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Abstract 57 

3-Phosphoinositide-dependent protein kinase-1 (PDK1) plays a critical role in the 58 

development of mammalian brain. Here, we investigated the role of PDK1 in purkinje 59 

cells (PCs) by generating the PDK1 conditional knockout mice (PDK1-cKO) through 60 

crossing PV-cre or Pcp2-cre mice with Pdk1fl/fl mice. The male mice were used in the 61 

behavioural testing and the other experiments were performed on mice of both 62 

genders. These PDK1-cKO mice displayed the decreased cerebellar size and the 63 

impaired motor balance and coordination. By the electrophysiological recording, we 64 

observed the reduced spontaneous firing of PCs from the cerebellar slices of the 65 

PDK1-cKO mice. Moreover, the cell body size of PCs in the PDK1-cKO mice was 66 

time-dependently reduced compared to that in the control mice. And the 67 

morphological complexity of PCs was also decreased after PDK1 deletion. These 68 

effects may be contributed to the reduction of the rpS6 phosphorylation and the PKCγ 69 

expression in PDK1-cKO mice since the upregulation of pS6 by the treatment of 70 

3BDO, the agonist of mTOR1, partly rescued the reduction in the cell body size of the 71 

PCs, and the delivery of rAAV-PKCγ through cerebellar injection rescued the reduced 72 

complexity of the dendritic arbour inPDK1-cKO mice. Taken together, our data 73 

suggest that PDK1, by regulating rpS6 phosphorylation and PKCγ expression, 74 

controls the cell body maintenance and the dendritic development in PCs and is 75 

critical for cerebellar motor coordination. 76 

 77 

Key words: PDK1, cerebellum, purkinje cells, pS6, PKCγ, cell body 78 

 79 

Significance Statement:  80 

Here, we show the role of PDK1 in PCs. The ablation of PDK1 in PCs resulted in a 81 

reduction of the cell body size, and the dendritic complexity and the abnormal 82 

spontaneous firing, which attributes to the motor defects in PDK1-cKO mice. 83 

Moreover, the rpS6 phosphorylation and the expression of PKCγ are down-regulated 84 

after the ablation of PDK1. Additionally, upregulation of rpS6 phosphorylation by 85 

3BDO partly rescued the reduction in cell body size of PCs, and overexpression of 86 



 

 4 

PKCγ in PDK1-KO PCs rescued the reduction in the dendritic complexity. These 87 

findings indicate that PDK1 contributes to the maintenance of cell body and the 88 

dendritic development of PCs by regulating rpS6 phosphorylation and PKCγ 89 

expression. 90 

 91 

Introduction 92 

Purkinje cells (PCs) are the sole output neuron of the cerebellar cortex, serving as an 93 

integration centre in this region, and are important for motor coordination and motor 94 

balance (Lui et al., 2017; Edamakanti et al., 2018; Popa et al., 2019). Although the 95 

neurogenesis and neuronal migration of PCs are completed during the embryonic 96 

stage, the postnatal development process is critical for PCs and cerebellum-related 97 

motor function (Liu et al., 2017; Lui et al., 2017; Edamakanti et al., 2018). During the 98 

8-week postnatal stage, the soma size of PCs gradually increases and the 99 

characteristic dendritic trees of PCs are also formed at this stage (Takeo et al., 2015). 100 

Previous studies have demonstrated that mTOR (the mammalian target of rapamycin) 101 

pathway may be involved in the postnatal development of PCs. For example, in 102 

PC-specific deletion of mTORC1 mice, PCs are progressively lost due to apoptosis 103 

that is paralleled by the age-dependent motor deficits (Angliker et al., 2015). 104 

Moreover, the whole-brain mTORC2 knockout mice display the motor coordination 105 

defects, which correlates with the reduced Purkinje cell body size, the developmental 106 

deficits in climbing fibre elimination and the impaired dendritic self-avoidance. 107 

Furthermore, the deletion mTORC2 in cerebellum leads to a striking decrease in the 108 

activation and expression of several protein kinase C (PKC) isoforms including the 109 

gamma isoform of PKC (PKCγ) (Thomanetz et al., 2013; Angliker et al., 2015). 110 

Previous studies have reported that PKCγ, which is highly and specifically expressed 111 

in PCs, plays a critical role in the eliminating supernumerary climbing fibre synapses 112 

form developing PCs (Kano et al., 1995; Hirai, 2018). Although various molecules 113 

and mechanisms have been implicated in the regulation of PC morphogenesis, the 114 

mechanisms that regulate postnatal maintenance and development of PCs remain 115 

unclear. 116 
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The 3-phosphoinositide-dependent protein kinase-1 (PDK1), a serine/threonine kinase 117 

of the AGC kinase group, phosphorylates and activates at least 23 other AGC protein 118 

kinases such as AKT (Protein Kinase B), PKC, ribosomal protein S6 kinase B1 (S6K1) 119 

and serum- and glucocorticoid-induced kinase (SGK) (Castel et al., 2016; Leroux et 120 

al., 2018) which contributes to many biological processes, including cell polarization, 121 

neuronal migration, and neuronal differentiation (Oishi et al., 2009; Dainichi et al., 122 

2016; Itoh et al., 2016; Wang et al., 2017b). Our previous studies showed that PDK1 123 

is required for the proliferation, differentiation, and migration of neural progenitor 124 

cells (NPCs) during dentate gyrus (DG) development (Xu et al., 2019). Whole-brain 125 

downregulation of PDK1-AKT signalling results in microcephaly, reflected in a 126 

reduction in cell size rather than cell number (Lawlor et al., 2002; Cordon-Barris et al., 127 

2016). Additionally, PDK1 is a downstream antagonist of phosphatase and tensin 128 

homologue (PTEN), and the hypertrophy of PTEN-deficient neuronal nuclei and 129 

soma can be rescued by the PDK1 deletion (Chalhoub et al., 2009; Grego-Bessa et al., 130 

2016). Recent evidence indicates that the loss of PTEN in PCs results in autistic-like 131 

traits, including motor learning deficits, sociability impairment, and repetitive 132 

behaviour, which may be attributed to the structural abnormalities in neurite and the 133 

late-onset cell death (Cupolillo et al., 2016). These data indicate that PDK1 is likely 134 

involved in the postnatal development of PCs. 135 

In this study, we investigated the role of PDK1 in the postnatal development of PCs 136 

by crossing the Pdk1fl/fl mice with the PV-cre or Pcp2-cre line. And our data showed 137 

that the ablation of PDK1 in PCs decreased the cell body size, reduced the dendritic 138 

complexity, and was associated with substantial abnormal spontaneous 139 

electrophysiological properties in PCs, which was paralleled by the motor defects. We 140 

further showed that the reduced ribosomal protein S6 (rpS6) phosphorylation and 141 

expression of PKCγ was probably contributed to these phenotypes. Together, our 142 

results suggested that PDK1 was important for the cell body maintenance and the 143 

dendritic development in postnatal PCs and was correlated to the cerebellar motor 144 

coordination and balance. 145 

 146 
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Materials and Methods 147 

Animals and mouse breeding 148 

Pdk1fl/fl mice have been reported previously (Lawlor et al., 2002). Parvalbumin-cre 149 

(PV-cre) mice were generously provided by Prof. Li - Huei Tsai (Picower Institute for 150 

Learning and Memory, MIT, MA, USA). Pcp2-cre mice were generously provided by 151 

Prof. Ying Shen (Zhejiang University, Hangzhou, Zhejiang, PRC) (Barski et al., 2000). 152 

ROSA26-LSL-EYFP mice were generously provided by Prof. Chunjie Zhao (Southeast 153 

University, Nanjing, Jiangsu, PRC) (Srinivas et al., 2001). The PV-cre; Pdk1fl/fl mice 154 

and the Pcp2-cre; Pdk1fl/fl mice were generated by crossing the Pdk1fl/fl mice with the 155 

PV-cre mice and the Pcp2-cre; Pdk1fl/fl mice respectively. In this study, the PV-cre; 156 

Pdk1fl/fl mice and the Pcp2-cre; Pdk1fl/fl mice were named cKO-PV and cKO-Pcp2 157 

respectively, and the Pdk1fl/fl mice were grouped as control (Ctrl). All the mice are 158 

maintained on a C57/B6 background and kept in a barrier facility, and all animal 159 

experiments were conducted in accordance with the procedure approved by the 160 

Animal Ethical and Welfare Committee for Institutional Animal Care and Use 161 

Committee (IACUC) of Nanjing Medical University (Approval No. 162 

IACUC-1907019). The day of birth was considered as postnatal day 0 (P0). 163 

 164 

Tissue collection 165 

Mice (P14 - P120) were anesthetized by intraperitoneal administration of 166 

ketamine/xylazine (ketamine: 100 mg/kg; xylazine: 10 mg/kg) based on body weight 167 

and sacrificed by transcardial perfusion with phosphate-buffered saline (PBS) 168 

followed by 4% paraformaldehyde (PFA) in PBS. The cerebellum was removed and 169 

post-fixed in 4% PFA overnight at 4°C and processed into cryosections by using a 170 

freezing microtome (Leica, CM 1950, 25 μm thick). 171 

 172 

Genotyping 173 

Genotype was identified by PCR with genomic DNA obtained from the toes or the 174 

tails. The primers sequences used to identify specific genotypes were as follows: 175 

Pdk1fl/fl 5’-CTATGCTGTGTTACTTCTTGGAGCACAG-3’ and 176 
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5’-TGTGGACAAACAGCAATGAACATACACGC-3’; Pcp2-cre and PV-cre 177 

5’-CATACCTGGAAAATGCTTCTGTCC-3’ and 178 

5’-TCCCCAGAAATGCCAGATTACG-3’; ROSA26-LSL-EYFP 179 

5’-AAGACCGCGAAGAGTTTGTC-3’ and 5’-AAAGTCGCTCTGAGTTGTTAT-3’. 180 

The PCR program used was; 94℃ 5min, then 35 cycles of 94℃ 30 seconds for 181 

denaturation, 62℃ 45 seconds for annealing and 72℃ 45 seconds for elongation.  182 

 183 

Behavioural Testing 184 

All behavioural experiments were conducted on male mice between 09:00 hours and 185 

16:00 hours. Each mouse was subjected to each of the following behavioural tests. 186 

Footprint  187 

Hind paws and forepaws of mice were painted with nontoxic blue and red watercolour 188 

respectively. Mice walked through a tunnel (100 cm Long, 9 cm wide, 60 cm high) 189 

with white paper lining the floor to a dark box with a hole. Each mouse was trained on 190 

3 consecutive days with 3 trials per day. Footprint patterns were analysed for length of 191 

stride, stance, and sway and distance between the front and hind footprints on each 192 

side. For each measurement, the first and last 20 cm of the prints were excluded. If the 193 

mouse stopped in the middle of the tunnel, the trial was repeated. 194 

Rotarod assay 195 

The rotarod apparatus (ZH-300) was used to measure motor coordination as 196 

previously described (Carter et al., 1999). During the training period, each mouse was 197 

placed on the rotarod at a constant speed (20 rpm) for a maximum of 60 seconds. 198 

