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ABSTRACT 34 

Hyperekplexia, an inherited neuronal disorder characterized by exaggerated startle 35 

responses with unexpected sensory stimuli, is caused by dysfunction of glycinergic inhibitory 36 

transmission.  From analysis of newly identified human hyperekplexia mutations in the glycine 37 

receptor (GlyR) α1 subunit, we found that an alanine-to-proline missense mutation (A384P) 38 

resulted in substantially higher desensitization level and lower agonist sensitivity of homomeric 39 

α1 GlyRs when expressed in HEK cells.  The incorporation of the β subunit fully reversed the 40 

reduction in agonist sensitivity and partially reversed the desensitization of α1A384P.  The 41 

heteromeric α1A384Pβ GlyRs showed enhanced desensitization but unchanged agonists-induced 42 

maximum responses, surface expression, main channel conductance, and voltage-dependence 43 

compared with that of the wild-type α1β (α1WTβ) GlyRs.  Co-expression of the R392H and 44 

A384P mutant α1 subunits, which mimic the expression of the compound heterozygous mutation 45 

in a hyperekplexia patient, resulted in channel properties similar to those with α1A384P subunit 46 

expression alone.  In comparison, another human hyperekplexia mutation α1P250T, which was 47 

previously reported to enhance desensitization, caused a strong reduction in maximum currents 48 

in addition to the altered desensitization.  These results were further confirmed by 49 

overexpression of α1P250T or α1A384P subunits in cultured neurons isolated from SD rats of either 50 

sex.  Moreover, the IPSC-like responses of cells expressing α1A384Pβ induced by repeated glycine 51 

pulses showed a stronger frequency-dependent reduction than those expressing α1WTβ.  Together, 52 

our findings demonstrate that A384 is associated with the desensitization site of the α1 subunit 53 

and its proline mutation produced enhanced desensitization of GlyRs, which contributes to the 54 

pathogenesis of human hyperekplexia.   55 

 56 
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SIGNIFICANCE STATEMENT 57 

Human startle disease is caused by impaired synaptic inhibition in the brainstem and 58 

spinal cord, which is due to either direct loss of GlyR channel function or reduced number of 59 

synaptic GlyRs.  Considering that fast decay kinetics of GlyR-mediated inhibitory synaptic 60 

responses, the question was raised whether altered desensitization of GlyRs will cause 61 

dysfunction of glycine transmissions and disease phenotypes.  Here, we found that the α1 subunit 62 

mutation A384P, identified from startle disease patients, results in enhanced desensitization and 63 

leads to rapidly decreasing responses in the mutant GlyRs when they are activated repeatedly by 64 

the synaptic-like simulation.  These observations suggest that the enhanced desensitization of 65 

postsynaptic GlyRs could be the primary pathogenic mechanism of human startle disease. 66 

 67 

INTRODUCTION 68 

Mutation in the glycine receptor (GlyR) α1 subunit is one of the major causes of human 69 

hyperekplexia, an inherited neurological disease characterized by exaggerated startle responses 70 

triggered by unexpected stimuli (Bode and Lynch, 2014).  Understanding the functional roles of 71 

these mutations will not only uncover physiological roles of GlyRs at the behavioral and synaptic 72 

levels, but also bridge a connection between the molecular structure and functional output of 73 

GlyRs.  Being the primary genetic target for hyperekplexia, new GlyR α1 mutations from 74 

patients have been reported (Bode and Lynch, 2014).  However, functional analysis of these 75 

mutant GlyRs is still lagging behind, and the association between the mechanistic aspects of 76 

channel function and the pathogenesis of hyperekplexia remain largely unexplored.   77 

Since the first identified mutation, R271L/Q, from hereditary hyperekplexia patients, 78 

researchers have revealed critical sites in the GlyR α1 subunit for channel gating, desensitization, 79 
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allosteric modulation, and membrane expression (Shiang et al., 1993; Langosch et al., 1994; 80 

Rajendra et al., 1995; Villmann et al., 2009; Zhou et al., 2013; Schaefer et al., 2015).  Functional 81 

analysis of missense hyperekplexia mutations and systematic screening of the flanking segments 82 

have helped to uncover the amino acid residues crucial to GlyR function.  For example, the α1 83 

subunit R271 residue, adjacent transmembrane segment 2 (TM2) and extracellular TM2-TM3 84 

linker are involved in channel gating (Langosch et al., 1994; Rajendra et al., 1995).  The 85 

intracellular TM1-TM2 linker containing the P250 residue is involved in both channel gating and 86 

desensitization (Saul et al., 1999).  Loop D and β-strands 2-3 in the extracellular domain, 87 

including residues W68, D70 and R72, have been shown to determine forward trafficking of 88 

GlyRs to the neuronal surface (Schaefer et al., 2015).  From these and other human mutations, it 89 

has been established that deficits in agonist affinity, channel gating, and membrane expression 90 

could directly impair the amplitude of GlyR-mediated currents at synapses, and were thereby 91 

causally linked to the pathogenesis of hyperekplexia.  Channel desensitization is also an 92 

important electrophysiological property that is involved in shaping the time course of fast 93 

synaptic transmission and controlling current flow (Jones and Westbrook, 1996; Keramidas and 94 

Lynch, 2013; Zhang et al., 2013).  However, GlyR mutations known to affect desensitization, 95 

including P250T and P230S, are also associated with deficits in other channel properties, such as 96 

agonist sensitivity or maximum responses (Saul et al., 1999; Bode et al., 2013).  Therefore, 97 

whether desensitization could be the primary causative link to hyperekplexia is still unclear.   98 

Interestingly, unlike glutamate receptors, the intracellular loops are considered one of the 99 

key entities for desensitization in several types of Cys-loop receptors, including GABAA 100 

receptors (GABAARs), 5-HT3A receptors and GlyRs (Hu et al., 2006; McKinnon et al., 2012; 101 

Gielen et al., 2015).  In GlyRs, the TM1-TM2 linker is important for desensitization because 102 
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several missense mutations in this segment affect desensitization (Lynch et al., 1997; Saul et al., 103 

1999; Breitinger et al., 2001).  Moreover, a group of studies has suggested involvement of the 104 

large TM3-TM4 intracellular loop (Nikolic et al., 1998; Papke and Grosman, 2014; Langlhofer et 105 

al., 2015), and a recent systematic study has further narrowed down the desensitization gate to 106 

the proximal region of the cytoplasmic end of TM3(Gielen et al., 2015).  Interestingly, TM4 does 107 

not appear to have a role, since incorporating TM4 of GlyR α1 into the non-desensitized ρ1 108 

GABAAR did not produce faster desensitization.  However, as TM4 and its neighboring 109 

intracellular segment participates in the control of channel conductance and desensitization in 110 

other Cys-loop receptors (like the 5-HT3A receptor) (Kelley et al., 2003; Hu et al., 2006), it is 111 

worth considering that the TM4 adjacent regions also contribute to GlyR desensitization. 112 

 113 

In the present study, we performed functional analysis of a newly identified 114 

hyperekplexia mutation α1A384P located in the TM3-TM4 linker (Mine et al., 2015).  115 

Interestingly, we found that α1A384P strongly enhanced GlyR desensitization, indicating a new 116 

desensitization site at the cytoplasmic end of TM4 and a link between GlyR desensitization and 117 

the cause of human hyperekplexia.   118 

 119 

MATERIALS AND METHODS 120 

cDNA constructs and transfection 121 

Wild-type (WT) human GlyR α1 (hGlra1) and GlyR β (hGlrb) cDNAs were subcloned 122 

into the pBK-CMV NB-200 expression vector (Liu et al., 2010; Zhou et al., 2013).  Mutant α1 123 

subunit plasmids were constructed by site-directed mutagenesis of hGlra1.  The sequences of all 124 

plasmids were confirmed by automated DNA sequencing.  HEK293T cells (6×105) were 125 
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transfected with purified plasmids encoding the WT or mutant GlyR α1 subunit alone or with β 126 

subunits (1:5; total plasmid amount 1.2-2.5 μg) and were delivered into HEK293T cells either by 127 

using X-tremeGENE9 DNA transfection Reagent (Roche Diagnostics, Indianapolis, IN) or  128 

electroporation (NEPA21, NEPA GENE).  A small amount (0.2 μg) of pcDNA3-GFP was co-129 

transfected along with GlyR subunits to act as a transfection marker and facilitate the 130 

visualization of transfected cells during electrophysiological experiments.  After transfection, 131 

cells were re-plated on poly-D-lysine-coated glass coverslips and were grown in DMEM in 24-132 

well plates for 16-48 h before patch-clamp recordings.  After all except single channel recording 133 

experiments and pulse application experiments, the α1 and α1β subunit compositions of GlyRs 134 

were confirmed by their shifted sensitivity to picrotoxin.   135 

 136 

Neuronal culture and overexpression 137 

Cultured dorsal root ganglion (DRG) neurons were prepared from DRGs of adult SD rats 138 

of either sex while deeply anesthetized with urethane.  The spinal column was excised, and the 139 

