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Components of Endocannabinoid Signaling System are Expressed in the 98 

Perinatal Mouse Cerebellum and Required for its Normal Development 99 

 100 

ABSTRACT 101 

Endocannabinoid signaling system (ECS), encompassing cannabinoid receptors and 102 

enzymes involved in the synthesis and degradation of the endogenous cannabinoid 103 

signaling lipids, is highly expressed in the cerebellar cortex of adult humans and 104 

rodents. In addition to their well-established role in neuromodulation, 105 

endocannabinoids (eCBs) have been shown to play key roles in aspects of 106 

neurodevelopment in the fore- and mid-brain, including neurogenesis, cell migration, 107 

and synapse specification. However, little is known about the role of ECS in 108 

cerebellar development. In this study we carried out immunohistochemical 109 

characterization of ECS components through key stages of cerebellar development 110 

in mice utilizing antibodies for 2-arachidonoylglycerol synthetizing and degrading 111 

enzymes and the major brain cannabinoid receptor, cannabinoid receptor 1 (CB1), in 112 

combination with cerebellar cell markers. Our results reveal a temporally, spatially, 113 

and cytologically dynamic pattern of expression. Production, receptor binding, and 114 

degradation of eCBs are tightly controlled, thus localization of eCB receptors and the 115 

complementary cannabinoid signaling machinery determines the direction, duration, 116 

and ultimately the outcome of eCB signaling. To gain insights into the role of eCB 117 

signaling in cerebellar development, we characterized gross anatomy of cerebellar 118 

midvermis in CB1 knockout (CB1 KO) mice, as well as their performance in 119 

cerebellar-influenced motor tasks. Our results show persistent and selective 120 

anatomical and behavioral alterations in CB1 KOs. Consequently, the insights gained 121 

from this study lay down the foundation for investigating specific cellular and 122 

molecular mechanisms regulated by eCB signaling during cerebellar development.  123 
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 124 

SIGNIFICANCE 125 

In this study we show that components of the endocannabinoid signaling system are 126 

prominently expressed in the perinatal (E17.5-P14) mouse hindbrain. Our 127 

comprehensive characterization highlights developmentally dynamic and spatially 128 

restricted expression of cannabinoid receptor 1, prominent at birth in pontocerebellar 129 

axons, and later in migrating and differentiating anterior vermis granule cells. We 130 

identify the role of Purkinje cells in the regulation of endocannabinoid 2-AG 131 

availability, since they express both catabolic and anabolic enzymes DAGL  and 132 

MAGL. Furthermore, we demonstrate a requirement for endocannabinoid signaling in 133 

the regulation of pontocerebellar axon distribution and of postnatal cerebellar growth. 134 

CB1 knockouts exhibit impairments in cerebellar-influenced fine-motor, but not gross-135 

motor behaviors. Together, these results illuminate a previously unrecognized role of 136 

endocannabinoid signaling in the regulation of cerebellar development and function. 137 

 138 

  139 
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INTRODUCTION 140 

Previous studies have shown robust and dynamic expression of the ECS during 141 

forebrain development, and its requirement in regulation of multiple 142 

neurodevelopmental aspects (Berghuis, Rajnicek et al. 2007; Mulder, Aguado et al. 143 

2008; Vitalis, Laine et al. 2008; Wu, Zhu et al. 2010; Oudin, Gajendra et al. 2011; 144 

Diaz-Alonso, Aguado et al. 2012). However, very little is known about the dynamics 145 

of ECS expression, or the role that eCB signaling plays, in the developing hindbrain. 146 

Thus, the ubiquity of the regulatory roles of eCB signaling in neurodevelopment 147 

remains an open question. Furthermore, despite clear evidence of the key role that 148 

eCB signaling plays in the regulation of cerebellar synaptic plasticity (Carey, Myoga 149 

et al. 2011) the role of eCB signaling in cerebellar development has not yet been 150 

investigated. In this study, we undertook detailed immunohistochemical 151 

characterization of ECS localization in the perinatal hindbrain followed by 152 

characterization of anatomical and behavioral consequences of genetic CB1 ablation. 153 

 154 

Cerebellar Development  155 

The intricate cerebellar cytoarchitecture emerges during a protracted developmental 156 

period (reviewed in Sathyanesan, Zhou et al. 2019). Shortly after the initiation of the 157 

cerebellar primordium, granule cell (GC) precursors populate the outer-most layer of 158 

the developing cerebellum forming the external granule cell layer (EGL) – a 159 

secondary proliferative zone dedicated to GC production, which persists until 160 

postnatal day 21 (P21) in mice. Under the EGL, differentiating Purkinje cells (PCs) 161 

are located in the Purkinje cell layer (PCL). Over the first four postnatal weeks, 162 

postmitotic GCs migrate inwards and settle underneath the PCL to seed the inner 163 

granule cell layer (IGL), while their axons form parallel fibers (PFs) and begin to form 164 
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synapses with dendrites of PCs in the developing molecular layer (ML) above PCL. 165 

As the IGL expands, PCs rearrange to form a monolayer (around P7). Over the 166 

following two postnatal weeks the EGL is gradually depleted and disappears, and by 167 

P28 cerebellar cytoarchitecture and synaptic connectivity mostly achieves its mature 168 

configuration. On the gross anatomical level, proliferation and maturation of the 169 

cerebellar cell types is accompanied by cerebellar expansion and increasing 170 

complexity and refinement of cerebellar anatomical and functional subdivisions. 171 

 172 

Neurodevelopmental Disorders Associated with Cerebellar Lesions  173 

Lesions in the developing cerebella are linked to syndromes encompassing motor, 174 

cognitive, and emotional deregulation (Koziol, Budding et al. 2014). The specific 175 

nature of the deficits depends on their location within the cerebellum. Hence, 176 

traumatic and malignant lesions in anterior cerebellar vermis and paravermis lead to 177 

deficits in fluid and accurate execution of complex movements involving face, head, 178 

hands, trunk, and feet, often characterized as dysarthria, ataxia, or dysmetria 179 

(Konczak, Schoch et al. 2005; Schoch, Konczak et al. 2006; Ilg, Giese et al. 2008; 180 

Basson and Wingate 2013). On the other hand, posterior fossa syndrome, a common 181 

complication in pediatric patients following surgery that involves the posterior 182 

cerebellar vermis and deep cerebellar structures, is associated with mutism, 183 

executive control and affective disturbances, apathy, alterations in attention, anxiety, 184 

and compulsive behaviors (De Smet, Baillieux et al. 2009).  185 

 186 

Endocannabinoid Signaling in Cerebellar Development  187 

CB1 is the primary cannabinoid receptor that is highly expressed in the adult 188 

cerebellum of both rodents and humans (Herkenham, Lynn et al. 1990; Herkenham, 189 
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Lynn et al. 1991; Kawamura, Fukaya et al. 2006; Carey, Myoga et al. 2011). 2-190 

arachidonoylglycerol (2-AG) is the most abundant eCB found in the cerebellum, and 191 

diacylglycerol lipase alpha (DAGL ) is one of the major biosynthetic enzymes 192 

contributing to its production (Yoshida, Fukaya et al. 2006; Tanimura, Yamazaki et al. 193 

2010). The spatial and temporal specificity of eCB signaling is also regulated by 194 

localization and activity of eCB degradation enzymes. Monoacylglycerol lipase (MAGL) 195 

is a key enzyme involved in 2-AG hydrolysis (Blankman, Simon et al. 2007).  196 

 197 

In order to address whether CB1, DAGL  and MAGL are present in the developing 198 

pontocerebellar system, we utilized previously verified antibodies in combination with 199 

cerebellar cell type markers at key ages during perinatal development: embryonic day 200 

(E17.5), postnatal days P0, P3, P5, P8, P10, P12. To elucidate requirements for eCB 201 

signaling in cerebellar development, we characterized gross anatomical parameters 202 

throughout a developmental timecourse revealing a persistent reduction in midvermal 203 

cerebellar area, accompanied by selective impairments in cerebellar-controlled motor 204 

behaviors in young adult mice. 205 

206 
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MATERIALS AND METHODS 207 
Mice  208 

All mice used in this study were maintained on an outbred CD1 genetic background.  209 

The CD1 IGS stock was initially acquired from Charles River 210 

(https://www.criver.com/products-services/find-model/cd-1r-igs-mouse?region=3611) 211 

and a breeding colony was maintained in the vivarium with 12-hour light/dark cycle 212 

under conditions stipulated by the Institutional Animal Care and Use Committee. cb1 213 

-/- mice (CB1 KO) used in this study were generated by (Ledent, Valverde et al. 214 

1999), acquired from Charles River France and maintained in our facility by HET x 215 

HET crosses. Genetic diversity was maintained by replenishing CD1 founders from 216 

Charles River annually. Mice of both sexes were utilized for all experiments. Since 217 

we observed no significant differences between sexes in expression, anatomy or 218 

behavior, data is shown for the two sexes combined for all experiments. 219 

Tissue Preparation  220 

For embryonic tissue collection pregnant dams were killed by isoflurane inhalation, 221 

embryos were harvested and whole heads were immersion fixed in 4% 222 

paraformaldehyde (PFA) at 4°C overnight, followed by brain dissection and additional 223 

immersion post-fixation in 4% PFA for 4 hours at 4°C. All postnatal tissue was fixed 224 

by transcardial perfusion with phosphate buffered saline (PBS) followed by 4% PFA. 225 

Dissected brains were post-fixed in 4% PFA at 4°C for one hour. All brains were 226 

stored at 4°C in 0.2% sodium azide PBS (PBS-Az) and sectioned at 70μm using a 227 

Leica VT 1000S vibrating microtome.  228 

Antibodies and Immunohistochemistry: Immunohistochemistry was performed on 229 

free-floating 70μm tissue sections. Tissue sections were washed 3 times in 1X PBS 230 

and incubated in BSA blocking buffer (5% BSA/0.5% Triton x100/PBS). Primary 231 

antibodies were applied overnight at 4˚C in BSA blocking buffer. Subsequently, slides 232 
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were washed 3 times in 1X PBS and secondary antibodies (Alexa Flour 488, 594, 233 