Mice received six trials per day for 4 consecutive days, by which time a steady 199 

baseline level of performance was attained. Mice then received two trials at 6 200 

independent speed levels: 10, 15, 20, 25, 30, and 33 rpm. The mean latency to fall off 201 

the rotarod (for the two trials at each speed level) was recorded and used in 202 

subsequent analysis. 203 

Elevated beam-walk assay 204 

The elevated beam-walk assay for evaluating motor balance was carried out as 205 

previously described (Carter et al., 2001). Briefly, the beams consisted of long strips 206 
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of matte-surface acrylic (130 cm) with a 28- or 12-mm square cross-section and a 30, 207 

16, or 10 mm diameter. The beams were placed horizontally, 40 cm above the 208 

platform surface, with one end mounted on a narrow support and the other end 209 

attached to an enclosed box (30 cm square) into which the mouse could escape. In the 210 

middle part of each beam an 80-cm long segment was marked. One angle poise light 211 

(40 W) was positioned above and to one side of the start of the beam. During training, 212 

mice were placed at the start of the 12-mm square beam and encouraged to traverse it. 213 

Each mouse underwent 3 consecutive trials and was then returned to its home cage to 214 

rest for 30 minutes, then another 3 consecutive trials were performed. Each mouse 215 

underwent 6 trials per day over 4 days. On the 5th day, each mouse underwent three 216 

consecutive trials on each of the round beams, from the widest to the narrowest beam. 217 

The latency to traverse each 80-cm section and the number of times the hind paws 218 

slipped off each beam were recorded for each trial. Mice were allowed up to 60s to 219 

cross the beam. If the mouse dropped from the beam, the trial was repeated, and if it 220 

could not cross the beam within 60s after 2 attempts, the trial was allocated a 221 

maximum latency of 60s for inclusion in the latency analyses. Analysis of each 222 

measure was based on the mean scores of the two trials for each beam. 223 

 224 

Immunofluorescence 225 

Immunofluorescence experiments were performed as previously described (Liu et al., 226 

2015). Briefly, brain tissue sectioning was performed using a freezing microtome 227 

(Leica, CM 1950, 25 μm thick). For each genotype, at least three histological sections 228 

at middle sagittal levels from three different animals were analysed for 229 

immunostaining, and confocal optical sections were acquired. The primary antibodies 230 

and working concentration were as follows: rabbit anti-calbindin (Abcam, ab49899, 1 231 

μg/mL), anti-NeuN (Millipore, ABN78, 1 μg/mL), anti-PAX6 (Abcam, ab5790, 4 232 

μg/mL), anti-PDk1 (Epitomics, 3377-1, 2 μg/mL), anti-PDk1 (Abcam, ab52893, 0.36 233 

μg/mL), anti-PKC (phospho T514) (Abcam, ab109539, 0.68 μg/mL), anti-Phospho-S6 234 

Ribosomal Protein (Ser235/236) (Cell Signalling Technology, #2211, 3.8 × 10-2 235 

μg/mL); mouse anti-NeuN (Millipore, MAB377,2 μg/mL), anti-GFAP (Millipore, 236 
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MAB3402, 1 μg/mL), anti-GAD67 (Millipore, MAB5406, 1 μg/mL), anti-mCherry 237 

(Bioworld Technology Inc, Louis Park, MN, MB2013, 1 μg/mL); chicken anti-GFP 238 

(Abcam, ab13970, 2.5 μg/mL). The secondary antibodies included DyLight 488 239 

donkey anti-rabbit (Thermo Fisher Scientific, SA5-10038, 1 μg/mL), Alexa Fluor 488 240 

goat anti-rabbit (Invitrogen, A11008, 4 μg/mL), DyLight 488 donkey anti-mouse 241 

(Thermo Fisher Scientific, SA5-10166, 1 μg/mL), Alexa Fluor 555 donkey anti-rabbit 242 

(Invitrogen, A31572, 4 μg/mL), DyLight 550 donkey anti-mouse (Thermo Fisher 243 

Scientific, SA5-10167, 1 μg/mL), Alexa Fluor 488 donkey anti-chicken (Jackson 244 

ImmunoResearch Laboratories, INC, 703-545-155, 0.25 μg/mL). Secondary 245 

antibodies were diluted in PBS containing 10% Fetal Bovine Serum (FBS), 0.1% 246 

Triton X-100 and 0.5 μg/mL DAPI (4,6-diamidino-2-phenylindole). 247 

 248 

Golgi staining 249 

Golgi staining was performed using FD Rapid GolgiStainTM Kit (FD 250 

NeuroTechnologies, INC, #PK401) following the manufacturer’s protocols. Briefly, 251 

the cerebellum was dissected from P30 mice and incubated in premixed Solutions A 252 

and B that were refreshed the next day. The cerebellum was kept in the dark for 2 253 

weeks at room temperature, then incubated in Solution C in the dark for 5 - 7 days at 254 

room temperature. The cerebellum was then sectioned into 250 μm thick slices with a 255 

vibratome (VT1000; Leica Microsystems) and stained according to the manufacturer's 256 

protocols. Images of PCs and other cerebellar neurons were captured by Olympus 257 

Fluoview FV1200 confocal microscope. 258 

The dendritic arbours of each PC was semi-autonomous traced by using NIH ImageJ 259 

software as previously described (Stanko et al., 2015). Dendritic arborization 260 

complexity was assessed using a Sholl analysis to examine dendritic intersections per 261 

1 μm concentric radial interval from cell body (Ferreira et al., 2014). The schematic 262 

representation of the Sholl analysis method described is shown in Figure 12 G and H. 263 

The significance of the differences in complexity was determined using GraphPad 264 

Prism software with a two-way ANOVA (genotype and circle radius as factors) 265 

followed by the Bonferroni’s post hoc test. 266 
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 267 

Western blotting 268 

Western blotting experiments were performed as previously described (Xu et al., 269 

2019). Briefly, mouse cerebellums were collected and homogenized and the lysates 270 

from at least four brains per genotype were clarified by centrifugation at 14000 rpm. 271 

The protein concentrations were measured (Pierce Biotechnology, Rockford, IL). 272 

Cerebellum lysates (20 μg) were separated by 10% SDS-PAGE and transferred to 273 

PVDF membranes. After blocking the membranes with 5% non-fat dry milk in 274 

Tris-buffered saline with 0.5% Tween-20, they were incubated at 4°C with primary 275 

antibodies, followed by incubation with the HRP-linked anti-rabbit IgG secondary 276 

antibody (Cell Signaling Technology, 7074, 8.2 × 10-3 μg/mL), and signals detected 277 

using SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific). The 278 

primary antibodies used and the working concentration of these antibodies were: 279 

rabbit anti-β-actin (Bioworld Technology Inc, Louis Park, MN, AP0060, 1 μg/mL), 280 

anti-GAPDH (Cell Signaling Technology, 2118, 8.4 × 10-3 μg/mL), anti-PDk1 281 

(Epitomics, 3377-1, 0.5 μg/mL), anti-PDk1 (Abcam, ab52893, 0.09 μg/mL), and anti 282 

PKCγ (Abcam, ab4145, 0.1 μg/mL). 283 

 284 

Whole-cell patch clamp recordings on brain slices 285 

Whole-cell patch clamp recordings on brain slices were performed as previously 286 

described (Wang et al., 2017c). Briefly, cerebellar slices (300 μm in thickness) were 287 

prepared following the standard protocols. During whole-cell patch-clamp recordings, 288 

PCs were held at a membrane potential of -70 mV and characterized by injection of 289 

rectangular voltage pulse (5 mV, 50 ms) to monitor the whole-cell membrane 290 

capacitance, membrane resistance and series resistance. PCs were excluded from the 291 

experiments if the series resistance was not stable or exceeded 20 MΩ. 292 

 293 

3BDO treatment 294 

3-benzyl-5-((2-nitrophenoxy) methyl)-dihydrofuran-2(3H)-one (3BDO, Selleck 295 

chemicals, S8317) was dissolved in 100% DMSO and stored in a stock solution of 296 
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300 mg/mL at -20°C. A working solution was prepared immediately before injection 297 

at a final concentration of 6 mg/mL 3BDO, 2% DMSO, 0.01M PBS. P14 cKO-PV 298 

and Pdk1fl/fl mice were injected intraperitoneally with either 3BDO (80 mg/kg body 299 

weight/mouse) or vehicle once a day before harvest or behaviour test.  300 

 301 

Virus vector construction 302 

Total RNA extraction of the cerebellar cortices and cDNA synthesis were performed 303 

as previously described (Liu et al., 2015). Full-length PKCγ coding sequence was 304 

amplified from cDNA taken from a wild-type C57/B6 mouse and inserted into a 305 

pCAGIG plasmid (provided by Prof. Chunjie Zhao, Southeast University). 306 

Recombinant adeno-associated virus (AAVs) were produced by the Taiting Biological 307 

Co., Ltd (Shanghai, China) at the following stock titers (GC/mL): 308 

AAV2/9-CAG-FLEX-Prkcg-3xHA-P2A-EGFP at 6.7 × 1012, 309 

AAV2/9-CAG-FLEX-EGFP at 2.3 × 1013 and AAV2/8-CMV_bGI-mCherry at 2.77 × 310 

1013. Viruses were diluted in 0.01 mol/L sterile phosphate-buffered saline (PBS, pH = 311 

7.4) before injection. The PCs in the Ctrl and cKO-Pcp2 mice was labeled using 312 

AAV2/8-CMV_bGI-mCherry constructs that express mCherry under a CMV promoter. 313 

Rescue experiments were conducted in Pcp2-cre; Pdk1fl/fl mice using rAAVs 314 

expressing enhanced green fluorescent protein (EGFP) or full-length PKCγ. rAAVs 315 

expressing EGFP under CAG promoters (AAV2/9-CAG-FLEX-EGFP) were used to 316 

label PDK1-KO PCs in mice, and rAAVs expressing both EGFP and PKCγ 317 

(AAV2/9-CAG-FLEX-Prkcg-3xHA-P2A-EGFP) were used to label PDK1-KO PCs 318 

and overexpress PKCγ. The PKCγ-expressing rAAV construct contained a CAG 319 

promoter and a floxed stop sequence upstream of an independent EGFP and 320 

full-length PKCγ sequence (rAAV2/9 - CAG - FLEX - Prkcg - 3xHA - P2A - EGFP). 321 

Thus, only Cre-positive PCs in the cKO-Pcp2 mice were able to remove the stop 322 

sequence and to overexpress EGFP and PKCγ. The rAAV2/9-CAG-FLEX-EGFP was 323 

used to express EGFP and to label Cre-positive PDK1-KO PCs in the cKO-Pcp2 mice 324 

without overexpression of PKCγ. 325 

 326 
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Virus injections 327 

All injections were performed on newborn mouse pups at postnatal age P0 - P1 as 328 

previously described (Gibson and Ma, 2011). Briefly, the P0 or P1 mouse pubs were 329 

divided into two groups: one group were injected with a mix of 330 

AAV2/8-CMV_bGI-mCherry and AAV2/9-CAG-FLEX-EGFP in a 1:1 ratio, and the 331 

other group were were injected with a mix of AAV2/8-CMV_bGI-mCherry and 332 

AAV2/9-CAG-FLEX-Prkcg-3xHA-P2A-EGFP in a 1:1 ratio. Each pup was injected 333 

with 1 - 1.5 μL of diluted rAAVs, and the concentration is 1 × 1012 GC/mL for each 334 

