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Abstract 39 

Angelman syndrome (AS) is a severe neurodevelopmental disorder caused by mutation 40 

or deletion of the maternal UBE3A allele.  The maternal UBE3A allele is expressed in 41 

nearly all neurons of the brain and spinal cord, whereas the paternal UBE3A allele is 42 

repressed by an extremely long antisense transcript (UBE3A-ATS).  Little is known 43 

about expression of UBE3A in the peripheral nervous system, where loss of maternal 44 

UBE3A might contribute to AS phenotypes.  Here we sought to examine maternal and 45 

paternal Ube3a expression in dorsal root ganglia (DRG) neurons and to evaluate 46 

whether nociceptive responses were affected in AS model mice (global deletion of 47 

maternal Ube3a allele; Ube3am–/p+).  We found that most large-diameter proprioceptive 48 

and mechanosensitive DRG neurons expressed maternal Ube3a and paternal Ube3a-49 

ATS.  In contrast, most small-diameter neurons expressed Ube3a biallelically and had 50 

low to undetectable levels of Ube3a-ATS.  Analysis of single-cell DRG transcriptomes 51 

further suggested that Ube3a is expressed monoallelically in myelinated large-diameter 52 

neurons and biallelically in unmyelinated small-diameter neurons.  Behavioral 53 

responses to some noxious thermal and mechanical stimuli were enhanced in male and 54 

female AS model mice; however, nociceptive responses were not altered by the 55 

conditional deletion of maternal Ube3a in the DRG.  These data suggest that the 56 

enhanced nociceptive responses in AS model mice are due to loss of maternal Ube3a 57 

in the central, but not peripheral, nervous system.  Our study provides new insights into 58 

sensory processing deficits associated with AS. 59 

  60 
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Significance Statement 61 

Angelman syndrome (AS) is a neurodevelopmental disorder caused by loss or mutation 62 

of the maternal UBE3A allele.  While sensory processing deficits are frequently 63 

associated with AS, it is currently unknown if Ube3a is expressed in peripheral sensory 64 

neurons or if maternal deletion of Ube3a affects somatosensory responses.  Here, we 65 

found that Ube3a is primarily expressed from the maternally-inherited allele in 66 

myelinated large-diameter sensory neurons and biallelically expressed in unmyelinated 67 

small-diameter neurons.  Nociceptive responses to select noxious thermal and 68 

mechanical stimuli were enhanced following global, but not sensory neuron-specific, 69 

deletion of maternal Ube3a in mice.  These data suggest that maternal loss of Ube3a 70 

affects nociception via a central, but not peripheral mechanism, with implications for AS. 71 

  72 
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Introduction 73 

Angelman syndrome (AS) is caused by mutation or deletion of the maternally inherited 74 

UBE3A allele (located in the chr15q11.2-q13.3 region) (Kishino et al., 1997; Matsuura et 75 

al., 1997; Sutcliffe et al., 1997; Williams et al., 2006).  UBE3A encodes an E3 ubiquitin 76 

ligase that localizes to pre- and post-synaptic neuronal compartments, the cytoplasm, 77 

and the nucleus (Dindot et al., 2008; Greer et al., 2010; Judson et al., 2014).  UBE3A is 78 

expressed biallelically in most tissues.  However, in the central nervous system, 79 

including brain and spinal cord (Rougeulle et al., 1997; Huang et al., 2011; LaSalle et 80 

al., 2015), full-length UBE3A protein is expressed primarily from the maternal allele 81 

because paternal UBE3A is repressed in cis by a very long noncoding transcript known 82 

as UBE3A-ATS (Rougeulle et al., 1998; Yamasaki et al., 2003; Landers et al., 2004; 83 

Numata et al., 2010).  84 

Many of the symptoms associated with AS can be modeled in mice with maternal 85 

deletion of Ube3a (Ube3am–/p+; AS model mice), including ataxia, epilepsy, memory 86 

impairments, and sleep disturbances (Dindot et al., 2008; Ehlen et al., 2015; Huang et 87 

al., 2014; Jiang et al., 1998; LaSalle et al., 2015; Mabb et al., 2011; Wallace et al., 88 

2012).  Based on parent reports and questionnaires, sensory processing deficits are 89 

also frequently associated with AS, including seemingly slow responses to pain in at 90 

least half of all individuals (Artigas-Pallares et al., 2005; Walz and Baranek, 2006; Pelc 91 

et al., 2008).  However, whether maternal loss of UBE3A causes primary sensory 92 

deficits is unknown.  It remains possible that parent-based observations are biased, 93 

particularly given that AS individuals have intellectual disabilities and do not speak, 94 

which make it difficult to accurately assess emotions (Adams and Oliver, 2011).  The 95 
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maternal GABRB3 allele, which encodes the β3 subunit of the GABAA receptor, is 96 

located next to UBE3A in the genome, and is frequently deleted in >80% of individuals 97 

with AS (Sinnett et al., 1993; Saitoh et al., 1994; Jiang et al., 2010; Buiting et al., 2016).  98 

It is thus possible that some AS-associated symptoms are due to haploinsufficiency of 99 

other genes in the UBE3A chromosomal deletion region.  Heterozygous deletion of 100 

Gabrb3 in mice leads to enhanced responsiveness to thermal and mechanical stimuli 101 

(DeLorey et al., 2010; Orefice et al., 2016), although enhanced nociception was only 102 

observed in homozygous Gabrb3 mutant mice by a different group (Ugarte et al., 2000). 103 