DRGs were dissected out carefully.  The meninges were removed, and DRGs were cut into small 140 

even pieces and incubated with 1 % collagenase opti-MEM solution for 1 hours and combined 141 

with 0.1% typsin for another 30 mins.  All isolated DRG neurons were centrifuged at 3000 rpm 142 

for 5 mins and resuspended in 150 μl opti-MEM for electroporation with GlyR WT or A384P 143 

mutant α1 subunits with or without β subunits.  Electroporation was performed by using 144 

NEPA21 electroporator with the following parameters: 2 pulses with 50 ms intervals (pulse 145 

voltage: 250 volt, pulse length 1 ms) for poring pulse; 5 pulses with 50 ms interval (pulse voltage: 146 

20 volt, pulse length 50 ms) for transfer pulse.  After electroporation, DRG neurons were seeded 147 
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on coverslips pre-coated with poly-D-lysine.  Electrophysiological recordings were performed 148 

after seeding 48 hours. 149 

Cultured cortical neurons were prepared from neocortex of day 18 fetal SD rats (from 150 

embryos of either sex) as described previously (Liu et al., 2010).  Rat cerebral cortex was 151 

digested with a 0.25% trypsin solution (wt/vol) (Invitrogen) for 20 min at 37 °C and then 152 

mechanically dissociated using a fire-polished Pasteur pipette.  The cell suspension was then 153 

centrifuged at 2,000 g for 10 mins, and the cell pellets were resuspended in DMEM containing 154 

10% fetal bovine serum (vol/vol).  Cells were seeded onto poly-D-lysine–coated 24-well 155 

coverslips at a density of 6 × 104 cells per well.  Cultures were maintained in a humidified 156 

incubator with 5% CO2 at 37 °C.  After two hours, plating medium was changed to Neurobasal 157 

medium supplemented with B-27 and L-glutamine.  The media was changed twice weekly 158 

thereafter.  Three days after plating, neurons were transiently transfected with WT or mutant α1 159 

subunits, β subunits (1:5), and GFP (total plasmid amount 1-1.5 μg) with Lipofectamine 2000 160 

according to the manufacturer's protocols.  Electrophysiological recordings were performed 24-161 

48 hours after transfection. 162 

 163 

Whole-cell patch-clamp recordings 164 

Whole-cell recordings were performed under voltage-clamp mode using an Axopatch 165 

200B (Molecular Devices, CA, USA) as described previously (Zhou et al., 2013).  Whole-cell 166 

currents were recorded with a holding potential of −60 mV, and signals were low-pass filtered at 167 

2 kHz and digitized at 10 kHz (Digidata 1440A).  Recording pipettes (3–5 MΩ) were filled with 168 

intracellular solution that contained (in mM): 140 CsCl, 10 HEPES, 4 Mg-ATP and 0.5 BAPTA 169 

(pH 7.20, osmolarity, 290–295 mOsm).  The coverslips were continuously superfused with the 170 
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extracellular solution containing (in mM): 140 NaCl, 5.4 KCl, 10 HEPES, 1.0 MgCl2, 1.3 CaCl2 171 

and 20 glucose (pH 7.4, 305-315 mOsm).  To evoke glycine currents, we used fast perfusion of 172 

glycine and other agonists with a computer-controlled multibarrel fast perfusion system (Warner 173 

Instruments, CT, USA).  All experiments were performed at 23-25 °C.  Maximum currents (Imax) 174 

were evoked by the saturated concentration of the agonist as determined by the concentration-175 

response curves.   176 

 177 

Single Channel Recording  178 

Single-channel currents from cell-attached patches were recorded in an external solution 179 

containing (in mM): 140 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 10 glucose, and 10 HEPES (pH 7.4).  180 

During recording, 1 mM glycine was present in the pipette solution that consisted of (in mM): 181 

120 NaCl, 5 KCl, 10 MgCl2, 0.1 CaCl2, 10 glucose, and 10 HEPES (pH 7.4).  Micropipette 182 

potential was held at +100 mV.  Single channel currents were amplified and low-pass filtered at 183 

2 kHz using an Axopatch 200B amplifier, digitized at 20 kHz using Digidata 1550 and saved 184 

using pCLAMP 10.4 (Axon Instruments).  Data were analyzed offline using TAC 4.2 and 185 

TACFit 4.2 (Bruxton Corporation) software.  Single-channel open and closed events were 186 

analyzed using the 50% threshold detection method and visually inspected before accepting the 187 

events.  Single-channel openings occurred as bursts of one or more openings or clusters of bursts.  188 

Duration and amplitude histograms were generated using TACFit 4.2 (Bruxton Corporation, 189 

Seattle, WA, USA).  Single-channel amplitudes (i) were calculated by fitting all-point 190 

histograms with single- or multi-Gaussian curves.  The difference between the fitted ‘closed’ and 191 

‘open’ peaks was taken as i.  Duration histograms were fitted with exponential components in the 192 
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form: ∑(ai/τi)exp(–t/τi), where a and τ represent the relative area and time constant of the ith 193 

component, respectively, and t is the time.   194 

 195 

Surface biotinylation  196 

HEK293T cells were transfected with α1, β, and GFP at a ratio of 1:5:0.5, and surface 197 

biotinylation was carried out 24 h after transfection.  The cells were rinsed with cold PBS and 198 

incubated with PBS containing 0.5 mg/ml Sulfo-NHS-SS-biotin (Thermo Fisher Scientific) for 199 

one hour at 4  with gentle shaking.  Non-reacted biotinylation reagent was quenched by 100 200 

mM glycine in PBS, and cells were lysed in RIPA buffer (150 mM NaCl, 50 mM Tris-HCl, 1 201 

mM EDTA, 1% Triton X-100, pH 7.4) supplied with protease cocktail (Roche).  After 202 

centrifugation, the supernatant containing total cell proteins was collected, and 20 μg of total 203 

protein was subsequently incubated with NeutrAvidin Agarose (Thermo Fisher Scientific) 204 

overnight at 4 .  The precipitated beads were collected by centrifuge and resuspended with 205 

loading buffer for detecting the surface proteins.  The supernatant was collected as the cytosol 206 

fraction.  The fractionated proteins, together with an aliquot of 20 μg of total proteins, were then 207 

subjected to SDS-PAGE, and western blots were incubated with antibodies raised against 208 

GlyRα1 subunits (Enzo) and GFP (Gentex).  The amount of GlyRα1 and GFP proteins were 209 

detected by ECL (Advansta Inc.) and analyzed by ImageJ software. 210 

 211 

Experimental Design and Data analysis 212 

The WT or the A384P mutation-containing GlyRs were over-expressed in HEK cells or 213 

cultured neurons and their electrophysiological properties were examined by patch clamp 214 
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recordings.  Values were expressed as mean ± s.e.m.  One-way ANOVA or a two-tailed 215 

Student's t-test was used for statistical analysis, and p values less than 0.05 were considered to be 216 

statistically significant.  Imax was determined as the amplitude of peak currents induced by 217 

saturated concentration or indicated concentration of agonists.  Concentration-response curves 218 

were created by fitting data to the Hill equation: I = Imax/[1 + (EC50/[A])nH], where I is the current, 219 

[A] is a given concentration of agonist and nH is the Hill coefficient (GraphPad Prism 6, CA, 220 

USA).  Weighted time constants for desensitization were calculated by fitting the desensitization 221 

currents with one or two exponential components by Clampfit 10 (Molecular Devices, CA, USA).  222 

The extent of desensitization was calculated with the equation: % desensitization = 1 – Ires/Ipeak, 223 

where Ires is the residual currents at the end of agonist application, and Ipeak is the peak amplitude 224 

of the current.  According to our previous study (Zhou et al., 2013), young cortical neurons 225 

mainly express α2 subunits, which exhibit slower activation kinetics (mean 10-50% rise time > 226 

200 ms).  Neurons overexpressing α1 subunits showed significantly faster activation kinetics 227 

(mean 10-50% rise time < 100 ms) and 10-50% rise time was analyzed by Clampfit.  Therefore, 228 

only neurons that had glycine currents with rise times <100 ms were included for further analysis.  229 

