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Abstract

Background—Upregulation of voltage-gated-calcium-channel α2δ1 subunit post spinal nerve 

ligation injury (SNL) or in α2δ1-overexpressing transgenic (Tg) mice correlates with tactile 

allodynia, a pain state mediated mainly by Aβ sensory fibers forming synaptic connections with 

deep dorsal horn neurons. It is not clear however whether dysregulated α2δ1 alters deep dorsal 

horn synaptic neurotransmission that underlies tactile allodynia development post nerve injury.

Methods—Tactile allodynia was tested in the SNL and α2δ1 Tg models. Miniature excitatory/

inhibitory postsynaptic currents were recorded in deep dorsal horn (DDH) neurons from these 

animal models using whole cell patch clamp slice recording techniques..

Results—There was a significant increase in the frequency, but not amplitude, of miniature 

excitatory postsynaptic currents (mEPSC) in DDH neurons that correlated with tactile allodynia in 

SNL and α2δ1 Tg mice. Gabapentin, an α2δ1 ligand that is known to block tactile allodynia in 

these models, also normalized mEPSC frequency dose-dependently in DDH neurons from SNL 

and α2δ1 Tg mice. In contrast, neither frequency nor amplitude of miniature inhibitory 

postsynaptic currents (mIPSC) was altered in DDH neurons from SNL and α2δ1 Tg mice.

Conclusion—Our data suggest that α2δ1 dysregulation is highly likely contributing to tactile 

allodynia through a pre-synaptic mechanism involving facilitation of excitatory synaptic 

neurotransmission in deep dorsal horn of spinal cord.
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• It is known that elevated α2δ1 proteins in spinal cord contribute to nerve injury induced neuropathic pain states.

• Findings from this study support that elevated spinal α2δ1 proteins increase excitatory pre-synaptic input to deep dorsal 
horn neurons, underlying the development of neuropathic allodynia post nerve injury.
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Introduction

Neuropathic pain, or pain states derived from injuries of the peripheral or central nervous 

system, usually manifests hypersensitivity to innocuous (allodynia) or noxious 

(hyperalgesia) stimulation (Woolf & Mannion, 1999; Zimmermann, 2001; Costigan et al., 

2009; Baron et al., 2010). It remains as an unmet clinical problem because current 

treatments are not effective for many patients, and often associated with severe side effects. 

Development of the next generation of medications for neuropathic pain management relies 

on our better understanding of neuropathic pain mechanisms.

Dysregulation of the voltage-gated-calcium-channel (VGCC) α2δ1 subunit (α2δ1) in sensory 

pathways is believed to play a role in mediating neuropathic pain states. α2δ1 is one of 

auxiliary subunits of VGCC that modulate calcium channel properties in vivo and in vitro 

(Tanabe et al., 1987; Klugbauer et al., 2003; Yaksh, 2006; Park & Luo, 2010). Spinal nerve 

ligation (SNL) injury induces α2δ1 upregulation in dorsal root ganglia and associated 

segments of dorsal spinal cord that contributes to pain modulation (Luo, 2000; Luo et al., 

2001; Li et al., 2004; Li et al., 2006; Bauer et al., 2009; Nguyen et al., 2009). Blocking this 

injury-induced neuroplasticity by intrathecal treatments with α2δ1 antisense 

oligodeoxynucleotide or gabapentin (GBP), a ligand for α2δ1, has been shown to block 

spinal nerve injury induced pain states (Luo et al., 2002; Li et al., 2004; Bauer et al., 2009). 

Moreover, α2δ1 overexpression in transgenic (Tg) mice mimics behavioral hypersensitivities 

observed in the SNL model (Luo et al., 2002; Li et al., 2006; Nguyen et al., 2009). Together, 

it is highly likely that increased α2δ1 expression contributes to behavioral hypersensitivities 

post nerve injury.