Somatosensory stimuli, including touch and pain, are detected by neurons in the 104 

dorsal root ganglia (DRG), which reside in the peripheral nervous system.  Currently, it 105 

is unknown if Ube3a is expressed monoallelically or biallelically in DRG neurons and if 106 

deletion of the maternal Ube3a allele affects nociceptive responses.  Here, we 107 

evaluated the extent to which maternal loss of Ube3a in mice affects nociception and 108 

other somatosensory responses.  Our results suggest that global loss of maternal 109 

Ube3a, but not DRG-selective loss, enhances behavioral responses to noxious thermal 110 

and mechanical stimuli.  Thus, the seemingly slow responses to pain in AS individuals 111 

may relate to communication deficits and not sensory deficits.  112 
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Materials and Methods 113 

Animal care and use 114 

All procedures used in this study were approved by the Institutional Animal Care and 115 

Use Committee at the University of North Carolina at Chapel Hill.  Mice were maintained 116 

on a 12 h:12 h light:dark cycle, were given food and water ad libitum, and were tested 117 

during the light phase.  Mice were acclimated to the testing room, equipment, and 118 

experimenter 1-3 days prior to testing.   119 

 120 

Fluorescent in situ hybridization (FISH) 121 

Mice were rapidly decapitated, and vertebral columns containing spinal cord and dorsal 122 

root ganglia were snap-frozen in an embedding mold of O.C.T. Compound (Fisher 123 

Scientific, Pittsburgh, PA) over dry ice.  Fresh, frozen vertebral columns were sectioned 124 

at 20 μm on a cryostat (CM1950; Leica Biosystems) onto charged slides (Fisher 125 

Superfrost Plus).  Fluorescein labeled Ube3a-ATS probe was synthesized as previously 126 

described (Meng et al., 2013), and is located near the 3’ end of Ube3a-ATS.  Tissue 127 

was dried at 50°C for 10 min, fixed in 4% paraformaldehyde in phosphate buffered 128 

saline [PBS; diethylpyrocarbonate (DEPC)-treated] for 15 min, and washed in DEPC-129 

PBS 3 × 5 min.  The tissue was then acetylated in 1X triethanolamine-HCl with 0.25% 130 

acetic anhydride for 10 min and subsequently washed in DEPC-PBS 3 × 5 min each.  131 

Next, the tissue was prehybridized for 3 h at 60°C in hybridization buffer containing 5X 132 

saline sodium citrate (SSC), 50% formamide, 1 mg/mL yeast tRNA, 0.1 mg/mL heparin, 133 

0.1% Tween-20, 0.005 M EDTA (pH 8.0), and 0.1% CHAPS.  Following 134 

prehybridization, the tissue was incubated in hybridization buffer containing Ube3a-ATS 135 
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3’ end probe.  Post-hybridization washes were performed sequentially at 60°C in pre-136 

warmed buffers: 1 × 15 min in 2X SSC, 3 × 20 min in 0.2X SSC buffer.  Tissue was 137 

further washed at room temperature 2 × 10 min in 0.1 M Tris-HCl, pH 7.5, 0.15 M NaCl.  138 

Tissue was then incubated in 3% H2O2 in methanol and washed 3 × 5 min in 0.1 M Tris-139 

HCl, pH 7.5, 0.15 M NaCl to eliminate endogenous hydrogen peroxidase activity.  140 

Sections were then incubated for 1 h in 1% blocking buffer (Perkin Elmer, Waltham, 141 

MA), followed by incubation for 24 h at 4°C in anti-fluorescein-peroxidase (1:350; 142 

Roche) and primary antibodies to NeuN (1:650, EMD-Millipore) or GFP (1:200, Aves 143 

Lab)  in 1% blocking buffer with 10% normal goat serum.  The following day, after 144 

washing 3 × 10 min in TNT wash buffer (0.1 M Tris-HCl, pH 7.5, 0.15 M NaCl, 0.05% 145 

Tween-20), sections underwent a tyramide signal amplification with TSA plus 2,4-146 

dinitrophenyl 1:50 in amplification diluent.  Following a 7 min incubation, sections were 147 

washed with TNT wash buffer 3 × 10 min and incubated in a 2,4-dinitrophenyl primary 148 

antibody conjugated with Alexa Fluor 488 (1:500 dilution in TNT; Molecular Probes, 149 

Eugene, Oregon), appropriate secondary antibodies to marker antibodies, and, as 150 

needed, IB4-Alexa-568 (1:100, Invitrogen)  for 3 h at room temperature.  Sections were 151 

washed in PBS, stained with DAPI and coverslipped with Fluoro-Gel.  All images were 152 

obtained using a Zeiss LSM 710 confocal microscope. 153 

 154 

Immunohistochemistry 155 

Adult male mice (P40-P75) were deeply anesthetized and perfused with 4% 156 

paraformaldehyde in 0.1 M phosphate buffer, pH 7.4.  Lumbar dorsal root ganglia were 157 

removed and immersed in the same fixative for 5 h before cryoprotection for at least 48 158 
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h in 30% sucrose in phosphate buffer.  Frozen ganglia were sectioned at 24 μm and 159 

collected on SuperFrost Plus slides.  The following primary antibodies were used in 160 

combinations for overnight incubations: mouse anti-UBE3A (1:300, Sigma, 161 

SAB1404508), chicken anti-GFP (1:800; Aves, GFP-1020), rabbit anti-NF200 (1:750; 162 