647 from Jackson ImmunoResearch) were applied at 4˚C overnight (1:600 in BSA 234 

blocking buffer). DraQ5 (Cell Signaling) was used (at 1:5000 in PBS) to visualize cell 235 

nuclei. Slides were coverslipped using Fluoromount G (SouthernBiotech). Details 236 

regarding antibodies against CB1, DAGL  and MAGL (including target epitopes, prior 237 

publications and working dilutions) are listed in Table 1. All information related to 238 

cerebellar cell marker antibodies is listed in Table 2. 239 

GC culture: Preparation of GC cultures followed a previously published protocol 240 

(Manzini, Ward et al. 2006; Lee, Greene et al. 2009), which produces >90% pure and 241 

developmental stage synchronized GCs. In short, cerebella were dissected from P5 242 

mice in L-15 media (Gibco), dissociated by incubation in 15 g/ml DNAse1 (Sigma) 243 

0.15% Trypsin (Gibco) at 37°C, followed by trituration. Cells were pelleted and 244 

resuspended in supplemented Neurobasal (Gibco) media, plated on poly-D-ornithine 245 

/ laminin (Cultex) coated 8-well LabTech (Nunc) dishes. Cultures were grown in 5% 246 

CO2 at 37°C for 24 hours in supplemented Neurobasal media. Cultured cells were 247 

fixed by underlying culture media with 4% PFA, and incubating in 4% PFA for 20 248 

minutes at room temperature. Staining was performed following the same protocol as 249 

for brain slices. 250 

Microscopy: Images were acquired using Leica LAS software on a Leica TSC SP5 251 

confocal microscope (Leica Microsystems Mannheim, Germany) in the IUB LMIC 252 

facility. Tiled images were acquired with 10x objective and 5-10 m Z-stacks 253 

collected at 1 m Z intervals. High resolution images were acquired with a 63x 254 

objective as 20 m Z-stacks consisting of 0.4 m thick optical sections. Images are 255 

displayed as collapsed max-projection Z-stacks. Figures were prepared in Adobe 256 

Photoshop and Adobe Illustrator. 257 
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Tissue Sectioning and Nissl Staining: 20 m sagittal sections were serially 258 

collected using a cryostat (Leica). Following PBS and dH2O washes, sections were 259 

incubated in 0.1% Cresyl Violet solution, followed by dehydration, clearing in xylene, 260 

and mounting in Permount. Images of whole cerebellar sections were obtained using 261 

4x objective and mosaics with an Applied Precision DeltaVision Nikon microscope 262 

and Motic EasyScan at IUB Imaging Facility. Figures were prepared in Adobe 263 

Photoshop and Adobe Illustrator. 264 

Morphological Analysis: Areas of total cerebellar midvermis, lobes I-III, and lobes 265 

IX-X were traced from midsagittal sections using the free-hand tool in FiJi 266 

(https://imagej.nih.gov/nih-image/manual/tools.html). Statistical Analysis: (Figure 10, 267 

Statistical Table for Figure 10) – estimation stats multi two groups – was performed in 268 

https://www.estimationstats.com/#/analyze/multi Data were collected from 106 269 

animals of both sexes over a P3, P5, P12, 2mo timecourse. Numbers of animals and 270 

litters analyzed for each genotype and age group are detailed in the Statistical Table 271 

for Figures 10 and 11. We assume a normal distribution of data points. The statistical 272 

hypothesis tested the magnitude of differences in area means between WTs and 273 

KOs. P-values were evaluated by two-sided Mann-Whitney test. Effect sizes and 274 

uncertainty (bootstrapped intervals) are shown in Figures 10 and 11 and in 275 

associated Statistical Tables. 276 

Behavior 277 

Rotarod: Two-month-old mice were placed on an accelerating rotarod (UGO Basile) 278 

which accelerated from 4 to 40 rpm over a 5 minute period. The latency until the 279 

mouse fell off was recorded. Mice were given three trials over four consecutive days 280 

with a maximum time of 300 seconds (5 minutes) per trial and given 15 minutes to 281 

recover between trials. Statistical Analysis: Data were collected from a total of 54 282 
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animals (sexes combined) over a time course of 12 trials (3 per day). We assume a 283 

normal distribution of data points. The statistical hypothesis of equivalent latency to 284 

fall between genotypes was evaluated by Tukey multiple comparison, and by 285 

comparing areas under the curve for all trials. Statistical analysis was performed in 286 

GraphPad Prism 8 (www.graphpad.com). The details on the number of mice in each 287 

group, mean and p-values are provided in Figure 11 and in the Statistical Table for 288 

Figure 11. In addition, improvement in rotarod performance was evaluated by fitting 289 

linear regression curves over the first six trials, and by comparing differences in 290 

slopes between genotypes. The relationship between rotarod performance and limb 291 

grip strength was also evaluated. 292 

Seed Opening: Two-month-old mice were food deprived overnight (12 hours), and 293 

then placed in the testing cage with 4 seeds. For each seed, the time was recorded 294 

from the first contact with the seed until the mouse stopped interacting with the seed. 295 

Only trials in which the seed was at least 75% opened/consumed were included in 296 

the analysis. Data for each mouse is an average of 2-5 trials. Statistical Analysis: 297 

Data was collected from a total of 51 animals (sexes combined). We assume a 298 

normal distribution of data points. The differences in latency to open a seed were 299 

evaluated by two-independent-groups mean difference in Estimation Stats 300 

(https://www.estimationstats.com/#/analyze/two-independent-group). P-values were 301 

evaluated by two-sided Mann-Whitney test. Effect sizes and uncertainty 302 

(bootstrapped intervals) are shown in Figure 11 and in Statistical Table for Figure 11. 303 

 304 

  305 
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RESULTS 306 

CB1 is prominently expressed in long-range axons in the brainstem and the 307 

cerebellum at E17.5 and during the first postnatal week  308 

Perinatal (E17.5-P3) CB1 immunostaining is most prominent in long thin fibers cruising 309 

through the brainstem and the cerebellum, suggesting that the majority of CB1 310 

localizes to elongating long-range axons at those developmental stages (fig.1 A-A”, 311 

green arrowheads). CB1-positive axon tracts within the brainstem at E17.5 are 312 

indicated by green shapes in summary diagrams (fig.1 C-C”). A dense mesh of CB1 313 

positive fibers, consistent in appearance and distribution with pontocerebellar axons, 314 

can be seen within the presumptive white matter (pWM) in the developing cerebellar 315 

cortex at E17.5 (fig.1A-A”). Zoomed-in views of CB1 immunolocalization within the 316 

cerebellum at this stage are shown in figure 2, highlighting the distribution of CB1-317 

positive fibers within cerebellar layers (fig.2 A, A’).  318 

 319 

Pontocerebellar afferents belong to two functionally and morphologically distinct 320 

categories: climbing and mossy fibers (CFs and MFs). 321 

 322 

Climbing fibers: CFs originate in the inferior olivary nuclei (IO), located in the medial 323 

ventro caudal position in the brainstem. CB1 mRNA is robustly expressed within the IO 324 

(fig. 1 B, maroon in 1 C), and fibers surrounding IO lamellae are labeled with CB1 (fig. 325 

1A, green arrowhead in IO). Zoomed-in view of CB1-positive fibers within IO is shown 326 

in figure 2 C. Based on the position and appearance of those fibers, they could be 327 

either neurites of IO projection neurons, or axons of IO afferents. However, no CB1 328 

labeling is evident within the inferior cerebellar peduncles (icp – green dotted outline in 329 

1 A”) through which axons of IO projection neurons enter the cerebellum. Thus, we 330 
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conclude that at E17.5 IO neurons express CB1 mRNA, but CB1 protein is not 331 

expressed in the shafts of CF axons, and thus CB1 immunostaining in the cerebellar 332 

pWM is likely to represent primarily MFs, and not CFs. Possibly at this stage CB1 333 

protein localizes to the developing terminals of CFs rather than axon shafts. In order to 334 

investigate this possibility, a detailed high-resolution analysis of the developing CF 335 

terminals could be performed in the future. It is also possible that CFs, which develop a 336 

few days ahead of MFs, have had CB1 expression in axon shafts at earlier 337 

developmental stages.  338 

 339 

Mossy fibers: MFs originate in numerous nuclei in the hindbrain and the spinal cord. 340 

Proprioceptive spinocerebellar afferents from the legs and trunk travel through the 341 

ventral pathway and enter the cerebellum through the superior cerebellar peduncle 342 

(scp, green arrowhead in fig. 1 A’), which is robustly labeled with CB1. Precerebellar 343 

inputs originating in the motor and association regions of the cerebral cortex are 344 

conveyed to the cerebellum via corticopontine inputs to the Pontine nucleus (Pn – at 345 

the rostro-ventral surface of the brainstem). MFs originating in Pn run along the ventral 346 

and lateral surfaces of the brainstem and enter the cerebellum through the medial 347 

cerebellar peduncle (mcp, green arrowheads in fig. 1 A’, A”), also robustly labeled with 348 

CB1. In addition, CB1 mRNA is strongly expressed in Pn (fig. 1 B, B’). Zoomed-in view 349 

highlighting radially oriented CB1-positive fibers within the Pn is shown in figure 2 B. 350 

Based on the evidence presented above, it is likely that the fibers labeled with CB1 in 351 

the pWM at E17.5 include a diverse population of developing MFs from multiple 352 

origins.  353 

 354 

Additional structures prominently labeled with CB1 in the hindbrain at this stage: 355 
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Cuneate (cu) and gracile (gr) fasciculi, which contain direct spinocerebellar MFs, are 356 

labeled with CB1 (fig. 1 A, A’, green in fig. 1 C and C’; fig. 2 C).  Other exteroceptive 357 

and proprioceptive inputs from the upper and lower body are conveyed to the 358 

cerebellum through relay nuclei in the dorsal brainstem (Cuneate nucleus – Cu, and 359 

