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Abstract  29 

Gamma-aminobutyric acid (GABA) is a major inhibitory neurotransmitter in the central 30 

nervous system, synthesized by two isoforms of glutamate decarboxylase (GAD): 31 

GAD65 and GAD67. GABA may act as a trophic factor during brain development, but 32 

its contribution to the development and maturation of cerebellar neural circuits is not 33 

known. To understand the roles of GABA in cerebellar development and associated 34 

functions in motor coordination and balance, we examined GAD65 conventional knock 35 

out (KO) mice and mice in which GAD67 was eliminated in parvalbumin-expressing 36 

neurons (PV-Cre; GAD67flox/flox mice). We found aberrant subcellular localization of the 37 

Shaker-type K channel Kv1.1 in basket cell collaterals of PV-Cre; GAD67 flox/flox mice 38 

and abnormal projections from basket cells to Purkinje cells in both mouse strains. 39 

Furthermore, PV-Cre; GAD67 flox/flox mice exhibited abnormal motor coordination in the 40 

rotarod test. These results indicate that GABA signaling in the cerebellum during 41 

development is critical for establishing appropriate connections between basket cells 42 

and Purkinje cells and is associated with motor coordination in mice. 43 

 44 
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Introduction 47 

The cerebellum is important for motor coordination and motor learning, emotion, and 48 

cognition [1]. Dysfunction of this brain region is associated with cerebellar ataxia [2] 49 

and neurodevelopmental diseases, including autism spectrum disorder [3]. The basic 50 

organization of neural circuits in the cerebellum and other regions in the central nervous 51 

system is established early during development [4,5], when they are particularly 52 

sensitive to genetic and environmental factors. However, the mechanisms underlying 53 

the relevant factors and their impacts remain incompletely understood. 54 

 Gamma-aminobutyric acid (GABA) is a major inhibitory neurotransmitter in 55 

the central nervous system that is also reportedly involved in neural tissue development, 56 

acting as a trophic factor [6]. GABA is synthesized by two isoforms of glutamate 57 

decarboxylase (GAD), GAD65 and GAD67 [7], which differ with respect to cofactor 58 

associations and subcellular localization. Once synthesized, GABA is packaged in 59 

synaptic vesicles by the vesicular GABA transporter (VGAT) for release into the 60 

synaptic cleft via exocytosis [8]. The role of GABA signaling in the development of 61 

neural circuits in the cerebellum has been examined in several GABA-related gene 62 

deletion and pharmacological mouse models [9–16]. However, GAD67 and VGAT 63 

knockout (KO) mice die during the perinatal period. Therefore, the specific roles of 64 

GAD67 and VGAT in cerebellar development and maturation remain unknown 65 

[9,11,12]. 66 

 Here, we analyzed a GAD67 conditional KO mouse strain in which GAD67 67 

was deleted in the subset of GABAergic neurons that express parvalbumin (PV), as well 68 

as a conventional GAD65 KO mouse strain, to investigate whether GABAergic 69 
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signaling contributes to the postnatal development and maturation of neural circuits in 70 

the cerebellum. We observed aberrant subcellular localization of the Shaker-type K 71 

channel Kv1.1 in basket cell collaterals and abnormal projections of basket cell 72 

collaterals toward Purkinje cells in both mouse strains. Furthermore, the mice with PV-73 

specific GAD67 deletion displayed impaired motor coordination in the rotarod test. Our 74 

findings indicate that GABA signaling in the cerebellum during development is critical 75 

for the establishment of proper connections between basket cells and Purkinje cells, and 76 

for motor coordination in mice. 77 

 78 

Materials and Methods 79 

Animals  80 

This study utilized four strains of genetically modified mice: PV-Cre; VGATflox/flox mice, 81 

PV-Cre; GAD67flox/flox mice [17,18], GAD67 KO (GAD67GFP/GFP) mice [19], and 82 

GAD65 KO mice [10]. PV-Cre BAC transgenic mice [20] were crossed with 83 

VGATflox/flox mice [14] and GAD67flox/flox mice [21] to generate PV-Cre; VGATflox/flox and 84 

PV-Cre; GAD67flox/flox mice, respectively. In behavioral tests, male PV-Cre; 85 

GAD67flox/flox mutant mice and male littermate controls (GAD67flox/flox) were used. All 86 

experiments were performed in accordance with the guidelines of the National Center of 87 

Neurology and Psychiatry Animal Care and Use Committee and the Animal Care and 88 

Experimentation Committee of Gunma University. All efforts were made to minimize 89 

the number of animals used and their suffering. 90 

 91 

Immunohistochemistry 92 
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The mice were deeply anesthetized with sodium pentobarbital (50 mg/kg body weight, 93 

intraperitoneal) and transcardially perfused with phosphate-buffered saline (PBS; pH 94 

7.4) followed by 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (pH 7.4). The 95 

brains were removed, postfixed in the same fixative overnight at 4°C, and immersed in 96 

15% and 30% sucrose in PBS overnight for cryoprotection. Free-floating sections (40 97 

µm) were cut using a sliding microtome (REM-710; Yamato Kohki Industrial Co., Ltd., 98 

Japan) and incubated in PBS with 0.3% Triton X-100 and 1% bovine serum albumin 99 

(BSA) for 1 h at room temperature. Then, the sections were incubated for 12 h at room 100 

temperature with primary antibodies diluted in PBS with 0.3% Triton X-100, 2% BSA. 101 

The primary antibodies used were as follows: anti-parvalbumin antibody (1:1,000; 102 

Frontier Institute, Ishikari, Hokkaido, Japan), mouse anti-PV (1:4,000; Sigma, St. Louis, 103 

MO, USA), monoclonal mouse anti-GAD67 (1:2,000; Millipore, Temecula, CA, USA), 104 

mouse anti-calbindin (1:1,000; Abcam, Cambridge, MA, USA), rabbit anti-vesicular 105 

glutamate transporter 1 (VGluT1) (1:4,000; Frontier Institute), guinea pig anti-VGluT2 106 

(1:4,000; Frontier Institute), rabbit anti-VGAT (1:1,000; Frontier Institute), monoclonal 107 

mouse anti-Kv1.1 (1:1,000; NeuroMab, Davis, CA, USA), monoclonal mouse anti-108 

neurofilament (Nfl) (1:1,000, BioLegend, San Diego, CA, USA); rabbit anti-tyrosine 109 

hydroxylase (1:500; Millipore), guinea pig anti-aldolase (zebrin II) (1:4,000; Frontier 110 

