhne M, Perez-Burgos A, Prieto GA,
Figueroa A, Galarraga E, Bargas J. Modulation of direct pathway striatal
projection neurons by muscarinic M(4)-type receptors. Neuropharmacol-
ogy. 2015;89:232-44.

Svenningsson P, Nishi A, Fisone G, Girault JA, Nairn AC, Greengard P.
DARPP-32: an integrator of neurotransmission. Annu Rev Pharmacol
Toxicol. 2004;44:269-96.

Nishi A, Snyder GL, Greengard P. Bidirectional regulation of DARPP-32
phosphorylation by dopamine. J Neurosci. 1997;17:8147-55.

Liu L, Huang Y, Huang Q, Zhao Z, Yu J, Wang L. Muscarinic acetylcholine
M4 receptors play a critical role in oxotremorine-induced DARPP-32
phosphorylation at threonine 75 in isolated medium spiny neurons.
Neuropharmacology. 2017;117:376-86.

Cheung ZH, Ip NY. Cdk5: a multifaceted kinase in neurodegenerative
diseases. Trends Cell Biol. 2012;22:169-75.

Cortes N, Guzman-Martinez L, Andrade V, Gonzalez A, Maccioni RB. CDK5:
a unique CDK and its multiple roles in the nervous system. J Alzheimers
Dis. 2019;68:843-55.

Ferreras S, Fernandez G, Danelon V, Pisano MV, Masseroni L, Chapleau

CA, Krapacher FA, Mlewski EC, Masco DH, Arias C, et al. Cdk5 is essential

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 17 of 18

for amphetamine to increase dendritic spine density in hippocampal
pyramidal neurons. Front Cell Neurosci. 2017;11:372.

Li X, Zhou H, Yang P, Shi HX, Xiong Y, Nie ZY, Yu JQ, Wang YA, Zhou R,
Wang LY. Cyclin-dependent kinase 5 regulates cortical neurotransmission
and neural circuits associated with motor control in the secondary motor
cortex in the mouse. Neuroscience. 2020;438:9-24.

Smith PD, Crocker SJ, Jackson-Lewis V, Jordan-Sciutto KL, Hayley S, Mount
MP, O'Hare MJ, Callaghan S, Slack RS, Przedborski S, et al. Cyclin-depend-
ent kinase 5 is a mediator of dopaminergic neuron loss in a mouse model
of Parkinson’s disease. Proc Natl Acad Sci USA. 2003;100:13650-5.
Hayashi A, Matsunaga N, Okazaki H, Kakimoto K, Kimura Y, Azuma H,
lkeda E, Shiba T, Yamato M, Yamada K, et al. A disruption mechanism

of the molecular clock in a MPTP mouse model of Parkinson’s disease.
Neuromol Med. 2013;15:238-51.

Hyacinthe C, Barraud Q, Tison F, Bezard E, Ghorayeb . D1 receptor agonist
improves sleep-wake parameters in experimental parkinsonism. Neuro-
biol Dis. 2014;63:20-4.

Lauretti E, Di Meco A, Merali S, Pratico D. Circadian rhythm dysfunction:

a novel environmental risk factor for Parkinson'’s disease. Mol Psychiatry.
2017;22:280-6.

Kovalzon VM, Ugrumov MV, Pronina TS, Dorokhov VB, Manolov Al, Dolgikh
VW, Ukraintseva YV, Moiseenko LS, Poluektov MG, Kalinkin AL. Early stages
of Parkinson’s disease: comparative characteristics of sleep-wakefulness
cycle in patients and model animals. Fiziol Cheloveka. 2015;41:114-8.
Chon U, Vanselow DJ, Cheng KC, Kim Y. Enhanced and unified anatomical
labeling for a common mouse brain atlas. Nat Commun. 2019;10:5067.
Brown RW, Perna MK, Noel DM, Whittemore JD, Lehmann J, Smith ML.
Amphetamine locomotor sensitization and conditioned place preference
in adolescent male and female rats neonatally treated with quinpirole.
Behav Pharmacol. 2011,22:374-8.

Birdsong WT, Jongbloets BC, Engeln KA, Wang D, Scherrer G, Mao T.
Synapse-specific opioid modulation of thalamo-cortico-striatal circuits.
Elife. 2019,8:e45146.

Mao M, Nair A, Augustine GJ. A novel type of neuron within the dorsal
striatum. Front Neural Circuits. 2019;13:32.

Sugiyama M, Nishijima |, Miyazaki S, Nakamura TJ. Secretin receptor-
deficient mice exhibit altered circadian rhythm in wheel-running activity.
Neurosci Lett. 2020;722:134814.

