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Abstract
Mechanisms of chronic pain, including neuropathic pain, are poorly understood. Upregulation of
voltage-gated calcium channel (VGCC) α2δ1 subunit (Cavα2δ1) in sensory neurons and dorsal spinal
cord by peripheral nerve injury has been suggested to contribute to neuropathic pain. To investigate
the mechanisms without the influence of other injury factors, we have created transgenic mice that
constitutively overexpress Cavα2δ1 in neuronal tissues. Cavα2δ1 overexpression resulted in enhanced
currents, altered kinetics and voltage-dependence of VGCC activation in sensory neurons;
exaggerated and prolonged dorsal horn neuronal responses to mechanical and thermal stimulations
at the periphery; and pain behaviors. However, the transgenic mice showed normal dorsal horn
neuronal responses to windup stimulation, and behavioral responses to tissue-injury/inflammatory
stimuli. The pain behaviors in the transgenic mice had a pharmacological profile suggesting a
selective contribution of elevated Cavα2δ1 to the abnormal sensations, at least at the spinal cord level.
In addition, gabapentin blocked VGCC currents concentration-dependently in transgenic, but not
wild-type, sensory neurons. Thus, elevated neuronal Cavα2δ1 contributes to specific pain states
through a mechanism mediated at least partially by enhanced VGCC activity in sensory neurons and
hyperexcitability in dorsal horn neurons in response to peripheral stimulation. Modulation of
enhanced VGCC activity by gabapentin may underlie at least partially its antihyperalgesic actions.
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1. Introduction
Nerve injury-induced pain, or neuropathic pain, is a debilitating disorder affecting millions of
people per year. Clinically, it is difficult to manage neuropathic pain, reflecting both a limited
understanding of the disorder, and a lack of selective agents with which to target putative
mechanisms. Symptoms of neuropathic pain can persist beyond the disappearance of its
originating clinical pathologies indicating long-term changes in processes underlying sensory
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perception. These changes may include sprouting of uninjured fibers in the periphery and the
central nervous system, changes in the distribution and activation states of ion channels and
receptors within both injured and uninjured afferent neurons, and changes in the expression
pattern of different proteins, including neurotransmitters, receptors and ion channels in
neuronal and non-neuronal tissues. However, a causal link of these changes to the initiation
and maintenance of neuropathic pain is not clear. This is particularly true for the α2δ-1 subunit
(Cavα2δ1) of the voltage-gated calcium channel (VGCC). We and others have demonstrated
that this subunit is dramatically upregulated in dorsal root ganglion (DRG) neurons and spinal
dorsal horn following nerve injury (Luo et al., 2001; Newton et al., 2001; Costigan et al.,
2002; Wang et al., 2002; Valder et al., 2003), and this increase is highly correlated with the
genesis and maintenance of neuropathic pain behaviors (Luo et al., 2001, 2002; Li et al.,
2004).

The Cavα2δ1 is a heavily glycosylated structural subunit important for functional assembly of
the VGCC in the cell membrane (Scott et al., 1991; Williams et al., 1992; Dolphin et al.,
1999; Kang et al., 2002). Altered Cavα2δ1 expression can lead to changes in calcium channel
current density, thereby affecting sensory information processing. However, nerve injury may
also alter expression of other genes and the activation states of other functional proteins, which
may also contribute to neuropathic pain development and maintenance. Thus, a causal link
between the nerve-injury-induced increase in the Cavα2δ1 subunit and neuropathic pain
remains elusive.

To define the contribution of VGCC Cavα2δ1 subunit to pain processing without the
complication from other factors associated with injury, we have generated transgenic (TG)
mice over-expressing the Cavα2δ1 subunit under the control of the thy-1 promoter (Vidal et
al., 1990; Feng et al., 2000). We examined the behavioral responses of the TG mice and their
wild-type (WT) littermates to different types of stimuli and their sensitivity to different classes
of drugs with analgesic and antihyperalgesic properties. In addition, we characterized the
effects of Cavα2δ1 overexpression in VGCC properties on isolated DRG neurons, and evoked
dorsal horn neuronal responses to mechanical and thermal stimulation from the periphery.