Institute), and rabbit anti-GFAP (1:1,000, Sigma). The sections were washed in PBS 111 

and incubated for 2 h in a mixture of Alexa Fluor 488-, Alexa Fluor 555-, and Alexa 112 

Fluor 633-conjugaed species-specific secondary antibodies (Thermo Fisher Scientific, 113 

Waltham, MA, USA) diluted 1:500 in PBS with 0.3% Triton X-100 and 2% BSA. To 114 

visualize perineuronal nets, brain sections were incubated with the biotinylated lectin 115 

Wisteria floribunda agglutinin (WFA) (1:2,000; Vector Labs, Burlingame, CA, USA) at 116 
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4°C overnight. After washing in PBS, the sections were incubated with Alexa Fluor 488 117 

conjugated to streptavidin for 20 min at room temperature. Antibodies against amino 118 

acid residues 139–172 of mouse GAD65 (NCBI Reference Sequence NP_032104) were 119 

produced in guinea pigs for the present study. Procedures for making these affinity-120 

purified antibodies were reported previously [22].  121 

 For quantitative analysis, all images were captured with a confocal laser 122 

scanning microscope (FV1000; Olympus, Japan) using the same settings. The images 123 

were analyzed using ImageJ/Fiji software. For each cerebellar section, all PV-, 124 

calbindin-, and GAD67-positive cells in either the molecular layer or the Purkinje cell 125 

layer were visually identified, and the intensities of the immunoreactive signals from the 126 

cell somata in each section were measured. For VGluT1, the fluorescence intensities 127 

were measured within a square (100 × 100 µm) located in the middle of the molecular 128 

layer of the cerebellum. VGluT2-positive puncta within the same-size square were 129 

counted using the built-in Analyze Particles function in Fiji to calculate the number of 130 

VGluT2-positive puncta per 100 µm2. VGAT-positive puncta were similarly counted 131 

within a 100 × 20 µm rectangle. The fluorescence intensities of Kv1.1 and Nfls were 132 

obtained from maximal intensity projections of stacks of 10 images using the built-in 133 

Plot Profile function in Fiji. Quantification of the fluorescence intensities was carried 134 

out without any adjustment of brightness/contrast.  135 

 136 

Behavioral analyses 137 

All behavioral tests were performed in male mutant and littermate control mice that 138 

were 12 weeks old at the start of testing. The mice were housed in a room with a 12 h 139 
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light/dark cycle (lights on at 7:00 a.m.) with access to food and water ad libitum. 140 

Behavioral testing was performed between 10:00 a.m. and 5:00 p.m. by investigators 141 

blinded to the genotypes. The body weights of the mice were taken before neurological 142 

screening from the least to most demanding test to minimize the influence of one test on 143 

subsequent tests as follows: wire hang tests, followed by footprint tests, and finally 144 

rotarod tests.  145 

 The wire hang test utilized a wire-mesh grid to assess balance. The mouse 146 

was placed on the wire mesh, which was then inverted with the mouse gripping the 147 

wire. The test was repeated and the latency to fall was recorded with a 60 s cutoff time; 148 

the data were averaged to obtain the final score. 149 

 For the footprint test, the hind feet of the mice were painted with acrylic paint, 150 

and the mice were allowed to walk along a 32 cm-long 10 cm-wide runway (with 10 151 

cm-high walls). A fresh sheet of paper was placed on the floor of the runway for each 152 

run. Each mouse was tested twice. The footprint patterns of the hind paws were 153 

evaluated in terms of the following parameters: (i) stride length, which was measured as 154 

the average distance in forward movement between each stride; (ii) stance length, which 155 

was measured as the average distance between left and right hind footprints; and (iii) 156 

sway length, which was taken as the average perpendicular distance between each 157 

footprint.  158 

 For the rotarod test, a mouse was placed on a rod (3 cm diameter; O’Hara & 159 

Co., Ltd., Tokyo, Japan) and was tested under three conditions: (i) the rod was 160 

accelerated (4–40 rpm over 300 s; four trials per day at 2 h intervals for 2 consecutive 161 

days); (ii) the rod rotated at a low constant speed (5 rpm for 60 s; four trials per day at 2 162 

h intervals); and (iii) the rod rotated at a high constant speed (10 rpm for 60 s; four trials 163 
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per day at 2 h intervals). The amount of time each mouse was able to maintain its 164 

balance on the rod was measured. 165 

 166 

Statistics 167 

Data are expressed as the means ± standard errors of the means (SEMs) and were 168 

analyzed by Welch’s unpaired t-test and two-way repeated measures analysis of 169 

variance (ANOVA) unless otherwise stated. The log-rank test was also used. A P-value 170 

of <0.05 was accepted as statistically significant. 171 

 172 

Results 173 

Structure of the cerebellum in PV-Cre; GAD67flox/flox mice 174 

We generated a conditional KO mouse line in which VGAT is deleted from neurons 175 

expressing PV, a calcium-binding protein expressed in major populations of cerebellar 176 

GABAergic neurons, including Purkinje cells, stellate cells, and basket cells [23,24]. 177 

These PV-Cre; VGATflox/flox mice were used to investigate whether vesicular GABA 178 

release contributes to the postnatal development and maturation of neural circuits in the 179 

cerebellum. PV-Cre; VGATflox/flox mice were viable but exhibited body weight loss until 180 

postnatal day 12 (P12), and then developed generalized convulsive seizures and died at 181 

around P14 (n = 4) (Additional file 1). Thus, we were not able to use these mice to 182 

study the role of GABA signaling in the maturation of the cerebellar circuits. Therefore, 183 

we used another mouse line in which GABA synthesis was disrupted in PV-expressing 184 

neurons by deletion of the gene encoding GAD67. The survival rate of homozygous 185 

PV-Cre; GAD67flox/flox mice was lower than that of the control GAD67flox/flox mice 186 
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because some PV-Cre; GAD67
flox/flox mice developed epileptic seizures with a 187 

significantly higher risk of seizure-related sudden death. Approximately 20% of these 188 

mice died by 2 months of age [17,18]. Therefore, we used the PV-Cre; GAD67
flox/flox 189 

mice that survived after such events in this study. There was no difference in mean body 190 

weights between surviving PV-Cre; GAD67flox/flox and GAD67flox/flox littermate controls 191 

(control, 21.6 ± 0.7 g, n = 10; PV-Cre; GAD67flox/flox, 20.0 ± 0.6 g, n = 9; P = 0.134) 192 