Importantly, central sensitization is a common mechanism of different chronic pain states 

(Woolf & Salter, 2000). Factors contributing to central sensitization may include enhanced 

primary afferent excitability (Gracely et al., 1992; Matzner & Devor, 1994), glutamatergic 

input to dorsal spinal cord (Kohno et al., 2003; Wang et al., 2007), or impaired spinal 

inhibitory transmission (Moore et al., 2002b; Baba et al., 2003; Coull et al., 2003). We 

recently found that α2δ1 upregulation post SNL enhances excitatory pre-synaptic input into 

superficial dorsal horn (SDH, laminae I–II) that contributes to pain states transmitted 

through nociceptive sensory afferents such as myelinated Aδ- and unmyelinated C-type 

sensory afferents (Zhou & Luo, 2014). However, it is not known if similar changes also 

occur in deep dorsal horn (DDH, laminae III–V), where neurons receive mainly innocuous 

tactile input from large Aβ-sensory afferents. Maladaptive changes of synaptic 

neurotransmission in DDH post injury may also contribute to specific pain states such as 

tactile allodynia (Brown, 1982; Basbaum et al., 2009; Todd, 2010).

In this study, we examined the miniature excitatory (mEPSC) and inhibitory (mIPSC) post-

synaptic currents in DDH neurons from spinal cord slices of SNL mice with tactile allodynia 

(Kim & Chung, 1992). In order to determine if injury-induced changes, if any, are 

modulated by elevated α2δ1, but not other injury factors, we compared the data with that 

from injury-free α2δ1 Tg mice with similar tactile allodynia (Li et al., 2006).
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Methods and materials

Animals

Adult male mice (8–12 wks) with 129sv background for sham and SNL procedures were 

purchased from Charles River laboratories, Inc. (Wilmington, MA). The α2δ1 Tg mice were 

generated and characterized as described in our previous studies (Li et al., 2006). Briefly, a 

neuronal specific thy-1 promoter, derived from deletion of exon 3 and its flanking introns 

from the murine thy-1.2 gene (Vidal et al., 1990), was used to drive over expression of the 

mouse brain α2δ1 cDNA (Genbank accession number U73484) in neuronal tissues of the 

α2δ1 Tg mice (Feng et al., 2000). Even though the α2δ1 level in neuronal tissues of the Tg 

mice was compatible to that induced by nerve injury in the SNL model (Li et al., 2006), the 

α2δ1 Tg mice appeared fertile, physically normal with respect to grooming, social 

interactions, and feeding, and showed no detectable signs of abnormality such as motor 

defects, ataxia, tremor, or seizure. The Tg mice were backcrossed to the 129sv background 

for over 10 generations. Only age-matched (8–12 wks) male α2δ1 Tg and littermate wild-

type (WT) mice were used for the experiments. All animal care and experiments were 

performed according to protocols approved by the Institutional Animal Care Committees of 

the University of California Irvine.

Spinal nerve ligation surgery

Unilateral SNL was performed as described by Kim and Chung (Kim & Chung, 1992). 

Briefly, mice were deeply anesthetized with air-mixed isoflurane (5% for induction, and 2% 

for maintenance). The left L4 spinal nerve, which is equivalent anatomically to L5 spinal 

nerve in rat (Rigaud et al., 2008), was exposed and ligated tightly with a 6.0 silk suture. We 

performed sham ligation by exposing the left L4 spinal nerve and loosely winding a suture 

around the nerve without ligation.

Von Frey filament stimulation

Paw withdrawal thresholds were determined by the up–down method (Dixon, 1980) using a 

set of von Frey monofilaments (Stoelting Co., Wood Dale, IL). Briefly, each mouse was 

habituated in a test compartment with a mesh floor for at least 30 min until exploratory 

behavior has stopped or decreased to a minimal level. The first von Frey filament (0.41g) 

was applied to the plantar surface of the hindpaw until it buckled slightly. If a withdrawal 

response was observed within 5 second, the next lower weight filament was used. 