AAV vector so the final concentration is 1 × 1012 GC/mL. A digital pressure pump and 335 

a Hamilton syringe with a beveled 34G stainless steel needle were used. Pups were 336 

then returned to their mothers and analysed at P30. 337 

 338 

Microscopic analysis 339 

The images were acquired on a Nikon (Tokyo, Japan) ECLIPSE Ti microscope or an 340 

Olympus FV1200 confocal microscope (Tokyo, Japan). All images were processed 341 

using Image-Pro Plus 6.0 software (Media Cybernetics), Adobe Photoshop CS6.0 342 

software (Adobe Systems Inc, San Jose, CA), or the open source FIJI (NIH ImageJ) 343 

software (http://fiji.sc/Fiji). 344 

 345 

Analysis of PC dendrites 346 

Confocal z-stacks were collected on an Olympus FV1200 laser scanning confocal 347 

microscope (Tokyo, Japan). Confocal stacks of labelled PCs were collected from 348 

anatomical positions throughout the cerebellum. GFP-positive or mCherry-positive 349 

PC dendrites were manually traced to generate a skeletonized 2D reconstruction of the 350 

entire arbour as previously described (Stanko et al., 2015). Total dendrite area was 351 

calculated using the confocal stack images of each PC and total dendrite lengths were 352 

calculated from the 2D reconstruction. Dendritic arbour complexity was assessed 353 

using a Sholl analysis method, which was described in the methods for Golgi staining. 354 

All processes described above were performed using the open source FIJI (NIH 355 

ImageJ) software (http://fiji.sc/Fiji). 356 
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 357 

Morphometric analysis 358 

The area of cerebellum, the thickness of ML of the cerebellum and the total number, 359 

the cell density and the cell body size of PCs were evaluated in the lobule II-III, V-VI 360 

and IX-X of cerebellum of Ctrl, cKO-PV and cKO-Pcp2 mice at different ages. 361 

Immunostaining of cerebellar slices with the specific antibody of calbindin was used 362 

to label the cell bodies and proximal primary dendrites of PCs, and a combination of 363 

immunostaining for calbindin and DAPI staining was used to label the outlines of 364 

sagittal cerebellar slices and to distinguish the three layers of the cerebellar cortex. 365 

The area of cerebellum was obtained by drawing the outline of sagittal sections of 366 

cerebellum and then calculating the average enclosed area. The size of each purkinje 367 

cell body was obtained by drawing the outline of PC body clearly showing a proximal 368 

primary dendrite. The total number of PCs was obtained by drawing the outline of 369 

purkinje cell layer (PCL) in the selected lobules of cerebellum and counting the 370 

number of PCs in the lobule manually. The length of the PCL was then measured and 371 

the density of PCs was calculated by dividing the total number of PCs by the length of 372 

PCL. At least six slices/mice and three mice (excepted for vehicle-treated cKO-PV 373 

mice) at each age point were analysed for each condition in parallel experiments. And 374 

for the analysis of the cell body size of PCs, at least 32 PCs per mouse were analysed 375 

for each condition in parallel experiments. All processes described above were 376 

performed using the open source FIJI (NIH ImageJ) software (http://fiji.sc/Fiji). 377 

 378 

Experimental Design and Statistical Analysis 379 

The male mice were used in the behavioural testing, and in the other experiments, .no 380 

effects of ewe, fetus, or gender were observed. All the data were statistically analysed 381 

using GraphPad Prism software (version 8, GraphPad Software). The data are 382 

expressed as the mean ± s.e.m. The error bars represent the standard error of the mean. 383 

For morphometric analysis, western blotting, electrophysiological analysis and 384 

behaviour tests, two-tailed unpaired Student’s t-test, one-way ANOVA followed by 385 

the Bonferroni’s post hoc test or two-way ANOVA followed by the Bonferroni’s post 386 
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hoc test were used to analyse statistical significance. The statistical methods used in 387 

each experiment are described in the figure legends and the detailed description for 388 

each statistical test, including the degrees of freedom and the sample size, are shown 389 

in the figure legends or tables. If the P-values are less than 0.0001 or more than 390 

0.9999, they were presented as p < 0.0001 or p > 0.9999 respectively. And in the other 391 

cases, the exact P-values are presented in the figure legends or tables. In the figures, 392 

P-values are presented as: ns, p ≥ 0.05; * or # p < 0.05; ** or ## p < 0.01; and *** or 393 

### p < 0.001. 394 

 395 

Results 396 

Cerebellar size was decreased in cKO-PV mice 397 

Previous data demonstrated that Cre expression was evident in PCs no later than 398 

postnatal day 8 in PV-cre mice (Buttermore et al., 2012). To confirm the specificity of 399 

the PV-cre drivers, we generated PV-cre; ROSA26-LSL-EYFP mice and observed 400 

yellow fluorescent protein (YFP)-positive cells located in the molecular layer (ML) 401 

and PCL of cerebellum (Fig. 1A), suggesting that parvalbumin is expressed in PCs 402 

and ML interneurons in the cerebellar cortex. Co-immunostaining for YFP and the PC 403 

marker calbindin further confirmed that YFP was expressed in PCs (Fig. 1A - D). 404 

Furthermore, our data demonstrated that PDK1 is highly expressed in postnatal PCs 405 

(Fig. 1E - J’’). To better understand the role of PDK1 in the postnatal development of 406 

PCs and motor dysfunction, we deleted Pdk1 by crossing the Pdk1fl/fl mice with the 407 

PV-cre line. Immunostaining for PDK1 and glutamic acid decarboxylase 67 (GAD67), 408 

which is expressed in the cell bodies, dendrites, and axonal projections of PCs, 409 

showed a dramatic reduction in PDK1 abundance in PCs at P21, P40 and P60 in 410 

cKO-PV mice (Fig. 2A - F’’), and the disruption efficiency was confirmed by western 411 

blot at P60 (Fig. 2G) (Nam et al., 2019). Moreover, our data indicated that 412 

PDK1-positive cells was detected in the granule cell layer (GCL) and the ML of 413 

cerebellum in the Ctrl mice at P60, and in the cKO-PV mice, PDK1-positive cells was 414 

detected in the GL of cerebellum but not in the ML of cerebellum (Fig. 2E - F’’). We 415 

found that nearly all cKO-PV mice survived to adulthood. Moreover, the cerebellar 416 
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size was dramatically reduced, while the body weight, the brain weight and the brain 417 

architecture of the forebrain or midbrain in adult cKO-PV mice were similar to those 418 

in the Ctrl mice (Fig. 3A - D and Table 1). By immunostaining for PC marker 419 

calbindin, we observed that the sagittal cross-sectional area of the cerebellar vermis 420 

was decreased significantly beginning at P21 after the PDK1 deletion during the 421 

postnatal developmental stage, while the PCs density, the overall cytoarchitecture and 422 

foliation of the cerebellum were not changed in cKO-PV compared to those in Ctrl 423 

mice at P14, P21, P30 and P60 (Fig. 3E - J and Table 2). Moreover, the total numbers 424 

of PCs in cerebellar lobule V and VI from the Ctrl and cKO-PV mice were counted, 425 

and no significant differences were observed at P60, however, both the density and 426 

the total number of PCs was decreased at P120 in cKO-PV mice (Fig. 3J - L and Table 427 

2). Moreover, to assess whether other types of cells were affected, the 428 

immunostaining for NeuN and GFAP, which are expressed in the cerebellar granule 429 

neurons and Bergmann glia respectively, were performed. As shown in Fig. 4, the 430 

distribution and cytoarchitecture of cerebellar granule neurons and the morphology of 431 

Bergmann glial fibres in the cKO-PV mice were similar to those in the Ctrl mice. 432 

Together, these data indicated that the deletion of PDK1 contributed to the reduction 433 

of cerebellar size in the cKO-PV mice. 434 

 435 

The cell body size and the morphological complexity of PCs were decreased in 436 

cKO-PV mice. 437 

To further study the morphology of PCs in the absence of PDK1, the cell body size of 438 

PCs was measured at P14, P21, P30 and P60. Compared to the Ctrl mice, the purkinje 439 

cell body size was time-dependently reduced, and the significant reduction was 440 

detected since P21 in cKO-PV mice (Fig. 5A - F and Table 2). As the cell body size of 441 

PCs was decreased in the cKO-PV mice, and the PC dendrites are located in the ML 442 

of the cerebellum, we next investigated whether the decreased cell body area after 443 

PDK1 ablation affected the cerebellar ML thickness at P14, P21, P30, P60 and P120. 444 

We observed that the ML thickness of cerebellar lobules V and VI was significantly 445 

increased at P21 in Ctrl mice compared to that at P14, while not in cKO-PV mice. 446 
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Moreover, the ML thickness of cerebellar lobules V was markedly decreased since 447 

P21, and the significant reduction of that in lobules VI was detected since P30 in the 448 

cKO-PV mice compared to that in the Ctrl mice (Fig. 5G - J’ and Table 2). To confirm 449 

the presence of dysmorphic PC dendrites in the absence of PDK1, we used Golgi 450 

staining to examine the morphology of PCs from P30 mice and observed a severe 451 

decreased in the complexity of the dendritic arbour in cKO-PV mice compared to that 452 

in Ctrl (Fig. 5K - L). Thus, our data demonstrate that PDK1 is required for postnatal 453 

development and maintenance of PCs dendrites and suggest that the decreased 454 

cerebellum is due to the reduced ML thickness. 455 

 456 

The cKO-PV mice displayed motor defects.  457 

We observed that the cKO-PV mice staggered and demonstrated ataxia-like behaviour, 458 

indicating that PDK1 may be attributed to the proper motor control (Movie 1 and 2). 459 

To quantitatively analyse their gait defects, we performed a footprint assay at 9 - 10 460 

weeks after birth of mice (Fig. 6A and A’). Moreover, a statistic analysis was 461 

performed by using the parameters illustrated in Fig. 6B. Our data demonstrated that 462 

the stride distance was similar in between the cKO-PV and the Ctrl mice; however, 463 

the stance lengths, the sway distance, and the overlap distance in the cKO-PV mice 464 

were significantly greater than those in the Ctrl mice (Fig. 6C - F and Table 3). These 465 

data indicated that PDK1 ablation resulted in wider gait and tottering steps in adult 466 

mice. We then performed an elevated beam-walk assay to examine whether the motor 467 

balance was affected after PDK1 deletion. A schematic diagram of an elevated 468 

beam-walk assay is shown in Fig. 6G. Most of the cKO-PV mice fell from the square 469 

beam (the side length: 28 mm) and could not finish the test at the age of 8 weeks (Fig. 470 

6H). Furthermore, the rotarod test was used to investigate the effect the PDK1 471 

ablation on the motor coordination. However, at the age of 8 weeks, no cKO-PV mice 472 

were able to stand on the rotating rod and to continue the test. These results indicated 473 

that the ablation of PDK1 leads to motor deficits at adult stage in cKO-PV mice. 474 