(Fig. 1a). Next, we confirmed the Cre-mediated deletion of GAD67 from PV-expressing 193 

neurons in the cerebellum by immunohistochemistry for GAD67, PV, and Cre (Fig. 194 

1b). Cre recombinase was expressed in almost all PV-positive neurons (93.1% ± 2.0%, 195 

n = 114 PV-positive cells from three mice; Fig. 1c, left bar), and these neurons showed 196 

no GAD67 expression (Fig. 1b). All Cre-expressing cells were PV positive (n = 106 197 

Cre-positive cells from three mice; Fig. 1c, right bar). The numbers of PV-positive cells 198 

were not different between PV-Cre; GAD67flox/flox and GAD67flox/flox littermate controls 199 

in the molecular layer (P = 0.8462) (Fig. 1d, left; control, 1,366 ± 100.7 cells/mm2; PV-200 

Cre; GAD67flox/flox, 1332 ± 139.2 cells/mm2; P = 0.8462) or in the Purkinje cell layer 201 

(Fig. 1d, right; control, 36.1 ± 2.1 cells/mm2; PV-Cre; GAD67flox/flox, 35.8 ± 1.8 202 

cells/mm2; P = 0.9082). Fluorescent staining for calbindin and DAPI in sagittal tissue 203 

sections revealed no gross abnormalities in cerebellar lobule patterning in PV-Cre; 204 

GAD67flox/flox mice (Fig. 1e). Further investigation of the architecture of the cerebellum 205 

revealed no difference in the molecular layer thickness (Fig. 1f; GAD67flox/flox controls, 206 

141.4 ± 4.5 µm, n = 10 slices; PV-Cre; GAD67flox/flox, 145.8 ± 6.5 µm, n = 10 slices; P = 207 

0.586). These data indicate that GAD67-mediated GABA signaling in the cerebellum is 208 

not required for proper layering of the cerebellar cortex.  209 
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 We next performed immunohistochemistry of GAD67, GAD65, and calbindin 210 

(CB) (Fig. 2a). The specificity of the signals obtained with the anti-GAD67 and anti-211 

GAD65 antibodies was confirmed using sections from GAD67 KO mice and GAD65 212 

KO mice, respectively (Additional file 2). In the PV-Cre; GAD67flox/flox mice, no 213 

GAD67 signals were detected in the molecular layer (Fig. 2b, left; control, 39.7 ± 5.9 214 

arbitrary units [a.u.], n = 8 slices from three mice; PV-Cre; GAD67flox/flox, 5.2 ± 2.8 a.u., 215 

n = 8 slices from three mice; P < 0.0001); the Purkinje cell layer (Fig. 2c, left; control, 216 

74.9 ± 14.0 a.u., n = 8 slices from three mice; PV-Cre; GAD67flox/flox, 7.0 ± 2.9 a.u., n = 217 

8 slices from three mice; P < 0.0001); or the deep cerebellar nuclei (Fig. 2e, left; 218 

control, 10.4 ± 0.9 a.u., n = 5 slices from two mice; PV-Cre; GAD67flox/flox, 3.3 ± 0.3 219 

a.u., n = 5 slices from two mice; P < 0.0001). However, GAD65 immunoreactivity in 220 

the molecular layer (Fig. 2b, right; control, 12.0 ± 0.7 a.u., n = 8 slices from three mice; 221 

PV-Cre; GAD67flox/flox, 14.4 ± 2.6 a.u., n = 8 slices from three mice; P = 0.3857); the 222 

Purkinje cell layer (Fig. 2c, middle; control, 12.3 ± 0.5 a.u., n = 8 slices from three 223 

mice; PV-Cre; GAD67flox/flox, 13.5 ± 2.2 a.u., n = 8 slices from three mice; P = 0.6249); 224 

and the deep cerebellar nuclei (Fig. 2e, middle; control, 27.7 ± 0.8 a.u., n = 5 slices 225 

from two mice; PV-Cre; GAD67flox/flox, 29.6 ± 2.0 a.u., n = 5 slices from two mice; P = 226 

0.4103) was not affected. Similarly, there were no significant differences in calbindin 227 

immunoreactivity in the Purkinje cell layer (Fig. 2c, right; control, 58.9 ± 8.1 a.u., n = 8 228 

slices from three mice; PV-Cre; GAD67flox/flox, 45.2 ± 6.6 a.u., n = 8 slices from three 229 

mice; P = 0.2130) or the deep cerebellar nuclei (Fig. 2e, right; control, 18.3 ± 0.4 a.u., n 230 

= 5 slices from two mice; PV-Cre; GAD67flox/flox, 17.0 ± 0.8 a.u., n = 5 slices from two 231 

mice; P = 0.1672). Furthermore, we did not observe any differences in the perineuronal 232 

nets in the deep cerebellar nuclei [25] (Additional file 3a), tyrosine hydroxylase 233 



 

 11 

expression within zebrin II-expressing zones [15] (Additional file 3b), or GFAP 234 

expression in the cerebellar cortex (data not shown) compared with that in the control 235 

GAD67flox/flox mice. Thus, deletion of GAD67 from PV neurons successfully ablated 236 

GAD67 expression in the cerebellum and did not induce compensatory expression 237 

changes in GAD65 or calbindin. 238 

 239 

Normal VGluT1- and VGluT2-positive terminal densities 240 

GABAergic transmission regulates the formation and refinement of excitatory synaptic 241 

inputs, including the elimination of climbing fiber synapses in the cerebellum during 242 

development [13]. The two types of excitatory inputs onto Purkinje cells are 243 

distinguished anatomically, as parallel fibers form synapses on secondary and tertiary 244 

dendrites, whereas climbing fibers synapse on primary dendrites closer to the cell soma. 245 

We performed immunohistochemistry to analyze parallel fiber and climbing fiber 246 

terminals with anti-VGluT1 and anti-VGluT2 antibodies, respectively (Fig. 3a). There 247 

was no significant difference in punctum immunoreactivity for VGluT1-positive 248 

parallel fibers (Fig. 3b, top; control, 78.3 ± 18.6 a.u., n = 9 slices from three mice; PV-249 

Cre; GAD67flox/flox, 95.0 ± 25.2 a.u., n = 9 slices from three mice; P = 0.1306) or the 250 

number of VGluT2-positive climbing fiber terminals (Fig. 3b, bottom; control, 3.4 ± 0.2 251 

per 100 µm2, n = 9 slices from three mice; PV-Cre; GAD67flox/flox, 2.9 ± 0.3 per 100 252 