Gracile nucleus – Gr), which show CB1 mRNA expression (fig. 1 B and B’, maroon in 360 

C and C’). Interoceptive and ascending arousal inputs are relayed to the cerebellum 361 

through mossy fibers originating in diverse nuclei of the reticular formation (RtTg, Rt, 362 

GiV, LRt, IRt, etc.), many of which express CB1 mRNA (fig.1 B’, B”, C’, C”). Prominent 363 

CB1 labeling is seen in the pyramidal tracts (py) in the brainstem containing large 364 

ascending and descending axons connecting the cerebral cortex, brainstem and spinal 365 

cord, including the corticopontine fibers. The vestibulocerebellar nuclei, a source of 366 

vestibulocerebellar MFs, also prominently express CB1 mRNA (fig. 1 B”, maroon in 367 

C”).  368 

 369 

Hindbrain nuclei prominently expressing CB1, which are not a part of pontocerebellar 370 

system: In addition, robust immunoreactivity for CB1 is seen in the external layer of the 371 

dorsal cochlear nucleus (DC, fig. 1 A’, A”, C’, C”) – a “cerebellum-like” cortical structure 372 

involved in the coordination of auditory versus non-auditory inputs. CB1 mRNA is 373 

prominently expressed in the dorsal nucleus of vagus nerve (X in fig. 1 B”). 374 

 375 

Differentiating granule cells: CB1 in situ hybridization at E18 (fig. 1B-B”) shows robust 376 

CB1 mRNA expression in small cells in the cerebellar cortex located below the PCL 377 

and above the pWM. Their tight packing and laminar localization suggest that they are 378 

IGL GCs. Thus, thinner and lighter stained CB1-positive fibers in the cerebellar cortex 379 

above pWM are likely the neurites of differentiating GCs (fig. 2 A, A’). Interestingly, this 380 
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lighter CB1 expression in thin fibers is seen throughout the inner layers of the 381 

developing cerebellar cortex (inner EGL - iEGL, PCL, IGL), but not in the proliferative 382 

zone for GCs, the outer EGL (oEGL), suggesting that CB1 is expressed by 383 

differentiating, but not proliferating GCs. Dynamic and spatially restricted CB1 384 

expression in the differentiating GCs during early postnatal developmental timecourse 385 

will be additionally discussed later. 386 

 387 

Abnormal distribution of axons in cerebellar peduncles and the developing 388 

cerebellar white matter in CB1 KOs 389 

MFs navigate to the cerebellum through cerebellar peduncles, initially forming tight 390 

axonal fascicles deep within the cortex in the pWM, then defasciculating and spreading 391 

through more superficial layers, IGL and PCL, and stopping at the EGL boundary 392 

(Mason and Gregory 1984; Ashwell and Zhang 1998). Dark CB1 labeling in thicker 393 

fibers within cerebellar cortex, extending from pWM through IGL to PCL, but not to the 394 

EGL (fig. 2 A, A’), is consistent with morphological descriptions of MFs. By P0, all MFs 395 

have already arrived in the cerebellar cortex, but their coverage continues to increase 396 

due to defasciculation and branching (Mason 1985; Ashwell and Zhang 1992). In the 397 

forebrain, CB1 KO mice exhibit defects in axonal fasciculation (Mulder, Aguado et al. 398 

2008; Wu, Zhu et al. 2010). Since we observed robust expression of CB1 in axon 399 

shafts of cerebellar MFs, we asked whether, similarly to the phenotype described in 400 

the forebrain, cannabinoid signaling through CB1 receptors is required for regulation of 401 

MF fasciculation or spreading in the developing cerebellar cortex. In order to address 402 

this question, we performed a qualitative analysis of axon distribution in CB1 KOs. 403 

 404 

Serial coronal sections were collected at E17.5 from four KO and six WT E17.5 405 



  

 18 

embryos from three litters originating from heterozygote to heterozygote crosses. 406 

Matching sections from anterior (fig. 3 – diagram showing plane of sectioning and 407 

anatomical landmarks is shown in top row) and central (fig. 4 – diagram showing plane 408 

of sectioning and anatomical landmarks is shown in top row) levels were co-stained 409 

with CB1 and two markers of elongating axons (GAP43 – expressed in axon shafts 410 

and growth cones of actively growing axons), and pan-phosphorylated neurofilament 411 

antibody SMI312 (NF – enriched in long-range axons at all developmental stages).   412 

 413 

Consistent with results shown in figures 1 and 2, in WT animals, CB1 is robustly 414 

expressed in mcp and scp (fig. 3 A, A’, C, C’), where it co-localizes with GAP43 (fig. 3 415 

A, A”) and NF (fig. 3 C, C”). Confirming antibody specificity, CB1 staining is absent in 416 

KOs (fig. 3 B, B’, D, D’). GAP43 is broadly expressed in cerebellar peduncles and all 417 

cerebellar layers except EGL in all animals (fig. 3 A-A’’’, B-B’’’). Qualitative examination 418 

(6 WT, 4 KO animals) reveals an increase in the intensity of GAP43 staining in CB1 419 

KOs, suggesting either increased GAP43 expression, or increase in the number or 420 

density of GAP43 positive fibers. Zoomed-in views of GAP43 staining within cerebellar 421 

peduncles are shown in figures 3 A’’’ (WT) and 3 B’’’ (KO). Similar to CB1, NF staining 422 

is highly enriched in cerebellar peduncles, where NF-positive axons are evenly and 423 

broadly distributed in WTs (fig. 3 C-C’’’). In CB1 KOs, NF-positive axons are unevenly 424 

distributed within cerebellar peduncles, with dense NF-positive clusters intervening 425 

with NF-negative patches (fig. 3 D-D’’’). Zoomed-in views of NF staining within 426 

cerebellar peduncles are shown in figures 3 C’’’ and D’’’. Similarly, sections through the 427 

central zone (fig.4) show increased density of GAP43 staining in pWM in CB1 KOs as 428 

compared to littermate WTs (fig. 4 A” – zoomed-in view in A’’’, B” – zoomed-in view in 429 

B’’’); as well as abnormal distribution of NF-positive axons (fig. 4 C” – zoomed-in view 430 
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in C’’’, D” – zoomed-in view in D’’’). Thus, using two distinct markers of elongating long-431 

range axons, we show that their expression and distribution are abnormal within 432 

cerebellar peduncles and the developing cerebellar cortex in CB1 KOs. 433 

 434 

During the first two postnatal weeks CB1 is expressed primarily in differentiating 435 

GCs 436 

CB1 is expressed in processes and somata of radially migrating GCs: At E17.5 CB1 437 

immunohistochemistry reveals patches of radially oriented fibers extending from iEGL 438 

through the PCL to the IGL in the central zone corresponding to lobes IV-VI (fig. 5 A, 439 

zoomed-in view of the tip of lobes IV-V is shown in fig. 5 B). Restricted CB1 440 

localization in radially oriented patches in iEGL/PCL/IGL at E17-P0 is reminiscent of 441 

GC “rashes” (Arndt, Nakagawa et al. 1998; Redies, Luckner et al. 2002) thought to 442 

distinguish clones of radially migrating GCs. Starting from P3, CB1 expression in thin 443 

fibers extending from the iEGL through the PCL to the IGL is prominent throughout the 444 

anterior and central zones (lobes I-VI, fig. 5 C, a zoomed-in view of the tip of lobe III is 445 

shown in fig. 5 D). Morphological characteristics of CB1-positive fibers, and their 446 

distribution relative to cerebellar layers, suggest that CB1 is expressed in radially 447 

migrating and differentiating GCs in the anterior and central (lobes I-VI) cerebellar 448 

zones, but not the posterior and nodular (lobes VIII-X). Interestingly, CB1 expression is 449 

seen in the inner, but not the outer EGL, suggesting that high levels of CB1 are 450 

expressed by differentiating, but not proliferating GCs. Indeed, double-labeling with a 451 

marker of postmitotic GCs, Pax6 (fig. 5 A-D, red), shows CB1-positive fibers (fig. 5 B 452 

and D, green) surrounding Pax6-positive nuclei of GCs in the iEGL and the PCL. To 453 

confirm that CB1 localizes to neurites of differentiating GCs we stained GCs cultured 454 

in-vitro for 24 hours (1DIV). The protocol that we use for isolation of GCs produces 455 

>90% pure and developmental stage synchronized GC culture (Manzini, Ward et al. 456 
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2006; Lee, Greene et al. 2009). As soon as isolated GC progenitors attach to 457 

coverslips they begin differentiating, thus a 1DIV culture corresponds to about 24-hour-458 

old postmitotic GCs. CB1 staining (fig. 5 E, arrowheads) is seen in somata (fig. 5 E and 459 

F, asterisks), extending neurites and in growth cones of 1DIV GCs from WT (fig. 5 E), 460 

but not CB1 KO cultures (fig. 5 F).  461 

 462 

CB1 expression in granule cells during the first two postnatal weeks is largely 463 

restricted to anterior and central vermis and paravermis: During the first two postnatal 464 

weeks CB1 shows a strong gradient of expression across different cerebellar regions: 465 

high-CB1-expressing GCs are concentrated in the anterior and central vermal zones, 466 

with low or no expression in the posterior and nodular zones and in the hemispheres 467 

(fig.6). Furthermore, CB1 expression in the developing cerebellum is very dynamic. 468 

Hence, at P3 CB1-expressing long-range axons can still be seen in the pWM (fig. 6 A, 469 

A’), but by P5 CB1 expression in pWM can no longer be detected (fig. 6 B, B’). As GCs 470 

mature, subcellular distribution of CB1 seems to shift from neurites and somata of 471 

radially migrating GCs at P3 (fig. 6 A, A’) to GC axons within the ML at P5 and P12 472 