Conversely, if the filament failed to elicit a withdrawal response, the next filament with a 

higher weight was applied. After the first change in response occurred, this paradigm 

continued until a total of six responses, starting from the one before the change in response, 

were recorded. In the case of four consecutive positive responses to filaments with 

decreasing weight, or three consecutive negative responses to filaments with increasing 

weight, a score of 0.01 g or 3.0 g, respectively, was assigned. These responses were used to 

calculate the 50% withdrawal threshold as described previously (Luo et al., 2001).
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Spinal cord slice preparation

Isoflurane anesthetized mice were decapitated, and the L4 lumber region of the spinal cords 

was removed, transversely cut with a vibratome (VT-1200, Leica Inc.) into 300 μm slices in 

ice-cold modified, sucrose-based artificial cerebral spinal fluid (SACSF) saturated with 95% 

O2/5% CO2 (carbogen). The SACSF contained (mM): 250 sucrose, 2.5 KCl, 1.2 NaH2PO4, 

1.2 MgCl2, 2.4 CaCl2, 26 NaHCO3 and 11 glucose. Slices were first incubated in SACSF at 

31 °C for at least one hr before being kept at room temperature in carbogenated ACSF 

containing (mM) 126 NaCl, 2.5 KCl, 1.2 NaH2PO4, 1.2 MgCl2, 2.4 CaCl2, 26 NaHCO3 and 

11 glucose for at least 30 min, then placed in a recording chamber and continually perfused 

with carbogen-saturated ACSF at a flow rate of 2.0 ml/min. 1μM tetrodotoxin (TTX) was 

applied continually when mEPSC/mIPSC were recorded.

Patch clamp recording

DDH neurons in slices were visualized with an upright microscope (Eclipse FN1, Nikon) 

with near-infrared illumination. All DDH recordings were made in the grey matter dorsal 

lateral to the central canal and at least 100 μm away from bottom of lamina II. The neuron 

locations were confirmed under low magnification after recording. The intracellular solution 

for recording mEPSC contains (mM): 135 potassium gluconate, 5 KCl, 5 EGTA, 0.5 CaCl2, 

10 HEPES, 2 Mg-ATP, and 0.1 GTP; that for recordeding mIPSC contains (mM): 70 

potassium gluconate, 65 KCl, 5 EGTA, 0.5 CaCl2, 10 HEPES, 2 Mg-ATP, 0.1 GTP. These 

solutions were adjusted to pH 7.2 with Tris-base, osmolarity 300 mOsm. The junction 

potential was nulled between the patch pipette and bath solution before gigaseal formation. 

Series resistance was monitored throughout the experiment without compensation 

(Multiclamp 700B) and changes in series resistance (15–30 MΩ) more than 20% during 

whole-cell recording would lead to data elimination. Electrophysiological signals were 

recorded with MultiClamp 700B amplifiers (Axon Instruments, Molecular Devices, Union 

City, CA), Digidata 1440 analog-to-digital converters (Axon Instruments) and pClamp 10.2 

software (Axon Instruments). Data were sampled at 10 kHz and filtered at 2 kHz. All 

recordings were done at a temperature of 32 ± 0.5°C.

The slices were stabilized for 5 min, then mEPSC/mIPSC were recorded, counted and 

analyzed using clampfit 10.3 (Molecular Devices). For drug treatment, mEPSC frequency 

baseline mean values were obtained for 5 min during the control period, and the mean 

values for drug application were obtained over the peak drug response for 2 min. The 

mEPSC frequencies during and after drug applications were compared to their baseline 

mean values. Drug effects were expressed as percentage changes (mean ± SEM) over the 

baseline values.

Statistics analysis

All data were expressed as mean ± SEM. Differences between two groups were compared 

with student’s t-test. One-way or Two-way ANOVA analysis with Bonferroni post hoc test 

was used for multi-group comparisons where necessary. p < 0.05 was considered 

statistically significant.
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Results

Upregulation of α2δ1 induces tactile allodynia

We first examined if tactile allodynia, shown as reduced hindpaw thresholds to light touch 

was manifested similarly in both SNL and α2δ1 Tg mice by measuring hindpaw sensitivity 

to von Frey filament stimuli in both models. In the SNL model, paw withdrawal thresholds 

were significantly decreased in the injury side of SNL mice within one week post injury 

while there was no significant change in the injury side of sham mice during the same period 

(Fig. 1A). The tactile allodynia state correlates with upregulation of α2δ1 proteins in dorsal 

root ganglia and associated spinal dorsal horn reported previously (Zhou & Luo, 2014). The 

time course of SNL-induced tactile allodynia was similar to that previously reported (Luo et 

al., 2001; Luo et al., 2002; Li et al., 2004). Similarly, α2δ1 overexpression in the Tg mice 

also caused tactile allodynia compared with their WT littermates (Fig. 1B) (Li et al., 2006). 