µm2, n = 9 slices from three mice; P = 0.2378) between two genotypes, indicating that 253 

GAD67-mediated GABA signaling in the cerebellum is not required for the 254 

development of excitatory synaptic connections in the cerebellar cortex.  255 

 256 

PV-Cre; GAD67flox/flox mice develop abnormal basket cell projections  257 
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We investigated whether GAD67 signaling affects the development and maturation of 258 

inhibitory terminals in the cerebellar cortex. The numbers of VGAT-immunoreactive 259 

puncta in the molecular layer of the cerebellar cortex did not differ between control 260 

GAD67flox/flox mice and PV-Cre; GAD67flox/flox mice (Fig. 4; control, 12.8 ± 1.9 per 100 261 

µm2, n = 8 slices from three mice; PV-Cre; GAD67flox/flox, 12.7 ± 1.9 per 100 µm2, n = 8 262 

slices from three mice; P = 0.9775). We also examined the expression of Kv1.1 263 

potassium channels, which are expressed in axons and terminals of cerebellar basket 264 

cells [26,27]. Specifically, we quantified the distribution of Kv1.1 immunoreactive 265 

signal intensities using line profiles up to 50 µm from the axon hillock (Fig. 5a–c). The 266 

results showed that the summated Kv1.1 signal intensity that was measured 10 µm from 267 

the axon hillock was higher in PV-Cre; GAD67flox/flox mice than in GAD67flox/flox 268 

controls (Fig. 5d; control, 1,711 ± 115.1 a.u., n = 6 slices from three mice; PV-Cre; 269 

GAD67flox/flox, 2,243 ± 103.3 a.u., n = 6 slices from three mice; P = 0.0065). 270 

Furthermore, immunostaining for Nfl was performed to label basket cell collaterals [28] 271 

within 50 µm from the axon hillock (Fig. 5e–g). Similar to that for Kv1.1., the 272 

summated signal intensity for Nfl was higher for PV-Cre; GAD67flox/flox mice than for 273 

GAD67flox/flox controls (Fig. 5h; control, 7,607 ± 1,026 a.u., n = 8 slices from three 274 

mice; PV-Cre; GAD67flox/flox, 11,276 ± 959 a.u., n = 8 slices from three mice; P = 275 

0.0205). Taken together, these results suggest that the axonal projections from basket 276 

cells onto Purkinje cells are abnormal in PV-Cre; GAD67flox/flox mice 277 

 278 

Abnormal cerebellar structure in GAD65 KO mice  279 
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We also investigated the role of GAD65 in cerebellar development and maturation 280 

using GAD65 KO mice (Additional file 4). As with PV-Cre; GAD67flox/flox mice, we did 281 

not detect any differences in PV-positive cell density or immunostaining for calbindin, 282 

VGluT1, VGluT2, or VGAT in the molecular layer of the cerebellum in GAD65 KO 283 

mice. However, analyses of Kv1.1 distribution within 50 µm of the axon hillocks of 284 

Purkinje cells also revealed no difference between controls and GAD65 KOs (Fig. 6a–285 

d). Moreover, the summation of Kv1.1 signal intensity 10 µm from the axon hillock 286 

was comparable between the two genotypes (Fig. 6d; wild-type, 913.8 ± 157.2 a.u., n = 287 

9 slices from three mice; GAD65 KO, 960.4 ± 118.0 a.u., n = 9 slices from three mice; 288 

P = 0.8157). By contrast, the distributions of Nfl immunoreactive signal intensities 289 

within 50 µm from the axon hillock differed (Fig. 6e–g). The summated signal intensity 290 

for Nfl was higher for GAD65 KO mice than for wild-type controls (Fig. 6h; wild-type, 291 

4,709 ± 424 a.u., n = 9 slices from three mice; GAD65 KO, 7,588 ± 846 a.u., n = 9 292 

slices from three mice; P = 0.0105). Therefore, these results suggest that GAD65-293 

mediated signaling also contributes to the projection of basket cell collaterals to 294 

Purkinje cells during development. 295 

 296 

Impaired motor coordination in PV-Cre; GAD67flox/flox mice 297 

To determine whether there were functional consequences of the abnormal cerebellar 298 

development in PV-Cre; GAD67flox/flox mice, we performed behavioral tests to assess 299 

motor function (Fig. 7). PV-Cre; GAD67flox/flox mice exhibited severe deficits in the 300 

accelerating rotarod test compared with the performance of the control mice [F(1,17) = 301 

57.07, P < 0.0001; Fig. 7a]. Although the mice performed similarly on a rod rotating at 302 
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a constant speed of 5 rpm [F(1,17) = 3.29, P = 0.0875; Fig. 7b], PV-Cre; GAD67flox/flox 303 

mice were quicker to fall than the control mice when the rod was rotating at 10 rpm 304 

[F(1,17) = 30.54, P < 0.0001; Fig. 7c]. Analyses of their footprint patterns to examine 305 

gait characteristics (Fig. 7d) revealed no differences between the genotypes with regard 306 

to stride length (control, 5.2 ± 0.3 cm, n = 10; PV-Cre; GAD67flox/flox, 5.0 ± 0.2 cm, n = 307 

9; P = 0.5073), sway (control, 2.8 ± 0.1 cm, n = 10; PV-Cre; GAD67flox/flox, 3.0 ± 0.1 308 

cm, n = 9; P = 0.2940), and stance (control, 3.9 ± 0.2 cm, n = 10; PV-Cre; 309 

GAD67flox/flox, 3.8 ± 0.1 cm, n = 9; P = 0.5162) (Fig. 7e). In addition, muscular strength 310 

was examined via a wire hang test, and no differences were observed between the 311 

genotypes (control, 108.1 ± 18.1 s, n = 10; PV-Cre; GAD67flox/flox, 77.1 ± 24.1 s, n = 9; 312 

P = 0.3191; Fig. 7f). Whereas PV-Cre; GAD67flox/flox mice exhibit motor deficits, 313 

GAD65 KO mice show no motor deficits in the rotarod test [10], despite the observed 314 

basket cell projection abnormalities. These results suggest that the motor deficit 315 

exhibited by PV-Cre; GAD67flox/flox mice may be a result of the aberrant subcellular 316 

localization of Kv1.1 at basket cell synapses on Purkinje cells as well as deficits in 317 