(fig. 6 B, B’, C, C’). CB1 expression in ML is prominent in vermal lobes I-VI and lobes 473 

Sim. and Crus 1, but not in the posterior and nodular zones or the hemispheres (lobes 474 

VII-X, FL PFL, Crus 2) at P5-P12 (fig. 6).  475 

 476 

CB1 is expressed in parallel fibers (PFs) of differentiating GCs: During the second 477 

postnatal week the most prominent expression of CB1 is seen within ML (fig. 6 B-D). 478 

ML contains dendrites of PCs and axons of GCs – the PFs, as well as somata, axons 479 

and dendrites of differentiating molecular layer interneurons. Higher magnification 480 

images were taken at the tip of lobe III in both coronal and sagittal planes in order to 481 
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distinguish morphological characteristics of CB1-positive fibers (fig. 7). CB1 (green) is 482 

expressed in thin straight fibers stacked above the PCL (marked by Calb, maroon in 483 

fig. 7) running parallel to the coronal plane of sectioning, i.e. matching morphological 484 

characteristics of parallel fibers. 485 

 486 

DAGL  a major biosynthetic enzyme of 2-AG in the brain, is expressed in 487 

Purkinje cells at all developmental stages examined 488 

DAGL  expression within the cerebellar cortex is largely confined to the PCL in all 489 

cerebellar regions and zones, and at all developmental stages investigated (fig. 6 A, 490 

A”, B, B”, C, C”, D). Many molecules that localize to the PCL exhibit a “striped” pattern 491 

of expression characterized by interspersed anteroposterior stripes of positive and 492 

negative PCs (Apps, Hawkes et al. 2018). Similarly, DAGL  expression exhibits 493 

striping in the anterior zone at P12 (fig. 6 D). Distribution of DAGL  relative to PC 494 

outlines suggests that it localizes to plasma membranes (higher magnification images 495 

taken at the tips of lobe III (fig. 8 A’, A”, B’, B”, C’, C” – PCs are identified by 496 

expression of Ror  (A-A” and C-C”) and Calb (B-B”) – cyan). DAGL  is highly 497 

expressed in somata, dendrites and axon initial segments, but not in axon shafts or 498 

axon terminals of PCs. 499 

 500 

 MAGL  is expressed in the Purkinje cell somatodendritic compartment, and in 501 

Purkinje cell axons 502 

The availability of 2-AG depends on the distribution of its synthesizing and degrading 503 

enzymes. Therefore, we went on to characterize the developmental expression of 504 

monoacylglycerol lipase (MAGL)  MAGL expression in the developing cerebellum is 505 

seen primarily in the PCL at all stages investigated (Fig 9 A-D). Thus, a balance of 506 
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DAGL  and MAGL expression and activity, regulated cell-autonomously in PCs, would 507 

determine the amount of 2-AG available to activate CB1 receptors. Interestingly, levels 508 

of MAGL expression differ between cerebellar zones. Particularly striking is the 509 

enrichment of MAGL at P10 in PCs lining the primary fissure (prm), which separates 510 

lobes V and VI (fig. 9 C, C”, prm is indicated by asterisk), and is within the caudal 511 

boundary of CB1-positive GC territory (fig. 9 C, C’). Interestingly, MAGL expression is 512 

prominent in PC axon terminals in deep cerebellar nuclei (DN, fig. 9 C-C’’’, zoomed-in 513 

view in D-D’’’ – PC axon terminal in DN are identified by Calb expression), while CB1 514 

expression was not detected within DN at this developmental stage (P10, fig. 9 C, C’, 515 

D, D’). 516 

 517 

Genetic loss of CB1 leads to a reduction in the cerebellar vermis area. 518 

In order to assess whether endocannabinoid signaling is involved in the regulation of 519 

gross anatomical aspects of cerebellar development, we analyzed the areas of the 520 

cerebellar midvermis through a developmental timecourse (P3, P5, P12, and two-521 

month-old) in CB1 KOs and WT littermates. Figure 10 A shows Nissl-stained 522 

midvermal cerebellar sections from WTs at these developmental stages. Regions used 523 

for area quantification are highlighted (lobes I-III in the anterior zone – orange outline 524 

in fig. 10 A; lobes IX-X in the nodular zone – blue outline in fig. 10 A). Our initial 525 

analysis revealed no statistically significant differences and largely overlapping 526 

distribution of values between sexes (data not shown), hence we show sex-combined 527 

data in figure 10. 528 

 529 

The cerebellum undergoes a protracted postnatal development, and the majority of 530 

cerebellar GCs in mice are generated during the first two postnatal weeks from a 531 
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progenitor pool that is seeded embryonically. Our results highlight about a 15% 532 

reduction in the midvermal area in two-month-old CB1 KOs (fig. 10 B, right column). 533 

Reduction in the midvermal area could be a consequence of smaller progenitor pool in 534 

embryonic cerebellar primordium, a reduced proliferation (or increased apoptosis) of 535 

progenitors, or an altered differentiation of postmitotic cerebellar neurons or glia. Since 536 

progenitor pools are seeded embryonically, we expected to see a reduction in the 537 

midvermal area in CB1 KOs at birth, if decreased proliferation or increased apoptosis 538 

of progenitors were contributing to reduced cerebellar growth. However, at P3 539 

cerebellar midvermis is actually slightly larger in KOs as compared to WT littermates 540 

(fig.10 B, left column). Thus, a reduction in the midvermal size that is observed in two-541 

month-old CB1 KOs can be attributed to the differences that manifest during postnatal 542 

cerebellar development.  543 

 544 

In WTs midvermal area expands ~11-fold during postnatal development, from an 545 

average of 1 m2 at P3 to about 11 m2 at two months (fig. 10 B, black dots).  In CB1 546 

KOs postnatal expansion of the midvermal area is stunted with only ~9-fold increase 547 

(fig. 10 B, white dots). Thus, the reduction in the total midvermal area in two-month-old 548 

KOs is a consequence of a reduced rate of postnatal vermal growth, which exhibits 549 

slower expansion after the first postnatal week in CB1 KOs (fig. 10 B).  550 

 551 

Since CB1 expression is particularly prominent in GCs in the anterior-central cerebellar 552 

vermis, we assessed differences in the lobes I-III areas between KOs and WTs (fig. 10 553 

C). CB1 KOs exhibit >30% area reduction of lobes I-III in two-month-olds (fig. 10 C). 554 

On the other hand, CB1 expression in differentiating GCs in the nodular zone (lobes 555 

IX-X) was very low/undetectable during the timecourse that we analyzed. Evaluating 556 
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the difference in the mean areas of lobes IX-X in WTs and KOs we found a moderate 557 

decrease in size (fig. 10 C, last column), proportional with the reduction in the total 558 

midvermal areas (fig. 10 D, last column). In contrast, reduction in areas of lobes I-III is 559 

more dramatic, disproportionally contributing to the reduction in total cerebellar areas  560 

(fig. 10 D). The regional bias of the anatomical phenotype described here suggests 561 

that CB1 expression in differentiating GCs is important for the regulation of postnatal 562 

cerebellar growth. 563 

 564 

Cerebellar-influenced behaviors are selectively affected in CB1 KOs. 565 

Since cerebellar trauma and developmental malformations often lead to motor deficits, 566 

particularly when the anterior vermis is involved, we set out to characterize cerebellar-567 

influenced motor behaviors in CB1 KO mice. Rotarod is considered a classical test of 568 

sensory-motor coordination, and a repeated rotarod challenge over a course of several 569 

days is routinely used as a measure of motor learning. The performance of two-month-570 

old CB1 KO mice in the accelerating rotarod was indistinguishable from WT littermates 571 

(fig. 11 A), and CB1 KOs exhibited the same rate of learning in the rotarod task as WT 572 

littermates (fig. 11 B).  573 

 574 

Notably, mild cerebellar damage in humans is associated with more pronounced 575 

deficits in fine-motor than gross-motor tasks (Manto 2018). Thus, we also examined 576 

the performance of two-month-old CB1 KOs in the forelimb coordination sunflower 577 

seed opening task. In this experiment, mice that have been acclimated to sunflower 578 

seeds (to reduce effects of novelty anxiety) were timed from the moment they picked 579 

up a seed through time spent opening and consuming the seed. Only seeds that were 580 

mostly (more than 75%) consumed were included in the average time calculated for 581 
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each mouse, eliminating possible confounding effects of differences in appetite, 582 

motivation or attention. There were no differences in the average number of seeds 583 

approached or consumed between genotypes (data not shown). CB1 KOs take longer 584 

to open seeds (fig. 11 D), indicating a significant deficit in forepaw coordination in CB1 585 

KOs. We observed no differences in forelimb strength between genotypes, and no 586 

correlation between forelimb strength and rotarod performance (fig. 11 C). 587 

 588 

 589 

DISCUSSION  590 

Prior work characterizing localization of CB1 noted its prominent expression in the 591 

adult cerebellum (Herkenham, Lynn et al. 1990; Herkenham, Lynn et al. 1991; 592 

Kawamura, Fukaya et al. 2006). In this study we find that CB1 is also robustly 593 

expressed during cerebellar development. Utilizing immunohistochemistry with KO-594 

verified antibodies and molecular markers of cerebellar cell types, we show a 595 

developmentally dynamic, region and cell-type specific pattern of CB1 expression in 596 

E17.5 - P12 mouse cerebella. Immunolocalization of DAGL  and MAGL to PCs 597 

emphasizes the key role of PCs in the production of 2-AG eCB ligand. Anatomical 598 

analysis of CB1 KO and WT littermates from heterozygote crosses showed a 599 

reduction in anterior vermis size in CB1 KOs, which is more pronounced later in 600 

postnatal development and in adults. CB1 KOs exhibit impairments in sunflower seed 601 

opening (sensory-motor coordination task involving forepaws and face) influenced by 602 

anterior cerebellar vermis and paravermis. 603 

 604 

Perinatal localization of CB1 in developing long-range precerebellar axons and 605 

their disorganized distribution in CB1 KOs suggest a widespread role of eCB 606 

signaling in axon development  607 
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Our results show that at late embryonic and early postnatal stages (E17.5-P3) CB1 is 608 

prominently expressed in long-range axons in the brainstem and in the cerebellum. 609 