Honma K, Honma S, Hiroshige T. Response curve, free-running period,
and activity time in circadian locomotor rhythm of rats. Jpn J Physiol.
1985,;35:643-58.

Su SC, Tsai LH. Cyclin-dependent kinases in brain development and
disease. Annu Rev Cell Dev Biol. 2011;27:465-91.

Singer JH, Lassova L, Vardi N, Diamond JS. Coordinated multivesicular
release at a mammalian ribbon synapse. Nat Neurosci. 2004,7:826-33.
LaFerla FM, Kitazawa M. Antipodal effects of p25 on synaptic plastic-

ity, learning, and memory—too much of a good thing is bad. Neuron.
2005;48:711-2.

Katz LC, Burkhalter A, Dreyer WD. Fluorescent latex microspheres as a ret-
rograde neuronal marker for in vivo and in vitro studies of visual cortex.
Nature. 1984;310:498-500.

Shah K, Rossie S.Tale of the good and the Bad Cdk5: remodeling of the
actin cytoskeleton in the brain. Mol Neurobiol. 2018;55:3426-38.
Bykhovskaia M. Synapsin regulation of vesicle organization and func-
tional pools. Semin Cell Dev Biol. 2011;22:387-92.

Verstegen AM, Tagliatti E, Lignani G, Marte A, Stolero T, Atias M, Corradi

A, Valtorta F, Gitler D, Onofri F, et al. Phosphorylation of synapsin | by
cyclin-dependent kinase-5 sets the ratio between the resting and
recycling pools of synaptic vesicles at hippocampal synapses. J Neurosci.
2014;34:7266-80.

Chellappa SL, Gaggioni G, Ly JQ, Papachilleos S, Borsu C, Brzozowski A,
Rosanova M, Sarasso S, Luxen A, Middleton B, et al. Circadian dynam-

ics in measures of cortical excitation and inhibition balance. Sci Rep.
2016;6:33661.

Hernandez A, Tan C, Mettlach G, Pozo K, Plattner F, Bibb JA. Cdk5 modu-
lates long-term synaptic plasticity and motor learning in dorsolateral
striatum. Sci Rep. 2016;6:29812.

Hirono M, Yanagawa Y. Endocannabinoids regulate cerebellar GABAer-
gic transmission in a synapse type-dependent manner. J Neurosci Res.
2021;99:898-913.



Zhou et al. Molecular Brain

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

(2022) 15:53

Alkire MT, Hudetz AG, Tononi G. Consciousness and anesthesia. Science.
2008;322:876-80.

Bao WW, Xu W, Pan GJ, Wang TX, Han'Y, Qu WM, Li WX, Huang ZL. Nucleus
accumbens neurons expressing dopamine D1 receptors modulate states
of consciousness in sevoflurane anesthesia. Curr Biol. 2021;31:1893-1902.
e1895.

Borgkvist A, Avegno EM, Wong MY, Kheirbek MA, Sonders MS, Hen R,
Sulzer D. Loss of striatonigral GABAergic presynaptic inhibition enables
motor sensitization in parkinsonian mice. Neuron. 2015;87:976-88.
Uzunova G, Pallanti S, Hollander E. Excitatory/inhibitory imbalance in
autism spectrum disorders: implications for interventions and therapeu-
tics. World J Biol Psychiatry. 2016;17:174-86.

Rabenstein M, Murr N, Hermann A, Rolfs A, Frech MJ. Alteration of GABAe-
rgic input precedes neurodegeneration of cerebellar purkinje cells of
NPC1-deficient mice. Int J Mol Sci. 2019,20:6288.

Dubbioso R, Ruggiero L, Esposito M, Tarantino P, De Angelis M, Aruta F,
Pappata S, Ugga L, Piperno A, lorio R, et al. Different cortical excitability
profiles in hereditary brain iron and copper accumulation. Neurol Sci.
2020;41:679-85.

Mishra AK, Dixit A. Dopaminergic axons: key recitalists in Parkinson’s
disease. Neurochem Res. 2021;47:234-48.

Palumbo A, Gruning P, Landt SK, Heckmann LE, Bartram L, Pabst A, Flory
C, Ikhsan M, Pietsch S, Schulz R, et al. Deep learning to decipher the
progression and morphology of axonal degeneration. Cells. 2021;10:2539.
Sheng ZH. Mitochondrial trafficking and anchoring in neurons: new
insight and implications. J Cell Biol. 2014;204:1087-98.