Sigma, N4142), sheep anti-CGRP (1:250, Enzo Life Sciences, CA1137), and guinea pig 163 

anti-NeuN (1:250, EMD-Millipore, ABN90P).  Fluorescently tagged secondary 164 

antibodies were purchased from Invitrogen and Jackson ImmunoResearch and used at 165 

1:200.  When appropriate, a fluorescent conjugate of Isolectin B4 (IB4; 1:100; 166 

Invitrogen) was added to secondary antibody incubations.  All images were obtained 167 

using a Zeiss LSM 710 confocal microscope.  Only neurons with clear UBE3A+ nuclei 168 

were included in the cell counts. 169 

 170 

Analysis of single-cell gene expression in DRG 171 

Single-cell DRG gene expression data were analyzed from Usoskin et al, and cells 172 

previously classified as outliers were removed (Usoskin et al., 2015).  Log10-transformed 173 

expression values for each gene in the Ube3a locus (chr7:59,223,946–60,142,803 in 174 

the mm10 mouse reference genome) were averaged for each cell type and visualized in 175 

the Integrative Genomics Viewer (IGV) (Robinson et al., 2011).  The expression of 176 

Ube3a-ATS was estimated for each of the 622 single cells by averaging the log10 177 

expression values for 18 of the genes in this locus whose expression was non-zero:  178 

Snurf, Ube3a, D7Ertd715e, Snrpn, Snord116l2_loc10, Snord116_loc4, 179 

Snord116l1_loc1, Snord116l1_loc3, A230073K19Rik, Snord116_loc8, Snord116l1_loc9, 180 

Snord64, Snord116l2_loc5, Snord116_loc3, Snord116l2_loc4, Snord116_loc2, Ipw, and 181 
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C230091D08Rik.  These 18 genes serve as a proxy for Ube3a-ATS, since current 182 

single-cell gene expression methodologies are not strand-specific, and thus cannot 183 

discriminate between sense and antisense transcription.  For the association test 184 

between Ube3a-ATS expression and Nefh expression, Nefh-high and Nefh-low groups 185 

were defined by log10 expression in single cells higher or lower than 1.25, respectively. 186 

 187 

Behavioral testing 188 

Ube3a knockout mice were originally generated in the lab of A. Beaudet (Jiang et al., 189 

1998).  The Ube3a-floxed (Ube3aFLOX) mice were engineered at the UNC Animal 190 

Models Core (Berrios et al., 2016; Judson et al., 2016).  The Ube3aFLOX/p+ female mice 191 

were crossed with Advillin-Cre–/– male mice (Hasegawa et al., 2007) to yield 192 

Ube3aFLOX/p+-Advillin-Cre+/– and Ube3a+/+-Advillin-Cre+/– mice.  Mice were tested at 3-4 193 

months of age.  Mechanical sensitivity was measured using the up-down method with 194 

calibrated von Frey filaments.  The cotton swab test utilizes the fluffed out end of a 195 

cotton swab that was gently brushed across the hindpaw (Garrison et al., 2012).  The 196 

frequency of responses to five brush strokes was calculated.  Thermal withdrawal 197 

latency was measured using a Hargreaves apparatus (IITC Inc.) with a 20 s cut-off.  For 198 

the tail immersion assay, each mouse was gently restrained in a towel, and the distal 199 

half of the tail was immersed into a water bath heated to 46.5°C or 49°C.  The latency to 200 

flick or withdraw the tail was measured once per mouse with a 40 s and 30 s cut-off, 201 

respectively.  In the hot plate assay, the mouse was placed onto a plate heated to 52°C 202 

and the latency to jump, shake, or lick the hindpaw was measured within the 30 s cutoff 203 

time.  For the cold tail immersion assay, the distal half of the tail was immersed into 204 
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75% ethanol cooled to -10°C.  The tail clip assay was performed as described 205 

previously (Lariviere et al., 2002).  Cold withdrawal was performed by placing the mice 206 

on a Hargreaves apparatus (IITC Inc.) (Brenner et al., 2012).  For the acetone test 207 

(Bautista et al., 2007), each mouse was placed into a Plexiglas chamber with a wire 208 

mesh floor. Acetone (50 μl) was administered to the left hindpaw, and the time spent 209 

licking was measured for 1 min.  For the texture discrimination assay, mice were placed 210 

into a plastic rodent cage where one half was empty (plastic floor) while the other half 211 

floor was covered with water, gravel (All Purpose Gravel, Quikrete, Atlanta, GA), 212 

smooth aquarium stones, sand (All Purpose Sand, Quikrete), or standard bedding (1/4” 213 

cob bedding, The Andersons, Maumee, OH).  The mice were allowed to explore the 214 

chamber for 300 s (5 minutes).  The amount of time spent in the novel texture and the 215 

number of entries was recorded.  For the rotarod assay, mice were placed on an 216 

accelerating rotarod. The speed was slowly increased from 3 rpm to 30 rpm over a 5 217 

minute period.  A trial was considered over when the mouse either fell off the rotarod or 218 

failed to remain on top.  A two minute break separated the first and second trials.  The 219 

task was repeated 48 h later. 220 

 221 

Experimental design and statistical analysis 222 

Male mice were used for in situ and immunostaining.  Male and female mice were used 223 

in all behavior experiments with the n of each sex written in the figure legends.  A two-224 

tailed Student’s t-test was used to test for statistical significance between WT and 225 

global/conditional Ube3a mutant mice using EXCEL 2016 (denoted in the figure legends 226 

for Fig 5, Fig 6, Fig 8 and Fig 9). 227 
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 228 