2. Materials and methods
2.1. Transgenic mice

The TG mice over-expressing the Cavα2δ1 gene were generated as described previously (Feng
et al., 2000). The mouse brain Cavα2δ1 cDNA (Genbank Accession No. U73484) was cloned
into the transgene vector down-stream of a 6.5 kb murinethy-1.2 gene extending from the
promoter region to the intron after exon 4 without exon 3 and its flanking introns. Thy-1 is a
member of the immunoglobulin superfamily that is expressed in both neuronal and non-
neuronal tissues, including thymocytes (Gordon et al., 1987). Deletion of exon 3 and its
flanking introns has been shown to abolish expression in nonneuronal cells (Vidal et al.,
1990). Only adult male TG mice and WT littermates were used for the experiments. All the
mice appeared normal with respect to grooming, social interactions and feeding, and showed
no signs of abnormality or any obvious motor defects, tremor, seizure, or ataxia. All animal
care and experiments were performed according to protocols approved by the Institutional
Animal Care Committees of the University of California, Irvine, the University of Maryland,
Baltimore, and the University College London.

2.2. Western blot
Pulverized frozen tissues were extracted with lysis buffer (50 mM Tris-HCl buffer, pH 7.5,
containing 0.5% Triton X-100, 150 mM NaCl, 1 mM EDTA) containing protease inhibitors.
Equal amounts of total proteins from each sample were applied to electrophoresis in NuPAGE
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Tris-acetate gels (Invitrogen, Carlsbad, CA) under reducing conditions, then
electrophoretically transferred to the nitrocellulose membranes. After blocking nonspecific
binding with 5% non-fat milk for 1 h at room temperature, the membranes were incubated with
antibodies against proteins of interest in PBS containing 0.1% Tween 20 for 1 h at room
temperature or overnight at 4 °C. The dilutions of the antibodies were: anti-Cavα2δ1 antibody,
1:2000 (monoclonal, Sigma, St. Louis, MO); anti-Cava1B antibody, 1:200 (polyclonal, Exalpha
Biologicals, Inc., Boston, MA); anti-Cavb3 antibody, 1:300 (polyclonal, Sigma, St. Louis,
MO). The antigen-antibody complexes were detected by incubating the membranes with
horseradish peroxidase labeled secondary antibodies followed by substrate addition. The blots
were stripped and re-blotted with primary antibodies against different proteins or
glyceraldehyde-3-phosphate dehydrogenase for loading control (GAPDH, monoclonal,
1:10,000. Ambion, Austin, TX), which was not changed due to Cavα2δ1 overexpression and
other manipulations on the mice. Under reducing conditions, the δ-peptide separates from the
α2 subunit so the positive bands detected by the primary antibody for Cavα2δ1 reflect the α2
subunit only. Data quantification was performed with luminescent detection (Kodak Image
Station 2000MM) or densitometry within the linear range of the CCD camera or X-ray films,
respectively. Changes in band densities between WT and TG samples were calculated after
taking the ratio of protein bands of interest over GAPDH bands for normalization of loading.

2.3. Behavioral assays
After 1 h acclimation, mouse behavioral response to mechanical stimulation was tested as
described previously (Luo et al., 2001). The 50% paw withdrawal thresholds (PWT) to
calibrated von Frey filament (Stoelting, Wood Dale, IL) stimulation were determined using a
modified up-down method of Dixon (1980). A series of filaments with buckling weight
between 0.04 and 2.0 g were applied with a bending force to plantar surface of the hindpaw,
starting with a 0.4 g filament. Paw lifting within 5 s was considered a positive response and
led to the use of the next weaker filament. Absence of a paw lifting after 5 s led to the use of
the next filament with increasing weight. The 50% paw withdrawal threshold was calculated
from the resulting scores of six measurements starting from the one prior to the first change in
response; or until four consecutive positive (assigned a score of 0.01 g) or three consecutive
negative (assigned a score of 3.0 g) responses had occurred. Except for mice with ipsilateral
spinal nerve ligation in which PWT was compared between the ligation side and the
contralateral side, averaged paw withdrawal threshold from both sides of hindpaws was used
for comparing behavioral sensitivities between WT and TG mice, and before and after drug
treatments.