In combination with previous findings that blocking α2δ1 expression or activity with 

intrathecal α2δ1 antisense oligodeoxynucleotides, or the α2δ1 ligand gabapentin (GBP), 

respectively, reverses behavioral hypersensitivity in both SNL and α2δ1 Tg animals (Li et 

al., 2004; Li et al., 2006), these findings suggest that elevated spinal α2δ1 mediates tactile 

allodynia.

SNL or elevated α2δ1 enhanced excitatory synaptic transmission in DDH neurons through 
a pre-synapitc mechanism

To the best of our knowledge, the effects of SNL injury in DDH neuron synaptic 

transmission are not yet investigated or reported, which however could play a significant 

role in the processing of tactile allodynia. Accordingly, we examined mEPSC in deep dorsal 

horn neurons from L4 spinal cord slices of the surgery side (SNL or sham) 5–7 days post 

operation when SNL mice displayed allodynia. AP-5 (50 μM), biccuculine (10 μM), 

strychnine (1 μM), and tetrodotoxin (TTX 1μM) were added to block NMDA receptors, 

GABAA receptors, glycine receptors, and TTX-sensitive sodium channels, respectively. 

Bath application of 20 μM CNQX, a non-NMDA receptor antagonist, at the end of the 

recording abolished mEPSCs (data not shown), confirming that mEPSC from DDH neurons 

was mediated through AMPA/Kainate receptors.

Our data indicated that mEPSC frequency was increased in deep dorsal horn neurons from 

the injury side of SNL mice compared with that from sham control mice (Fig. 2A), resulting 

in a leftward shift in the cumulative probability curve of interevent intervals (Fig. 2B), but 

not amplitude (Fig. 2C) of mEPSC. These corresponded to a ~100% increase in mEPSC 

average frequency, likely reflecting increased glutamate release frequency from pre-synaptic 

sites (Fig. 2D), but no significant change in mEPSC amplitude (Fig. 2E), a measurement of 

post-synaptic neuron excitability. Importantly, GBP (10–100 μM) could reversibly 

normalize SNL-induced mEPSC frequency in DDH neurons dose-dependently without 

affecting that in sham mice (Fig. 2F and G). These data support that SNL enhanced 

excitatory synaptic transmission in DDH through a pre-synaptic mechanism.

Since SNL caused dysregulation of a lot of genes in DRG and spinal cord (Wang et al., 

2002; Valder et al., 2003), it was not clear if SNL-induced α2δ1 was responsible for the 
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increased pre-synaptic excitatory input that correlated with tactile allodynia. We addressed 

this question by examining whether elevated α2δ1 alone without the influence from other 

injury factors is sufficient to enhance mEPSC frequency in DDH of the binjury-free α2δ1 Tg 

mice. Overexpression of α2δ1 in neuronal tissues, including spinal cord and DRG, in the 

α2δ1 Tg mice leads to similar behavioral hypersensitivity as that observed in the SNL model 

(Li et al., 2006), thus, the injury-free α2δ1 Tg mice could be a complementary model to the 

SNL model in investigating the role of α2δ1 upregulation in pain state processing. Similar to 

that in SNL mice, α2δ1 upregulation in the Tg mice resulted in a significant increase in 

frequency (Fig. 3A) of mEPSC with a leftward shift in cumulative probability curve of 

interevent interals (Fig. 3B), but no change in mEPSC amplitude (Fig. 3C) compared with 

that from the WT mice. These changes corresponded to a ~128% higher average mEPSC 

frequency (Fig. 3D), but no significant change in average mEPSC amplitude (Fig. 3E) in the 

Tg mice compared with that in WT mice. GBP (10–100μM) dose-dependently attenuated 

mEPSC frequency in DDH neurons from the Tg mice without affecting that from WT mice 

with the highest concentration tested (100μM) (Fig. 3F and G). In combination with similar 

findings from the SNL mice, these data support a role of elevated α2δ1 in enhancing 

excitatory synaptic transmission in DDH through a pre-synaptic mechanism.