This is consistent with autoradiographic studies performed in rat and human embryos 610 

showing hindbrain localization of CB1 primarily in long-range axon tracts 611 

(Berrendero, Garcia-Gil et al. 1998; Mato, Del Olmo et al. 2003). We expand those 612 

early observations to the perinatal period in mice and provide a high resolution 613 

cellular characterization of CB1 distribution in pontocerebellar axons. Furthermore, 614 

we show qualitative analysis of GAP43 and NF expressing axons in the cerebella of 615 

CB1 KO mice as compared to WT littermates at birth, revealing higher expression of 616 

GAP43 in KOs, possibly reflecting the earlier developmental stage of the axons; and 617 

defects in axon distribution within the cerebellar peduncles and in the pWM in CB1 618 

KOs. However, the magnitude of the effect cannot be estimated without quantitative 619 

analysis, and given inherent variability between individuals, it is very important to 620 

repeat this analysis in the future with a larger sample. Keeping those limitations in 621 

mind, we cautiously propose that signaling through CB1 regulates fasciculation of 622 

pontocerebellar axons, similarly to the previously described role of eCB signaling in 623 

the regulation of thalamocortical and subcortical axon fasciculation (Mulder, Aguado 624 

et al. 2008; Wu, Zhu et al. 2010). Thus, high expression of CB1 in elongating long-625 

range axons, and its requirement for regulation of axon fasciculation, appears to be a 626 

widespread property of the developing mammalian nervous system, prominent both 627 

in the forebrain and the hindbrain.  628 

 629 

MFs spread postnatally throughout the developing cerebellar cortex due to 630 

defasciculation and branching, expanding through the PCL, and stopping at the EGL 631 

boundary (Mason 1985; Ashwell and Zhang 1992). Their targeting specificity within 632 
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subregions, layers, and cell types is being refined throughout the first three postnatal 633 

weeks (Kalinovsky, Boukhtouche et al. 2011; Kano, Watanabe et al. 2018). Thus, 634 

early defects in defasciculation identified in this work could affect synaptic targeting 635 

and regional specificity later in development, thus affecting computational properties 636 

of microcircuits within the cerebellar cortex and the shape of WM tracts in the adult.  637 

 638 

We show that in the perinatal cerebellum DAGL  is continuously expressed by PCs, 639 

thus PCL is likely to be a source of high concentrations of 2-AG available to activate 640 

CB1 receptors in neurites approaching or traversing the PCL. Interestingly, in the 641 

forebrain, two modes of eCB signaling have been described in the regulation of 642 

neurodevelopment: autocrine / cell-autonomous and paracrine. Functional dichotomy 643 

between the two modes has been proposed in the developing forebrain: (1) autocrine 644 

mode is characteristic of earlier developmental decisions (proliferation, apoptosis, 645 

axon growth and fasciculation) (Aguado, Monory et al. 2005; Mulder, Aguado et al. 646 

2008; Watson, Chambers et al. 2008); (2) while retrograde-target-derived mode 647 

becomes predominant at later developmental stages and contributes to growth cone 648 

guidance and synaptic maturation (Berghuis, Rajnicek et al. 2007). Contrary to 649 

observations in the forebrain, our immunohistochemical analysis revealed no 650 

expression of DAGL  in CB1-positive axons in the cerebellum or in the brainstem, 651 

thus our current observations are more consistent with paracrine signaling model. 652 

However, comprehensive characterization of the sources of eCB signaling at this 653 

developmental stage was beyond the scope of this work. Future studies should 654 

address whether additional 2-AG synthetizing enzymes, such as DAGL  or enzymes 655 

synthetizing anandamide – another classical eCB, are expressed in the developing 656 

cerebellum. 657 
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 658 

High expression of CB1 in developing GCs is restricted to the anterior vermis, 659 

identifying a molecularly distinct subpopulation of GCs.  660 

By P5 CB1 expression becomes very low in the long-range axons in pWM, but very 661 

prominent in neurites of radially migrating GCs and in the extending and maturing 662 

PFs in the anterior and central zones. Our study reveals that during the first two 663 

postnatal weeks differentiating GCs expressing high levels of CB1 are prominent in 664 

the anterior and central cerebellar vermis and paravermis, but not in the other 665 

cerebellar zones. Early autoradiographic localization studies in cerebellar mutants 666 

characterized by primary degeneration of PC versus GCs highlighted robust 667 

expression of CB1 in GCs (Herkenham, Groen et al. 1991). Subsequent functional 668 

studies in GC-specific conditional CB1 mutants (Carey, Myoga et al. 2011) 669 

underscored the physiological significance of CB1 expression in the PFs of GCs in 670 

the adult. A key role of retrograde eCB signaling from PCs to PFs has been 671 

implicated in both cerebellar LTD (Safo and Regehr 2005) and DSE  (Kreitzer and 672 

Regehr 2001; Tanimura, Kawata et al. 2009). However, spike timing parameters 673 

required for PF LTD vary significantly between the vermis and other cerebellar 674 

regions (Suvrathan, Payne et al. 2016), leading to a proposal that heterogenous 675 

(cannabinoid dependent and independent) mechanisms may contribute to PF 676 

plasticity in the vermal versus non-vermal cerebellar regions (Crepel 2007; Suvrathan 677 

and Raymond 2018). Our results, highlighting a spatially restricted pattern of CB1 678 

expression in developing PFs during the first two postnatal weeks, offer molecular 679 

basis in support of the hypothesis that PF plasticity in hemispheres and nodular 680 

zones may be less dependent on eCB signaling than in the anterior and central 681 

vermis. 682 
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 683 

Boundaries of molecularly distinct PC subpopulations coincide with borders of 684 

functional subregions (Sillitoe, Vogel et al. 2010). However, molecular and functional 685 

subpopulations of GCs in the IGL are only beginning to be identified. Our results 686 

show that high CB1 expression defines the anterior-central vermal population of GCs 687 

during the first two postnatal weeks, identifying a novel molecular marker that could 688 

aid in future research into specific mechanisms distinguishing functional cerebellar 689 

subregions within the IGL. Enrichment in MAGL expression in Purkinje cells lining the 690 

primary fissure is likely to cause higher rates of 2-AG hydrolysis in the adjacent 691 

tissue, dampening eCB signaling though CB1 in differentiating GCs within lobes V-VI, 692 

and potentially creating a sharp boundary of eCB signaling effects, confining them to 693 

the anterior-central zones. 694 

 695 

Are other components of the cannabinoid signaling system expressed during 696 

cerebellar development? 697 

The cannabinoid system includes multiple G-protein coupled receptors and ion 698 

channels, protein kinase signaling pathways, and a host of synthesizing and 699 

degrading enzymes, whose localization and function have not yet been 700 

comprehensively characterized during cerebellar development. In this study we 701 

carried out an initial characterization of the key components of ECS (CB1, DAGL , 702 

MAGL) involved in signaling mediated by 2-AG, the most abundant classical eCB, 703 

showing that they are expressed, and that cannabinoid signaling through CB1 704 

receptor is required, for normal cerebellar development. Thus, this study lays the 705 

foundation for more comprehensive future characterization of expression and 706 

developmental roles of additional ECS components. For instance, even though 707 
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MAGL is considered to be the main degradation enzyme for 2-AG in the central 708 

nervous system, serine hydrolases ABHD6 and ABHD12, which are found in brain 709 

tissue, are also capable of degrading endocannabinoids (Blankman, Simon et al. 710 

2007; Marrs, Blankman et al. 2010). Thus, it would be valuable in the future to 711 

characterize whether ABHD hydrolases are expressed, and contribute to the 712 

regulation of 2-AG availability, in the developing cerebellum.  713 

 714 

The abundance of the other classical eCB, anandamide, is regulated by multiple, 715 

potentially redundant, anabolic and catabolic pathways (Maccarrone 2017). An 716 

interesting molecular target for initial characterization of the expression and function 717 

of anandamide in cerebellar development is N-acyl phosphatidylethanolamine-718 

specific phospholipase D (NAPE-PLD), which was shown to play a role in the 719 

regulation of cerebellar anandamide levels (Leishman, Mackie et al. 2016). 720 

 721 

In addition, this work provides information on the developmental periods, cerebellar 722 

zones, and cell types expressing CB1, DAGL  and MAGL, essential for the design of 723 

cerebellum-specific conditional knockouts of these ECS components in order to 724 

address their cerebellar-specific contributions to brain development and behavioral 725 

regulation.  726 

 727 

Reduction in anterior cerebellar vermis size in CB1 KOs can be detected 728 

starting at the end of the first postnatal week, and persists into adulthood, 729 

suggesting that eCB signaling regulates vermal growth. 730 

The importance of eCB signaling in cerebellar development is highlighted by a 731 

significant gross anatomical phenotype apparent in CB1 KOs, demonstrating that 732 
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eCB signaling regulates postnatal growth of cerebellar vermis. Reinforcing our 733 

observations of the regional specificity of high CB1 expression in differentiating GCs, 734 

the most pronounced effect is seen in the anterior vermis of CB1 KOs. The reduced 735 

size of the anterior cerebellar vermis may lead to profound functional consequences 736 

by affecting relative sizes of functional cerebellar subregions, the configuration of 737 

local microcircuits, or global patterns of long-range connectivity. 738 

 739 

How do alterations in vermal size affect behavior? 740 

Motor dysmetria and ataxia are characteristic of neurodevelopmental conditions that 741 

involve vermal agenesis, hypoplasia or degeneration (reviewed in Basson and 742 

Wingate 2013). Characteristically, patients with cerebellar lesions exhibit greater 743 

deficits in motor behaviors that require more fine-motor control, or adjustments of 744 

timing or direction (Manto 2018). 745 

 746 

Since the anatomical analysis of CB1 KOs indicated the anterior vermis as the region 747 

where the KO phenotype is most pronounced, we chose to focus on motor tasks for 748 

the initial behavioral characterization. Our results show impairment in fine motor 749 

forepaw coordination (opening sunflower seeds) in CB1 KOs, yet no defects in the 750 

gross motor coordination task (accelerating rotarod). Our results are in agreement 751 

with previous studies of rotarod performance in CB1 KOs, which also found no 752 

impairments in young-adult mice (Steiner, Bonner et al. 1999; Kishimoto and Kano 753 