Image analysis 229 

Six sections of lumbar DRG per Ube3am+/p-YFP mouse (n = 3) were analyzed for co-230 

expression of UBE3A-YFP and various markers.  Only those neurons with obvious 231 

UBE3A-YFP+ nuclei were evaluated for marker co-localization.  At least 1,000 UBE3A-232 

YFP+ neurons were analyzed per mouse per marker combination.  Values of percent 233 

colocalization are expressed as the average number of neurons per section ± S.E.M.  234 

Four lumbar sections were examined for the in situ using ImageJ.  Images were 235 

embedded with a scale bar and used to convert pixels2 to μm2.  Diameters were 236 

measured by drawing a line across each NeuN+ neuron.  Each image was thresholded 237 

to determine the weak and strong Ube3a-ATS expressing NeuN+ neurons. 238 

  239 
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Results 240 

Monoallelic expression of Ube3a in large, but not small, diameter DRG neurons 241 

Previous studies examined Ube3a expression in various brain regions and the spinal 242 

cord (Huang et al., 2014; Judson et al., 2014), where the paternal copy of Ube3a is 243 

silenced by paternal Ube3a-ATS (Rougeulle et al., 1998; Yamasaki et al., 2003).  To 244 

evaluate allelic expression of Ube3a in the DRG, we immunostained lumbar DRG 245 

sections from Ube3am+/p+ (wild-type; WT) and Ube3am–/p+ (AS model) mice for UBE3A 246 

protein (Fig 1).  We found that UBE3A was present in all DRG neurons of Ube3am+/p+ 247 

mice (Fig 1A,B) and was generally present in smaller, but not larger, diameter neurons 248 

of Ube3am–/p+ (AS) mice (Fig 1C,D).  Similar results were obtained using sacral DRG 249 

sections (data not shown).  These data are consistent with monoallelic expression of 250 

maternal Ube3a in most large diameter, heavily myelinated, neurofilament-rich neurons, 251 

and with biallelic expression of Ube3a in small diameter, unmyelinated, neurofilament-252 

negative neurons. 253 

 254 

Paternal Ube3a colocalizes with nociceptive neuron markers 255 

To determine which small diameter neurons express paternal Ube3a, we 256 

immunostained DRG sections from Ube3am+/pYFP  mice—which express UBE3A-YFP 257 

from the paternal allele (Dindot et al., 2008)—with antibodies to GFP and sensory 258 

neuron markers:  IB4-binding, CGRP, and neurofilament-200 (NF200).  IB4-binding 259 

marks small-diameter, unmyelinated, nonpeptidergic nociceptive neurons (Zylka et al., 260 

2005; Cavanaugh et al., 2009).  CGRP marks small-diameter, unmyelinated nociceptive 261 

neurons, and medium-diameter, thinly myelinated neurons (Lawson et al., 2002; McCoy 262 
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et al., 2013).  NF200 marks medium- and large-diameter myelinated neurons, including 263 

proprioceptors, mechanoreceptors, and nociceptors (Fundin et al., 1997).  We found 264 

that paternal UBE3A-YFP was expressed in 76% of all IB4-binding neurons, 35% of all 265 

CGRP+ neurons, and 22% of all NF200+ neurons (NF200; Fig 2A-L, Table 1).  Given 266 

that most large-diameter NF200+ neurons did not express paternal UBE3A-YFP, but do 267 

contain UBE3A (Fig 1), these data also support monoallelic, maternal Ube3a expression 268 

in large-diameter sensory neurons. 269 

 270 

Strong Ube3a-ATS expression in large-diameter DRG neurons 271 

Ube3a-ATS blocks paternal Ube3a expression in cis, so we hypothesized that Ube3a-272 

ATS might be expressed at higher levels in large-diameter neurons.  Indeed, using in 273 

situ hybridization, strong staining for Ube3a-ATS was detected in a greater percentage 274 

(36.2%) of large-diameter neurons (soma diameter >25 μm) than small-diameter 275 

neurons (5.1%, soma diameter <25 μm) (Fig 3A-C).  Moreover, most (94.9%) small-276 

diameter neurons had weak to no Ube3a-ATS signal.  We also examined colocalization 277 

of Ube3a-ATS and paternal UBE3A-YFP protein (Fig 3D-F).  We found that Ube3a-ATS 278 

was expressed at low levels in paternal UBE3A-YFP+ neurons but was expressed at 279 

high levels in UBE3A-YFP- neurons (Fig 3D,F).  Collectively, our data indicate that 280 

neurons with the highest level of Ube3a-ATS monoallelically express Ube3a, while 281 

neurons with weak to no Ube3a-ATS biallelically express Ube3a.  These data support a 282 

mechanism whereby Ube3a-ATS blocks full-length expression of paternal Ube3a in cis 283 

in large-diameter DRG neurons, similar to neurons in the central nervous system (Meng 284 

et al., 2013), but does not block paternal Ube3a expression in small-diameter neurons.    285 
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 286 

Ube3a-ATS is expressed in neurofilament-rich sensory neurons  287 

Eleven molecularly distinct cell types were identified in the DRG using single cell RNA 288 

sequencing (Usoskin et al., 2015).  These cell types were classified into four broad 289 

subtypes based on neurofilament heavy chain (NF; Nefh), and markers of non-290 

peptidergic (NP), peptidergic (PEP), and tyrosine hydroxylase-positive (TH) neurons.   291 