The mouse hindpaw withdrawal latencies (PWL) from a thermal stimulation in mice were
measured in a modified Hargreaves-type thermal testing device (Hargreaves et al., 1988).
Briefly, after acclimation for at least 30 min in individual boxes on the glass surface of a hot
box (University of California, San Diego) maintained at 30 °C, the radiant light source
underneath the glass surface was aligned to the plantar surface of the hindpaw. Activation of
the light source activated a timer, and paw withdrawal from the light source or 20 s of light
stimulation turned off the light bulb and timer. Unless indicated, averaged escape latency from
both hindpaws was used for comparing sensitivities between WT and TG mice, and before and
after drug treatments.

For the formalin test (Dubuisson and Dennis, 1977), 20 ll of 2% formalin was injected
subcutaneously into the plantar surface of right hindpaw of WT and TG mice after at least 1 h
acclimation in individual transparent cylinders. This induced two phases of spontaneous
behaviors: flinching and lifting/licking. The flinching responses were recorded automatically
from 0 to 60 min post formalin injection in an automated nociception analyzer (University of

Li et al. Page 3

Pain. Author manuscript; available in PMC 2006 November 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



California, San Diego) and lifting/licking was recorded by a digital camcorder and counted
manually. The numbers of flinching/min or lifting/licking per 5 min were compared.

For carrageenan-induced inflammation and mechanical hyperalgesia (Tao et al., 2004), the
paw withdrawal thresholds to mechanical stimulation were measured before and at designated
time points post intraplantar injections of 20 ll carrageenan (1% w/v) into the right hindpaw
of WT and TG mice after at least 1 h of acclimation. The degree of inflammation induced by
carrageenan was determined by measuring the thickness of right hindpaws before and at
designated time points post injection with a caliper. The same amount of sterile saline was
injected similarly into control WT and TG mice as control.

2.4. Drug administration
Working solutions of gabapentin, ketorolac and morphine were prepared in sterile saline before
intrathecal injection between lumbar regions 5 and 6 (in 5 ll) (Inoue et al., 2004) or
intraperitoneal injection. Behavioral testing started 1 h post drug treatment unless indicated.

2.5. Immunohistostaining
Lumbar spinal cord and DRG were dissected from deeply anesthetized mice and fixed in 4%
paraformaldehyde. Paraffin-embedded spinal cord and DRG sections (5 μm, Pathology core
of the University of California, Irvine) were treated with a citrate buffer (pH 6.0) followed by
3% H2O2 in PBS, washed and blocked with 1% bovine serum albumin and 10% normal goat
serum, then incubated with the monoclonal antibodies against the Cavα2δ1 subunit (Sigma,
Saint Louis, MO) overnight at 4 °C. After incubation with biotinylated secondary antibody
conjugated to horseradish peroxidase and then avidin-biotin complex solution (Vectastain Elite
ABC kit, Vector Laboratories), the sections were developed in diaminobenzidine-H2O2
solution, washed, and mounted on slides, air-dried, dehydrated and coverslipped with
Permount. Omission of primary antibodies from some sections was used as control. The
positive staining in sections was examined and images were taken under a microscope.

2.6. Electrophysiological recordings in isolated DRG neurons
Lumbar DRG of adult mice were enzymatically treated and mechanically dispersed as
described (Jiang et al., 1998), except that the ganglia were bubbled in carbogen (5% CO2, 95%
O2) during the 20 min collagenase treatment. DRG neurons were plated onto laminin/ornithine-
coated glass coverslips and incubated for 2 h in MEM containing 50 lM cadmium, 10% fetal
bovine serum at 37 °C, 90% humidity, and 3% CO2. Neurons were then transferred to an L-15
based medium containing 10% fetal bovine serum, and stored at room temperature before
recording. All recording was performed within 8 h of harvesting ganglia.

Whole-cell patch voltage-clamp recordings were performed using an Axopatch 200B amplifier
(Molecular Devices, Sunnyvale, CA). Data were filtered with a 4-pole Bessel filter and
digitized. Series resistance <12 MΩ was compensated (>80%) by using amplifier circuitry.
Only data obtained from neurons in which uncompensated series resistance resulted in voltage-
clamp errors of less than 5 mV were used. A P/4 protocol was used for leak subtraction.
Electrode and bath solutions were formulated so as to eliminate voltage-gated sodium,
potassium currents as well as calcium activated potassium and chloride currents. Activation
and deactivation rates were determined with a 40 ms voltage step while that of inactivation
was determined with a 400 ms voltage step (data not shown). The current-voltage relationship
was used to assess peak inward current for each cell, which was evoked between -20 and 0
mV. To validate conductance measurements based on estimates of current reversal potential
(i.e., conductance (g)I ∕ (Vtest − Vrev), where I is membrane current, Vtest, is the potential at
which current was evoked and Vrev is the current reversal potential), we compared derived
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conductance-voltage relationship to that based on tail currents (i.e., an instantaneous G-V);
both methods yielded similar results (data not shown).