Unaltered inhibitory synaptic transmission in DDH neurons from SNL and α2δ1 Tg mice

Besides glutamatergic excitatory innervations, DDH neurons also receive GABAergic and 

Glycinergic innervations from inhibitory interneurons in spinal dorsal horn (Braz et al., 

2014). To test if α2δ1 upregulation in SNL (5–7 days post injury) and α2δ1 Tg mice also 

affected inhibitory synaptic transmission in DDH neurons, we examined mIPSC in the 

presence of TTX (1μM) from L4 spinal slices of these models. During the recording, 

mEPSC was blocked with DNQX (20 μM) and APV (50 μM). The remaining mIPSC could 

be eliminated by bicuculline (10 μM) and strychnine (1 μM) (data not shown) confirming a 

suitable recording condition for examining mIPSC (Fig. 4A).

Interestingly, there is no significant difference in mIPSC either between the SNL and Sham 

mice, or between the α2δ1 Tg and WT mice. The distribution of interevent intervals and 

amplitude of mIPSC did not shift in SNL mice compared with that from the sham mice (Fig. 

4B, C), nor in α2δ1 Tg mice compared with that from the WT mice (Fig. 4F, G). The 

average mIPSC frequencies and amplitudes in DDH neurons were similar between SNL/

sham (Fig. 4D, E) or Tg/WT mice (Fig. 4H, I). These data suggest that increased α2δ1 in 

neither the SNL nor the α2δ1 Tg mouse model affects inhibitory synaptic transmission in 

deep dorsal spinal cord.

Discussion

Peripheral nerve injury induces neuroplasticity changes in deep dorsal horn of spinal cord 

that may contribute to neuropathic allodynia, a painful state of hypersensitivity to innocuous 

light touch sensation, which is normally transmitted by Aβ-sensory afferents projecting to 

and forming synapse connections with DDH neurons (Braz et al., 2014). These changes may 

include, but are not limited to, dysregulation of genes (Dobremez et al., 2005), suppressing 

inhibitory and/or enhancing facilitatory descending modulations (Suzuki et al., 2004; 
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Rahman et al., 2008), attenuated glutamate uptake (Binns et al., 2005), and increased pain-

inducing peptides in DDH neurons (Nitzan-Luques et al., 2011). However, to the best of our 

knowledge, it is not yet known if peripheral nerve injury alters excitatory and/or inhibitory 

miniature synaptic transmission in deep dorsal horn, which can play a critical role in 

mediating neuropathic allodynia. We provide data here to indicate that spinal nerve ligation 

injury leads to increased frequency of mEPSC in deep dorsal horn neurons, which is 

gabapentin-reversible, and neuropathic tactile allodynia. Similar maladaptive changes in 

DDH mEPSC and tactile allodynia also occur in injury-free transgenic mice with α2δ1 

overexpression in neuronal tissues. In contrast, neither spinal nerve ligation injury nor α2δ1 

overexpression causes any significant change in DDH mIPSC. Together, these data support 

that peripheral nerve injury enhances excitatory pre-synaptic input into DDH neurons under 

non-stimulating conditions, most likely through α2δ1 upregulation, that may play a role in 

neuropathic allodynia.