2006). However, we expand previous characterization of cerebellar-influenced 754 

behaviors to include an additional sensory-motor coordination task, sunflower seed 755 

opening, which we show to be sensitive to alterations in eCB signaling. More 756 
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pronounced deficits being observed in fine-motor rather than gross-motor task is 757 

consistent with mild cerebellar ataxia.  758 

 759 

The nature of behavioral changes in CB1 KOs in conjunction with the vermal 760 

anatomical phenotype suggest that cannabinoid signaling plays a key role in 761 

cerebellar development. However, brain regions do not develop and function in 762 

isolation. The cerebellum receives afferents (mostly relayed through brainstem 763 

nuclei) from the spinal cord and cerebral cortex, which arrive in the cerebellar 764 

primordium before birth. Reciprocal signaling between afferent axons and developing 765 

cerebellar neurons can shape developmental trajectories in both the origin and the 766 

target brain regions. CB1 is broadly expressed and was shown to play important 767 

roles in forebrain development, including specification and axon growth of 768 

corticospinal neurons that convey corollary cortical inputs to the cerebellum through 769 

pontine nuclei (Diaz-Alonso, Aguado et al. 2012). Since our study was performed in 770 

global cb1-/- mice, the phenotypes described here cannot be ascribed to cell-771 

autonomous effects in the cerebellum. 772 

 773 

Multiple reciprocal cortico-cerebellar and cerebello-cortical loops have been shown to 774 

control animal behavior, including forepaw coordination. For instance, subcortical 775 

projection neurons investigated in (Diaz-Alonso, Aguado et al. 2012) branch as they 776 

pass above pontine nuclei in the brainstem and make synapses with pontine neurons 777 

providing corollary inputs to the cerebellum through mossy fibers. Conversely, 778 

cerebellar output controls the pattern of ongoing activity in subcortical projection 779 

neurons. In fact, with increasing task complexity, a higher degree of coordination of 780 

neural activity is observed between the cerebrum and cerebellum. Reciprocal 781 
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connectivity between the cerebellum and cerebral cortex is established early during 782 

development and aberrant development of those long-range connections in CB1 KOs 783 

could contribute to the deficits in forepaw coordination observed in both (Diaz-784 

Alonso, Aguado et al. 2012) and our study. Thus, we propose that it is very likely that 785 

cannabinoid signaling in both regions is important for regulation of circuit 786 

development, and perturbations in the development of either of those regions can 787 

lead to abnormalities in similar behavioral measurements. Characterization of 788 

conditional cerebellar-specific knockouts of ECS components will help to resolve 789 

those questions in the future. 790 

791 
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Figure Legends 951 

Figure 1. At birth CB1 is prominently expressed in axon tracts in hindbrain. (A-952 

A”) Immunolocalization of CB1 in sagittal hindbrain sections spanning cerebellar 953 

vermis and paravermis at P0 shows robust expression in developing axons, including 954 

long-range axon tracts in the brainstem and in the fibers cruising through the inner 955 

regions of the developing cerebellar cortex. Immediately relevant for the developing 956 

pontocerebellar system, CB1 immunolocalization is seen in middle and superior 957 

cerebellar peduncles (mcp – A” and scp – A’, highlighted by green arrowheads), and 958 

in axons filling presumptive white matter (pWM – A-A”, green arrowheads). CB1 959 

expression in inferior cerebellar peduncle (icp – A”, green dotted outline) is very weak 960 

or absent. (B-B”) Sagittal sections showing localization of CB1 mRNA in the 961 

hindbrain at E18 from the Allen Brain Atlas Developmental Mouse database (2008 962 

Allen Institute for Brain Science. Allen Developing Mouse Brain Atlas. Available from: 963 

http://developingmouse.brain-map.org/experiment/show/100024806). Notably for 964 

pontocerebellar development, CB1 mRNA expression is prominent both in the 965 

Pontine Nucleus (Pn – B, maroon arrowhead) and the Inferior Olive (IO – B, maroon 966 

arrowhead), among many other brainstem nuclei which project axons to the 967 

cerebellum (marked by maroon triangles and anatomical abbreviations in summary 968 

diagrams in panes C-C”). In the cerebellum, CB1 mRNA is most prominent in deeper 969 

layers (maroon arrowhead in B). CB1 mRNA positive region spans developing inner 970 

granule cell layer (IGL) and presumptive white matter (pWM) – marked in summary 971 

diagram in (C). CB1 mRNA expression is also prominent in vestibulocerebellar 972 

nucleus (VeCb – B”, maroon arrowhead). In addition, restricted regions of the inner 973 

external granule cell layer (iEGL – B-B”, maroon arrow) show thin layer of CB1-974 

positive cells. (C-C”) Traced outlines of sections shown in A, summarizing perinatal 975 
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distribution of CB1 expression relative to anatomical landmarks. Green shapes mark 976 

CB1 immunolocalization in axon tracts as shown in A, red triangles mark brain 977 

regions with robust CB1 mRNA expression as shown in B. Lines in coronal insets 978 

represent mediolateral plane of sectioning. Anatomical locations are adapted from 979 

Franklin & Paxinos The Mouse Brain in Stereotaxic Coordinates (Franklin and 980 

Paxinos 2008) and from George Paxinos Atlas of the Developing Mouse Brain at 981 

E17.5, P0, and P6 (Paxinos, Halliday et al. 2007).  Abbreviations are: bsc – brachium 982 

of superior colliculus; CAT – nucleus of the central acoustic tract; CB – cerebellum; 983 

CnF – cuneiform nucleus; cp – cerebral peduncle; csc – commissure of superior 984 

colliculus; Cu – cuneate nucleus; DC – dorsal cochlear nucleus; DTg – dorsal 985 

tegmental nucleus; fr – fasciculus retroflexus; Gi – gigantocellular reticular nucleus; 986 

GiV – gigantocellular reticular nucleus, ventral part; gr – gracile fasciculus; Gr – 987 

gracile nucleus; icp – inferior cerebellar peduncle; IC – inferior colliculus; IO – inferior 988 

olivary nucleus; IP – interpeduncular nucleus; IRt – intermediate reticular nucleus; ll – 989 

lateral lemniscus; LRt – lateral reticular nucleus; mcp – middle cerebellar peduncle; 990 

mcp – middle cerebellar peduncle; MiTg – microcellular tegmental nucleus; mlf – 991 

medial longitudinal fasciculus; MPB – medial parabrachial nucleus; MVe – medial 992 

vestibular nucleus, magnocellular part; PDTg – posterodorsal tegmental nucleus; 993 

PMn – paramedian reticular nucleus; Pn – pontine nucleus; PnC – pontine reticular 994 

nucleus, caudal part; PrCnF – precuneiform area; py – pyramidal tract; RLi – rostral 995 

linear nucleus (midbrain); RR – retrobulbar nucleus; Rt – reticular nucleus; RtTg – 996 

reticulotegmental nucleus of the pons; SC – superior colliculus; scp – superior 997 

cerebellar peduncle; Sol – solitary nucleus; sp5 – spinal trigeminal tract; Tz – nucleus 998 

of the trapezoid body; tz – trapezoid body; VeCb – vestibulocerebellar nucleus; vsc – 999 
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ventral spinocerebellar tract; VTg – ventral tegmental nucleus; X – nucleus X, dorsal 1000 

nucleus of the vagus nerve. 1001 

  1002 

Figure 2. Zoomed-in view of CB1 distribution is the brainstem and the 1003 

cerebellum at P0. Top row – diagram showing distribution of CB1 staining relative to 1004 

the layers of the developing cerebellum (superimposed on top of the tracing of medial 1005 

cerebellar section). (A-A’) Thick CB1 positive fibers are prominent in the superior 1006 

cerebellar peduncle (scp) and presumptive white matter (pWM) – darker green in the 1007 

diagram. Thinner CB1-positive structures (lighter and more diffuse staining) span 1008 

inner EGL (iEGL) through PCL and IGL – turquoise in the diagram. CB1 staining is 1009 

very week or absent from the outer external granule cell layer (oEGL), and deep 1010 

cerebellar nuclei (DN). (B) CB1 positive fibers are radially oriented in pontine nucleus 1011 

(Pn). CB1 is prominently expressed within multiple axon tracts visible in this section 1012 

though the brainstem (ns, cp, py, tz). (C) CB1 positive fibers can be seen within the 1013 

territory of the inferior olive (IO), and running through the cuneate tract (cu). 1014 

Anatomical locations are adapted from Franklin & Paxinos The Mouse Brain in 1015 

Stereotaxic Coordinates (Franklin and Paxinos 2008) and from George Paxinos Atlas 1016 

of the Developing Mouse Brain at E17.5, P0, and P6 (Paxinos, Halliday et al. 2007). 1017 

Abbreviations: CB – cerebellum; cp – cerebral peduncle; cu – cuneate fasciculus; DN 1018 

– deep cerebellar nuclei; ECu – external cuneate nucleus; iEGL – inner external 1019 

granule cell layer; IGL – inner granule cell layer; IO – inferior olivary nucleus; ns – 1020 

nigrostriatal tract; oEGL – outer external granule cell layer; PCL – Purkinje cell layer; 1021 