All 3D images were rendered by using the UCSF Chimera package.   230 

 231 

RESULTS 232 

Receptor desensitization was strongly enhanced in homomeric α1A384P and heteromeric 233 

α1A384Pβ GlyRs.   234 

Functional GlyRs can be formed by either homomeric assembly of α1 subunits or 235 

heteromeric assembly of α1 and β subunits, the latter of which represents the endogenous form 236 

of GlyRs at postsynaptic sites (Lynch, 2004).  We performed whole-cell recordings to assess the 237 
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functions of α1A384P subunit-containing GlyRs overexpressed in HEK cells.  Interestingly, 238 

homomeric α1A384P subunit-containing GlyR-mediated whole-cell currents revealed drastically 239 

enhanced receptor desensitization during a 3-sec application of glycine at saturating 240 

concentration (10 mM; Fig 1. A and B).  The desensitization profile was evaluated by two 241 

properties, the weighted desensitization time constant (τW) and the extent of desensitization (% 242 

desensitization).  We found that homomeric α1A384P GlyRs exhibited profound desensitization 243 

(Fig. 1A, B), with an 8.2-fold faster τW than that of α1WT GlyRs and a nearly complete extent 244 

(97%) of desensitization (Fig. 1C, D, Table 1). The heteromeric α1A384Pβ GlyRs showed a 1.6-245 

fold faster τW and a significantly increased extent of desensitization compared to that of α1WTβ 246 

GlyRs (Fig. 1 E-H).  Picrotoxin sensitivity was used as a functional assay of β subunits 247 

incorporation, since α1 homomers are more sensitive to picrotoxin blockade than α1β heteromers 248 

(Pribilla et al., 1992; Lynch, 2004).  Our data showed that the inhibition by picrotoxin (100 μM) 249 

was significantly reduced with expression of both α1WT and α1A384P subunits when the β subunits 250 

were co-expressed (Fig. 1I, J, K), indicating successful incorporation of β subunits in 251 

heteromeric GlyRs.  Therefore, the significantly enhanced desensitization, which supposedly 252 

restricts Cl- current flow, appeared to be one of the major functional alterations in both α1A384P 253 

and α1A384Pβ GlyRs.   254 

 255 

Pharmacological properties were altered in homomeric α1A384P GlyRs but not in heteromeric 256 

α1A384Pβ GlyRs.   257 

We further tested the pharmacological profiles of GlyRs that contain the A384P mutation.  258 

In homomeric α1 GlyRs, the mutant α1A384P subunit caused significant changes in sensitivity to 259 

three endogenous agonists, glycine, β-alanine, and taurine (Fig. 2A, Table 2).  The α1A384P 260 
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subunit produced a significant right-shift of the concentration-response curve for glycine (2.9-261 

fold increase in EC50, p < 0.001), β-alanine (2.3- fold increase in EC50, p < 0.01), and taurine 262 

(2.6-fold increase in EC50, p < 0.001).  Interestingly, however, in the postsynaptic form of 263 

heteromeric α1β GlyRs, α1A384Pβ and α1WTβ receptors exhibited indistinguishable concentration-264 

response curves and EC50 to glycine (p = 0.62), β-alanine (p = 0.42), or taurine (p = 0.47) (Fig. 265 

2B and 2C).  Considering that fast inhibitory synaptic transmission is mainly mediated by 266 

synaptically released glycine and requires activation of postsynaptic GlyRs, the unchanged 267 

sensitivity of α1A384Pβ receptors to glycine indicates that the agonist binding property is unlikely 268 

a major functional deficit with the A384P mutant subunit.   269 

We next examined whether the maximum current (Imax) was reduced in α1A384P subunit-270 

containing GlyRs.  The A384P mutant homomers exhibited no significant reduction in the Imax 271 

induced by glycine, β-alanine, or taurine (Fig. 2D, Table 2).  Consistent with the Imax results, 272 

total protein expression and surface expression of α1A384Pβ GlyRs was not significantly different 273 

from those of α1WTβ subunits (Fig. 2E).  Because A384P is located near the TM3-4 intracellular 274 

loop, which is involved in the rectification of other Cys-loop receptors such as 5-HT3A receptors 275 

(McKinnon et al., 2011; Baptista-Hon et al., 2013), we next examined the I-V relationships to 276 

illustrate whether the A384P mutation produces different rectification properties that might 277 

affect the chloride conductance upon depolarization.  Our results showed no obvious alterations 278 

in the I-V relationships or reversal potentials in α1A384Pβ GlyRs compared to those in α1WTβ 279 

GlyRs (Fig. 2F).  These data suggest that the altered channel function of α1A384Pβ GlyRs is not 280 

due to impaired chloride conductance or rectification properties.   281 

Strychnine and picrotoxin are both GlyR antagonists, but they target the receptor 282 

differently at the extracellular domain and the transmembrane domains, respectively.  283 
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Homomeric α1A384P GlyRs had reduced picrotoxin sensitivity (2.0-fold increase in IC50, p < 0.01) 284 

and increased strychnine sensitivity (2.4-fold decrease in IC50, p < 0.01) compared with WT 285 

GlyRs, while α1A384Pβ heteromeric GlyRs exhibited no significant change in either strychnine (p 286 

= 0.99) or picrotoxin sensitivity (p = 0.50) compared with WT αβ GlyRs.  By comparing 287 

homomeric α1WT or α1A384P GlyRs with heteromeric α1WTβ or α1A384Pβ GlyRs, we found that 288 

incorporation of the β subunit significantly reduced picrotoxin sensitivity for both α1WT (5.3-fold 289 

increase in IC50, p < 0.01) and α1A384P GlyRs (2.8-fold increase in IC50, p < 0.01) (Fig. 1K and 290 

2G).  These data are consistent with previous reports that the β subunit is a major determinant for 291 

picrotoxin resistance, and further indicates that the A384P mutation does not affect the binding 292 

of α1 to β subunits.  Collectively, these data reveal that the α1A384Pβ GlyR, the postsynaptic form 293 

of mutant GlyR, showed no significant deficit in agonist or antagonist sensitivity, as well as Imax, 294 

surface expression, or rectification properties.   295 

 296 

Mutant 1A384Pβ GlyRs had lower open probability, but unchanged main conductance levels, 297 

compared with WT 1β GlyRs. 298 

To determine whether glycine receptors carrying the A384P mutation resulted in changes 299 

in receptor gating, we measured glycine-evoked single channel currents of WT α1β and mutant 300 

α1A384P β GlyRs.  Single channels from WT α1  receptors opened to clusters of openings with a 301 

main conductance level of ~38 pS (Figures 3A, C; and Table 3).  Conversely, single channels 302 

from α1A384P  receptors opened to two distinct conductance levels, ~35 pS, and ~15 pS (Figure 303 

3B).  The open probability and the mean open time are respectively 0.195± 0.08, 47.0 ± 10.7 ms 304 

for high conductance openings, and 0.20± 0.07, 38.3 ± 7.51 ms for low conductance openings of 305 

α1A384P . While clusters of α1A384P  receptor openings displaying the main conductance level 306 
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had no significant differences to those observed from wild type α1  receptors, low conductance 307 

openings displayed a conductance level significantly different from the main conductance level 308 

(15.1 ± 1.67, p < 0.0001, one-way ANOVA).  Since wild type α1  receptors lack two 309 

conductance levels, to simplify the analysis the measurements shown for α1A384P  receptors were 310 

the result of the combined data of main and low conductance openings (Table 3).  Both α1A384P  311 

and wild type α1  receptors opened to at least three different open states (O1, O2 and O3.  The 312 

open time distributions were fitted best by three weighted (ao1, ao2 and ao3) exponential functions 313 

with three open time constants (τo1, τo2 and τo3) (Figure 3D).  Mutant α1A384P  receptors did not 314 

alter any of the open time constants (p = 0.911), but favored an increase in the relative 315 

occurrence of O2 openings while decreasing the relative occurrence of O3 openings (p = 0.0003).  316 

The difference between the relative occurrence of O2 and O3 openings led to a concomitant 317 

decrease in mean open time and open probability of α1A384P  receptors (Figure 3C, and Table 3).   318 

 319 

Heterogeneous expression of α1A384P and α1R392H subunits exhibited receptors with similar 320 

channel properties to homomeric α1A384P receptors.   321 

The A384P mutation was first identified in a patient who was a compound heterozygote 322 