Several lines of evidence support our conclusion. First, α2δ1 proteins are highly upregulated 

in DRG after SNL injury, then translocated to primary afferent pre-synaptic terminals in 

dorsal spinal cord during the development of neuropathic allodynia (Li et al., 2004; Bauer et 

al., 2009). Second, blocking this injury-induced neuroplasticity with intrathecal treatments 

of α2δ1 antisense oligodeoxynucleotides, or GBP prevents (Boroujerdi et al., 2008) and 

reverses (Luo et al., 2002; Li et al., 2004; Bauer et al., 2009) neuropathic allodynia. Third, 

α2δ1 overexpression in injury-free Tg mice is sufficient to induce behavioral 

hypersensitivity and dorsal horn neuron hyperexcitability with similar pharmacological 

profiles as that observed in the SNL model (Li et al., 2006; Chang et al., 2013; Chang et al., 

2014; Zhou & Luo, 2014).

To our knowledge, this is the first study revealing maladaptive changes in DDH miniature 

synaptic transmission underlying nerve injury-induced mechanical allodynia. Even though 

we have recently reported that peripheral nerve injury induces similar changes in superficial 

dorsal horn (SDH) and behavioral nociceptions in SNL and α2δ1 Tg mice (Zhou & Luo, 

2014), SDH and DDH have functional differences in mediating sensory signal processing 

since neurons in these locations receive distinct sensory input from different primary 

afferents (Light & Perl, 1979; Brown, 1982; Millan, 1999; Graham et al., 2007; Braz et al., 

2014). The SDH neurons receive primary afferent inputs mainly from small myelinated Aδ 

and unmyelinated C-fibers carrying nociceptive, including thermal and cold, information. In 

contrast, DDH neurons receive inputs mainly from large Aβ myelinated fibers carrying 

tactile information and synaptic inputs from SDH neurons. Neuron populations and synaptic 

connections may also differ in superficial and deep laminae. Compared with a high 

percentage of nociceptive specific neurons in the superficial dorsal horn (lamina I–II), wide 

dynamic range (WDR) neurons in deep dorsal horn are responsive to a large range of 

sensory modalities (thermal, chemical and mechanical) and represent an important 

component in spinal sensory/pain transmission (Brown, 1982; Basbaum et al., 2009; Todd, 

2010; Braz et al., 2014). WDR neurons exhibit a frequency-dependent, progressive increase 

in neuronal excitability in response to repeated electrical stimulation of afferent C-fibers 

(windup phenomenon) (Herrero et al., 2000). In addition, excitatory and inhibitory 

interneurons also form specific circuitries in SDH and DDH with projection, WDR neurons 

or between each other to modulate sensory information processing at the spinal cord level, 
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which in turn, is subjected to descending modulation from the higher central nervous system 

(Braz et al., 2014).

Our previous data from the injury-free α2δ1 Tg mice indicate that elevated neuronal α2δ1 

expression leads to exaggerated and prolonged WDR neuron firing in response to 

mechanical and thermal stimuli, but normal windup response to electrical stimuli, suggesting 

that elevated α2δ1 mediates DDH neuron aberrant activities and pain states through a 

mechanism independent of abnormal C-fiber stimulation (Li et al., 2006). Findings from this 

study indicate that increased mEPSC frequency is found in both SNL and α2δ1 Tg mice that 

have common correlates of elevated α2δ1 proteins and behavioral hypersensitivities (Luo et 

al., 2002; Li et al., 2004; Li et al., 2006). GBP can dose-dependently normalize aberrant 

mEPSC frequency in both models (Figs. 2F, 2G, 3F, 3G) in a dose-range achievable in 

plasma when GBP is given orally to patients (Ben-Menachem et al., 1992; Bryans & 

Wustrow, 1999). While GBP binds to both α2δ1 and α2δ2 proteins (Klugbauer et al., 2003), 

it is less likely that α2δ2 is involved in this process since SNL only induces DRG α2δ1, but 

not α2δ2, upregulation (Bauer et al., 2009) and GBP is not affecting mEPSC frequency in 

sham and WT control mice (Figs. 2F, 3F). This is consistent with previous studies 

suggesting that GBP only exhibits therapeutic effect under pathological conditions (Ben-

Menachem et al., 1992; Field et al., 1997; Stanfa et al., 1997; Bryans & Wustrow, 1999; 