We hypothesized that these data could be re-analyzed to ascertain which DRG cell 292 

types expressed Ube3a-ATS, and hence likely express Ube3a monoallelically.  We 293 

estimated Ube3a-ATS levels from 18 genes in the Ube3a-ATS locus, including some 294 

isoforms of Snord116, which are contiguous with Ube3a-ATS based on knockdown 295 

studies (Meng et al., 2014), and additional paternally expressed genes in the immediate 296 

vicinity (such as Ipw and Snrpn; see Methods for complete list).  These Ube3a-ATS 297 

proxy genes were expressed at the highest level in neurofilament-rich cell types (NF1-5, 298 

PEP2) (Fig 4).  As previously noted (Usoskin et al., 2015), NF1-3 are low-threshold 299 

mechanoreceptors based on expression of Nefh, Calb1, Ntrk2 (TrkB), Ret, and Ntrk3 300 

(TrkC), while NF4-5 are proprioceptors based on expression of Nefh, Ntrk3low, and 301 

parvalbumin (PV).  PEP2 neurons expressed Ntrk1, Nefh, and Calca (encodes 302 

CGRPα), and these neurons are presumably thinly myelinated Aδ high-threshold 303 

mechanical nociceptors (Bai et al., 2015).  In contrast, Ube3a-ATS proxy genes were 304 

expressed at low to undetectable levels in a majority of NEFH-negative unmyelinated 305 

cell types (NP1-3, PEP1, and TH neurons).  NP1-3 and PEP1 cell types are involved in 306 

pruritus and nociception, while TH neurons are low-threshold mechanoreceptors and 307 

sense pleasurable touch (Li et al., 2011). 308 
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 309 

Ube3am–/p+ mice show enhanced sensitivity to noxious heat and mechanical 310 

stimuli 311 

Ube3am–/p+ (AS) mice have deficits in sociability, acquisition and reversal learning, motor 312 

function, and fear conditioning (Huang et al., 2014).  However, somatosensation and 313 

nociception were not previously examined in AS mice.  We thus tested WT and AS mice 314 

using innocuous and noxious mechanical stimuli (Fig 5A-C) and noxious thermal stimuli 315 

(Fig 5D-F).  We found that WT and AS mice responded similarly to von Frey filaments 316 

applied to the hindpaw (Fig 5A).  In contrast, AS mice showed an enhanced response to 317 

tail clip, a noxious mechanical stimulus (Fig 5B).  WT and AS mice responded similarly 318 

to light touch (cotton swab assay; Fig 5C). 319 

We examined noxious thermal sensitivity by immersing the distal tail into water 320 

heated to 46.5°C or 49°C (Fig 5D,E) and quantified the latency to flick.  AS mice 321 

showed enhanced responses at both temperatures compared to WT mice (Fig 5D, E).  322 

However, no differences were found in the Hargreaves test (radiant heating of hindpaw, 323 

Fig 5F) or on a hot plate (52°C; data not shown).  Additionally, WT and AS mice 324 

responded similarly to cold stimuli, including the cold plantar assay (Brenner et al., 325 

2012), tail immersion at -10ºC, and acetone-evoked evaporative cooling of the hindpaw 326 

(data not shown).  These data demonstrate that global maternal loss of Ube3a 327 

enhances nociception in AS mice when stimuli are applied to the tail.  328 

 329 

Ube3am–/p+ mice displayed heightened aversion to novel tactile environments 330 
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Some individuals with AS show an unusual attraction to or fascination with water and 331 

crinkly items (Pelc et al., 2008).  We thus gave WT and Ube3am–/p+ mice the opportunity 332 

to explore and discriminate novel tactile environments.  Mice were placed in the empty 333 

half of a plastic cage, while the other half contained a thin layer of water, gravel, smooth 334 

stone, sand, or bedding (Fig 6A inset).  Hydrophobic forces kept the water confined, so 335 

no physical barrier was needed.  The amount of time spent on each side and the 336 

number of entries was measured over the 300 s test period (Fig 6A,B).  WT and 337 

Ube3am–/p+ mice spent considerably less time exploring the water side relative to the 338 

empty plastic side, suggesting all mice show a strong aversion to water.  Ube3am–/p+ 339 

mice spent significantly less time in most of the novel tactile environments when 340 

compared to WT mice (Fig 6A) and entered most of the novel tactile environments 341 

significantly less often than WT mice (Fig 6B).  These data suggest that global loss of 342 

Ube3a heightens aversion to novel tactile environments.  Future studies will be required 343 

to tease out whether this phenotype is due to heightened somatosensory sensitivity, like 344 

we observed (Fig 5), heightened anxiety (Pelc et al., 2008; Silva-Santos et al., 2015), 345 

and/or other factors.  346 

 347 

Conditional deletion of maternal Ube3a in the DRG does not impair nociception 348 

We next sought to determine if the enhanced nociceptive phenotypes in AS mice were 349 

due to maternal loss of Ube3a in sensory neurons.  To conditionally delete maternal 350 

Ube3a only in sensory ganglia, we crossed homozygous male Advillin-Cre mice with 351 

female Ube3aFLOX/p+ mice (Hasegawa et al., 2007; Minett et al., 2012; Berrios et al., 352 