(A384P/R392H) (Mine et al., 2015).  The surface expression of homomeric α1R392H GlyRs has 323 

been reported to be highly reduced (Villmann et al., 2009).  However, α1R392H/α1WT GlyRs 324 

produced indistinguishable EC50 and Imax compared with α1WT GlyRs (Rea et al., 2002).  325 

Consistent with previous studies, homomeric α1R392H GlyRs had a mild reduction in glycine 326 

sensitivity (1.9-fold increase in EC50, p = 0.07) and a substantial reduction in Imax (4.2-fold 327 

decrease, p < 0.01, Table 2, Fig. 5A).  Co-expression of α1R392H and α1WT subunits at a 1:1 ratio 328 

(α1WT/α1R392H) resulted in fully functional homomeric GlyRs, showing indistinguishable EC50 (p 329 
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= 0.42) and Imax (p = 0.50) between homomeric α1WT and α1R392H/α1WT GlyRs (Fig. 4A, B and 330 

Table 2). In GlyR heteromers, co-expression of α1R392H and  subunits caused no change in EC50 331 

(p = 0.89) and a modest decrease of Imax (by ~30%, p = 0.05) compared with α1WT  GlyRs (Fig. 332 

4B). These results could be explained by at least two possibilities which include:  (1) α1R392H was 333 

incorporated with α1WT to form α1R392H/α1WT  (or α1R392H/α1WTβ) GlyRs, whose functions are 334 

indistinguishable from the WT GlyRs; and (2) α1R392H could not be incorporated with α1WT and 335 

thereby resulted in the expression of α1R392H and αWT separately (or α1R392Hβ and α1WTβ when 336 

the  subunit was co-transfected) in the same cell.  In this case, the α1R392H-containing GlyRs 337 

might be largely absent from the cell surface and the WT GlyRs are still the only functional 338 

receptors.  Despite this, our data indicate that co-expression of α1R392H and α1WT subunits had 339 

only a minor effect on GlyR function at the whole-cell level, which is in line with the fact that 340 

the heterozygous R392H carrier did not show hyperekplexia symptoms.  341 

In a similar way, co-expression of α1A384P and α1R392H subunits (at a ratio of 1:1) resulted 342 

in functional channels that bear a resemblance to homomeric α1A384P GlyRs alone (Fig. 4C, E), 343 

without any effect on glycine sensitivities, Imax (Table 2), or desensitization profiles (Fig. 4F, G 344 

and Table 1).  When co-expressed with the  subunit, which was confirmed by the reduced 345 

inhibition by picrotoxin (Fig. 4H), the α1A384P/α1R392H  heteromer exhibited Imax and 346 

desensitization parameters that were indistinguishable from those α1A384P  GlyRs (Fig. 4D-G). 347 

These data reveal that the electrophysiological properties of homomeric α1A384P and heteromeric 348 

α1A384P  GlyRs were unlikely affected by co-expression of the α1R392H.  Similarly, this could be 349 

attributed to either the formation of functional α1A384P/α1R392H receptors or lack of incorporation 350 

of α1R392H into α1A384P that leads to only functional α1A384P on the cell surface.  351 

 352 



 

17 
 

Comparison of the effects of hyperekplexia mutant α1A384P and α1P250T subunits on GlyR 353 

desensitization.  354 

In addition to A384P, two other α1 subunit missense mutations associated with human 355 

hyperekplexia have been reported to alter GlyR desensitization, including P250T and P230S 356 

(Saul et al., 1999; Bode et al., 2013).  We compared electrophysiological properties of 357 

homomeric α1A384P with α1P250T GlyRs, because these two mutations are both located in the 358 

intracellular loop and might share more similarities than P230S, which is located in the TM1 (Fig. 359 

5A, B).  P250T is located in the TM1-TM2 linker and is one amino acid residue before the TM2 360 

segment.  In contrast, A384P is located in the TM3-TM4 linker and three residues before the 361 

TM4 segment.  Homomeric α1P250T GlyRs had drastically reduced Imax to glycine (13.2-fold, p < 362 

0.001), β-alanine (4.1-fold, p < 0.01), and taurine (37.1-fold, p < 0.001) compared with α1WT 363 

GlyRs, and increased EC50 to glycine (6.6-fold, p < 0.001), -alanine (7.1-fold, p < 0.001), and 364 

taurine (3.6-fold, p < 0.01) (Table 2).  Our results were consistent with previous reports that 365 

agonist sensitivity and channel conductance were impaired by P250T (Saul et al., 1999).  The 366 

Imax of homomeric α1P250T GlyRs was also significantly smaller than α1A384P GlyRs upon 367 

activation with all three types of agonists (Fig. 5D).  Furthermore, alignments of peak-scaled 368 

currents showed that homomeric α1P250T GlyRs exhibited a faster desensitization rate than α1A384P 369 

GlyRs in response to glycine (Fig. 5C) or β-alanine activation; however, the faster τ was not 370 

observed in taurine-induced currents (Fig. 5D, Table 1).  Despite the difference in desensitization 371 

rate, the desensitization extent of α1P250T and α1A384P receptor currents reached similar levels in 372 

response to all three agonists (Fig. 5D, Table 1). 373 

The incorporation of β subunits had different regulatory effects on the activation and 374 

desensitization properties of α1A384Pβ and α1P250Tβ GlyRs.  When co-expressed with β subunits, 375 



 

18 
 

both α1P250Tβ and α1A384Pβ receptors had significantly reduced sensitivity to picrotoxin inhibition 376 

(Fig. 5G).  The incorporation of β subunits did not significantly change the Imax in either α1P250Tβ 377 

or α1A384Pβ receptors.  Interestingly, co-expression of the β subunits significantly rescued 378 

desensitization observed in homomeric α1A384P (Fig. 5E) but not in α1P250T (Fig. 5F) receptors, 379 

causing a 3.5-fold slower τ and lower extent of desensitization than the homomeric α1A384P 380 

receptors (Fig. 5G).  Despite the partial rescue by the β subunits, α1A384Pβ receptors still 381 

exhibited enhanced desensitization compared with α1WTβ receptors (Fig. 1, Table 1).  Taken 382 

together, these results indicated that the P250T mutation is involved in both channel activation 383 

and desensitization pathways, while the A384P mutation mainly causes enhanced desensitization, 384 

even in the presence of the β subunits at postsynaptic sites.  Therefore, the strongly reduced Imax, 385 

the reduced agonist sensitivity, and the enhanced desensitization could all contribute to the 386 

causes of hyperekplexia in the patients with the P250T mutation. 387 

 388 

Transfection of α1A384P or α1P250T subunits accelerated desensitization of GlyR currents in 389 

cultured DRG neurons.   390 

Because the functional alterations of GlyRs expressed in HEK cells might not represent 391 

changes in neurons, we tested electrophysiological effects of transfection of α1WT, α1A384P, or 392 

α1P250T subunits in cultured DRG neurons, which are known to lack endogenous GlyRs (Kung et 393 

al., 2001).  DRG neurons expressing α1A384P subunits had concentration-response curves (p = 394 

0.11) and Imax (p = 0.07) insignificant from those expressing α1WT subunits (Fig. 6C, E).  In line 395 

with the results from HEK cells, α1A384P GlyRs still exhibited enhanced desensitization in 396 

neurons (Fig. 6A, F, G).  DRG neurons expressing α1P250T subunits had substantially reduced 397 

Imax (p < 0.01), right-shifted glycine concentration-response curves (p < 0.05), and enhanced 398 
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desensitization (Fig. 6C, E-G).  When the β subunit was co-expressed with WT or mutant α1 399 

subunits, there was still no significant difference in the concentration-response relationship (p = 400 

0.93) or Imax (p = 0.79) between α1WTβ and α1A384Pβ receptors (Fig. 6B, D, E).  Although the 401 

incorporation of β subunits partially restored the desensitization time and the extent of 402 

desensitization, heteromeric α1A384Pβ receptors still exhibited stronger desensitization compared 403 

with α1WTβ receptors (Fig. 6F, G).  The α1P250Tβ receptors had an even faster desensitization 404 

time and higher percentage of desensitization than α1A384Pβ receptors; however, its 405 

concentration-response curve was significantly right-shifted (p < 0.01) and the Imax (p < 0.05) 406 

was strongly reduced (Fig. 6D, E).  Cotransfection of α1A384P or α1WT subunits with β subunits 407 

significantly reduced picrotoxin sensitivity relative to the homomeric receptors. α1P250Tβ also 408 

exhibited reduced picrotoxin sensitivity than α1P250T; however, the difference did not reach a 409 

significant level (p=0.08), probably because the small current amplitude of P250T mutants 410 

influenced the precise measurement of picrotoxin inhibition or the protein expression profiles 411 

were different between HEK cells and DRG neurons.  Moreover, we also expressed α1WT or 412 