To test whether the motor deficits observed in the adult cKO-PV mice were existed in 475 

developmental stage, the same behaviour tests were performed at 4 weeks after birth. 476 
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The cKO-PV mice took significantly longer time and showed more hind limb 477 

missteps to cross the beam with the diameters of 10 and 16 mm while not at 30 mm 478 

round beam test than the Ctrl mice did (Fig. 6I - J and Table 4). In rotarod assay, the 479 

cKO-PV mice fell off the rotarod in less time than the Ctrl mice did (Fig. 6K). 480 

Furthermore, we analysed the gait and observed no differences in the stance lengths, 481 

the sway distance, the overlap distance, or the stride distance between the cKO-PV 482 

mice and the Ctrl mice at 4 weeks after birth (Fig. 6L - O and Table 3). These results 483 

indicated that although the 4-week-old cKO-PV mice showed no significant gait 484 

abnormality, they displayed the altered motor coordination and motor balance. 485 

Together, our results suggest that the ablation of PDK1 in PCs and cerebellar ML 486 

interneurons leads to progressive motor deficits. 487 

 488 

PC-specific ablation of PDK1 resulted in decreased size of PCs and motor defects 489 

Because the PV-cre mice express Cre recombinase in all parvalbumin-positive 490 

interneurons in the nervous system, including PCs, basket cells (BCs) in the ML of 491 

cerebellum and a part of cerebral cortical GABAergic interneurons, we could not 492 

exclude the possibility that disrupted morphology of PCs and motor dysfunction in the 493 

cKO-PV mice were due to a deficient interaction between PCs and cerebellar ML 494 

interneurons or to the abnormal inhibitory signal from the cerebral cortical 495 

PV-positive GABAergic interneurons. To determine whether the effects of PDK1 on 496 

PCs were cell-autonomous or non-cell autonomous, Purkinje-cell protein 2 - cre 497 

(Pcp2-cre) mice were employed. Cre recombinase-dependent DNA recombination is 498 

evident in the PCs by P6 and fully established by 2 - 3 weeks in Pcp2-cre mice 499 

(Barski et al., 2000). As the cKO-PV mice, the expression of PDK1 was efficiently 500 

disrupted and the sagittal cross-sectional area of the cerebellar vermis was 501 

significantly decreased after PC-specific deletion of Pdk1 in cKO-Pcp2 mice at P30 502 

after birth (Fig. 7A - B’’, Fig. 8A - E and Table 5). Further analysis showed that the 503 

cell body sizes of PCs in lobules Ⅱ/Ⅲ, Ⅴ/Ⅵ and Ⅸ of the cerebellum was also 504 

decreased in the cKO-Pcp2 mice at P30 (Fig. 8 A’ - B’’’, F and Table 5). Although 505 

comparable PC density was detected in the Ctrl mice and the cKO-Pcp2 mice, the ML 506 
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thicknesses were significantly reduced after PDK1 ablation at P30 (Fig. 8G, H and 507 

Table 5). 508 

To further study whether specific deletion of PDK1 in PCs resulted in the same motor 509 

deficits as that in cKO-PV mice, the elevated beam-walk and rotarod assay were used. 510 

Consistent with the above results, the cKO-Pcp2 mice displayed the longer latency to 511 

traverse the 10 mm beams, a greater number of missteps and the shorter latency to fall 512 

off the rotarod than the Ctrl mice did at 9 weeks after birth (Fig. 8I - K and Table 6). 513 

However, the latency and number of missteps in cKO-Pcp2 mice were similar to those 514 

in Ctrl mice, when beams with diameters of 16 mm or 30 mm were used (Fig. 8I, J 515 

and Table 6), suggesting that the motor balance deficits are only detectable in the 516 

harder test in cKO-Pcp2 mice at the age of 9 weeks. Together, the results suggest that 517 

specific ablation of PDK1 in postnatal PCs leads to the decreased body size, the 518 

reduced cerebellar size and the motor deficits, indicating that the role of PDK1 in 519 

postnatal PC development is cell autonomous. 520 

 521 

Defects in spontaneous firing activity of PDK1-KO PCs 522 

To test whether the electrophysiological properties of PCs were affected by the 523 

absence of PDK1, we performed whole-cell patch-clamp recordings on PCs. To 524 

exclude the influence of the cerebellar ML on the PCs, the cerebellar slices were 525 

separated from cKO-Pcp2 mice at P21. From recordings of spontaneous PC firings, 526 

we observed that both of the PCs from the Ctrl and cKO-Pcp2 mice exhibited regular 527 

firing (Fig. 9A). We quantified the PC spontaneous firing patterns by testing the 528 

coefficient of variation (CV) of inter-spike intervals (ISIs) and observed no diffidence 529 

between PDK1-deficient and control PCs, however, the spontaneous firing frequency 530 

was remarkably lower in PDK1-KO PCs than that in control PCs (Fig. 9B - D). 531 

Furthermore, the membrane capacitance (Cm) of PDK1-KO PCs was decreased 532 

compared to that of the control cells (Fig. 9E), which might be due to the decreased 533 

cell body size of PCs after PDK1 ablation. Moreover, spontaneous excitatory 534 

postsynaptic currents (sEPSCs) were recorded and analysed to test the synaptic 535 

transmission to PCs with PDK1 knocked out (Fig. 9F). The amplitude and frequency 536 
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of sEPSCs recorded in PDK1-KO PCs were similar to those in control cells (Fig. 9G 537 

and H). Taken together, the ablation of PDK1 affected the electrophysiological 538 

properties of PCs at P21. 539 

 540 

The reduction of PC cell body size was partly rescued by treatment of 3BDO in 541 

Pdk1 cKO-PV mice. 542 

Previous studies have shown that downregulated catalytic activity of PDK1 causes 543 

decreased rpS6 phosphorylation (Zurashvili et al., 2013). Immunostaining for the 544 

phosphorylated form of rpS6 (pS6) was performed to measure the activation level of 545 

mTORC1. We performed co-immunostaining for pS6 and GAD67, which is expressed 546 

in the cell bodies, dendrites, and axonal projections of PCs, and observed that rpS6 547 

phosphorylation was significantly lower in PCs at P14 in the cKO-PV mice than that 548 

in the Ctrl mice (Fig. 10A - B’’). Furthermore, the staining for pS6 in PCs was 549 

completely disrupted at P21 after PDK1 deletion (Fig. 10C - D’’). These results 550 

indicated that in PCs, PDK1 ablation decreased rpS6 phosphorylation. 551 

To further test whether decreased rpS6 phosphorylation in cKO-PV mice results in 552 

decreased cell body size of PCs, 3-Benzyl-5-((2-nitrophenoxy) 553 

methyl)-dihydrofuran-2(3H)-one (3BDO), an activator of mTORC1, was used (Peng 554 

et al., 2014). The cKO-PV and Ctrl mice were treated daily with either 3BDO (80 555 

mg/kg) or vehicle from P14 to P30, and the brains were harvested at P30. As shown in 556 

the Fig. 10E - H’’, the reduced immunostaining intensity of pS6 in the PCs and 557 

Bergmann glia of cKO-PV mice was significantly increased by 3BDO treatments at 558 

P30. Moreover, the reduced cell body size of PCs in the cKO-PV mice was partly 559 

rescued after 3BDO treatment, although the PC body size was not as large as that in 560 

the Ctrl mice and 3BDO treatment did not affect the cell body size of control PCs (Fig. 561 

10I - M). And this 3BDO treatment also partly rescued some behaviour deficits in 562 

cKO-PV mice. The latency to fall off the rotarod in the 3BDO-treated cKO-PV mice 563 

was similar to those in vehicle-treated Ctrl mice in the lower rotational speed range (≤ 564 

20 rpm) while not in the high rotational speed range (≥ 25rpm) (Fig. 10N). These 565 

results suggest that when PDK1 is disrupted, decreased cerebellar mTORC1 activity 566 
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contributes, at least partially, to the reduction of cell body size of PCs and the motor 567 

coordination defects. 568 

 569 

The decreased dendritic complexity was partly rescued by PKCγ overexpression 570 

in Pdk1 cKO-Pcp2 mice. 571 

Moreover, PKCγ, a member of the PKC family of protein that is highly expressed in 572 

PCs, has been demonstrated to be involved in the impaired development of dendritic 573 

trees in cultured PKCγ-deficient PCs (Schrenk et al., 2002; Takahashi et al., 2017; 574 

Hirai, 2018). To investigate whether the expression or the phosphorylation level of 575 

PKCγ was affected and contributed to the dendritic deficits after PDK1 ablation in 576 

PCs, we performed immunostaining for phosphorylated form of PKCγ (pPKCγ). 577 

Although the immunostaining intensity for pPKCγ in PCs from cKO-PV mice was 578 

similar to that from Ctrl mice at P21, it was significantly decreased at P30 and P40 579 

(Fig. 11A - C’). The co-immunostaining for pPKCγ and GAD67 further showed that 580 

the staining intensity for pPKCγ was completely disrupted in PCs after PDK1 deletion 581 

at P60 (Fig. 11D - E’’). The western blot with the anti-total PKCγ protein showed that 582 

the expression level of total PKCγ protein from cerebellar lysate in cKO-PV mice was 583 

lower than that in Ctrl mice at P21 (Fig. 11F and F’). To test whether the reduction of 584 

PKCγ protein in PCs is specific, we performed the western blot with the 585 

anti-calbindin and found that the expression level of calbindin protein in the 586 

cerebellum is comparable in the Ctrl and cKO-PV mice (Fig. 11G and G’). Together, 587 

our data demonstrated that PDK1 ablation in PCs lead to a reduction in the expression 588 

of PKCγ. 589 

To test the function of PKCγ in the dendritic defects of PDK1-KO PCs, we performed 590 

rescue experiments by injecting recombinant rAAV into the cerebellum of cKO-Pcp2 591 

mice at P0 or P1 (Gibson and Ma, 2011). In this study, the Cre-positive PDK1-KO 592 

PCs in the cKO-Pcp2 mice infected by the rAAV-PKCγ-EGFP constructs were able to 593 

overexpress PKCγ and EGFP or express EGFP only. Meanwhile, the PCs in the Ctrl 594 

and the cKO-Pcp2 mice infected by mCherry - expressing rAAV construct were 595 

labelled by mCherry. Then we analysed the morphology of the PC dendrites at P30. 596 
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Our data showed that the complexity of dendritic arbours was significantly decreased 597 

in EGFP-positive PDK1-KO PCs compared to that in mCherry-positive control PCs 598 

(Fig. 12A - D and I). After the treatment of rAAV-PKCγ-EGFP, the complexity of 599 

dendritic arbours of PDK1-KO PCs was partly rescued (Fig. 12C - I). Furthermore, 600 

we observed that the PDK1 deletion in PCs decreased the cumulative length of the 601 

dendritic arbour and the dendritic tree area of PCs, which was also partly rescued by 602 

infection with rAAV-PKCγ-EGFP (Fig. 12A - H, J and K). Our data demonstrated that 603 

the abnormal dendritic arbours observed in PCs after PDK1 ablation were partly 604 

rescued by PKCγ overexpression, suggesting an important role for PKCγ in PC 605 

dendritic development. 606 

 607 

Discussion 608 

In this study, we provided novel evidences for the role of PDK1 in the postnatal 609 

development of PCs and motor control. The deletion of PDK1 in PCs resulted in a 610 

decrease in the cell body size, the reduced dendritic complexity, abnormal 611 

spontaneous firing and motor defects. PDK1 was shown to regulate the rpS6 612 

phosphorylation and the expression of PKCγ in vivo. Additionally, upregulation of 613 

pS6 in the cerebellar cortex partly rescued the reduction in cell body size, and 614 

overexpression of PKCγ in PDK1-KO PCs rescued the reduction in the dendritic 615 

complexity observed after PDK1 ablation. These findings reveal an essential role for 616 