Barium (5 mM) was used as a charge carrier in place of calcium to limit run-down associated
with the use of calcium as a charge carrier (Jiang et al., 1998). The bath solution contained 130
mM choline chloride, 5 mM BaCl2, 0.6 mM MgCl2, 10 mM Hepes, and 10 mM glucose (pH
7.4 adjusted with Tris base and osmolarity 325 milliosmolar adjusted with sucrose). The
electrode solution contained 110 mM Cs-methansulfonate, 30 mM TEA-Cl, 1 mM CaCl2, 5
mM MgCl2, 11mM EGTA, 10 mM Hepes, 2 mM Mg-ATP, and 1 mM Li-GTP (pH 7.2 adjusted
with Tris base and osmolarity 310 milliosmolar adjusted with sucrose). Patch pipettes filled
with electrode solution had resistances of 1.5-3 MX.

Ba2+ currents were evoked from a holding potential of 70 mV. Conductance-voltage curves
were constructed for each neuron from I to V curves generated by assessing peak current evoked
with 40-ms voltage steps between -80 and +60 mV taken at every 5 mV. Reversal potential
was determined by interpolating between inward and outward currents. Conductance was
determined by dividing peak current by driving force. To estimate maximal conductance,
conductance voltage-curves were fitted with a modified Boltzmann equation: Conductance
(g) = gmax ∕ (1 + exp( − (Vm − V1∕2) ∕ k)); where gmax is maximal conductance, Vm is
membrane potential, V½ is the potential at which conductance is half of maximal and k is a
slope factor. Current activation was fitted with a single exponential equation to determine the
activation time constant. Tail currents, evoked following membrane repolarization to 70 mV,
following 40 ms depolarizing voltage-steps to potentials ranging between -25 and +40 mV,
were fitted with a single exponential equation to determine the deactivation time constant.
Concentration-response data were fitted with a modified Hill equation: Percent inhibition =
maximal inhibition/(drugN + EC50

N ); where, drug, gabapentin concentration; EC50,
gabapentin concentration leading to 50% maximal inhibition; N, Hill coefficient.

2.7. Electrophysiological recordings in dorsal horn neurons
Animals under anesthesia were placed in a stereotaxic frame and a laminectomy was performed
to expose the L3-L6 spinal segments. Extracellular recordings were made from single wide
dynamic range neurons using parylene coated tungsten electrodes (A-M Systems, USA).
Neurons, visualized on an oscilloscope, were isolated and discriminated on a spike amplitude
and waveform basis. All neurons had receptive fields over the hindpaw. Depth of the neuron
was measured from the surface of the spinal cord. On isolation of a neuron any spontaneous
activity was quantified over a period of at least 100 s in the absence of any evoked stimulus.

Electrical stimulation was given via two needles inserted into the receptive field and the evoked
activity was characterized and quantified as follows. A train of 16 stimuli was given (2 ms
pulse duration, 0.5 Hz at three times the C-fiber threshold), and the evoked neuronal responses
were quantified. The ‘input’ (non-potentiated response), and the ‘calculated
windup’ (potentiated response, evident by increased neuronal excitability to repeated
stimulation) were determined. Input = [action potentials (50-800 ms) evoked by first pulse at
3 times C-fiber threshold] × total number of pulses (16). Wind-up = [total action potentials
(50-800 ms) after 16 train stimulus at 3 time C-fiber threshold] -Input. Windup is also
represented in curve form, displayed as spikes per stimulus of the electrical train.