2016).  Using immunohistochemistry, we confirmed that UBE3A was eliminated in large-353 
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diameter neurons of Ube3aFLOX/p+ mice, which express maternal Ube3a, but was not 354 

eliminated in small-diameter neurons which biallelically express Ube3a (Fig 7A-D).  355 

However, no significant differences were observed between WT and conditional 356 

maternal Ube3a knockout (Ube3aFLOX/p+) mice in thermal or mechanical sensitivity (Fig 357 

8A-F), with assays that probe cold sensitivity (cold tail immersion, cold plantar, and 358 

acetone-evoked evaporative cooling tests, data not shown), or in the spared nerve 359 

injury model of neuropathic pain (equal levels of allodynia were present on day 7 and 14 360 

post injury, data not shown).  These data suggest that the enhanced nociceptive 361 

phenotypes seen in AS mice are caused by loss of maternal Ube3a in the central 362 

nervous system, where expression is primarily monoallelic, and not due to loss or 363 

haploinsufficiency of UBE3A in peripheral sensory neurons. 364 

 365 

Ube3aFLOX/p+ mice show no deficits in the rotarod assay or tactile discrimination 366 

The Ube3am–/p+ mice spent less time in novel tactile environments relative to WT mice 367 

(Fig 6).  To determine if this phenotype was due to loss of Ube3a in the DRG, we tested 368 

Ube3aFLOX/p+ mice in the tactile discrimination assay.  We observed no significant 369 

differences between WT and Ube3aFLOX/p+ mice in either the number of entries or the 370 

amount of time spent in novel tactile environments (Fig 9A,B).  WT and Ube3aFLOX/p+ 371 

mice also showed no significant differences in a texture novel object recognition task 372 

(data not shown) (Orefice et al., 2016).  These data suggest the heightened aversion 373 

Ube3am–/p+ mice displayed to novel tactile environments is centrally, not peripherally, 374 

mediated. 375 
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Previous studies examining Ube3am–/p+ mice found deficits in the rotarod assay 376 

(Jiang et al., 1998; Huang et al., 2014), which could have a proprioceptive component.  377 

To determine if conditional deletion of maternal Ube3a in sensory neurons affected 378 

rotarod performance, we tested WT and Ube3aFLOX/p+ mice using the rotarod assay (Fig 379 

9C).  There was no change in the latency to fall off between the first and second trial, 380 

suggesting no motor or proprioceptive deficits in Ube3aFLOX/p+ mice.  381 



19 
 

 19 

Discussion 382 

Our study demonstrates that the mouse DRG contains a mixed population of Ube3a-383 

expressing neurons; some express Ube3a monoallelically from the maternal allele, like 384 

in the brain, and others express Ube3a biallelically, like in non-neuronal and immature 385 

neuron cell types (Jones et al., 2016; Judson et al., 2014).  Most large-diameter 386 

neurons express Ube3a monoallelically and contain high levels of Ube3a-ATS, 387 

suggesting that paternal Ube3a expression is restricted in large-diameter DRG neurons 388 

by transcriptional collision of sense and antisense RNA polymerases, as occurs in the 389 

central nervous system (Meng et al., 2013).  A boundary element within Ube3a-ATS is 390 

hypothesized to control whether the Ube3a-ATS transcript terminates in the vicinity of 391 

Ipw and Snord116 genes, permitting paternal Ube3a expression in non-neuronal cells, 392 

or extends further 3’, blocking paternal Ube3a expression in mature neurons (Martins-393 

Taylor et al., 2013).  Genetic or pharmacological truncation of Ube3a-ATS can 394 

unsilence paternal Ube3a (Huang et al., 2011; Meng et al., 2013; Powell et al., 2013; 395 

Meng et al., 2014), strongly indicating that transcription of Ube3a-ATS blocks paternal 396 

Ube3a expression in cis.  Future studies with small- and large-diameter DRG neurons 397 

could provide new insights into Ube3a-ATS transcript extension, the nature of the 398 

boundary element, and identify mechanisms that differentially regulate paternal Ube3a 399 

expression in different cell types.  One might predict, for example, that molecular 400 

resection of the boundary element, or drugs that reduce Ube3a-ATS expression (Huang 401 

et al., 2011; Meng et al., 2014), will more noticeably elevate UBE3A levels in large- but 402 

not small-diameter neurons.   403 
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 Small-diameter DRG neurons biallelically express Ube3a, contain markers of 404 

nociceptive neurons (IB4, CGRP), and lack NF200, while many larger diameter DRG 405 

neurons monoallelically express Ube3a and are neurofilament heavy chain-rich 406 

(NF200+).  Furthermore, neurofilament heavy chain (Nefh) expression was strongly 407 

associated with Ube3a-ATS expression at the single cell level (p = 2.003e-19; t-test, 408 

Ube3a-ATS expression in Nefh-high versus Nefh-low DRG neurons), suggesting Nefh-409 

high or Nelfh-low expression marks DRG neurons with monoallelic or biallelic Ube3a 410 

expression, respectively.  Nefh is a marker of mature neurons (Carden et al., 1987), so 411 

this correlation could extend to other markers of neuronal maturity (Jones et al., 2016).    412 