GABA-mediated inhibitory synaptic inputs.  318 

 319 

Discussion 320 

The contribution of GAD-mediated GABA synthesis and GABA signaling to the 321 

development and maturation of cerebellar neural circuits has been difficult to study 322 

because of the lethality associated with the deficiency of GABAergic system-related 323 

molecules in conventional genetic knockout mouse models [9, 11, 12]. Using the 324 

Cre/loxP system, we conditionally knocked out GAD67 from PV-expressing cerebellar 325 
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neurons and found that the distribution of the Shaker-type K+ channel Kv1.1 was 326 

altered, resulting in the abnormal projection of basket cell collaterals onto Purkinje 327 

cells, a phenotype that was also observed in GAD65 KO mice. GABA signaling is 328 

important for the development of the neural circuits in the cerebral cortex [29] and 329 

hippocampus [30,31]. To our knowledge, this is the first report describing the 330 

importance of GABA signaling for the development of inhibitory circuits in the 331 

cerebellum.  332 

 PV-Cre; GAD67 knockout mice exhibited abnormal motor coordination in the 333 

rotarod test. These results suggest that GABA signaling in the cerebellum during 334 

development is critical for motor coordination and balance. Our findings support those 335 

of other studies on GABA signaling in the cerebellum. Mice heterozygous for GAD67 336 

(GAD67+/GFP) [19] and mice with pharmacologically inhibited GAD activity show 337 

impaired climbing fiber elimination [13]. Mice with VGAT deficiency in Purkinje cells 338 

exhibit abnormal molecular zone structure and spinocerebellar afferent topography, and 339 

display motor dysfunctions in the rotarod test [14,15]. Mice with pancreas-specific 340 

transcription factor 1a (Ptf1a)-Cre-mediated deletion of GAD67 show impaired 341 

inhibitory synaptic transmission but normal Purkinje cell morphology and synaptic 342 

densities in the cerebellar cortex [16]. However, the effect of these deletions on basket 343 

cell collaterals had not been investigated in detail. Nakayama et al. performed paired 344 

whole-cell recordings in GAD67+/GFP mice at P10–P12, revealing aberrant inhibitory 345 

inputs from basket cells to Purkinje cells [13]. However, adult GAD67+/GFP mice have 346 

normal motor coordination (our unpublished data); thus, it is not clear if these changes 347 

resolved in adulthood or there were compensatory mechanisms to mitigate motor 348 

deficits.  349 
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 The present study shows that adult PV-Cre; GAD67flox/flox mice have aberrant 350 

subcellular localization of Kv1.1, abnormal axonal projections from basket cells to 351 

Purkinje cells, and impaired motor coordination. As GAD65 KO mice also exhibited 352 

abnormal basket cell projections, the results suggest that GAD-mediated GABA 353 

synthesis and GABA signaling are important for the development of basket cell 354 

collaterals. Although GABA has an inhibitory effect in adults, it has an excitatory effect 355 

during the neonatal period because of the balance of chloride ion exchange [32]. We 356 

show that deletion of GAD67 from PV-expressing neurons as well as deletion of 357 

GAD65 alter basket cell projections to Purkinje cells, although it is not clear if this is 358 

through inhibitory or excitatory actions. GAD67 is a constitutively active holoenzyme, 359 

responsible for >90% of GABA synthesis [9,33]. By contrast, GAD65 is a 360 

predominantly dormant apoenzyme that is activated rapidly upon the binding of 361 

pyridoxal phosphate and thus is important for fast modulation of inhibitory synaptic 362 

transmission during intense synaptic activity [34]. In addition, the expression of these 363 

two GAD enzymes differs during postnatal development: GAD67 expression is 364 

detectable at birth, whereas GAD65 is not expressed until P6 (as shown in the rat barrel 365 

cortex) [35]. Basket cells begin to innervate the Purkinje cell layer after P7 [28,36]. 366 

These differences may explain the discrepancies between PV-Cre; GAD67flox/flox mice 367 

and GAD65 KO mice in terms of subcellular Kv1.1 distributions and behavioral 368 

phenotypes.  369 

 Basket cell axons first contact the Purkinje cell soma and then move straight 370 

to the axon initial segment without resting at the soma or climbing up the dendrites, 371 

which involves ankyrin G, as this initial step is disrupted in ankyrin G KO mice [36]. 372 

Once the contacts are established, basket cells can modulate the firing rates of both 373 
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simple and complex spikes of Purkinje cells [37]. The results from the present study 374 

indicate that GAD-mediated GABA signaling is also important for proper targeting of 375 

basket cell projections to the Purkinje cells as well as proper localization of Kv1.1 at 376 

presynaptic terminals during early development. In the cerebellar basket cells, K+ 377 

channel a-subunits Kv1.1 and Kv1.2 are expressed in both axons and terminals 378 

[26,27,38], and are co-assembled with cytoplasmic Kvb2 subunits [39]. Trafficking and 379 

cell surface expression of Kv1.2-containing Kv channels are regulated by 380 

phosphorylation of Kv1.2 [40]. The GAD67 deficiency in PV-Cre; GAD67flox/flox mice 381 

may result in depolarization-induced Kv1.2 phosphorylation and thus aberrant 382 

subcellular localization of Kv1.1. However, further studies are needed to explore this as 383 

well as to determine if the altered localization impacts the physiological functions of 384 

basket cells. 385 

 Mutations in the gene encoding Kv1.1 (KCNA1) are responsible for episodic 386 

ataxia type 1 [41–43]. We therefore attribute the abnormal motor coordination in PV-387 

Cre; GAD67flox/flox mice to the aberrant subcellular localization of Kv1.1 caused by 388 

GAD67-mediated GABA signaling deficiency. Notable in this respect, autoantibodies to 389 

GAD65 are associated with cerebellar ataxia [2,44]. Our results show that GAD65-390 

mediated GABA signaling alters the targeting of basket cell collaterals to Purkinje cells 391 

without affecting the density of excitatory and inhibitory synaptic inputs in the 392 

molecular layer or the density of PV-positive neurons. Thus, our findings and future 393 

studies aimed at identifying the role of GABA signaling in basket cells will be useful 394 

for further understanding the association between KCNA1 mutations or anti-GAD 395 

antibodies and cerebellar ataxia.  396 
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 In conclusion, we show that the subcellular localization of Kv1.1 is altered in 397 

the cerebella of PV-Cre; GAD67 knockout mice, and that the targeting of basket cell 398 

collaterals to Purkinje cells is disrupted in these mice as well as in GAD65 KO mice. 399 