A wide range of natural stimuli, including von Frey filaments (0.6, 1, 2, 5, 9, 15, 30, 75 g),
heat (27, 32, 35, 40, 45, 48 and 50 °C water jet), were applied to the receptive field for 10 s
per stimulus. Evoked neuronal firing was quantified and expressed as evoked firing over the
10 s stimulation, the total evoked firing, evoked firing after cessation of stimulus and total time
spent firing. Data were captured and analyzed by a CED 1401 interface coupled to a Pentium
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computer with Spike 2 software (Cambridge Electronic Design; PSTH and rate functions).
Unfortunately the effect of gabapentin on these responses could not be assessed as the stability
of mouse in vivo electrophysiology recordings is not sufficient for repeated test stimuli and
dose-responses.

The receptive field area was mapped on standard diagrams of the projected area of the plantar
surface of the paw to a pinch stimulus. Diagrams were copied to plain copier paper (80 g/m2)
and marked areas were cut out and weighed. Receptive field sizes were measured as the weight
of the particular area and expressed as a percentage of the mean weight of 10 control diagrams
of the whole paw (79.0 ± 0.5 mg).

2.8. Statistical analyses
Data were reported as means ± SEM. Unpaired Student’s t tests were performed where
significance was indicated by two-tailed p values:*p <0.05.

3. Results
3.1. Neuronal Cavα2δ1 overexpression induces abnormal sensations

Data from Western blot analysis indicated that Cavα2δ1 protein levels were elevated in
forebrain, cortex, hippocampus, cerebellum, spinal cord, and DRG of the TG mice compared
with WT littermates (Fig. 1a and b). Similar increases in neuronal Cavα2δ1 expression were
observed in a different mouse line (data not shown) showing similar behavioral sensitivity (see
results of Fig. 2), but not in non-neuronal tissues (Fig. 1c). Relative Cavα2δ1 expression levels
varied among different tissues from the transgenic mice. Endogenous Cavα2δ1 proteins from
non-DRG neuronal tissues of the WT mice differed from that in the DRG as indicated by the
faster migration of the former in Western blot, consistent with findings in rat tissues (Luo,
2000). Cavα2δ1 species with different migration rates were also observed in different non-
neuronal tissues (Fig. 1c). Interestingly, heterogeneous Cavα2δ1 expression was observed in
some TG tissues, and most prominently in DRG where two bands were observed. Since the
upper band can be eliminated by dorsal rhizotomy (Li et al., 2004), it is likely representative
of Cavα2δ1 proteins at the pre-synaptic central terminals of DRG neurons. Since the transgene
did not contain introns for alternative splicing, these Cavα2δ1 species were likely derived from
post-translational modifications, including different glycosylation as indicated in previous
studies (Luo, 2000). In TG spinal cord samples, the increases in Cavα2δ1 proteins were more
dramatic in the faster migrating band than that in the slower migrating band, which has a similar
migration rate as the endogenous DRG Cavα2δ1 proteins. Expression of other neuronal-type
VGCC sub-units, such as the channel forming Cava1B and intracellular Cavβ3 subunits, was
not changed in the TG mice.

Elevated Cavα2δ1 expression in TG mice resulted in abnormal nociceptive responses. Hindpaw
withdrawal thresholds to mechanical stimulation were significantly reduced (tactile allodynia),
to a level similar to that seen in WT mice with one-week spinal nerve ligation (Fig. 2a). The
tactile allodynia state lasted for six months, the longest time tested (Fig. 2b). Paw withdrawal
latencies to noxious thermal stimulation were also significantly reduced (thermal hyperalgesia)
in TG mice compared with WT littermates (Fig. 2c). A similar behavioral phenotype was
observed in another TG line with similarly enhanced Cavα2δ1 expression (data not shown),
suggesting that altered nociceptive processing in the TG mice did not reflect disruption of a
host gene by random transgene incorporation.

While enhanced Cavα2δ1 expression resulted in dramatic changes in the response to acute
stimuli, there were no detectabl changes in response to inflammatory stimuli: the onset and
duration of behavioral responses to intradermal formalin and carrageenan (Fig. 2d and e) and
the inflammatory response to carrageenan injection (Fig. 2f) were not significantly altered in
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the TG mice compared with WT littermates. Interestingly, the carrageenan-, but not formalin-,
induced hyperalgesic state is additive to that induced by elevated Cavα2δ1 expression in the
TG mice (Fig. 2e). Intradermal saline injections in the WT and TG mice were without effects
(data not shown).