Perrone M, Caroccia N, Genovese |, Missiroli S, Modesti L, Pedriali G,
Vezzani B, Vitto VAM, Antenori M, Lebiedzinska-Arciszewska M, et al. The
role of mitochondria-associated membranes in cellular homeostasis and
diseases. Int Rev Cell Mol Biol. 2020;350:119-96.

Murakami M, Vicente MI, Costa GM, Mainen ZF. Neural antecedents

of self-initiated actions in secondary motor cortex. Nat Neurosci.
2014;17:1574-82.

Dafsari HS, Silverdale M, Strack M, Rizos A, Ashkan K, Mahlstedt P, Sachse
L, Steffen J, Dembek TA, Visser-Vandewalle V, et al. Nonmotor symptoms
evolution during 24 months of bilateral subthalamic stimulation in
Parkinson’s disease. Mov Disord. 2018;33:421-30.

Kurcova S, Bardon J, Vastik M, Vecerkova M, Frolova M, Hvizdosova L,
Nevrly M, Mensikova K, Otruba P, Krahulik D, et al. Bilateral subthalamic
deep brain stimulation initial impact on nonmotor and motor symptoms
in Parkinson’s disease: an open prospective single institution study. Medi-
cine (Baltimore). 2018:97:€9750.

WangY, Liu Z, Cai L, Guo R, Dong Y, Huang YH. A critical role of basolateral
amygdala-to-nucleus accumbens projection in sleep regulation of
reward seeking. Biol Psychiatry. 2020,87:954-66.

Park J, Seo J, Won J, Yeo HG, Ahn YJ, Kim K; Jin YB, Koo BS, Lim KS, Jeong
KJ, et al. Abnormal mitochondria in a non-human primate model of
MPTP-induced Parkinson’s disease: Drp1 and CDK5/p25 signaling. Exp
Neurobiol. 2019;28:414-24.

Cox SM, Frank MJ, Larcher K, Fellows LK, Clark CA, Leyton M, Dagher A.
Striatal D1 and D2 signaling differentially predict learning from positive
and negative outcomes. Neuroimage. 2015;109:95-101.

Dobbs LK, Kaplan AR, Bock R, Phamluong K, Shin JH, Bocarsly ME, Eber-
hart L, Ron D, Alvarez VA. D1 receptor hypersensitivity in mice with low
striatal D2 receptors facilitates select cocaine behaviors. Neuropsychop-
harmacology. 2019;44:805-16.

Walaas SI, Aswad DW, Greengard P. A dopamine- and cyclic AMP-regu-
lated phosphoprotein enriched in dopamine-innervated brain regions.
Nature. 1983;301:69-71.

Svenningsson P, Lindskog M, Ledent C, Parmentier M, Greengard P, Fred-
holm BB, Fisone G. Regulation of the phosphorylation of the dopamine-
and cAMP-regulated phosphoprotein of 32 kDa in vivo by dopamine D1,
dopamine D2, and adenosine A2A receptors. Proc Natl Acad Sci USA.
2000;97:1856-60.

Hamada M, Higashi H, Nairn AC, Greengard P, Nishi A. Differential regula-
tion of dopamine D1 and D2 signaling by nicotine in neostriatal neurons.
J Neurochem. 2004;90:1094-103.

Ceglia I, Lee KW, Cahill ME, Graves SM, Dietz D, Surmeier DJ, Nestler EJ,
Nairn AC, Greengard P, Kim Y. WAVET in neurons expressing the D1 dopa-
mine receptor regulates cellular and behavioral actions of cocaine. Proc
Natl Acad Sci USA. 2017;114:1395-400.

Page 18 of 18

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Downregulation of CDK5 signaling in the dorsal striatum alters striatal microcircuits implicating the association of pathologies with circadian behavior in mice
	Abstract 
	Introduction
	Materials and methods
	Animals
	In vivo KD of the Cdk5 gene in the mouse DS
	Experimental design and behavioral tests
	Locomotor activity test
	Wheel-running behavioral test

	Golgi staining and dendritic spine measurements
	Immunohistochemistry
	Western blotting
	Anterograde labeling
	Electrophysiology
	Statistical analysis

	Results
	Motor impairment after LV delivery of Cdk5-sgRNA into the DS of mice
	Circadian change of wheel-running activity is altered in DS-CDK5-KD mice
	CDK5 deficiency causes morphological alterations in MSN dendrites and spines in the DS
	CDK5 deficiency affects inhibitory synaptic transmission in the DS
	CDK5 deficiency in the DS reduces long-range projections to the secondary motor cortex (M2), thalamic nucleus, and BLA nucleus

	Discussion
	Acknowledgements
	References