α1A384P subunits in cultured cortical neurons.  Under this condition, α1A384P receptors still 413 

exhibited 4.2-fold faster τW (p < 0.01) and higher extent of desensitization (p < 0.05) without 414 

significant alterations in Imax or EC50 (Table 4).  Taken together, our results suggest that the 415 

A384P mutation resulted in enhanced desensitization without apparent deficits in agonist affinity 416 

or channel conductance in α1A384P and α1A384Pβ receptors in neurons.   417 

 418 

A384P accelerated frequency-dependent desensitization.   419 

Considering that the glycine receptor-mediated inhibitory postsynaptic currents (IPSCs) 420 

have a fast decay constant from 4.9 to 11.2 ms (Takahashi et al., 1992; Muller et al., 2006; 421 
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Graham et al., 2011), we next addressed the question of whether the α1 subunit A384P mutation 422 

could affect desensitization of synaptic glycine currents.  Inhibitory interneurons in the spinal 423 

cord central pattern generator network are able to generate rhythmic activity during locomotion 424 

(Butt and Kiehn, 2003; Zhong et al., 2010), which could lead to pulsatile release of glycine.  We 425 

applied trains of brief glycine pulses with different frequencies to mimic IPSC-like responses in 426 

HEK cells expressing α1WTβ or α1A384Pβ GlyRs.  The results showed that the repeated glycine 427 

pulses produced a greater decreasing trend in the peak currents in α1A384Pβ than α1WTβ receptors.  428 

After an 8-s train of glycine application at 1 Hz (Fig. 7A, D), the reduction of peak current 429 

amplitude was 3.8% in α1WTβ but was 13.5% in α1A384Pβ (Fig. 7G).  The difference in current 430 

reduction between α1A384Pβ and α1WTβ  was even more obvious at higher frequencies.  After an 431 

8-s train stimulation at 5 Hz, the reduction was 12.2% in α1WTβ versus 67.2% in α1A384Pβ (Fig.  432 

7B, E, H); and at 10 Hz, the reduction was 19.5% in α1WTβ versus 83.4% in α1A384Pβ (Fig. 7C, F, 433 

I).  The stronger reduction of peak current amplitude in α1A384Pβ was not due to irreversible 434 

suppression of glycine responses; since in the same cell, the amplitude of the first response in 435 

each train was unchanged.  When normalized to the first peak of the 1-Hz train, the first peak of 436 

the 5-Hz and 10-Hz train was 93.0 ± 8.3% and 92.4 ± 8.9% in WT, and was 96.6±4.4% and 437 

95.3±3.6% in A384P, respectively (p > 0.05 in all groups by paired t-test), suggesting that the 438 

first peak response in each train had fully recovered from the reduction caused by the previous 439 

stimulation.  Taken together, these data indicate that α1A384Pβ strongly reduced the IPSC-like 440 

responses induced by repetitive pulses of glycine, most likely through a mechanism of enhanced 441 

desensitization.   442 

 443 
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DISCUSSION 444 

In the present study, we found that the GlyR α1 subunit mutation A384P associated with 445 

hyperekplexia caused enhanced desensitization in both rate and extent.  The α1A384P homomers 446 

showed reduced agonist sensitivity. However, the α1A384Pβ GlyR heteromers showed no 447 

significant difference in agonist sensitivity, maximal currents, main single-channel conductance, 448 

and membrane expression compared with the α1WTβ heteromers in both HEK cells and cultured 449 

neurons.  The R392H mutation, which was identified in a compound heterozygote patient with 450 

A384P, did not alter the functional properties of a1A384P subunit-containing GlyRs.  Moreover, in 451 

the postsynaptic α1β form, the α1A384P subunit-containing GlyRs showed frequency-dependent 452 

reduction of peak amplitude induced by repetitive pulse of glycine stimulation.  Our results 453 

demonstrate that the α1 subunit mutation, A384P, enhanced desensitization of GlyR, which is 454 

highly associated with the pathogenesis of human hyperekplexia.   455 

 456 

A384 and the adjacent region in a1 subunits is involved in the desensitization site of 457 

homomeric a1 and heteromeric a1β GlyRs.   458 

The desensitization state can be modulated by various structures of GlyRs ranging from 459 

the extracellular domain, the TM domains to the intracellular domains.  The pre-TM1 domain 460 

mutation R218Q displayed reduced desensitization of GlyRs (Castaldo et al., 2004), while 461 

mutations in TM1 (P230S) or in the TM1-TM2 linker (P250T, W243A, I247A) showed 462 

enhanced desensitization (Lynch et al., 1997; Bode et al., 2013).  A naturally occurring splicing 463 

variant α3K, which lacks 15 amino acids at the beginning of the TM3-TM4 loop, enhanced 464 

desensitization compared with the α3L GlyR variant (Nikolic et al., 1998).  A deletion or 465 

replacement of the TM3-TM4 intracellular loop with short peptide sequences also enhanced 466 
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homomeric α1 GlyR desensitization (Papke and Grosman, 2014; Langlhofer et al., 2015), 467 

indicating that the TM3-TM4 linker might determine the α1 subunit GlyR desensitization state.  468 

More detailed studies have shown that the intracellular end of TM2 and TM3 determined the 469 

properties of α1 subunit GlyR desensitization.  The A384P mutation is located just three amino 470 

acids before the beginning of TM4, indicating that the cytoplasmic end of TM4 also contributes 471 

to the modulation of desensitization of GlyRs under certain circumstances.   472 

The molecular mechanism of A384P effects on GlyR α1 desensitization remains unclear.  473 

Interestingly, the A384 residue is located adjacent to or within a membrane-associated helix 474 

structure, known as the “MA-stretch”, which has been observed from structures of ACh 475 

receptors and 5-HT3A receptors and is presumably considered homologous in many Cys-loop 476 

receptors (Unwin, 2005; Hassaine et al., 2014).  The MA-stretch contains multiple charged 477 

residues and is located in the TM3-TM4 linker closely adjacent to the cytoplasmic end of TM4 478 

(Peters et al., 2005).  In 5-HT3A receptors, mutations of the three arginine residues (R432, R436 479 

and R440) in the MA-stretch increased the channel conductance and hydrophobic residue 480 

substitution of R440 slowed desensitization (Kelley et al., 2003; Hu et al., 2006).  In GlyRs, 481 

however, mutation of residues R377, K378, K385 and K386 in the MA-stretch or the adjacent 482 

region decreased channel conductance but did not seem to affect desensitization (Carland et al., 483 

2009).  The sequence variability of the TM3-TM4 segments among different Cys-loop receptors 484 

may lead to the functional differences between 5-HT3A and glycine receptors.  Interestingly, 485 

A384 is embedded in the MA-stretch and A384P likely contributes to the modulation of GlyR 486 

desensitization.  Considering the strongly restricted torsional angle between proline and the 487 

neighboring amino acid residues, our findings indicate that the desensitization of A384P might 488 

be caused by the abnormal turning angles of MA stretch before M4 in the mutant GlyRs.   489 
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Compared with A384P, another hyperekplexia missense mutation, P250T, showed 490 

significant changes not only in desensitization but also in other channel properties (Saul et al., 491 

1999).  The basic channel properties, particularly Imax and agonist sensitivities, were largely 492 

impaired by P250T but not by A384P.  As proposed by previous studies that the desensitization 493 

gate is different from the channel activation gate in Cys-loop receptors (Purohit and Grosman, 494 

2006; Hernandez et al., 2017), P250T likely affects both gating and desensitization pathway 495 

while A384P is only involved in the desensitization.  This is likely due to their different 496 

conformational relationships to the channel pore (Hernandez et al., 2017).  Based on the crystal 497 

structure of α3 GlyRs (Huang et al., 2015), the side chain of P250 extends towards the channel 498 

lumen, whereas that of A384 is towards the M3/M4 interface (Fig. 5B).  In addition, P250 is not 499 

only a conserved residue among many Cys-loop receptors, such as α1-3 subunits of GlyRs, the α 500 

subunit of glutamate-activated chloride channel (GluCl), and α1-6, γ1-3, δ, ε and ρ subunits of 501 

GABAARs, but also is the common constriction gate of channel lumen as indicated by the crystal 502 

structures of GABAAR β3, GluCl, GlyR α1 and α3 (Hibbs and Gouaux, 2011; Althoff et al., 503 