PDK1 in the maintenance of cell body and postnatal dendritic development of PCs by 617 

regulating pS6 phosphorylation and PKCγ expression. 618 

 619 

PDK1 regulates cell body size and dendritic development in postnatal PCs. 620 

In previous studies, downregulation of PDK1-AKT signalling led to a smaller brain 621 

size due to a reduction in neuronal cell size (Lawlor et al., 2002). Moreover, recent 622 

work showed that simultaneous haploinsufficiency of Pdk1 and contiguous gene 623 

causes microcephaly, developmental delay, intellectual disability, and epilepsy 624 

(Mucha et al., 2019). In this study, we showed that the ablation of PDK1 in PCs and 625 

cerebellar ML interneurons using the PV-cre mouse line led to a reduction in cell body 626 
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size, associated with a reduction in dendritic complexity. Meanwhile, we used 627 

Pcp2-cre mice to specifically delete Pdk1 in PCs and observed that the dendritic 628 

complexity was also decreased compared to those in the Ctrl mice. Because the 629 

dendrites of PCs are in the cerebellum ML, the decreased dendritic complexity and 630 

the cumulative length of the dendritic arbour are likely to lead to a decrease in 631 

cerebellar ML thickness and cerebellar size. Furthermore, in the cKO-Pcp2 mice, we 632 

observed similar deficits in morphology and motor skills to those observed in 633 

cKO-PV mice, which suggests that the role of PDK1 in regulating the maintenance of 634 

PC body size is cell autonomous. 635 

Previous work has shown that downregulation of PDK1-AKT signalling is essential 636 

for neuronal survival; however, recent work suggests that PDK1 deficiency in the 637 

forebrain causes neuronal apoptosis during cerebral cortical development (Wang et al., 638 

2017b; Xu et al., 2017; Xu et al., 2019). Our data demonstrate that the densities of 639 

PCs are not affected by Pdk1 deletion before P60 but are decreased at P120. Taken 640 

together, our data indicate that PDK1 is indispensable for the survival of PCs during 641 

postnatal development before adulthood and is likely to have different roles during the 642 

ageing stage after adulthood. 643 

 644 

Specific inactivation of PDK1 in PCs results in deficits in motor balance, 645 

coordination and spontaneous firing. 646 

A previous study demonstrated that the observed effects of whole-brain PTEN loss on 647 

brain size and neuronal cell size are PDK1 dependent (Chalhoub et al., 2009). Recent 648 

work showed that the loss of PTEN in cerebellar PCs results in defects in spontaneous 649 

and evoked firing activity of PCs and autistic-like traits, including impaired sociability, 650 

repetitive behaviour, and deficits in motor learning (Cupolillo et al., 2016). 651 

Furthermore, PDK1 were upregulated significantly in patients with Parkinson's 652 

disease (PD) when compared with normal healthy controls, indicating PDK1 may be 653 

associated with the development of movement disorders (Wang et al., 2017a). In this 654 

study, decreased cell body size and dendritic complexity of PCs after PDK1 deletion 655 

suggest that Pdk1 deletion probably leads to deficits in motor control. Our data show 656 
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that cKO-PV mice show progressive gait abnormalities with deficient motor balance 657 

and coordination compared to Ctrl mice. Similar deficits in motor balance and 658 

coordination are observed in adult cKO-Pcp2 mice, in which Pdk1 has been 659 

specifically disrupted in PCs. Together, these results demonstrate that PDK1 is 660 

required for the postnatal development of PC-related motor function in mice. 661 

Moreover, the deficits in motor balance and coordination are more severe in cKO-PV 662 

mice than those in cKO-Pcp2 mice. PDK1 are widely expressed in the entire brain 663 

including cerebellum, cerebral cortex and hippocampus (Yoshida et al., 1999). 664 

Previous studies proved that PDK1 is required for the generation of neocortical 665 

interneurons, and the neocortical PV-positive interneurons is required for motor 666 

coordination (Oishi et al., 2009; Xenos et al., 2018). Additionally, increased 667 

connectivity of BCs, PV-positive interneurons in the ML of cerebellum, are detected 668 

in human Spinocerebellar ataxia type 1 (SCA1) patients characterised by progressive 669 

loss of motor coordination (Edamakanti et al., 2018). In the cKO-PV mice, PDK1 is 670 

disrupted not only in PCs but also in the neocortical PV-positive interneurons and the 671 

BCs, but in the cKO-Pcp2 mice, PDK1 is only deleted in PCs in the cerebellum. Thus, 672 

a wider range of PDK1 deletion in the cKO-PV mice than that in the cKO-Pcp2 mice 673 

is likely to explain the more severe motor defects in the cKO-PV mice. 674 

The motor defects and decrease in the cell body size of PCs after PDK1 ablation led 675 

us to hypothesize that the electrophysiological properties of PCs would also be 676 

affected. In PDK1-KO PCs, the spontaneous firing frequency and the membrane 677 

capacitance (Cm) are lower than those of control cells, probably due to the decreased 678 

cell body size of the PCs (Tolias et al., 2005). Our findings demonstrate a new role for 679 

PDK1 in the development of PC-related motor function and, taken together, greatly 680 

improve our overall understanding of the postnatal development of PCs. 681 

 682 

PDK1 regulates the postnatal maintenance of PCs by inducing rpS6 683 

phosphorylation and PKCγ expression. 684 

Previous studies have shown that the PDK1-SGK1 (serum/glucocorticoid-regulated 685 

kinase 1) axis activates mTORC1 by phosphorylating and inhibiting tubercular 686 
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sclerosis complex 2 (TSC2), and the inactivation of mTORC1 in PCs leads to a 687 

reduction in cell body size, dendritic degeneration, axonal swelling, and 688 

age-dependent apoptosis (Angliker et al., 2015; Castel et al., 2016). We used the 689 

phosphorylation state of rpS6 as a marker for the level of activation of the mTORC1 690 

pathway in PCs. Our data show that the intensity of pS6 in PCs was disrupted 691 

beginning at P14, suggesting that mTORC1 activation is disrupted after the ablation 692 

of PDK1. Additionally, daily intraperitoneal injection of cKO-PV and Ctrl mice with 693 

3BDO or vehicle was performed and our data showed that 3BDO treatment partly 694 

rescued the reduction in PC cell body size in cKO-PV mice, indicating that PDK1 695 

regulates the development of PC body size partly through mTORC1 activation. 696 

Moreover, our data show that the motor coordination of the 3BDO-treated cKO-PV 697 

mice is similar to those of the vehicle - treated Ctrl mice in the low rotational speed 698 

range, but is disrupted in the high rotational speed. These data suggest that decreased 699 

cerebellar mTORC1 possibly contributes to the motor coordination defects after the 700 

ablation of PDK1. 701 

There is fourfold greater expression of PKCγ in the cerebellum than the average 702 

expression in the rest of the brain, and PKCγ is expressed solely in PCs in the 703 

cerebellum (Takahashi et al., 2017). Previous studies have suggested that PKCγ plays 704 

a pivotal role in climbing fibre pruning in developing PCs, and cultured PCs from 705 

PKCγ-deficient mice show impaired dendritic trees (Kano et al., 1995; Schrenk et al., 706 

2002; Hirai, 2018). Increased constitutive activity of PKCγ may be one but not the 707 

only cause of SCA14, a neurological disease characterized by motor dysfunction and 708 

death of PCs (Takahashi et al., 2015; Shimobayashi and Kapfhammer, 2017; 709 

Nakazono et al., 2018; Wong et al., 2018; Trzesniewski et al., 2019). In this study, 710 

immunoblotting test with anti-PKCγ antibody demonstrates that the expression level 711 

of PKCγ in cKO-PV mice is reduced to 66% compared to that in Ctrl mice at P21. 712 

However, immunostaining with the anti-pPKCγ (phospho T514) antibody shows that 713 

a significant reduction of phosphorylation level of PKCγ is first detected in cKO-PV 714 

mice at P40. One possible explanation is that the remaining PKCγ in cKO-PV mice 715 

can be detected by immunostaining of cerebellar frozen section, further studies are 716 
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needed to exclude other possibilities. Taken together, we show a progressive loss of 717 

phosphorylation level of PKCγ in cKO-PV mice after P30, which is probably due to 718 

reduction of PKCγ expression. we hypothesize that the deficient dendritic complexity 719 

in PCs after PDK1 ablation is a consequence of the downregulation of PKCγ 720 

expression. To test this hypothesis, we overexpressed PKCγ in PDK1-KO PCs by 721 

injecting an rAAV construct into the cerebellum of cKO-Pcp2 mice at P0. Our data 722 

showed that the dendritic size and complexity of the PKCγ-overexpressing PDK1-KO 723 

PCs are increased significantly compared to those of the PDK1-KO PCs. Thus, our 724 

data indicate that PDK1 regulates the dendritic development of PCs by PKCγ. 725 

Recently, the RORα was reported to plays multiple roles in PC dendritic genesis, 726 

dendrite regression and maintenance of mature dendrites, at specific time windows 727 

during development and throughout adulthood (Chen et al., 2013; Takeo et al., 2015). 728 

The possible role of RORα in the PDK1 cKO mice is needed our further studies. 729 

In summary, our data show that PDK1 contributes to cell body maintenance and 730 

dendritic development in postnatal PCs by rPS6 and PKCγ. Continued work exploring 731 

the signalling pathway through which PDK1 regulates rPS6 phosphorylation and 732 

PKCγ expression will facilitate understanding of PCs postnatal developmental 733 

program and cerebellar motor coordination. 734 

 735 
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Figure and Table legends 895 

Figure 1. The distribution of PDK1-possitive cells in the cerebellum. (A - D) YFP+ 896 
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cells are detected in the cerebellar PCs and interneurons in the PV-cre; 897 

ROSA26-stop-EYFP mice. (E - J’’) Immunostaining for PDK1 at P14 (E - H) and P30 (I 898 

- J’’). PDK1 is expressed in PCs (arrows in F, J and J'), the cells in the GCL (open 899 

arrowheads in F, J and J’) and deep cerebellar nuclei (yellow arrowheads in H and J’’) 900 

of the cerebellum. H is the boxed region in G. J, J’ and J’’ are the boxed regions in I 901 

which are labelled 1, 2, and 3, respectively. Scale bars: 100 μm for A - D, F, H and J - 902 

J’’; 500 μm for E, G and I. 903 

 904 

Figure 2. The disruption of PDK1 in PCs and PV-positive cells in the ML of the 905 

cerebellum in the cKO-PV mice. (A - F’’) The expression of PDK1 is disrupted in PCs 906 

and PV-positive cells in the ML of cerebellum in the cKO-PV mice. 907 

Co-immunostaining for PDK1 (A, B, C, D, E and F) and GAD67 (A’, B’, C’, D’, E’ and 908 