Moore et al., 2002a). The fast action of GBP on mEPSC frequency supports its effects on 

synaptic transmission, rather than trafficking of VGCC (Hendrich et al., 2008). In addition, 

GBP at this dose-range is able to inhibit evoked Ca2+ influx in cortical synaptosomal 

suspensions (Fink et al., 2000; Meder & Dooley, 2000), and excitatory synaptic transmission 

in hyperalgesic spinal cord (Patel et al., 2000). Together, these findings support that 

peripheral nerve injury-induced α2δ1 mediates neuropathic allodynia at least at the spinal 

cord level by enhancing excitatory pre-synaptic input into deep dorsal horn.

The mechanism underlying α2δ1 modulation on excitatory synaptic transmission in deep 

dorsal spinal cord reminds elusive. A large body of emerging evidence indicates that α2δ1 

subunit is a multifunctional protein. It not only regulates VGCC functions, but is also critical 

for VGCC-independent functions. Since miniature glutamate release does not require Ca2+ 

influx into pre-synaptic terminals, α2δ1 may have other regulatory functions or interactions 

with pre-synaptic proteins involved in synaptic neurotransmission. Data from recent studies 

show that α2δ1 is the receptor for thrombospondin, an extracellular matrix protein secreted 

by astrocytes, in promoting excitatory synaptogenesis in the CNS, which is GBP sensitive, 

but VGCC-independent (Eroglu et al., 2009). In addition, α2δ1 interacts with a serotonergic 

descending facilitation pathway at the spinal level that is critical in mediating central 

sensitization and neuropathic allodynia/thermal hyperalgesia (Chang et al., 2013), as well as 

GBP efficacy in reversing pain states (Suzuki et al., 2005). Therefore, it is possible that α2δ1 

modulation on mEPSC frequency requires integration of multiple pathways that could be 

GBP-sensitive, but VGCC-independent. This is supported by recent findings that α2δ1 

modulates EPSC frequency in ventromedial hypothalamus neurons through a VGCC-

independent mechanism that underlies GBP-induced weight gain (Cordeira et al., 2014).

The contribution of spinal dorsal horn inhibitory circuitry to pain processing is equally 

important as that from excitatory circuitry. However, findings related to contribution of 
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spinal inhibitory circuitry to neuropathic pain state processing remain inconsistent. While 

suppression of inhibitory synaptic transmission in the dorsal spinal cord has been reported in 

certain chronic pain states such as tactile allodynia and hyperalgesia (Yaksh, 1989; Kontinen 

et al., 2001), other studies have shown that neither GABAergic nor glycinergic IPSC is 

changed in neuropathic rodents (Polgar et al., 2003; Polgar et al., 2005; Wang et al., 2007), 

which is similar to our findings that behavioral hypersensitivity in neither the SNL nor α2δ1 

Tg mice correlates with any change in DDH mIPSC (Fig. 4). This discrepancy could be due 

to the differences in experimental conditions, neuron sampling locations, animal stains and 

pain models. In addition, our data cannot exclude the possibility that evoked IPSC, but not 

mIPSC, is altered in these allodynic models. Nevertheless, our findings provide new 

evidences indicating that α2δ1 upregulation in spinal cord differentially modulate excitatory 

and inhibitory synaptic transmission.

In summary, our data indicate that peripheral nerve injury can enhance excitatory synaptic 

neurotransmission in DDH by enhancing mEPSC through a pre-synaptic mechanism, most 

likely mediated by elevated α2δ1 expression, which in turn contributes to neuropathic 

allodynia. Blocking this maladaptive change post nerve injury may provide an alternative 

strategy in managing modality specific nociception.
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Figure 1. Similar tactile allodynia were observed in unilateral L4 SNL and α2δ1 Tg mice
Tactile allodynia was measured by applying von Frey filaments to the plantar surface of the 

hindpaw as described. A. Hindpaw withdrawal thresholds (PWT) to light touch in the 

ipsilateral hindpaws of sham and SNL mice were tested in a blinded fashion at designated 

time points post surgery. B. Similarly tested adult α2δ1 Tg mice also showed decreased 