Pn – pontine nucleus; pWM – presumptive white matter; py – pyramidal tract; scp – 1022 

superior cerebellar peduncle; tz – trapezoid body; vsc – ventral spinocerebellar tract. 1023 

 1024 
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Figure 3. At E17.5 CB1 is highly expressed in cerebellar peduncles, and is 1025 

required for orderly arrangement of axons within the peduncles. Coronal 1026 

sections at E17.5 through anterior cerebellar zone – superior (scp) and middle (mcp) 1027 

cerebellar peduncles are clearly seen in this plane of sectioning. Top row, left: 1028 

outlines of a representative coronal section showing anatomical landmarks. Dotted 1029 

square indicates the regions shown in panels A-D’’’. Top row, right: black line through 1030 

sagittal diagram shows plane of sectioning. Anatomical locations are adapted from 1031 

George Paxinos Atlas of the Developing Mouse Brain at E17.5, P0, and P6 (Paxinos, 1032 

Halliday et al. 2007). (A-A’’’) In wildtypes CB1 co-localizes with GAP43, a marker of 1033 

elongating axons, and with axonal neurofilaments (C-C”). Large fascicles of CB1-1034 

positive axons run through scp and mcp (highlighted by arrowheads). (B-B’’’, D-D’’’) 1035 

CB1 staining is absent in knockout littermates. Furthermore, density of GAP43 1036 

staining within the peduncles is increased in CB1 KOs (A”- A’’’ versus B”- B’’’), and 1037 

distribution of axons as judged by neurofilament staining appears abnormal (C”- C’’’ 1038 

versus D”- D’’’). Panels in the bottom row (A’’’, B’’’, C’’’, D’’’) show zoomed-in views 1039 

from regions indicated by maroon dotted outlines in (A”, B”, C”, D”). 1040 

 1041 

 1042 

 1043 

 1044 

 1045 

 1046 

 1047 

 1048 
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Figure 4. At E17.5 CB1 is expressed in the developing white matter tracts 1049 

(pWM), which show increased GAP43 accumulation and altered axon 1050 

distribution in CB1 KOs. Coronal sections at E17.5 through central cerebellar zone. 1051 

Top row, left: outlines of a representative coronal section showing anatomical 1052 

landmarks. Regions imaged in (A-D’’’) are indicated by dotted square. Top row, right: 1053 

black line through sagittal diagram shows plane of sectioning. Anatomical locations 1054 

are adapted from George Paxinos Atlas of the Developing Mouse Brain at E17.5, P0, 1055 

and P6 (Paxinos, Halliday et al. 2007). In wildtypes CB1 co-localizes with axonal 1056 

markers GAP43 (A-A’’’) and NF (C-C’’’). In knockout littermates (B-B’’’) and (D-D’’’) 1057 

CB1 staining is absent, density of GAP43 staining within pWM is increased (B”,B’’’), 1058 

and distribution of NF-positive axons (D”, D’’’) is abnormal. Panels in the bottom row 1059 

(A’’’-D’’’) show zoomed-in views from regions indicated by maroon dotted outlines in 1060 

(A”-D”). 1061 

 1062 

 1063 

 1064 

 1065 

 1066 

 1067 

 1068 

 1069 

 1070 

 1071 

 1072 

 1073 
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 1074 

Figure 5. CB1 is highly expressed in a subset of differentiating granule cells 1075 

(GCs) during the first postnatal week. Midsagittal sections of cerebellar vermis at 1076 

E17.5 (A, B), and at P3 (C, D) – (B) and (D) are zoomed-in views from regions 1077 

highlighted by white dotted outlines in (A) and (C). During the first postnatal week 1078 

CB1 expression (green) becomes pronounced in differentiating GCs in the anterior 1079 

and central cerebellar vermis. Postmitotic GCs in the EGL and GCs radially migrating 1080 

through the PCL are marked by expression of transcription factor Pax6 (red in A, B, 1081 

C, D). Purkinje cells (PCL) are identified by expression of Ror  at E17.5 (blue in A 1082 

and B) and calbindin (Calb) expression at P3 (blue in C and D). (A) At E17.5 CB1 1083 

expression is most prominent in a patch of radially migrating GCs clustered at the tip 1084 

of developing lobes IV and V. (C) At P3 the territory of radially migrating GCs that 1085 

express high levels of CB1 expands to occupy the extent of lobes I-VI, but not the 1086 

posterior and nodular zones (lobes VII-X). Higher magnification images (B, D) 1087 

highlight  CB1 expression in neurites surrounding Pax6-positive nuclei at the inner 1088 

boundary of EGL and throughout the PCL and the developing IGL. (E) CB1 is 1089 

expressed in neurites and somata of isolated and purified 24-hours-cultured (1DIV) 1090 

GCs. GC neurites and somata are identified by expression of neuronal tubulin (Tuj1, 1091 

red). Somata of GCs are indicated by asterisks. Arrowheads highlight CB1 1092 

expression  in somata, axons, and growth cone of 1DIV GCs. (F) Confirming 1093 

specificity of CB1 expression in differentiating GCs, the staining is absent in sister 1094 

GC cultures isolated from CB1 KOs. 1095 

 1096 

 1097 

 1098 
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Figure 6. CB1 expression in developing cerebellum is dynamic and region 1099 

specific, while DAGL  is expressed primarily in the Purkinje cell layer (PCL) 1100 

throughout development. CB1 expression in long-range axons within presumptive 1101 

white matter (pWM) becomes weak/undetectable after P5 (A’ compared to B’ and C’). 1102 

At P3 CB1 staining can be detected in PCL-IGL, corresponding to expression in 1103 

migrating and differentiating GCs (A, A’)), however, at P5 (B, B’) and P12 (C, C’, D) 1104 

CB1 expression becomes restricted to ML in the anterior & central vermis. 1105 

DAGL maroon) is expressed in Purkinje cell layer (PCL) throughout cerebellar 1106 

cortex (grayscale DAGL  channel in A”, B”, C”). (D) In coronal sections at P12 CB1 1107 

expression in ML is prominent in the vermis and paravermis (lobes II, III, IV-V and 1108 

Sim), but weak in the hemispheres (Crus 2) and in the nodular zone (PFL and FL). 1109 

Stripes of high-DAGL -expressing PCs are apparent in lobes III and IV-V (asterisks 1110 

in D). 1111 

 1112 

 1113 

 1114 

 1115 

 1116 

 1117 

 1118 

 1119 

 1120 

 1121 

 1122 



  

 46 

Figure 7. CB1 is expressed in developing parallel fibers during the second 1123 

postnatal week. High magnification views of CB1 localization relative to cerebellar 1124 

layers. Images were taken at the tips of lobe III. (A-A”, C-C”) Coronal sections – in-1125 

plane with trajectories of parallel fibers and orthogonal to the plane of branching of 1126 

Purkinje cell dendrites. (B-B”, D-D”) Sagittal sections – orthogonal to the trajectories 1127 

of parallel fibers, and in-plane with branching of Purkinje cell dendritic trees. During 1128 

the second postnatal week (P8, top two rows; P10, bottom two rows) strong CB1 1129 

expression (green) is most prominent in ML, in thin fibers stacked above PCL 1130 

(marked by Calb, maroon) running parallel to the coronal plane of sectioning, i.e. in 1131 

the parallel fibers – axons of GCs. No co-localization of CB1 is seen with PC 1132 

dendrites, somata, or proximal axons. CB1 expression was not detected in EGL. Thin 1133 

CB1 positive fibers and week somatic staining in the IGL (more prominent at P10, C’ 1134 

and D’) most likely correspond to weak expression in GC somata and in vertical 1135 

portions of GC axons.  1136 

 1137 

 1138 

 1139 

 1140 

 1141 
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 1147 
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Figure 8. DAGL  is expressed in Purkinje cells during cerebellar development. 1148 

Midsagittal sections of cerebellar vermis at (A-A”) E17.5, (B-B”) P3, and (C-C”) P8. 1149 

Middle and right columns show zoomed-in views at the tip of lobes 3 in the anterior 1150 

zone. At all developmental stages investigated, immunoreactivity for DAGL  (red) 1151 

within cerebellar cortex was restricted to somata, dendrites and initial axon segments 1152 

of PCs (identified by morphology and by expression of Ror  and Calb – blue/cyan). 1153 
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Figure 9. MAGL is expressed in Purkinje cells. Midsagittal vermal sections at (A-1172 

A’’’, B-B’’’) E17.5, and (C-C’’’, D-D’’’) P10. (B-B’’’) and (D-D’’’) are zoomed-in views 1173 

from regions indicated by white dotted lines in (A) and (C). Purkinje cells are 1174 

identified by Ror  (A, B – blue) and Calb (C,D – blue). MAGL (red) expression is 1175 

seen primarily in the PCL (A, A”, C, C”). Higher magnification views show that 1176 

MAGL is expressed in the somata and dendrites of Purkinje cells (B, B”, D, D” – 1177 

PCL) and in axon terminals in deep cerebellar nuclei (C”, D” – DN).  MAGL 1178 

expression at P10 is uneven across the midvermal region, with the highest levels 1179 

expressed within Purkinje cells lining the primary fissure, which separates lobes V 1180 

and VI (asterisks in C-C’’’). 1181 

 1182 

 1183 
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Figure 10. Midvermal area is reduced in CB1 knockouts. (A) Representative 1197 

Nissl-stained midvermal cerebellar sections from WTs, showing regions used for 1198 

area quantification and illustrating postnatal developmental stages analyzed. 1199 

Territories of anterior lobes I-III, and nodular lobes IX-X are outlined. Scale bars are 1200 

200 m. (B, C, D) The mean difference for (B) 4 comparisons (P3, P5, P12, 2mo), 1201 

and (C,D) five comparisons (lobes I-III P3, lobes I-III P5, lobes I-III P12, lobes I-III 1202 