Furthermore, PV-Cre; GAD67 knockout mice exhibited abnormal motor coordination in 400 

the rotarod test. Thus, our results indicate that GABA signaling in the cerebellum is 401 

critical for the development of cerebellar neural circuits in mice. 402 
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Figure legends 568 

Fig. 1. Normal cerebellar morphology in PV-Cre:GAD67flox/flox mice. (a) Quantification 569 

of body weight. (b) Expression of Cre recombinase (Cre) in parvalbumin (PV)-positive 570 

cells leads to Cre-mediated ablation of GAD67 and the loss of glutamate decarboxylase 571 

67 (GAD67) immunoreactivity in the cerebellum of PV-Cre; GAD67flox/flox mice. ML, 572 

molecular layer; PL, Purkinje cell layer. Scale bar, 50 µm. (c) Quantification of the 573 

percentage of Cre-positive cells that express PV (left bar) and percentage of PV-positive 574 

cells that express Cre (right bar). (d) Quantification of the number of PV-positive cells 575 

in the molecular layer (left) and in the PL (right). (e) Sagittal sections of the cerebellum 576 

from control (GAD67flox/flox) and mutant (PV-Cre; GAD67flox/flox) mice. Purkinje cells 577 

are labeled with calbindin (green), and the granular layer is particularly highlighted by 578 

DAPI staining (blue). Scale bar, 500 µm. (f) Quantification of molecular layer 579 

thickness.  580 

 581 

Fig. 2. GAD expression in the cerebellar cortex and deep cerebellar nuclei (DCN). (a) 582 

Immunohistochemistry for GAD67 (cyan), GAD65 (yellow), and calbindin (CB; 583 

magenta) in the cerebellar cortices of control (GAD67flox/flox) and mutant (PV-Cre; 584 

GAD67flox/flox) mice. Scale bar, 50 µm. ML, molecular layer; PL, Purkinje cell layer. (b) 585 

Quantification of immunoreactive signals for GAD67 (left) and GAD65 (right) in the 586 

molecular layer of the cerebellum. (c) Quantification of immunoreactive signals for 587 

GAD67 (left), GAD65 (middle), and calbindin (right) in the Purkinje cell layer of the 588 

cerebellum. (d) Immunohistochemistry for GAD67 (cyan), GAD65 (yellow), and 589 

calbindin (magenta) in the DCN of control (GAD67flox/flox) and mutant (PV-Cre; 590 



 

 30 

GAD67flox/flox) mice. (e) Quantification of immunoreactive signals for GAD67 (left), 591 

GAD65 (middle), and calbindin (right) in the DCN. Scale bar, 200 µm. ****P < 0.0001. 592 

 593 

Fig. 3. GAD67 deletion from parvalbumin neurons does not affect parallel fiber 594 

synapses or climbing fiber synapse density. (a) Immunohistochemistry for VGluT1 595 

(cyan), VGluT2 (yellow), and calbindin (CB; magenta) in the cerebellar cortices of 596 

control (GAD67flox/flox) and mutant (PV-Cre; GAD67flox/flox) mice. Scale bar, 20 µm. 597 

ML, molecular layer; PL, Purkinje cell layer. (b) Quantification of parallel fiber synapse 598 

and climbing fiber synapse density (bottom) via VGluT1 staining intensity (top) and 599 

counts of VGluT2-positve puncta per 100 µm2 (bottom).  600 

 601 

Fig. 4. GAD67 deletion from parvalbumin neurons does not affect VGAT-positive 602 

inhibitory synapses in the cerebellum. (a) Immunohistochemistry for VGAT (green) and 603 

calbindin (CB; magenta) in the cerebellar cortices of control (GAD67flox/flox) and mutant 604 

(PV-Cre; GAD67flox/flox) mice. Scale bar, 20 µm. ML, molecular layer; PL, Purkinje cell 605 

layer. (b) Quantification of VGAT-positive puncta per 100 µm2 in the molecular layer 606 

of the cerebellum.  607 

 608 

Fig. 5. Aberrant subcellular Kv1.1 localization and basket cell projections in PV-Cre; 609 

GAD67flox/flox mice. (a) Immunohistochemistry for Kv1.1 (green) and calbindin (CB; 610 

magenta) in the cerebellar cortices of control (GAD67flox/flox) and mutant (PV-Cre; 611 

GAD67flox/flox) mice. The images represent maximum-intensity projections of a confocal 612 

image stack. Scale bar, 20 µm. ML, molecular layer; PL, Purkinje cell layer. (b) Higher 613 
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magnification images of the corresponding white boxes in panel a. (c) Plot profiles of 614 

the fluorescence intensities for Kv1.1 along the yellow lines shown in b up to 50 µm 615 

from the axon hillock. Shading indicates SEMs. (d) Summation of the fluorescence 616 

intensities for Kv1.1 in plot profiles at a distance from 0 to 10 µm from the axon 617 

hillock. (e) Immunohistochemistry for neurofilaments (Nfl) (green) and calbindin 618 

(magenta) in the cerebellar cortices of control (GAD67flox/flox) and mutant (PV-Cre; 619 

GAD67flox/flox) mice. The images represent maximum-intensity projections of a confocal 620 

image stack. Scale bar, 20 µm. (f) Higher magnification images of the corresponding 621 

white boxes in panel e. (g) Plot profiles of the fluorescence intensities of neurofilaments 622 

along the yellow lines in panel f at a distance of 50 µm from the axon hillock. Shading 623 

indicates SEMs. (h) Summation of the fluorescence intensities for Nfl in plot profiles at 624 

a distance from 0 to 50 µm from the axon hillock in g. *P < 0.05, **P < 0.01. 625 

 626 

Fig. 6. Aberrant basket cell projections to Purkinje cells in GAD65 KO mice. (a) 627 

Immunohistochemistry for Kv1.1 (green) and calbindin (CB; magenta) in the cerebellar 628 

cortices of wild-type (GAD67+/+) and GAD65 KO (GAD65–/–) mice. The images 629 

represent maximum-intensity projections of a confocal image stack. Scale bar, 20 µm. 630 

ML, molecular layer; PL, Purkinje cell layer. (b) Higher magnification images of the 631 

corresponding white boxes in panel a. (c) Plot profiles of the fluorescence intensities for 632 