F’) at P21 (A - B’’), P40 (C - D’’) and P60 (E - F’’). In the Ctrl mice at P60, PDK1 is 909 

detected in PCs (arrows) and cells in the GCL (open arrowheads) and the ML (closed 910 

arrowheads) of cerebellum (E - E’’), while in the cKO-PV mice, PDK1 is detected in 911 

cells in the GCL but not in PCs and cells in the ML of cerebellum (F - F’’). (G) Western 912 

blotting for PDK1 from P60 cerebellar cortical lysates confirms the dramatic reduction 913 

of PDK1 protein level (left panel). The levels of PDK1 proteins were shown by the 914 

relative density normalized to GAPDH (right panel) and were analysed using a 915 

two-tailed Student’s t-test. The data are the mean ± s.e.m.: 100.0 ± 13.23 in the Ctrl 916 

mice vs 37.29 ± 2.88 in the cKO-PV mice, n = 4 mice in each group, p = 0.0320 (* p < 917 

0.05). Scale bars: 100 μm. 918 

 919 

Figure 3. Decreased cerebellar size in cKO-PV Mice. 920 

(A) Gross view of brains from the Ctrl and cKO-PV mice at P60. (B) Decreased 921 

cerebellar length and width in cKO-PV mice compared to those in Ctrl mice at P60. 922 

(C and D) Brain (C) and body (D) weights of the 9-week-old mice were not affected 923 

by the ablation of PDK1. (E - H’) Immunostaining for calbindin at P14 (E and E’), 924 

P21 (F and F’), P60 (G and G’) and P120 (H and H’). (I) The sagittal cross-sectional 925 

area of the cerebellar vermis. (J) The number of PCs per 100 μm length. (K - L) Total 926 
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number of PCs in the cerebellar Lobule V (K) and Lobule Ⅵ (L) at P60. The data are 927 

the mean ± s.e.m. Data in B - D were analysed using a two-tailed Student’s t-test. A 928 

two-way ANOVA with Bonferroni’s post hoc analysis was used in I - L. P-values: *** 929 

p < 0.001; ** p < 0.01; * p < 0.05; ns, p ≥ 0.05; ### p = 0.0003. Scale bars: 5 mm for 930 

A; 500 μm for E - H’. 931 

 932 

Figure 4. The distribution and cytoarchitecture of cerebellar granule neurons and 933 

the morphology of Bergmann glial fibers in cKO-PV mice were comparable to 934 

those in Ctrl mice, but the ML thickness in lobule V was decreased after the 935 

ablation of PDK1. (A - B’’) The distribution and cytoarchitecture of cerebellar granule 936 

neurons in cKO-PV mice were comparable to those in Ctrl mice. Immunostaining for 937 

NeuN in Ctrl mice (A - A’’) and cKO-PV mice (B - B’’) at P21. (C - D’’) The 938 

morphology of Bergmann glial fibers in cKO-PV mice were comparable to those in Ctrl 939 

mice. Immunostaining for GFAP in Ctrl mice (C - C’’) and cKO-PV (D - D’’) at P14. 940 

Scale bars: 1000 μm for A and B; 100 μm for A’, A’’, B’, B’’ and C - D’’. 941 

 942 

Figure 5. Decrease of PCs cell body size, ML thickness and morphological 943 

complexity of dendrites in the cKO-PV Mice. 944 

(A - E’) Immunostaining for calbindin at P14 (A and A’), P21 (B and B’), P30 (C and 945 

C’), P60 (D and D’), and P120 (E and E’) indicated the decreased cell body size of PCs 946 

in cKO-PV mice. (F) Area of PCs cell body. (G - I’) The ML was immunostained for 947 

calbindin at P30 (G and G’), P60 (H and H’), and P120 (I and I’). The straight line 948 

between the dotted line illustrates the thickness of the ML. (J and J’) The ML thickness 949 

of the cerebellar Lobule V (J) and Ⅵ (J’). (K and K’) Golgi staining of PCs in the Ctrl 950 

(K) and cKO-PV mice (K’) at P30. (L) Sholl analysis: number of intersections of the 951 

dendrite at different distances from the cell body of PCs in the Ctrl and cKO-PV mice. 952 

A two-way ANOVA with respect to group effect; intersection number: F (1, 2142) = 953 

988.3, P < 0.001; Bonferroni’s post hoc comparison: * p < 0.05 between 45 mm and 65 954 

mm from the cell body and *** p < 0.001 between 70 mm and 95 mm from the cell 955 

body. The data are the mean ± s.e.m. Statistical analysis used two-way ANOVA with 956 
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Bonferroni’s post hoc analysis. P-values: *** p < 0.001; ** p < 0.01; * p < 0.05; ns, p 957 

≥ 0.05; ### p < 0.001 (P14 vs P21: p < 0.0001 in Lobule V and p = 0.0001 in Lobule 958 

VI). Scale bars: 50 μm for A to E’, K and K’; 100 μm for G to I’.  959 

 960 

Figure 6. Motor Defects in cKO-PV mice. 961 

(A - A’) Gait of 9 - 10 weeks old mice tested with a footprint assay was shown in red 962 

(fore paws) and blue (hind paws) (A and A’). (B) Diagram of parameters measured in 963 

footprint analysis. (C) The cKO-PV mice show similar stride length to the Ctrl mice. 964 

(D) The overlap length. (E - F) Longer sway lengths (E) and stance lengths (F) of 965 

forelimbs and hindlimbs in the cKO-PV mice. (G) Schematic illustration of the 966 

elevated beam-walk assay for testing motor coordination. (H) The latency to cross a 967 

28 mm wide square beam at 8 weeks after birth. The Ctrl mice 9.46 ± 2.14 s (n = 8 968 

mice) vs the cKO-PV mice 49.13 ± 10.87 s (n = 4 mice), p = 0.0005. (I) The average 969 

time 4-week-old mice took to traverse the round beams. (J) The average number of 970 

missteps for hindlimbs of 4-week old mice to traverse the round beams. (K) The 971 

latency to fall down from the rotarods in the cKO-PV mice (n = 8) was significantly 972 

reduced than that in the Ctrl mice (n = 9) at 4 weeks after birth. A two-way ANOVA; 973 

Bonferroni’s post hoc analysis was used and P-values are: p = 0.0055 for 10 rpm test, 974 

p < 0.0001 for 15 rpm test, p < 0.0001 for 20 rpm test, p < 0.0001 for 25 rpm test, p = 975 

0.0154 for 30 rpm test and p = 0.3137 for 33 rpm test. (L - O) Gait of 4-week old mice 976 

tested by footprint assay. Bar graphs show that there were no differences in the 977 

lengths of stride (L), overlap (M), stance (N), and sway (O) between the Ctrl and 978 

cKO-PV mice at 4 weeks. The data are the mean ± s.e.m. Data in C - F, H and L - O 979 

were analysed using a two-tailed Student’s t-test and a two-way ANOVA; 980 

Bonferroni’s post hoc analysis was used in I - K. P-values: *** p < 0.001; ** p < 0.01; 981 

* p < 0.05; ns, p ≥ 0.05. Scale bar: 20 mm. 982 

 983 

Figure 7. PDK1 disruption in PCs of cKO-Pcp2 mice at P30.  984 

(A - B’’) Co-immunostaining for PDK1 (A, B, A’’ and B’’) and GAD67 (A’, B’, A’’ and 985 

B’’) in cKO-Pcp2 mice (B - B’’) and Ctrl mice (A - A’’) at P30. 986 
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 987 

Figure 8. Purkinje cell-specific ablation of PDK1 lead to decreased cell body size, 988 

ML thickness and motor defects in mice. 989 

(A -- B’’’) Immunostaining for calbindin at P30 in Ctrl and cKO-Pcp2 mice. Decreased 990 

cell body size of PDK1-deficient PCs in the cerebellar Lobule Ⅱ-Ⅲ (A’ and B’), Lobule 991 

Ⅴ-Ⅵ (A’’ and B’’) and Lobule Ⅸ-Ⅹ (A’’’ and B’’’). (C and D) Immunostaining for 992 

PDK1 at P30. (E) Decreased cell body area of PDK1-deficient PCs at P30. (F) The 993 

number of PCs per 100 μm at P30. (G) Decreased cerebellar size in cKO-Pcp2 mice at 994 

P30. (H) The ML thickness of Lobules Ⅴ and Ⅵ at P30. (I) Latency to traverse the 995 

round beams. (J) The number of missteps. (K) Rotarod assay showed a defect motor 996 

coordination in cKO-Pcp2 mice at 9-week old. The number of mice used in this 997 

experiment are n = 9 mice for the Ctrl and n = 8 for the cKO-Pcp2 mice. A two-way 998 

ANOVA; Bonferroni’s post hoc analysis was used and P-values are: p > 0.9999 for 10 999 

rpm test, p > 0.9999 for 15 rpm test, p = 0.0421 for 20 rpm test, p < 0.0001 for 25 rpm 1000 

and 30 rpm test, and p = 0.0065 for 35 rpm test. The data are the mean ± s.e.m. Data 1001 

in G and H were analysed using a two-tailed Student’s t-test and a two-way ANOVA; 1002 

Bonferroni's post hoc analysis was used to analyse data in E, F and I - K. P-values: 1003 

*** p < 0.001; ** p < 0.01; * p < 0.05; ns, p ≥ 0.05. Scale bars: 1 mm for A and B; 100 1004 

μm for A’ to A’’’ and B’ to B’’’; 50 μm for C and D. 1005 

 1006 

Figure 9. Defects in spontaneous firing activity of PDK1-KO PCs. 1007 

The electrophysiological characteristic of PCs was evaluated at P21. (A) 1008 

Representative traces of 1.5 s duration from the control PCs (upper panel in A) and 1009 

the PDK1-KOs PCs (lower panel in A). (B) The interspike-interval histogram of the 1010 

PCs. (C) The spontaneous firing frequencies of PCs. Control PCs: 54.78 ± 7.82 Hz (n 1011 

= 10 PCs from 6 mice) vs PDK1-KO PCs: 31.07 ± 4.50 Hz (n = 8 PCs from 6 mice), p 1012 

= 0.0259. (D) Coefficients of variation (CV) of spontaneous firing of PCs. Control 1013 

PCs: 0.11 ± 0.01 (n = 10 PCs from 6 mice) vs PDK1-KO PCs: 0.13 ± 0.04 (n = 8 PCs 1014 

from 6 mice), p = 0.5343. (E) The membrane capacitance (Cm) of PCs. Control PCs: 1015 

720.10 ± 81.52 pf (n = 10 PCs from 6 mice) vs PDK1-KO PCs: 291.60 ± 46.35 pf (n 1016 
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= 8 PCs from 6 mice), p = 0.0006. (F - H) The spontaneous EPSC of PDK1-KO PCs 1017 

showed no difference compared to control PCs. (F) Representative traces 1.5 s sEPSC 1018 

duration from the control PCs (upper panel in F) and the PDK1-KO PCs (lower panel 1019 

in F). (G) The amplitudes of PCs sEPSC. Control PCs: 11.85 ± 1.03 pA (n = 5 PCs 1020 

from 3 mice) vs PDK1-KO PCs: 11.21 ± 0.98 pA (n = 5 PCs from 3 mice), p = 0.6649. 1021 