 Additionally, we found that responses to noxious thermal and mechanical stimuli 413 

applied to the tail, but not hindpaw, were enhanced in AS mice.  Despite monoallelic 414 

expression of Ube3a in many large-diameter DRG neurons, including CGRP+ 415 

myelinated high-threshold mechanoreceptors (PEP2 subset), these enhanced sensory 416 

responses were not likely due to loss of maternal Ube3a in peripheral sensory neurons, 417 

as these sensory phenotypes were not observed following DRG-selective deletion of 418 

maternal Ube3a.  While we cannot rule out possible effects on the functional properties 419 

of cutaneous afferents, our data suggest that enhanced nociceptive responses in AS 420 

mice are most likely due to maternal loss of Ube3a in mature neurons of the central 421 

nervous system, where Ube3a expression is maternal and monoallelic.  Maternal loss of 422 

Ube3a has the potential to affect many brain regions where Ube3a is monoallelically 423 

expressed and where pain signals are processed, including the somatosensory cortex, 424 

periaqueductal gray matter, amygdala, and hypothalamus (Jiang et al., 1998; Rougeulle 425 

et al., 1998; Landers et al., 2004; Lalande and Calciano, 2007; Dindot et al., 2008; 426 
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Wallace et al., 2012).  Disruption of synapse function and maturation, as occurs in AS 427 

mice, could alter sensory input and processing.  Additionally, loss of Ube3a early in 428 

development could affect nociceptive signaling into adulthood (Fitzgerald, 2005).  429 

Future studies will be needed to resolve whether the nociceptive phenotypes observed 430 

here are due to global loss of maternal Ube3a throughout development, if phenotypes 431 

are dependent on combined loss of maternal Ube3a in both peripheral and central 432 

neurons, or if phenotypes can be recapitulated following adult- and central nervous 433 

system-selective maternal Ube3a deletion. 434 

 We found that nociceptive responses were enhanced in the warm tail immersion 435 

(46°C and 49.5°C) assay and the tail clip assay but nociception was not enhanced when 436 

similar stimuli were applied to the hindpaw.  The tail is innervated by sacral DRG 437 

neurons while the hindpaw is innervated by lumbar DRG neurons.  We found that 438 

Ube3a is biallelically expressed in small-diameter neurons and maternally expressed in 439 

large-diameter neurons in lumbar and sacral DRG. Thus, a discrepancy in Ube3a 440 

expression between sacral and lumbar DRG is unlikely to contribute to phenotype 441 

discrepancies in tail and hindpaw focused assays.  Other groups found that sensory 442 

phenotypes differ between the tail and hindpaw.  For example, loss of Nav1.8 increased 443 

Randall-Selitto response threshold when applied to the tail but not to the hindpaw 444 

(Minett et al., 2014).  Furthermore, tail and hindpaw thermal reflex responses are 445 

processed differently in the central nervous system.  For example, central 446 

intracerebroventricular administration of morphine antagonizes the tail reflex response 447 

(Suh et al., 1989).  Intrathecal administration of serotonergic and adrenergic receptor 448 

antagonists differentially interfere with this morphine response on tail reflex but not hot 449 
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plate reflex responses (Suh et al., 1989).  As another example, administration of 450 

muscimol, a GABA antagonist, into the midbrain reticular formation produced analgesia 451 

for the hot plate but not for the tail flick test (Baumeister and Frye, 1986).  These data 452 

support the notion that tail and hindpaw reflexive responses are processed differently in 453 

the central nervous system.  Global, but not sensory-neuron specific, loss of maternal 454 

Ube3a may thus differentially impact central circuits that process nociceptive 455 

information from the tail and the hindpaw. 456 

 One of the most reproducible phenotypes in AS mice is impaired balance and 457 

impaired locomotion on the rotarod (Huang et al., 2014).  Of the DRG neuron subtypes, 458 

proprioceptors (NF4 and NF5) have the highest level of Ube3a-ATS expression, and 459 

hence likely express maternal but not paternal Ube3a.  The neurobiological basis of 460 

motor deficits in AS individuals and AS mice has not been resolved, but does not 461 

involve the cerebellum (Bruinsma et al., 2015).  While deficits in proprioception can 462 

affect balance and motor performance, Ube3aFLOX/p+ mice showed no deficit in the 463 

rotarod assay, suggesting motor phenotypes in AS mice are not due to loss of maternal 464 

Ube3a in proprioceptive neurons. 465 

  Our study, which makes use of reflexive responses to noxious and innocuous 466 

stimuli, indicates that global loss of maternal Ube3a enhances some forms of 467 

nociception in mice.  This finding has implications for individuals with AS who, based on 468 

parent reports, show the opposite—a seemingly slow response to pain (Artigas-Pallares 469 

et al., 2005; Walz and Baranek, 2006; Pelc et al., 2008).  Given severe intellectual 470 

disability and lack of speech, individuals with AS may have difficulty interpreting pain 471 

signals and/or communicating their feelings appropriately to caregivers.  Alternatively, 472 
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the AS mouse model may not recapitulate somatosensory/pain phenotypes associated 473 

with AS.  In light of our findings, a more rigorous and quantitative assessment of pain 474 

sensitivity in AS individuals is warranted.  Future studies could include functional 475 

imaging of pain-related brain regions, to evaluate whether activation of these regions is 476 

impaired or if activation is enhanced, as might be predicted from our study. 477 
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Figure Legends 671 

Figure 1:  Expression of Ube3a in the DRG.  Immunostaining of UBE3A and NeuN in 672 

lumbar DRG from A,B) WT (Ube3am+/p+) and C,D) AS (Ube3am–/p+) mice.  Scale bar, 50 673 

μm. 674 

 675 

Figure 2:  Expression of paternal UBE3A-YFP (Ube3am+/pYFP) relative to DRG 676 

neuron markers.  A,D,G,J) UBE3A-YFP detected with GFP antibody in DRG sections 677 

and co-labeled with: B) NeuN, E) IB4, H) CGRP, K) NF200.  C,F,I,L) Merged images.  678 