Kv1.1 along the yellow lines in b at a distance of up to 50 µm from the axon. Shading 633 

indicates SEMs. (d) Summation of the fluorescence intensities for Kv1.1 in plot profiles 634 

at a distance from 0 to 10 µm from the axon hillock. (e) Immunohistochemistry for 635 

neurofilaments (Nfl; green) and calbindin (magenta) in the cerebellar cortices of wild-636 
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type (GAD67+/+) and GAD65 KO (GAD67–/–) mice. The images represent maximum-637 

intensity projections of a confocal image stack. Scale bar, 20 µm. (f) Higher 638 

magnification images of the corresponding white boxes in panel e. (g) Plot profiles of 639 

the fluorescence intensities of neurofilaments along the yellow lines in panel f at a 640 

distance of 50 µm from the axon hillock. Shading indicates SEMs. (h) Summation of 641 

the fluorescence intensities for Nfl in plot profiles at a distance from 0 to 50 µm from 642 

the axon hillock. *P < 0.05. 643 

 644 

Fig. 7. Motor coordination deficits in PV-Cre:GAD67flox/flox mice. (a) Accelerating 645 

rotarod test. Mice were trained for eight trials, four trials per day for 2 consecutive days. 646 

Rotarod performance of PV-Cre:GAD67flox/flox and control GAD67flox/flox at constant 647 

speeds of 5 rpm (b) and 10 rpm (c). (d) Sample footprints from GAD67flox/flox (left) and 648 

PV-Cre; GAD67flox/flox mice (right). (e) Quantification of footprints in terms of stride, 649 

sway, and stance. (f) Average latency to fall from the wire mesh in the wire hang test.  650 

  651 

652 
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Supplementary materials 653 

Additional file 1. Body weight changes and survival curves of PV-Cre; VGATflox/flox 654 

mice. (a) Average body weights of VGATflox/flox and PV-Cre; VGATflox/flox mice. 655 

Significant differences were observed between two genotypes [F(1,6) = 0.0106, P = 656 

0.0106; two-way repeated measures ANOVA]. Results shown are the means ± SEMs (n 657 

= 4 mice per genotype). (b) Survival curves of VGATflox/flox (n = 4) and PV-Cre; 658 

VGATflox/flox (n = 4) mice (P = 0.0833, log-rank test). (c) Comparison of VGATflox/flox 659 

(left) and PV-Cre; VGATflox/flox (right) mice at postnatal day 12. PV-Cre; VGATflox/flox 660 

mice exhibited generalized convulsive seizures. 661 

 662 

Additional file 2. Confirmation of antibody specificity using knockout mice. (a) 663 

GAD67 immunohistochemistry of sagittal sections of wild-type and GAD67GFP/GFP mice 664 

at P0. GE, ganglionic eminence. Scale bar, 500 µm. (b) GAD65 immunohistochemistry 665 

in the cerebellar cortices of wild-type and GAD65–/– mice at 8 weeks old. Scale bar, 50 666 

µm. ML, molecular layer; PL, Purkinje cell layer. 667 

 668 

Additional file 3. Normal perineuronal nets and no ectopic expression of tyrosine 669 

hydroxylase in PV-Cre; GAD67flox/flox mice. (a) Perineuronal nets in the deep cerebellar 670 

nuclei are unaltered in PV-Cre; GAD67flox/flox mice. The large neurons (identified by 671 

NeuroTrace; magenta) are enwrapped by perineuronal nets identified by an antibody 672 

against Wisteria floribunda agglutinin (WFA; green). Scale bar, 200 µm. (b) 673 

Immunohistochemistry of coronal cerebellar sections for zebrin II and tyrosine 674 

hydroxylase (TH). Purkinje cells in PV-Cre; GAD67flox/flox mice exhibit no ectopic 675 
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expression of TH. Cellular expression pattern of zebrin II (green) is unaltered in PV-676 

Cre; GAD67flox/flox mice. Scale bar, 500 µm.  677 

 678 

Additional file 4. Normal VGluT1-positive parallel fiber synapses, VGluT2-positive 679 

climbing fiber synapses, and VGAT-positive inhibitory synapses in GAD65 KO mice. 680 

(a) Immunohistochemistry for GAD67 (cyan), GAD65 (yellow), and calbindin (CB; 681 

magenta) in the cerebellar cortices of wild-type (GAD65+/+) and GAD65 KO (GAD65–/–) 682 

mice. Scale bar, 50 µm. ML, molecular layer; PL, Purkinje cell layer. (b) Quantification 683 

of immunoreactive signals for GAD67 (left) and GAD65 (right) in the molecular layer 684 

of the cerebellum. (c) Quantification of immunoreactive signals for GAD67 (left), 685 

GAD65 (middle), and calbindin (right) in the PL of the cerebellum. (d) 686 

Immunohistochemistry for VGluT1 (cyan), VGluT2 (yellow), and calbindin (magenta) 687 

in the cerebellar cortices of wild-type (GAD65+/+) and GAD65 KO (GAD65–/–) mice. 688 

Scale bar, 20 µm. (e) Quantification of parallel fiber synapses and climbing fiber 689 

synapse density byVGluT1-positive staining intensity (left) and counts of VGluT2-690 

positve puncta per 100 µm2 (right). (f) Immunohistochemistry for VGAT (green) and 691 

parvalbumin (PV; magenta) in the cerebellar cortices of wild-type (GAD65+/+) and 692 

GAD65 KO (GAD65–/–) mice. Scale bar, 20 µm. (g) Quantification of VGAT-positive 693 

puncta per 100 µm2 in the molecular layer of the cerebellum (left), and the numbers of 694 

PV-positive cells in the molecular layer (middle) and in the Purkinje cell layer (right). 695 

*P < 0.05, **P < 0.01. 696 



Figures

Figure 1

Normal cerebellar morphology in PV-Cre:GAD67�ox/�ox mice. (a) Quanti�cation of body weight. (b)
Expression of Cre recombinase (Cre) in parvalbumin (PV)-positive cells leads to Cre-mediated ablation of
GAD67 and the loss of glutamate decarboxylase 67 (GAD67) immunoreactivity in the cerebellum of PV-
Cre; GAD67�ox/�ox mice. ML, molecular layer; PL, Purkinje cell layer. Scale bar, 50 μm. (c) Quanti�cation
of the percentage of Cre-positive cells that express PV (left bar) and percentage of PV-positive cells that
express Cre (right bar). (d) Quanti�cation of the number of PV-positive cells in the molecular layer (left)
and in the PL (right). (e) Sagittal sections of the cerebellum from control (GAD67�ox/�ox) and mutant
(PV-Cre; GAD67�ox/�ox) mice. Purkinje cells are labeled with calbindin (green), and the granular layer is
particularly highlighted by DAPI staining (blue). Scale bar, 500 μm. (f) Quanti�cation of molecular layer
thickness.