(H) The frequencies of sEPSC. Control PCs: 1.16 ± 0.25 Hz (n = 5 PCs from 3 mice) 1022 

vs PDK1-KO PCs: 1.42 ± 0.33 Hz (n = 5 PCs from 3 mice), p = 0.5434. The data are 1023 

the mean ± s.e.m. Data were analysed using a two-tailed Student’s t-test. P-values: 1024 

*** p < 0.001; * p < 0.05; ns: p ≥ 0.05. 1025 

 1026 

Figure 10. Decreased phosphorylation level of ribosomal protein S6 and the 1027 

decreased PCs body size was rescued by 3BDO in the cKO-PV mice. 1028 

(A - D’’) Co-immunostaining for pS6 (A, B, C, and D) and GAD67 (A’, B’, C’, and 1029 

D’) at P14 (A - B’’) and P21 (C - D’’). (E - H) Co-immunostaining for pS6 (E, F, G, 1030 

and H) and GAD67 (E’, F’, G’, and H’) at P30. Arrows indicate the PCs and 1031 

arrowheads indicate the Bergmann glia in the cerebellum. (I - L) Immunostaining for 1032 

calbindin at P30. (M) Area of PCs cell body in mice at P30. The data are the mean ± 1033 

s.e.m.: 323.70 ± 3.57 μm2 for vehicle-treated Ctrl mice (n = 149 PCs from 3 mice); 1034 

333.40 ± 8.24 μm2 for 3BDO-treated Ctrl mice (n = 159 PCs from 3 mice); 213.04 ± 1035 

4.68 μm2 for vehicle-treated cKO-PV mice (n = 85 PCs from 2 mice); and 254.00 ± 1036 

4.45 μm2 for 3BDO-treated cKO-PV mice (n = 144 PCs from 3 mice). The P-value: 1037 

Vehicle/Ctrl mice vs 3BDO/Ctrl mice: no significance; Vehicle/Ctrl mice vs 1038 

Vehicle/cKO-PV mice: p < 0.0001; Vehicle/cKO-PV mice vs 3BDO/cKO-PV mice: p 1039 

= 0.0137. (N) In the low rotational speed (15 and 20rpm), 3BDO treatment rescued 1040 

the motor coordination in the cKO-PV mice. P-values of 3BDO treatment cKO-PV 1041 

mice compared with vehicle treatment Ctrl mice: 10 rpm: p > 0.999, 15 rpm: p = 1042 

0.1228, 20 rpm: p = 0.2065, 25 rpm: p = 0.0047 and 30 and 33 rpm: p < 0.0001. The 1043 

number of the mice used in the experiments were n = 12 for the vehicle-treated Ctrl 1044 

mice group and n = 7 for the 3BDO-treated cKO-PV mice group. The data are the 1045 

mean ± s.e.m. A two-way ANOVA; Bonferroni's post hoc analysis was used to analyse 1046 
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data in M and N. P-values: *** p < 0.001, ** p < 0.01 and ns, p ≥ 0.05. Scale bars: 1047 

100 μm for A to H; 50 μm for I to L. 1048 

 1049 

Figure 11. Decreased expression levels of PKCγ in cKO-PV mice and rescue of 1050 

deficient dendritic complexity by overexpressing PKCγ.  1051 

(A - C’) Immunostaining for pPKCγ at P21 (A and A’), at P30 (B and B’) and at P40 1052 

(C and C’) shows progressive loss of staining intensity in cKO-PV mice. (D - E’’) 1053 

pPKCγ was totally disrupted in the PCs after the ablation of PDK1 at P60. pPKCγ: 1054 

green and GAD67: red. Scale bars: 100 μm. (F) Representative blots with the 1055 

antibody of PKCγ. (F’) Quantification of PKCγ levels in the cerebellum lysates from 1056 

Ctrl and cKO-PV mice at P21. Amount of PKCγ was normalized to β-actin. The value 1057 

obtained in Ctrl mice were set to 100. The data are the mean ± s.e.m.: Ctrl: 100.0 ± 2.9, 1058 

n = 4 mice; cKO-PV: 66.0 ± 9.3, n = 4 mice, p = 0.0131. (G) Representative blots 1059 

with the antibody of calbindin. (G’) Quantification of calbindin levels. Ctrl: 100.0 ± 1060 

2.1, n = 4 mice; cKO-PV: 111.6 ± 25.0, n = 4 mice, p = 0.6609. Data in F’ and G’ 1061 

were analysed using a two-tailed Student’s t-test. P-values: * p < 0.05 and ns, p ≥ 1062 

0.05. 1063 

 1064 

Figure 12. The rescue of deficient dendritic complexity by overexpressing PKCγ 1065 

in the PDK1-KO PCs from the PDK1 cKO-Pcp2 mice. 1066 

(A and B) Immunostaining for mCherry shows the rAAV-mCherry infected PCs in 1067 

lobule Ⅳ (A) and lobule Ⅸ (B) in Ctrl mice. (C - F) Immunostaining for GFP shows 1068 

the rAAV-EGFP infected PCs (C and D) and the rAAV-pPKCγ overexpressing PCs (E 1069 

and F) in lobule Ⅳ (C and E) and lobule Ⅸ (D and F) in cKO-Pcp2 mice. (G and H) 1070 

The schematic illustration of the Sholl analysis of rAAV infected PCs. 20 mm radius 1071 

steps are shown in the illustration. AAV2/9-CAG-FLEX -EGFP infected PCs in 1072 

cKO-Pcp2 mice (G) and AAV2/9-CAG-FLEX-Prkcg-3xHA-P2A-EGFP infected PCs 1073 

in cKO-Pcp2 mice (H). (I) Sholl analysis for three groups of PCs in panel G - L at P30. 1074 

The red curve represented the rAAV-mCherry infected PCs in Ctrl mice (n = 18 PCs 1075 

from 5 mice). The green curve represented the rAAV-EGFP infected PCs (n = 21 PCs 1076 
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from 3 mice) and the blue curve represented the PCs overexpressing pPKCγ (n = 43 1077 

PCs from 3 mice) in cKO-Pcp2 mice. The number of intersections of the dendrite at 1078 

different distances from the cell body of PCs and the data are the mean ± s.e.m.. A 1079 

two-way ANOVA; Bonferroni's post hoc analysis was used: rAAV-mCherry/Ctrl mice 1080 

vs rAAV-EGFP/cKO-Pcp2 mice, *** P < 0.001 between 50 mm and 135 mm from the 1081 

cell body. rAAV-EGFP/cKO-Pcp2 mice vs rAAV-PKCγ/cKO-Pcp2 mice: ## P < 0.01 1082 

between 55 mm and 75 mm from the cell body and # P < 0.05 between 80 mm and 1083 

110 mm from the cell body. (J) The cumulative length of the dendritic arbour of PCs. 1084 

The data are the mean ± s.e.m.: rAAV-mCherry/Ctrl mice: 6.31 ± 0.20 mm, n = 18 1085 

PCs from 5 mice; rAAV-EGFP/cKO-Pcp2 mice: 3.45 ± 0.35 mm, n = 21 PCs from 3 1086 

mice (p < 0.0001, compared to that in rAAV-mCherry/Ctrl mice); and 1087 

rAAV-PKCγ/cKO-Pcp2 mice: 4.55 ± 0.12 mm, n = 43 PCs from 3 mice (p = 0.0007, 1088 

compared to that in rAAV-EGFP/cKO-Pcp2). (K) Dendritic tree area of PCs. The data 1089 

are the mean ± s.e.m.: rAAV-mCherry/Ctrl mice: 16.59 ± 0.65 ×103 μm2, n = 18 PCs 1090 

form 5 mice; rAAV-EGFP/cKO-Pcp2 mice: 12.19 ± 0.96 ×103 μm2, n = 21 PCs form 1091 

3 mice (p = 0.0001, compared to that in rAAV-mCherry/Ctrl mice); and 1092 

rAAV-PKCγ/cKO-Pcp2 mice: 14.26 ± 0.42 ×103 μm2, n = 43 PCs form 3 mice (p = 1093 

0.0392, compared to that in rAAV-EGFP/cKO-Pcp2 mice). Data in I were analysed 1094 

using a two-way ANOVA; Bonferroni's post hoc analysis and a one-way ANOVA; 1095 

Bonferroni's post hoc analysis was used to analyse data in J and K. P-values: ### p < 1096 

0.001, ## p < 0.01, # p < 0.05, *** p < 0.001. Scale bars: 100 μm. 1097 

 1098 

Table 1: The statistical data of brain morphology in the cKO-PV and Ctrl mice. 1099 

The data are the mean ± s.e.m. P-values: * p < 0.05; ns, p ≥ 0.05. 1100 

 1101 

Table 2: The statistical data for morphological analysis of the cerebellum in the 1102 

cKO-PV and Ctrl mice. The data are the mean ± s.e.m. P-values: *** p < 0.001; ** p 1103 

< 0.01; * p < 0.05; ns, p ≥ 0.05. 1104 

 1105 

Table 3: The statistical data for footprint tests in the cKO-PV and Ctrl mice at 4 1106 
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and 8 - 9 weeks after birth. The data are the mean ± s.e.m. P-values: *** p < 0.001; 1107 

** p < 0.01; * p < 0.05; ns, p ≥ 0.05. 1108 

 1109 

Table 4: The statistical data for elevated beam-walk in the 4-week old cKO-PV 1110 

and Ctrl mice. The data are the mean ± s.e.m. P-values: *** p < 0.001; * p < 0.05; ns, 1111 

p ≥ 0.05. 1112 

 1113 

Table 5: The statistical data for morphological analysis of the cerebellum in the 1114 

cKO-Pcp2 and Ctrl mice at P30. The data are the mean ± s.e.m. P-values: *** p < 1115 

0.001; * p < 0.05; ns, p ≥ 0.05. 1116 

 1117 

Table 6: The statistical data for elevated beam-walk in the 9-week old cKO-Pcp2 1118 

and Ctrl mice. The data are the mean ± s.e.m. P-values: *** p < 0.001; ** p < 0.01; ns, 1119 

p ≥ 0.05. 1120 

 1121 

Movies 1122 

Movie 1. Pdk1fl/fl mouse at P36. 1123 

Movie 2. PV-cre; Pdk1fl/fl mouse at P36. 1124 
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Table 1: The statistical data of brain morphology in the cKO-PV and Ctrl mice.  

The data are the mean ± s.e.m. P-values: * p < 0.05; ns, p ≥ 0.05. 

Ctrl cKO-PV p-value 

The cerebellar length (mm) 3.22 ± 0.08 (n = 4) 2.75 ± 0.17 (n = 3) * 0.0425 

The cerebellar width (mm) 6.70 ± 0.20 (n = 4) 5.87 ± 0.18 (n = 3) * 0.0324 

Brain weight (g) 0.48 ± 0.01 (n = 7) 0.47 ± 0.01 (n = 8) ns 0.8031 

Body weight (g) 29.33 ± 1.76 (n = 3) 26.17 ± 1.68 (n = 6) ns 0.2823 
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Table 2: The statistical data for morphological analysis of the cerebellum in the 

cKO-PV and Ctrl mice.  