2014; Miller and Aricescu, 2014; Du et al., 2015; Huang et al., 2015).  These observations 504 

suggest that the homologous site of P250 is generally important for channel gating not only in 505 

GlyR α1 but also in other Cys-loop receptors.   506 

 507 

Both P250T and A384P mutations enhanced GlyR α1 desensitization.  GlyRs with the 508 

P250T mutation had a faster desensitization rate than GlyRs with the A384P mutation.  This is 509 

consistent with the conformational analysis of the two residues.  In contrast to P250 which 510 

directly controls the constriction of channel lumen at the cytoplasmic end, A384 possibly needs 511 

to interact with TM3 or the TM1-TM2 linker to indirectly influence TM2 movement through 512 
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allosteric transduction process.  The deficits caused by some α1 subunit mutations can be 513 

partially rescued by incorporation of the β subunit (Xiong et al., 2014).  In our study, 514 

incorporation of β subunits also partially reversed the accelerated desensitization rate and 515 

increased extent caused by the A384P, but not the P250T, mutation.   516 

 517 

Possible pathogenesis of hyperekplexia in patients carrying the a1 subunit A384P mutation.   518 

The A384P mutation was identified in a compound heterozygote (A384P/R392H) (Mine 519 

et al., 2015) hyperekplexia patient.  Accordingly, mutation analysis of the index patient’s family 520 

pedigree showed that individuals homozygous, but not heterozygous, for R392H were affected 521 

by hyperekplexia (Vergouwe et al., 1999; Hmami et al., 2014).  Expression of R392H alone in 522 

HEK293T cells substantially reduced the membrane expression of GlyRs and thus consequently 523 

reduced the glycine-induced Imax (Rea et al., 2002; Villmann et al., 2009), while co-expression of 524 

α1R392H and α1WT subunits exhibited channel properties similar to those found with expression of 525 

α1WT subunits alone (Rea et al., 2002).  Consistent with previous studies, we found that co-526 

expression of α1R392H and α1WT subunits did not affect glycine sensitivity or glycine-induced Imax.  527 

This indicates that in humans, loss-of-function produced by the R392H mutation could also be 528 

completely compensated for by the WT α1 subunit from the WT allele (Vergouwe et al., 1999).  529 

To study the functional consequence of heterozygous expression of both α1A384P and α1R392H 530 

subunits that occurs in the hyperekplexia patient, we co-expressed α1A384P and α1R392H subunits 531 

in HEK cells.  We found that co-expression of the two mutant subunits resulted in channel 532 

properties similar to those of the α1A384P subunit alone, showing enhancement in desensitization 533 

without major impairments in agonist sensitivity or Imax.  These findings suggested that α1 534 

subunit mutation, A384P, alone can lead to hyperekplexia in humans.   535 
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Different from receptors with α1P250T subunits that cause both strong desensitization and 536 

reduced Imax, enhanced desensitization is the major deficit of receptors with α1A384P subunits and 537 

also a major cause of hyperekplexia.  However, glycinergic IPSCs usually have a fast decay time 538 

constant (4.9 to 11.2 ms) (Takahashi et al., 1992; Muller et al., 2006; Graham et al., 2011), while 539 

the desensitization time constant of GlyRs containing α1A384P subunits is slower than 1 s, 540 

especially when the β subunit is incorporated.  With repeated pulses of glycine at different 541 

frequencies to mimic synaptic responses, the peak response amplitude was reduced in a 542 

frequency-dependent manner, which was more significant in α1A384Pβ than in α1WTβ GlyRs.  A 543 

similar phenomenon has been reported for GABAA receptors (Bianchi and Macdonald, 2002).  544 

Interestingly, even at 1 Hz, the pulse responses were still reduced by 13.5% after an 8-s 545 

stimulation in α1A384Pβ receptors, indicating that the desensitization states cannot be fully 546 

recovered within a 1-s interval.  Nevertheless, the first peak in each train had similar amplitudes 547 

in the same patch, which was due to the longer inter-train intervals (>10 sec) that allowed 548 

sufficient recovery from desensitization.  It also indicates that the decreasing trend induced by 549 

train stimulation is not a long-term run-down of GlyR responses caused by other irreversible 550 

mechanisms, such as intracellular accumulation of ROS induced sustained inhibition of ACh 551 

receptors (Campanucci et al., 2008).  Together, these data indicate that desensitization caused by 552 

the A384P mutation could influence synaptic responses in the nervous system.   553 

Presynaptic homomeric GlyRs might be one of the primary causes of hyperekplexia 554 

(Xiong et al., 2014).  In the present study, we were not able to evaluate whether the deficit in 555 

presynaptic or postsynaptic α1A384P subunit-containing GlyRs contributed more to the 556 

pathogenesis.  However, both pre- and postsynaptic desensitization may be involved in 557 

pathogenesis.  We infer that the enhanced desensitization is the major channel deficit produced 558 
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by the A384P mutation, and that it is likely to be one of the primary causes for hyperekplexia in 559 

the patient.   560 

  561 
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Table 1.  Weighted desensitization time constant for desensitization ( W) and extent of 708 

desensitization (% Desensitization) of wild-type and mutant GlyRs. 709 

Construct    W (s) % Desensitization n 

Glycine-induced response   

1WT 3.95±0.57 33.0±3.5 16 

1WTβ 2.80±0.53 38.7±2.3 16 

1A384P  0.48±0.06*** 96.9±0.7*** 28 

1A384Pβ 1.73±0.23†† 78.3±2.0††† 35 

1P250T 0.22±0.03*** 95.6±1.6*** 10 

1P250Tβ 0.23±0.02††† 94.8±0.9††† 9 

1R392H 2.05±0.20** 56.0±2.2*** 4 

1WT/ 1R392H 5.00±1.67 33.2±4.6 11 

1WT/ 1R392Hβ 3.11±0.95 31.7±3.9 8 

1A384P/ 1R392H 0.40±0.09 98.6±0.4 7 

1A384P/ 1R392Hβ 1.36±0.27 76.0±4.2 5 

1WT/ 1P250T 0.92±0.09*** 55.4±11.3 4 

    

β-alanine-induced response   

1WT 4.22±0.68 21.8±3.3 8 

1WTβ 3.73±0.92 25.2±3.6 8 

1A384P 0.66±0.16*** 98.2±0.4*** 8 

1A384Pβ 1.13±0.24† 82.0±3.7††† 6 

1P250T 0.21±0.02*** 97.8±0.2*** 6 

1P250Tβ 0.54±0.15† 83.8±3.4†† 6 

    

Taurine-induced responses   

1WT 4.26±0.85 20.2±2.0 8 

1WTβ 3.88±1.15 28.8±5.0 10 



 

35 
 

1A384P 0.69±0.11** 91.2±3.1*** 8 

1A384Pβ 1.41±0.11 71.3±5.3††† 6 

1P250T 0.71±0.10** 82.3±2.8*** 6 

1P250Tβ 1.76±0.45 72.1±8.95† 4 

Data from whole-cell recordings from WT or mutant 1 GlyRs expressed in HEK293T 710 

cells in response to glycine (10 mM), β-alanine (5 mM), or taurine (10 mM).  Data represent the 711 

mean ± S.E.M. Two-tailed Student’s t-test was used to compare the data of 1WT with that of the 712 

mutants including 1A384P, 1P250T, 1R392H, 1WT/ 1R392H, and 1WT/ 1P250T; to compare the 713 

data of 1WTβ with that of the mutants including 1A384Pβ, 1P250Tβ, and 1WT/ 1R392Hβ, to 714 

compare the data between 1A384P/ 1R392H and 1A384P; and to compared the data between 715 

1A384P/ 1R392Hβ and 1A384Pβ. * p < 0.05, ** p < 0.01, and *** p < 0.001, significant difference 716 

from 1WT; and † p < 0.05, †† p < 0.01, and ††† p < 0.001, significant difference from 1WTβ. 717 

 718 

 719 

  720 
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 721 

Table 2.  Sensitivities to agonists for wild-type and mutant GlyRs 722 

 723 

Construct EC50 ( M) Hill 

Coefficient 

n Imax (nA) n 

Glycine-induced responses     

1WT 86.1±7.4 1.75 9 8.68±0.97 21 

1WTβ 55.1±3.8 1.69 14 10.37±0.88 28 

1A384P 250.6±17.6*** 2.00 10 8.55±0.97 9 

1A384Pβ 62.1±5.2 1.44 15 7.75±1.07 21 

1P250T 571.5±15.8*** 1.69 6 0.66±0.17*** 10 

1P250Tβ - - - 0.41±0.08††† 11 

1R392H 159.5±10.3 2.14 4 2.05±0.45** 4 

1WT/ 1R392H 56.6±3.2 2.55 11 7.57±0.89 11 

1WT/ 1R392Hβ 36.4±5.5 1.35 8 7.34±0.70 8 

1A384P/ 1R392H 242.5±15.4 1.82 10 9.88±2.16 7 

1A384P/ 1R392Hβ 47.2±3.5 1.37 8 7.54±1.33 5 

1WT/ 1P250T 175.3±30.5** 1.59 4 2.74±0.60*** 4 

      