Figure 2

GAD expression in the cerebellar cortex and deep cerebellar nuclei (DCN). (a) Immunohistochemistry for
GAD67 (cyan), GAD65 (yellow), and calbindin (CB; magenta) in the cerebellar cortices of control
(GAD67�ox/�ox) and mutant (PV-Cre; GAD67�ox/�ox) mice. Scale bar, 50 μm. ML, molecular layer; PL,
Purkinje cell layer. (b) Quanti�cation of immunoreactive signals for GAD67 (left) and GAD65 (right) in the
molecular layer of the cerebellum. (c) Quanti�cation of immunoreactive signals for GAD67 (left), GAD65
(middle), and calbindin (right) in the Purkinje cell layer of the cerebellum. (d) Immunohistochemistry for
GAD67 (cyan), GAD65 (yellow), and calbindin (magenta) in the DCN of control (GAD67�ox/�ox) and
mutant (PV-Cre; GAD67�ox/�ox) mice. (e) Quanti�cation of immunoreactive signals for GAD67 (left),
GAD65 (middle), and calbindin (right) in the DCN. Scale bar, 200 μm. ****P < 0.0001.



Figure 3

GAD67 deletion from parvalbumin neurons does not affect parallel �ber synapses or climbing �ber
synapse density. (a) Immunohistochemistry for VGluT1 (cyan), VGluT2 (yellow), and calbindin (CB;
magenta) in the cerebellar cortices of control (GAD67�ox/�ox) and mutant (PV-Cre; GAD67�ox/�ox)
mice. Scale bar, 20 μm. ML, molecular layer; PL, Purkinje cell layer. (b) Quanti�cation of parallel �ber
synapse and climbing �ber synapse density (bottom) via VGluT1 staining intensity (top) and counts of
VGluT2-positve puncta per 100 μm2 (bottom).



Figure 4

GAD67 deletion from parvalbumin neurons does not affect VGAT-positive inhibitory synapses in the
cerebellum. (a) Immunohistochemistry for VGAT (green) and calbindin (CB; magenta) in the cerebellar
cortices of control (GAD67�ox/�ox) and mutant (PV-Cre; GAD67�ox/�ox) mice. Scale bar, 20 μm. ML,
molecular layer; PL, Purkinje cell layer. (b) Quanti�cation of VGAT-positive puncta per 100 μm2 in the
molecular layer of the cerebellum.



Figure 5

Aberrant subcellular Kv1.1 localization and basket cell projections in PV-Cre; GAD67�ox/�ox mice. (a)
Immunohistochemistry for Kv1.1 (green) and calbindin (CB; magenta) in the cerebellar cortices of control
(GAD67�ox/�ox) and mutant (PV-Cre; GAD67�ox/�ox) mice. The images represent maximum-intensity
projections of a confocal image stack. Scale bar, 20 μm. ML, molecular layer; PL, Purkinje cell layer. (b)
Higher magni�cation images of the corresponding white boxes in panel a. (c) Plot pro�les of the
�uorescence intensities for Kv1.1 along the yellow lines shown in b up to 50 μm from the axon hillock.
Shading indicates SEMs. (d) Summation of the �uorescence intensities for Kv1.1 in plot pro�les at a
distance from 0 to 10 μm from the axon hillock. (e) Immunohistochemistry for neuro�laments (N�)
(green) and calbindin (magenta) in the cerebellar cortices of control (GAD67�ox/�ox) and mutant (PV-



Cre; GAD67�ox/�ox) mice. The images represent maximum-intensity projections of a confocal image
stack. Scale bar, 20 μm. (f) Higher magni�cation images of the corresponding white boxes in panel e. (g)
Plot pro�les of the �uorescence intensities of neuro�laments along the yellow lines in panel f at a
distance of 50 μm from the axon hillock. Shading indicates SEMs. (h) Summation of the �uorescence
intensities for N� in plot pro�les at a distance from 0 to 50 μm from the axon hillock in g. *P < 0.05, **P <
0.01.

Figure 6



Aberrant basket cell projections to Purkinje cells in GAD65 KO mice. (a) Immunohistochemistry for Kv1.1
(green) and calbindin (CB; magenta) in the cerebellar cortices of wild-type (GAD67+/+) and GAD65 KO
(GAD65–/–) mice. The images represent maximum-intensity projections of a confocal image stack.
Scale bar, 20 μm. ML, molecular layer; PL, Purkinje cell layer. (b) Higher magni�cation images of the
corresponding white boxes in panel a. (c) Plot pro�les of the �uorescence intensities for Kv1.1 along the
yellow lines in b at a distance of up to 50 μm from the axon. Shading indicates SEMs. (d) Summation of
the �uorescence intensities for Kv1.1 in plot pro�les at a distance from 0 to 10 μm from the axon hillock.
(e) Immunohistochemistry for neuro�laments (N�; green) and calbindin (magenta) in the cerebellar
cortices of wild32 type (GAD67+/+) and GAD65 KO (GAD67–/–) mice. The images represent maximum
intensity projections of a confocal image stack. Scale bar, 20 μm. (f) Higher magni�cation images of the
corresponding white boxes in panel e. (g) Plot pro�les of the �uorescence intensities of neuro�laments
along the yellow lines in panel f at a distance of 50 μm from the axon hillock. Shading indicates SEMs.
(h) Summation of the �uorescence intensities for N� in plot pro�les at a distance from 0 to 50 μm from
the axon hillock. *P < 0.05.

Figure 7

Motor coordination de�cits in PV-Cre:GAD67�ox/�ox mice. (a) Accelerating rotarod test. Mice were
trained for eight trials, four trials per day for 2 consecutive days. Rotarod performance of PV-
Cre:GAD67�ox/�ox and control GAD67�ox/�ox at constant speeds of 5 rpm (b) and 10 rpm (c). (d)



Sample footprints from GAD67�ox/�ox (left) and PV-Cre; GAD67�ox/�ox mice (right). (e) Quanti�cation
of footprints in terms of stride, sway, and stance. (f) Average latency to fall from the wire mesh in the wire
hang test.
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