PWT compared with their WT littermates. Data presented are the means ± SEM from the 

number of animals indicated. **p < 0.01 compared with control values by one-way ANOVA 

test.
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Figure 2. L4 spinal nerve ligation in mice led to enhancement of mEPSC frequency in DDH 
neurons that could be blocked by gabapentin
mEPSC from injury side of L4 deep dorsal horn neurons of sham and SNL mice was 

recorded 5 – 7 days post surgery. A. Representative traces of mEPSC from DDH neurons of 

sham and SNL mice, respectively. B and C. Cumulative probability curves of mEPSC 

interevent intervals (B) and amplitude (C) from Sham and SNL mice, respectively. p = 

0.001 (k-s test) for a comparison of mEPSC interevent intervals between sham and SNL 

mice. p = 0.21 for a comparison of mEPSC amplitude between sham and SNL mice. D and 
E. Summary of mEPSC frequency (D) and amplitude (E) in L4 DDH neurons from injury 

side of SNL and sham mice. **p < 0.01 compared with sham L4 neurons by Student’s t-test. 

F. Time courses for the effects of 100μM GBP on mEPSC frequency from sham and SNL 

neurons. G. Dose-dependent normalization by GBP on mEPSC frequency on SNL neurons. 

*p < 0.05, **p < 0.01 compared with pre-GBP treatment; #p < 0.05 compared with 10μM 
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treatment by one-way ANOVA test. Dotted line represents percentage of mEPSC frequency 

in sham mice shown in D. Summarized data are shown as the means ± SEM from the 

number of neurons indicated in the parentheses.
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Figure 3. Enhanced mEPSC in DDH neurons from α2δ1 Tg mice that could be blocked by 
gabapentin
mEPSC from L4 DDH neurons of adult WT and α2δ1 Tg mice was recorded as described. 

A. Representative traces of mEPSC from WT and α2δ1 Tg DDH neurons, respectively. B 
and C. Cumulative probability curves of mEPSC interevent intervals (B) and amplitude (C) 

from WT and Tg DDH neurons, respectively. p = 0.001 (k-s test) for a comparison of 

mEPSC interevent intervals between WT and Tg mice. p = 0.53 for a comparison of mEPSC 

amplitude between WT and Tg mice. D and E. Summary data of average mEPSC frequency 

(D) and amplitude (E), respectively, from WT and Tg DDH neurons. **p < 0.01 compared 

with WT group by Student’s t-test. F. Time courses for the effects of 100μM GBP on 

mEPSC frequency from WT and Tg L4 DDH neurons. G. Dose-dependent normalization of 

mEPSC frequency in L4 Tg neurons by GBP. **p < 0.01 compared with pre-GBP 

treatment; #p < 0.01 compared with 10μM GBP treatment by one-way ANOVA test. Dotted 
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line represents percentage of mEPSC frequency in sham mice shown in D. Summarized data 

are shown as the means ± SEM from the number of neurons indicated in the parentheses.
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Figure 4. mIPSC was not altered in DDH neurons from SNL and α2δ1 Tg mice
mIPSC from L4 dorsal horn neurons of WT and α2δ1 Tg mice or injury side of sham and 

SNL mice 5–7 days post surgery was recorded as described. A. Representative traces of 

mIPSC from a sham and a SNL DDH neuron, respectively. B, C. Cumulative probability 

curves of mIPSC interevent intervals and amplitude, respectively, from sham and SNL mice. 

D, E. Summary of average mIPSC frequency (D) and amplitude (E), respectively, from 

DDH neurons of sham and SNL mice. F, G. Cumulative probability curves of mIPSC 

interevent intervals (F) and amplitude (G), respectively, from WT and α2δ1 Tg DDH 

neurons. H, I. Summary of average mIPSC frequency (H) and amplitude (I), respectively, 
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from WT and α2δ1 Tg DDH neurons. p > 0.1 (k-s test) for all the comparisons between 

sham and SNL as well as between WT and α2δ1 Tg mice.
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