Age P14 P21 P30 P60 P120 

The area of 

cerebellar 

middle sagittal 

sections (mm2) 

Ctrl 
6.86 ± 0.07 

(n = 4) 

8.30 ± 0.09 

(n = 4) 

8.30 ± 0.16 

(n = 4) 

8.94 ± 0.18 

(n = 4) 

8.73 ± 0.39 

(n = 3) 

cKO-PV 
6.64 ± 0.13 

(n = 3) ns 

7.35 ± 0.19 

(n = 4) * 

6.88 ± 0.15 

(n = 3) *** 

6.72 ± 0.22 

(n = 5) *** 

4.90 ± 0.34 

(n = 4) *** 

p-value > 0.9999 0.0140 0.0005 < 0.0001 < 0.0001 

The number of 

PCs per 100 μm 

length 

Ctrl 
4.20 ± 0.10 

(n = 3) 

4.05 ± 0.14 

(n = 4) 

4.04 ± 0.06 

(n = 4) 

3.89 ± 0.08 

(n = 4) 

3.05 ± 0.17 

(n = 3) 

cKO-PV 
3.96 ± 0.05 

(n = 3) ns 

4.35 ± 0.33 

(n = 4) ns 

4.34 ± 0.02 

(n = 4) ns 

4.53 ± 0.11 

(n = 5) ns 

1.70 ± 0.27 

(n = 3) *** 

p-value > 0.9999 > 0.9999 > 0.9999 0.1903 0.0005 

Total number of 

PCs in 

cerebellar 

Lobule V 

Ctrl 
   

79.74 ± 4.41 

(n = 4) 

59.75 ± 3.89 

(n = 3) 

cKO-PV 
   

79.80 ± 4.51 

(n = 4) ns 

26.30 ± 4.56 

(n = 3) ** 

p-value > 0.9999 0.0012 

Total number of 

PCs in 

cerebellar 

Lobule Ⅵ 

Ctrl 
   

82.61 ± 3.32 

(n = 4) 

60.83 ± 2.00 

(n = 3) 

cKO-PV 
   

79.47 ± 1.55 

(n = 4) ns 

21.50 ± 4.73 

(n = 3) *** 
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p-value 0.8988 < 0.0001 

Area of PCs cell 

body (μm2) 

Ctrl 
314.21 ± 15.79 

(n = 4) 

323.85 ± 3.26 

(n = 4) 

325.91 ± 11.21 

(n = 4) 

321.06 ± 8.07 

(n = 4)  

cKO-PV 
302.29 ± 15.10 

(n = 3)ns 

243.71 ± 13.88 

(n = 4)*** 

214.40 ± 4.47 

(n = 4)*** 

169.46 ± 5.33 

(n = 5) ***  

p-value > 0.9999 < 0.0001 < 0.0001 < 0.0001 

The ML 

thickness of the 

cerebellar 

Lobule V (μm) 

Ctrl 
102.20 ± 9.43 

(n = 4) 

144.73 ± 6.50 

(n = 3) 

152.23 ± 1.58 

(n = 4) 

167.49 ± 4.30 

(n = 4) 

158.08 ± 5.96 

(n = 3) 

cKO-PV 
97.10 ± 3.99 

(n = 3) ns 

121.94 ± 3.82 

(n = 4) * 

127.71 ± 4.27 

(n = 4) ** 

110.24 ± 3.66 

(n = 4) *** 

63.59 ± 2.05 

(n = 3) *** 

p-value > 0.9999 0.0250 0.0072 < 0.0001 < 0.0001 

The ML 

thickness of the 

cerebellar 

Lobule Ⅵ (μm) 

Ctrl 
112.27 ± 11.13 

(n = 4) 

163.44 ± 6.37 

(n = 3) 

181.08 ± 2.63 

(n = 4) 

196.98 ± 5.18 

(n = 4) 

188.18 ± 7.71 

(n = 3) 

cKO-PV 
111.21 ± 6.58 

(n = 3) ns 

139.97 ± 5.76  

(n = 4) ns 

148.58 ± 2.36 

(n = 4) ** 

128.78 ± 8.21 

(n = 4) *** 

72.72 ± 1.51 

(n = 3) *** 

p-value > 0.9999 0.1030 0.0053 < 0.0001 < 0.0001 

The data are the mean ± s.e.m. P-values: *** p < 0.001; ** p < 0.01; * p < 0.05; ns, p 

≥ 0.05. 
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Table 3: The statistical data for footprint tests in the cKO-PV and Ctrl mice at 4 

and 8 - 9 weeks after birth.  

 Age 4-week old 8~9-week old 

The stride distance 

Ctrl 63.17 ± 2.21 (n = 7) 71.82 ± 1.75 (n = 14) 

cKO-PV 58.61 ± 4.41 (n = 6) ns 73.23 ± 1.31 (n = 14) ns 

p-value 0.3543 0.5239 

The overlap distance 

(mm) 

Ctrl 7.34 ± 0.90 (n = 7)  7.75 ± 0.45 (n = 14) 

cKO-PV 9.44 ± 1.360 (n = 6) ns 10.85 ± 0.45 (n = 14) *** 

p-value 0.2126 < 0.0001 

The sway distance of 

fore limbs (mm) 

Ctrl 12.78 ± 0.58 (n = 7) 14.93 ± 0.60 (n = 14) 

cKO-PV 14.87 ± 1.66 (n = 5) ns 18.39 ± 0.82 (n = 14) ** 

p-value 0.2064 0.0020 

The sway distance of 

hind limbs (mm) 

Ctrl 24.88 ± 1.05 (n = 7) 25.49 ± 0.69 (n = 14) 

cKO-PV 26.98 ± 1.20 (n = 6) ns 33.13 ± 1.17 (n = 14) *** 

p-value 0.2145 < 0.0001 

The stance lengths of 

fore limbs (mm) 

Ctrl 33.70 ± 1.00 (n = 7) 39.16 ± 0.83 (n = 14) 

cKO-PV 34.43 ± 2.46 (n = 5) ns 41.64 ± 0.56 (n = 14) * 

p-value 0.7622 0.0205 

The stance lengths of 

hind limbs (mm) 

Ctrl 41.55 ± 1.32 (n = 7) 44.38 ± 0.93 (n = 14) 

cKO-PV 42.74 ± 1.02 (n = 6) ns 49.85 ± 0.84 (n = 14) *** 

p-value 0.5013 0.0002 

The data are the mean ± s.e.m. P-values: *** p < 0.001; ** p < 0.01; * p < 0.05; ns, p 

≥ 0.05. 
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Table 4: The statistical data for elevated beam-walk in the 4-week old cKO-PV 

and Ctrl mice.  

 

The diameter of 

the round beam 
30 mm 16 mm 10 mm 

Time to 

traverse 

beam (sec) 

Ctrl 4.75 ± 0.65 (n = 9) 4.81 ± 0.92 (n = 9) 8.76 ± 1.97 (n = 9) 

cKO-PV 6.97 ± 0.74 (n = 8) ns 9.68 ± 1.59 (n = 8) * 15.98 ± 1.19 (n = 8) *** 

p-value 0.6812 0.0293 0.0007 

Nombers of 

footslips 

Ctrl 0.06 ± 0.06 (n = 9) 0.06 ± 0.06 (n = 9) 0.11 ± 0.11 (n = 9) 

cKO-PV 0.56 ± 0.32 (n = 8) ns 2.06 ± 0.50 (n = 8) *** 1.44 ± 0.50 (n = 8) * 

p-value 0.7388 <0.0001 0.0108 

The data are the mean ± s.e.m. P-values: *** p < 0.001; * p < 0.05; ns, p ≥ 0.05. 



 

 1 

Table 5: The statistical data for morphological analysis of the cerebellum in the 

cKO-Pcp2 and Ctrl mice at P30. 

Ctrl cKO-Pcp2 p-value 

The area of cerebellar middle 

sagittal sections (mm2) 
9.14 ± 0.05 (n = 4) 7.01 ± 0.58 (n = 4) * 0.0104 

Area of PCs cell body in the 

Lovbule Ⅱ-Ⅲ (μm2) 
348.31 ± 6.53 (n = 3) 225.19 ± 6.74 (n = 4) *** < 0.0001 

Area of PCs cell body in the 

Lovbule Ⅴ-Ⅵ (μm2) 
334.75 ± 6.96 (n = 3) 213.67 ± 13.98 (n = 4) *** < 0.0001 

Area of PCs cell body in the 

Lovbule Ⅸ-Ⅹ (μm2) 
398.02 ± 30.87 (n = 3) 214.25 ± 7.88 (n = 3) *** < 0.0001 

Average area of PCs cell body 

in the CB (μm2) 
353.87 ± 6.81 (n = 3) 222.33 ± 9.34 (n = 4) *** < 0.0001 

The number of PCs per 100μm 

length in the Lovbule Ⅱ-Ⅲ 
3.26 ± 0.10 (n = 3) 3.73 ± 0.14 (n = 4) ns 0.1091 

The number of PCs per 100μm 

length in the Lovbule Ⅴ 
3.56 ± 0.10 (n = 3)  3.91 ± 0.12 (n = 4) ns 0.3177 

The number of PCs per 100μm 

length in the Lovbule Ⅵ 
3.62 ± 0.06 (n = 3) 4.06 ± 0.20 (n = 4) ns 0.1405 

The ML thickness of the 

cerebellar Lobule Ⅴ (μm) 
164.56 ± 4.86 (n = 4) 117.45 ± 2.37 (n = 4) *** < 0.0001 
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The ML thickness of the 

cerebellar Lobule Ⅵ (μm) 
194.81 ± 4.16 (n = 4) 140.65 ± 5.84 (n = 4) *** < 0.0001 

The data are the mean ± s.e.m. P-values: *** p < 0.001; * p < 0.05; ns, P ≥ 0.05. 
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Table 6: The statistical data for elevated beam-walk in the 9-week old cKO-Pcp2 

and Ctrl mice.  

 

The diameter of 

the round beam 
30 mm 16 mm 10 mm 

Time to 

traverse beam 

(sec) 

Ctrl 4.11 ± 0.71 (n = 8) 4.29 ± 0.81 (n = 8) 6.50 ± 0.79 (n = 8) 

cKO-Pcp2 4.10 ± 0.33 (n = 8) ns 5.18 ± 0.51 (n = 8) ns 9.64 ± 0.69 (n = 8) ** 

p-value >0.9999 >0.9999 0.0053 

Nombers of 

footslips 

Ctrl 0.04 ± 0.04 (n = 8) 0.25 ± 0.08 (n = 8) 0.46 ± 0.15 (n = 8) 

cKO-Pcp2 0.25 ± 0.16 (n = 8) ns 0.67 ± 0.20 (n = 8) ns 1.62 ± 0.3 (n = 8) *** 

p-value >0.9999 0.4624 0.0006 

The data are the mean ± s.e.m. P-values: *** p < 0.001; ** p < 0.01; ns, p  0.05. 
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