Scale bar, 50 μm. 679 

 680 

Figure 3:  Ube3a-ATS is highly expressed in large-diameter DRG neurons.  A) in 681 

situ hybridization with an Ube3a-ATS probe in DRG.  B) Merged with NeuN image.  C) 682 

Table of each marker as a percent of NeuN+ neurons greater than and less than 25 μm.  683 

D) In situ hybridization with Ube3a-ATS probe (green) and immunostained for IB4 (red) 684 

and UBE3A-YFP (blue).  E) Co-staining for UBE3A-YFP and DAPI, expanded from box 685 

in D).  F)  Merged image from box in D).  Scale bar in D) is 50 μm. 686 

 687 

Figure 4: Single cell analysis of Ube3a-ATS expression in DRG.  A) Expression of 688 

genes near Ube3a (chr7:59,223,946–60,142,803) in eleven DRG cell types, defined by 689 

single cell transcriptomics (Usoskin et al., 2015).  Expression values were log10-690 

transformed and averaged across all single cells for each cell type.  Arrows depict 691 

direction of transcription.  Longer intergenic regions (dashed lines) are not shown.  692 

Asterisks indicate isoforms of Snord116 that are primarily expressed in neurofilament-693 
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heavy (NEFH; NF+) cells types, which include PEP2.  B) Expression of Ube3a-ATS 694 

across all 622 single cells of the DRG using the average expression of 18 genes that 695 

serve as a proxy for Ube3a-ATS expression.  Horizontal lines depict the average 696 

expression across each of the single cells of a given cell type.  697 

 698 

Figure 5:  Ube3am–/p+ mice show enhanced responses to noxious mechanical and 699 

heat stimuli.  Ube3am–/p+ mice were tested with mechanical stimuli: A) von Frey 700 

filaments of increasing force B) tail clip (p = 0.00054), and C) cotton swab.  Mice were 701 

also tested with noxious heat stimuli: D) tail immersion 46.5°C (p = 0.00053), E) tail 702 

immersion 49°C (p = 6.30 x 10-6), and F) radiant heating of hindpaw with Hargreaves 703 

apparatus.  T-tests were used to compare responses between WT and  Ube3am–/p+ 704 

mice.  n=10-12 males and 2-4 females/group, 12 weeks old. 705 

 706 

Figure 6:  Ube3am–/p+ mice show heightened aversion to novel tactile 707 

environments.  A) WT and Ube3am–/p+ mice were placed into the empty half of a rodent 708 

cage (inset).  The other half contained a novel tactile environment (water, gravel, 709 

smooth stone, sand, or bedding).  A) The amount of time spent exploring the novel 710 

environment (water p = 0.014; sand p = 0.0091; bedding p = 0.00053) and B) the mean 711 

number of entries into the novel environment was measured (water p= 0.003; gravel p = 712 

0.029; sand p = 0.0048; bedding p = 0.022).  Dashed line in A) denotes half of the total 713 

trial time.  Image of gravel, smooth stone, and sand used in texture assay are inset in 714 

B).  T-tests were used to compare responses between WT and  Ube3am–/p+ mice.   715 

 716 
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Figure 7:  Conditional deletion of maternal Ube3a in mouse DRG with Advillin-Cre.  717 

Immunostaining of UBE3A and NeuN in lumbar DRG from A,B) WT (Ube3am+/p+ Advillin-718 

Cre+/– ) and C,D) Ube3aFLOX/p+ Advillin-Cre+/– mice.  Scale bar in D) is 50 μm.  Confocal 719 

gain settings were equivalent to permit comparison of staining intensity between A,B 720 

and C,D. 721 

 722 

Figure 8:  Conditional deletion of maternal Ube3a in somatosensory neurons 723 

does not alter nociceptive responses to mechanical or thermal stimuli.  724 

Ube3aFLOX/p+ mice were tested with mechanical stimuli: A) von Frey filaments, B) tail 725 

clip, and C) cotton swab.  Mice were also tested with noxious heat stimuli: D) tail 726 

immersion 46.5°C, E) tail immersion 49°C, and F) radiant heating of the hindpaw.  T-727 

tests were used to compare responses between WT and  Ube3aFLOX/p+ mice.  n=10 728 

males and 4 females/group, 10-13 weeks old. 729 

 730 

Figure 9:  Conditional deletion of maternal Ube3a in somatosensory neurons 731 

does not impair tactile discrimination or rotarod performance.  A) The amount of 732 

time spent exploring the novel environment and B) mean number of entries into the 733 

novel environment.  Dashed line in A) denotes half of the total trial time.  C) Latency to 734 

fall from an accelerating rotarod.  A retest was performed 48 h after the first test.  n=3-4 735 

males and 3-4 females/group.  T-tests were used to compare responses between WT 736 

and  Ube3aFLOX/p+ mice.  No significant differences between groups. 737 

 738 
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Table 1.  Percent colocalization of paternal UBE3A-YFP with nociceptive markers 
in DRG neurons. 

 
Marker %YFP+ that 

is Marker+ 
%Marker+ 

that is YFP+ 

IB4 42.5 ± 1.7 75.9 ± 4.5 
CGRP 31.0 ± 3.3 34.5 ± 4.4 
NF200 17.2 ± 0.7 22.4 ± 0.6 