3.2. Spinal Cavα2δ1 subunit contributes to the abnormal sensations
To evaluate specifically the contribution of elevated Cavα2δ1 in spinal cord and DRG to
abnormal sensations in the TG mice, we assessed the localization of Cavα2δ1 proteins in DRG
and spinal cord and the influence of intrathecal gabapentin, an antihyperalgesic drug that binds
to the Cavα2δ1 subunit (Gee et al., 1996; Marais et al., 2001), on tactile allodynia in the TG
mice. In WT samples, Cavα2δ1 immunoreactivity was low in both spinal cord and DRG, in
agreement with data in the Western blots (Fig. 1), but detectable in mainly small DRG neurons
(Fig. 3a), neurons and axons in the dorsal (Fig. 3c,e,g) and ventral (not shown) spinal cord.
Cavα2δ1 immunoreactivity in DRG and spinal cord of the TG mice was much higher in DRG
neurons of different sizes (Fig. 3b), in superficial (Fig. 3d) and deep dorsal horn (Fig. 3h)
neurons, axons entering the superficial dorsal horn (Fig. 3f), in addition to ventral horn neurons
and associated structures (data not shown).

Intrathecal gabapentin dose-dependently reversed the tactile allodynia in the TG mice without
significantly altering the paw sensitivity to mechanical stimulation in the WT mice (Fig. 4a).
This gabapentin-sensitive allodynic state in the TG mice is similar to that observed in spinal
nerve-injured animals (Hwang and Yaksh, 1997; Luo et al., 2001,2002;Li et al., 2004), and
suggests that a similar mechanism mediated at least partially by elevated Cavα2δ1 subunit at
the spinal cord level underlies these hypersensitivity states.

3.3. Pharmacological profiles of the abnormal sensations in the transgenic mice support the
involvement of Cavα2δ1 mediated pathway(s)

To test the sensitivity of abnormal sensations in the TG animals to different classes of
compounds known to have anti-hyperalgesic effects on human patients and experimental
animals, we compared the efficacies of gabapentin, morphine, and ketorolac on the allodynic
and thermal hyperalgesic states of the TG mice. Intra-peritoneal administration of gabapentin
(50 mg/kg) reversed the tactile allodynia (Fig. 2a) and thermal hyperalgesia (Fig. 2c) in the
TG mice. The effects of gabapentin were dose-dependent with an estimated ED50 value ∼13
mg/kg (Fig. 4b). Intraperitoneal ketorolac, a cyclooxygenase inhibitor used to treat
inflammation and related pain conditions, at a dose that has been shown to exhibit analgesic
efficacy (7.5 mg/kg) (Domer, 1990), failed to reverse the tactile allodynia and thermal
hyperalgesia states in the TG mice (Fig. 2a and c). Intraperitoneal morphine could only partially
reverse tactile allodynia at the dose of 1 mg/kg, and failed to further reduce allodynia at a higher
dose (5 mg/kg) (Fig. 4b). All these drugs did not affect significantly the baseline tactile
responses in the WT animals. Thus, the hypersensitive states in the TG mice have a
pharmacological profile consistent with a mechanism mediated by pathway(s) involving
elevated Cavα2δ1 subunit.

3.4. Increased Cavα2δ1 expression results in an increased current density and altered gating
properties of high threshold VGCC in DRG neurons

To assess the impact of increased Cavα2δ1 on current density and biophysical properties of
VGCC, we employed whole-cell voltage-clamp techniques to study voltage-gated barium
currents (IBa) in acutely isolated DRG neurons from the TG and WT mice (Fig. 5a). Given that
nociceptive afferents generally arise from small DRG neurons, we assessed the impact of
enhanced Cavα2δ1 expression on barium current in small diameter neurons (i.e., <27 μm). Both
the peak inward current density (Fig. 5b, left) and maximal conductance (Fig. 5b, right) were
significantly increased in small DRG neurons from TG mice compared to those in small DRG
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neurons from WT mice. This increase in conductance was associated with a 5 mV
hyperpolarizing shift in the potential for half activation (V0.5 = -20 ± 1 mV and -25 ± 1 mV
for WT and TG neurons, respectively. Fig. 5c). This shift in V0.5 was largely due to an increase
in the voltage-dependence of activation as it was associated with a decrease in the slope of the
conductance-voltage curve (inset Fig. 5c) with little change in thresholds.