β-alanine-induced responses     

1WT 166.3±11.4 2.08 8 5.91±1.29 8 

1WTβ 141.3±10.8 1.56 8 9.67±0.97 8 

1A384P 384.2±35.6** 1.70 8 9.14±1.82 8 

1A384Pβ 203.7±14.7 1.62 6 9.21±1.55 6 

1P250T 1174±47*** 1.79 6 1.43±0.82** 6 

1P250Tβ - -  0.28±0.07††† 6 

      

Taurine-induced responses     
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1WT 611.9±42.3 1.53 16 7.04±0.64 8 

1WTβ 373.6±23.3 1.63 9 8.01±0.63 12 

1A384P 1580±109*** 1.53 16 6.38±1.13 8 

1A384Pβ 428.2±19.5 1.63 10 6.45±0.73 12 

1P250T 2205±145*** 1.52 6 0.19±0.03*** 6 

1P250Tβ - - - 0.07±0.03††† 6 

Data from whole-cell recordings made from WT or mutant 1 GlyRs expressed in 724 

HEK293T cells.  Maximum currents (Imax) were induced by glycine (10 mM), β-alanine (5 mM) 725 

or taurine (10 mM).  The EC50 and Hill coefficient was not measured in 1P250Tβ due to the small 726 

current amplitude of this construct. Data represent the mean ± S.E.M. Two-tailed Student’s t-test 727 

was used to compare the data of 1WT with that of the mutants including 1A384P, 1P250T, 728 

1R392H, 1WT/ 1R392H, and 1WT/ 1P250T; to compare the data of 1WTβ with that of the mutants 729 

including 1A384Pβ, 1P250Tβ, and 1WT/ 1R392Hβ, to compare the data between 1A384P/ 1R392H 730 

and 1A384P; and to compared the data between 1A384P/ 1R392Hβ and 1A384Pβ. * p < 0.05, ** p < 731 

0.01, and *** p < 0.001, significant difference from 1WT; and † p < 0.05, †† p < 0.01, and ††† p 732 

< 0.001, significant difference from 1WTβ. 733 

 734 

 735 

 736 

 737 

 738 

 739 

 740 

 741 
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Table 3.  Single channel properties of α1A384Pβ receptors 742 

 α1β α1A384Pβ  

   pa 

Open probability 0.80 ± 0.03  0.24± 0.07  0.0027 

Mean open time, ms 93.2 ± 13.4  48.2 ± 9.11  0.0197 

Main conductance, pS 37.9 ± 1.55  35.4 ± 3.40  0.5069 

Open time constants   pb 

τO1, ms 3.74 ± 0.38  2.75 ± 0.24  

0.9110 τO2, ms 33.8 ± 8.14  43.2 ± 7.84  

τO3, ms 130 ± 14  144 ± 32  

aO1, % 16 ± 3  33 ± 10  

0.0003 aO2, % 25 ± 9  58 ± 9  

aO3, % 59 ± 13  14 ± 3  

 743 

Values are reported as mean ± S.E.M (n = 6).  aUnpaired two-tailed Student's t test 744 

relative to wild type α1β receptors.  bTwo-way ANOVA with Sidak’s multiple comparisons test 745 

relative to wild type α1β receptors. 746 

 747 

 748 

 749 

 750 

  751 
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Table 4.  Activation and desensitization profiles of WT and the A384P mutant GlyRs 752 

overexpressed in cultured cortical neurons. 753 

Construct 10-50% rise 
time (ms) 

EC50 
( M) 

Hill 
Coefficient Imax (nA) W (s) % 

Desensitization n 

Non-
transfected 248.2±29.8 64.9±3.2 1.487 2.67±0.41 1.92±0.14 49.8±4.0 18 

1WT 65.3±10.2 80.4±7.4 1.931 5.74±1.15 1.88±0.39 62.0±4.4 9 

1A384P 61.5±7.0 122.5±4.6 2.035 7.79±0.64 0.45±0.04 77.5±3.1 9 

 754 

Data from whole-cell recordings made from transfected or non-transfected neurons.  755 

Successful transfection of 1 construct was first identified by the GFP fluorescence and then 756 

confirmed by the 10-50% rise time, which was used to distinguish from the endogenous 2 757 

GlyRs with slower activation kinetics (mean 10-50 rise time >200 ms) expressed by cortical 758 

neurons.  Data represent the mean ± S.E.M. 759 

  760 
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FIGURE LEGENDS 761 

Figure 1.  The a1 subunit A384P mutation enhanced desensitization of α1 GlyRs.   762 

A, Representative traces of α1WT (left) and α1A384P GlyR currents (right) induced by 10 763 

mM glycine.  B, Peak-scaled currents from (A) showing the desensitization phase of α1A384P 764 

compared with α1WT receptor currents.  The recovery phase is omitted.  C, The weighted 765 

desensitization time constant of α1WT and α1A384P GlyR currents.  D, The extent of 766 

desensitization of α1WT and α1A384P GlyR currents.  E, Representative traces of α1WTβ (left) and 767 

α1A384Pβ GlyR currents (right) induced by 10 mM glycine.  F, Peak-scaled currents from (E) 768 

showing the desensitization phase of α1A384Pβ compared with of α1WTβ GlyR currents.  G, The 769 

weighted desensitization time constant of α1WTβ and α1A384Pβ GlyR currents.  H, The extent of 770 

desensitization of α1WTβ and α1A384Pβ GlyR currents.  I, Representative traces showing GlyR 771 

currents before (black) and after (gray) application of 100 μM picrotoxin.  Top traces: picrotoxin 772 

sensitivity of GlyR currents from the α1WT homomers or α1WTβ heteromers.  Bottom traces: 773 

picrotoxin sensitivity of GlyR currents from the α1A384P GlyR homomers or α1A384Pβ GlyR 774 

heteromers.  For all traces, an EC20 concentration of glycine of was used.  100 μM picrotoxin 775 

was applied both in the bath and together with glycine.  J, Summarized data showing picrotoxin 776 

sensitivity of GlyR currents from α1WT (n = 16), α1WTβ (n = 16), α1A384P (n = 28), and α1A384Pβ 777 

GlyRs (n = 35).  Note that incorporation of the β subunit significantly decreased the picrotoxin 778 

sensitivity of both WT and A384P mutant GlyRs. K, Concentration-inhibition curves for 779 

inhibition of α1WTβ and α1A384Pβ GlyR currents by picrotoxin.  Glycine concentrations at EC10-780 

EC20 for each receptor were used to induce glycine currents.   Statistical significance was 781 

determined by unpaired Student’s t-test and was defined as * p < 0.05, ** p < 0.01, and *** p < 782 

0.001.   783 
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 784 

Figure 2.  The a1 subunit A384P mutation in α1β GlyRs produced no significant alterations in 785 

basic channel properties.   786 

A, Concentration-response curves for homomeric α1WT and α1A384P GlyRs normalized to 787 

maximal currents induced by glycine, β-alanine, or taurine.  B, Concentration-response curves 788 

for heteromeric α1WTβ and α1A384Pβ GlyRs normalized to maximal currents induced by glycine, 789 

β-alanine, or taurine.  C, Representative traces showing currents from α1WTβ (top) and α1A384Pβ 790 

GlyRs (bottom).  D, Scatter plot with mean ± SEM to show the maximal current responses (Imax) 791 

induced by glycine from α1WT and α1A384P GlyRs, and Imax induced by glycine, β-alanine, or 792 

taurine in α1WTβ and α1A384Pβ GlyRs.  E, The biotinylated surface proteins and total cell lysate 793 

from HEK cells expressing α1WTβ or α1A384Pβ GlyRs were assayed using western blot analysis.  794 

GFP was assayed as a control for non-surface proteins.  The quantified results at the bottom 795 

show the relative expression levels of α1 subunits from 3 independent experiments.  F, left: 796 

representative traces of 1 mM GlyR currents at different holding potentials from −60 mV to 60 797 

mV.  Right: Peak I-V relations (normalized to the current recorded at −60 mV) of α1WTβ and 798 