2mo, lobes IX-X 2mo) are shown in Cumming estimation plots. The raw data is 1203 

plotted on the upper axes; each mean difference is plotted on the lower axes as a 1204 

bootstrap sampling distribution. Mean differences are depicted as dots; 95% 1205 

confidence intervals are indicated by the ends of the vertical error bars. 5000 1206 

bootstrap samples were taken; the confidence interval is bias-corrected and 1207 

accelerated. Details of statistical analysis are shown in Statistical Table for Figure 10. 1208 

(B) Stunted increase in total midvermal area in CB1 KOs becomes more pronounced 1209 

with age. (C and D) Reduction in midvermal area in CB1 KOs is primarily contributed 1210 

by reduced size of anterior zone, quantified for lobes I-III.  1211 
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Figure 11. Selective impairments in motor behaviors in CB1 KOs at two-month-1221 

old. (A) Timecourse of rotarod performance (latency to fall from rotating rod 1222 

accelerating from 4 to 40 rpm) was plotted per trial as average performance of all WT 1223 

animals (24, sexes combined) and all KO animals (30, sexes combined). Three trials 1224 

were performed per day over the course of 4 days (12 trials total). Both groups 1225 

performed at comparable levels in the beginning of the timecourse (day one, trials 1-1226 

3), in the  subsequent trials (days two and three, trials 4-9), and achieved similar 1227 

performance in the fourth (last) day of the timecourse (trials 10-12). Statistical 1228 

hypothesis of equivalent latency to fall between genotypes was shown to be true by 1229 

Tukey multiple comparison, and by comparing areas under the curve for all trials 1230 

(Statistical Table for Figure 11). (B) Improvement in rotarod performance was 1231 

evaluated by fitting linear regression curves over the first six trials; differences in 1232 

slopes between genotypes were compared to evaluate rate of learning, and found to 1233 

be similar between CB1 KOs and WTs. (C) No difference in grip strength was 1234 

detected between genotypes, and performance in rotarod does not show grip-1235 

strength-dependent bias. (D) Mean differences in latency to open sunflower seeds 1236 

between WTs (25 animals, sexes combined) and KOs (26 animals, sexes combined) 1237 

are shown in Gardner-Altman estimation plot. Both groups are plotted on the left 1238 

axes; the mean difference is plotted on a floating axes on the right as a bootstrap 1239 

sampling distribution. The mean difference is depicted as a dot; the 95% confidence 1240 

interval is indicated by the ends of the vertical error bar. 5000 bootstrap samples 1241 

were taken; the confidence interval is bias-corrected and accelerated. Average time 1242 

to open sunflower seeds is significantly longer in CB1 KOs. Details of statistical 1243 

analysis are shown in Statistical Table for Figure 11. 1244 

 1245 
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Table 1. Primary antibodies against CB1, DAGL  and MAGL: target epitopes, 1246 

prior publications, RRIDs and working dilutions. 1247 

 1248 

Table 2. Commercially available primary antibodies used to identify cerebellar 1249 

cell types: immunogens, sources, RRIDs and working dilutions.  1250 

 1251 

Table 3. Statistical Table for Figure 10 1252 

 1253 

Table 4. Statistical Table for Figure 11 1254 

 1255 
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Table 1 

Endocannabinoid Signaling Machinery 

Antibody Immunogen Source RRID Working  
Dilution 

Ref. 

rabbit anti 
CB1 

synthetic peptide, 
aa 443-473 

ImmunoGenes,  
Polyclonal AB_2813823 1 / 300 (Dudok, Barna et 

al., 2015) 

rabbit anti 
CB1 L15 

CB1-GST fusion 
protein, aa 460-473 of 
rat CB1 

Custom made, 
Polyclonal 

AB_2315250 
 1 / 300 (Bodor, Katona et 

al., 2005)  

guinea pig 
anti CB1 
L15 

last 15 aa on L-term of 
human CB1 

Custom made, 
Polyclonal 
 

AB_2813824 
 1 / 600 

(Berghuis, 
Rajnicek et al., 
2007) 

guinea pig 
anti DAGLα aa 790-908 of rat DGLα Custom made, 

Polyclonal 
AB_2813825 
 1 / 600 (Katona, Urban 

et al., 2006) 

rabbit anti 
MAGL 
 

GST fusion protein, aa 
172-206 of mouse 
MAGL 

Custom made, 
Polyclonal 

AB_2813826 
 1 / 600 (Straiker, Hu et 

al., 2009) 
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Table 2 

Cerebellar Cell Type Markers 

Antibody Immunogen Source RRID Working  
Dilution 

mouse anti 
SMI312  
 
(pan-axonal 
neurofilament 
cocktail) 
 

SMI 312 is directed against 
highly phosphorylated 
axonal epitopes of 
neurofilaments 

BioLegend,  
#837904, 
Monoclonal 
 

AB_2566782 1 /1000 

rabbit anti Pax-6 
 

peptide 
QVPGSEPDMSQYWPRLQ 
from the C-terminus of 
mouse Pax-6 protein 

BioLegend,  
clone poly-
19013, 
# 901301, 
Polyclonal 
 

AB_2565003 

1 / 600  
after 
antigen 
retrieval 
 

goat anti RORα 
 

peptide mapping at the C-
terminus of RORα1 of 
human origin 

Santa Cruz,  
sc-6062, 
Polyclonal 

AB_655755 

1 / 100  
at e17.5-P0 
1 / 300 
at P3-P20 

mouse anti  
TuJ-1 
 
(neuron-specific 
beta-III Tubulin) 
 

monoclonal mouse IgG2A 
Clone # TuJ-1. Detects 
mammalian and chicken 
neuron-specific beta – III 
tubulin. Raised against rat 
brain-derived microtubules 

R&D 
Systems, 
#MAB1195, 
Monoclonal 

AB_357520 1 /1000 
at 1 DIV 

mouse anti Calb 
 

monoclonal anti-calbindin D-
28k is a mouse IgG1 
produced by hybridization of 
mouse myeloma cells with 
spleen cells from mice 
immunized with calbindin D-
28k purified from chicken gut 

Swant, 
#300,  
Monoclonal 

AB_10000347 
1 / 500  
at P0-P5 
1 / 1000  
at P6-P15 
1 / 3000 
at P16-adult 

Rabbit anti Calb 
 

against recombinant rat 
calbindin D-28k 

Swant, 
#CB38, 
Polyclonal 

AB_2721225 
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Differences in area means between WT and KO 
to

ta
l m

id
ve

rm
al

 a
re

a 

age 
WT 

(control): 
n=animals; 

N=litters 

KO (test) 
n=animals; 

N=litters 
difference 

95% CI of 
difference 

 
p-value 

mann_whitney 

*<0.05 
**<0.01 

***<0.005 
****<0.0001 

P3 n=6 
N=2 

n=8 
N=1 0.22046525 

0.1005809 
to 

0.33800371 
0.02386844 * 

P5 n=23 
N=10 

n=19 
N=9 -0.5345564 

-1.1207783 
to 

-0.0094494 
0.08802591 ns 

P12 n=8 
N=2 

n=8 
N=2 -0.8547641 

-1.3264183 
to 

-0.3690421 
0.01008169 * 

2mo n=23 
N=6 

n=11 
N=5 -1.544694 

-2.3539983 
to 

-0.929924 
0.00040931 *** 

lo
be

s 
I-I

II 

P3 n=6 
N=2 

n=8 
N=1 0.00060315 

-0.0444497 
to 

0.04175221 
0.94853252 ns 

P5 n=23 
N=10 

n=19 
N=9 -0.3107878 

-0.4960554 
to 

 -0.1219811 
0.00145207 *** 

P12 n=8 
N=2 

n=8 
N=2 -0.5471343 

-0.7196807 
to 

0.4179097 
0.00093911 *** 

2mo 

n=23 
N=6 

n=11 
N=5 -0.9491027 

-1.1671892 
to 

-0.7593015 
1.1904E-06 **** 

lo
be

s 
IX

-
X n=21 

N=6 
n=11 
N=5 -0.384772 

-0.5777334 
to 

-0.2250031 
0.00064456 *** 

 
 

Differences in ratio of subregions over total midvermal areas between WT and KO 

I-I
II 

/ t
ot

al
 

P3 n=6 
N=2 

n=8 
N=1 -0.0465324 

-0.0774791 
to 

-0.0181734 
0.02386844 * 

P5 n=23 
N=10 

n=19 
N=9 -0.0725127 

-0.0951794 
to 

-0.0456856 
2.4409E-05 **** 

P12 n=8 
N=2 

n=8 
N=2 -0.0728148 

-0.0866715 
to 

-0.0584468 
0.00093911 *** 

2mo 

n=21 
N=6 

n=11 
N=5 -0.0391941 

-0.0483767 
to 

-0.0289259 
1.275E-05 **** 

IX
-X

 / 
to

ta
l n=21 

N=6 
n=11 
N=5 -0.0046574 

-0.012602 
to 

0.0042559 
0.40473443 ns 
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Difference in latency to open sunflower seeds between WT and KO 
co

nd
iti

on
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 N
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di
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95
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f d
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 p-
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ey
 

*<
0.

05
;  

**
<0

.0
1;

 
**

*<
0.

00
5;

 **
**

<0
.0

00
1 

WT 
n=animals 
N=litters 

 
n=25; 
N=10 2-5 

61 

27.9297959 30.1743641 
12.0735231 
to 
42.2478872 

0.00050806 *** KO 
n=animals 
N=litters 

 
n=26; 
N=9 

88 

 
 

Difference in latency to fall from rotarod between WT and KO 

co
nd

iti
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n;
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(3
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 **
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<0
.0

00
1 
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ll 
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W
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O

 ra
tio
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un

de
r t

he
 c
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ve

 

WT 
n=animals 
N=litters 

 
n=24 
N=10 

12 

170.7 

-1.24 13.97 
 

-29.28 
to  
26.80 

0.9296 ns 

1775 
 

0.986 
 KO 

n=animals 
N=litters 

 
n=30 
N=10 

172.0 
 

1799.5 
 

 