α1A384Pβ GlyR currents.  G, Concentration-inhibition curves for inhibition of α1WTβ and α1A384Pβ 799 

GlyR currents by strychnine.  Glycine concentrations at EC10-EC20 for each receptor were used 800 

to induce glycine currents.  Statistical significance was determined by unpaired Student’s t-test 801 

and was defined as n.s., not significant (p > 0.05).   802 

 803 

Figure 3.  Single channel properties of α1WTβ and α1A384Pβ GlyRs.   804 

Representative single channel current traces from cell-attached patches of α1WTβ (A) and 805 

α1A384Pβ (B) GlyRs.  Openings are downward and each representative non-enlarged trace was a 806 



 

42 
 

continuous 5000 ms recording.  Red lines represent the closed state of the receptor.  Sweep 807 

histograms of closed (at 0 pA) and open (≠ 0 pA) events and the relative contribution (gray area 808 

under the fitting lines) of each level were displayed at the right side of the 5000-ms traces.  809 

Lower traces represent an enlarged 1600 ms section as indicated by the gray lines.  C, Bar graphs 810 

summarize the open probability (Po), mean open time and conductance of α1WTβ and α1A384Pβ 811 

GlyR single channel currents.  Values are expressed as mean ± S.E.M (n = 6).  Statistical 812 

differences were determined using the unpaired Student’s t-test relative to wt.  **p < 0.01 and *p 813 

< 0.05, respectively.  D, Average open time histograms of α1WTβ (4515 events) and α1A384Pβ 814 

(7729 events) GlyRs are shown with open time constants for O1, O2 and O3 openings.  815 

Summary bar graphs of time constants (τo1, τo2 and τo3) and relative areas (ao1, ao2 and ao3) of 816 

open time histograms for α1WTβ (wt, black bars) and α1A384Pβ (A384P, gray bars) GlyRs are 817 

shown.  Values reported are mean ± S.E.M (n = 6).  Two-way ANOVA with Sidak’s multiple 818 

comparisons test relative to wt.  **p < 0.01 and *p < 0.05, respectively. 819 

 820 

Figure 4.  Heterozygous expression of α1R392H with α1A384P subunits did not alter the 821 

properties of the α1A384P GlyRs.   822 

A, Representative currents evoked by glycine from HEK cells expressing α1R392H, 823 

α1WT/α1R392H, or α1WT GlyRs.  Gray bars show the time course of application of 1 mM glycine.  824 

Scale bars, 2 nA, 1 sec.  B, Imax of glycine evoked currents recorded from cells expressing either 825 

homomeric or heteromeric α1WT or α1WT/α1R392H (1:1 co-expression) GlyRs.  C-D, 826 

Representative currents induced by glycine from HEK cells expressing either homomeric (C) or 827 

heteromeric (D) α1A384P or α1384P/α1R392H (1:1 co-expression) GlyRs.  Gray bars show the time 828 

course of application of 1 mM glycine.  Scale bars, 2 nA, 1 sec.  E-G, Quantitative results 829 
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showing the difference in GlyR Imax (E), weighted desensitization time constant (F), and 830 

desensitization extent (G) between homomeric or heteromeric α1A384P and α1384P/α1R392H GlyR.  831 

H, Incorporation of the β subunit reduced the inhibition by picrotoxin of both α1A384P and 832 

α1A384P/α1R392H GlyR currents.  Statistical significance was defined as * p < 0.05, ** p < 0.01, 833 

*** p < 0.001; n.s., no significance. 834 

 835 

Figure 5.  Comparison of activation and desensitization profiles of α1A384P and α1P250T GlyR 836 

currents.   837 

A, Schematic representation of a GlyR α1 subunit topology showing the location of 838 

hyperekplexia mutations P250T and A384P.  B, Bottom view of the crystal structure of three 839 

adjacent subunits (in gray or bronze) in the human α3 GlyR showing the location of the 840 

homologous residues of A384 and P250 of the α1 subunit.  The illustrated structure was 841 

displayed from the TM domains of GlyR as indicated by the regions between the yellow lines in 842 

the inset.  Inset, side view of the α3 GlyR indicating the viewing angle.  C, Top: representative 843 

traces of α1A384P and α1P250T GlyR currents evoked by glycine.  Bottom: peak-scaled currents 844 

from the top traces showing the difference in the desensitization phase of α1A384P and α1P250T 845 

currents.  D, The Imax, weighted desensitization time constant, and extent of desensitization of 846 

α1A384P (black bars) and α1P250T (gray bars) GlyR currents.  E, Representative traces of 847 

homomeric α1A384P and heteromeric α1A384Pβ GlyR currents.  F, Representative traces of 848 

homomeric or heteromeric α1P250T and α1P250Tβ or α1P250T and α1P250Tβ GlyR currents.  G, 849 

Comparison of Imax, weighted desensitization time constant, and extent of desensitization, and 850 

picrotoxin sensitivity between homomeric α1A384P (solid bars) and heteromeric α1A384Pβ (striped 851 

bars) (left pair) or homomeric α1P250T (solid bars) and heteromeric α1P250Tβ (striped bars) (right 852 



 

44 
 

pair).  Gray bars in C, E, and F show the time course of application of 1 mM glycine.  Statistical 853 

significance was determined by unpaired Student’s t-test and was defined as * p < 0.05, ** p < 854 

0.01, and *** p < 0.001; n.s., no significance. 855 

 856 

Figure 6.  Current activation and desensitization of homomeric α1WT, α1A384P and α1P250T and 857 

heteromeric α1WTβ, α1A384Pβ and α1P250Tβ GlyRs in cultured DRG neurons.   858 

A, Representative traces showing 10 mM glycine-induced current responses in 859 

untransfected DRG neurons, or DRG neurons expressing homomeric α1WT, α1A384P, or α1P250T 860 

GlyRs.  B, Representative traces showing 10 mM glycine-induced current responses in DRG 861 

neurons expressing heteromeric α1WTβ, α1A384Pβ, or α1P250Tβ GlyRs.  Gray bars show the time 862 

course of application of 10 mM glycine.  C-D, Glycine concentration-response curves in DRG 863 

neurons expressing (C) homomeric α1WT (n=11), α1A384P (n=14), and α1P250T (n=5) or (D) 864 

heteromeric α1WTβ (n=6), α1A384Pβ (n=5), and α1P250Tβ GlyRs (n=4) normalized to maximal 865 

currents.  E, Glycine-induced Imax in DRG neurons expressing homomeric α1WT, α1A384P, and 866 

α1P250T or heteromeric α1WTβ, α1A384Pβ, and α1P250Tβ GlyRs.  F-G, The weighted desensitization 867 

time constant (F) and desensitization extent (G) of currrents from homomeric α1WT, α1A384P, and 868 

α1P250T or heteromeric α1WTβ, α1A384Pβ, and α1P250Tβ GlyRs recorded from transfected DRG 869 

neurons.  H, Picrotoxin sensitivity of α1WT, α1A384P, and α1P250T GlyRs expressed in DRG 870 

neurons.  Statistical significance was determined by unpaired Student’s t-test and was defined as 871 

* p < 0.05, ** p < 0.01, and *** p < 0.001; n.s., no significance. 872 

 873 
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Figure 7.  Current responses of α1WTβ and α1A384Pβ GlyRs to repetitive application of brief 874 

pulses of glycine at different frequencies.   875 

A-C, Example current traces from two cells transfected with α1WTβ (left traces) or 876 

α1A384Pβ (right traces) evoked by application of high-frequency trains of brief glycine (1 mM) 877 

pulses at 1 Hz (A), 5 Hz (B), and 10 Hz (C).  D-F, Peak current values show a more rapidly 878 

decreasing trend in α1A384Pβ (n = 7, gray) compared with α1WTβ (n = 7, black) GlyRs upon 879 

repetitive stimulation with glycine (1 mM) pulses at 1 Hz (D), 5 Hz (E), and 10 Hz (F).  Peak 880 

current values were normalized with respect to the first peak in each series and averaged.  G-I, 881 

Comparison of the normalized peak current values between α1WTβ (n = 7, black) and α1A384Pβ (n 882 

= 7, gray) GlyRs at the 2nd, 4th, 6th, and 8th sec of the repetitive stimulation with glycine at 1 Hz 883 

(G), 5 Hz (H), and 10 Hz (I).  Statistical significance was determined by unpaired Student’s t-test 884 

and was defined as * p < 0.05, ** p < 0.01, and *** p < 0.001. 885 

 886 
