The increased Cavα2δ1 subunit in the TG mice also caused a significant increase in IBa
activation rate at voltages > -20 mV compared with that observed in currents from WT neurons,
as assessed with an exponential fit of the increasing phase of voltage-gated IBa following
membrane depolarization (Fig. 6a). Interestingly, IBa activation rate became voltage dependent
in TG neurons in contrast to the minimal voltage-dependence of IBa in WT neurons (Fig. 6a
and b). While there was no dramatic difference between WT and TG neurons in deactivation
rates of high threshold IBa (assessed with an exponential fit of the decay phase of the tail
current,Fig. 6c), the deactivation rate of evoked IBa was slowed with increased membrane
depolarization in TG neurons, but increased with membrane depolarization in WT neurons
(Fig. 6d). IBa inactivation was similar in DRG neurons from TG and WT mice (data not shown).
The increases in current and maximal conductance are consistent with results from
heterologous expression systems where the Cavα2δ1 subunit has been shown to increase
membrane density of Cava1 subunits (Gurnett et al., 1996;Walker and De Waard, 1998;Dolphin
et al., 1999) as well as increase open channel probability (Shistik et al., 1995;Walker and De
Waard, 1998).

3.5. Increased Cavα2δ1 expression mediates gabapentin inhibition of high threshold VGCC
current in DRG neurons

To assess the impact of increased Cavα2δ1 expression on the efficacy of gabapentin directly,
we examined the effects of gabapentin on voltage-gated IBa in WT and TG DRG neurons (Fig.
7). While the inhibitory effects of gabapentin on high threshold voltage-gated IBa in WT DRG
neurons were minimal (Fig. 7b), gabapentin significantly inhibited peak inward IBa in a
concentration-dependent fashion with an EC50 2 lM in TG neurons. The inhibitory effects of
gabapentin ∼ were not due to current run-down since the current amplitudes in the WT neurons
were stable for the duration of the recording (Fig. 7c). The insensitivity of the acutely isolated
adult WT neurons to gabapentin is in contrast to the gabapentin sensitivity seen in neonatal
sensory neurons maintained in culture conditions for over four days (Sutton et al., 2002). In
addition to developmental and other factors, culture conditions, which are known to influence
sensory neuron morphology and gabapentin-mediated inhibition on VGCC currents (Martin
et al., 2002), might have contributed to the discrepancy.

3.6. Increased Cavα2δ1 expression results in exaggerated evoked-responses and prolonged
post-stimulation firing of dorsal horn neurons to mechanical and thermal stimulation
through a mechanism independent of windup

To evaluate the functional influence of elevated Cavα2δ1 expression, we compared dorsal horn
neuronal responses over a wide range of electrical and natural, mechanical and thermal,
peripheral stimulations in TG and WT mice. Compared with dorsal horn neurons from the WT
mice, TG dorsal horn neurons exhibited exaggerated responses to non-noxious and noxious
mechanical and thermal stimulation in an intensity-dependent manner, shown not only as
increased responses to the applied stimulus but also as prolonged firing after cessation of the
stimuli (Fig. 8). This increase in response to stimuli was reflected by increases in neuronal
spikes for stimulus duration, total evoked spikes, evoked firing time and excess post-
stimulation firing after mechanical (Fig. 8a-f) and thermal (Fig. 8g-l) stimulation, respectively.
Interestingly, as we have reported previously (Suzuki et al., 2003), the basal responses of WT
neurons to thermal stimulation were always higher than those to mechanical stimulation in
almost all the measurements. Importantly, the TG neurons responded to low levels of
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mechanical stimulation (von Frey forces 1-5 g) with a level of excitability similar to that seen
in WT neurons evoked by higher and presumed noxious stimulation. This leftward shift in the
neuronal responses reflected remarkably well the reduced mechanical thresholds for behavioral
withdrawal. A similar hyper-responsibility of spinal neurons to thermal stimulation with a
higher excitability level over the warm and noxious range was also observed (compare Fig.
8a-f with g-l). The increase of firing varied considerably among the transgenic neurons,
probably due to variations in the Cavα2δ1 expression levels.

To determine whether there is a difference in dorsal horn neuronal response to windup
stimulation as well, we compared the dorsal horn neuronal responses to transcutaneous
electrical stimulation after discrete activation of C-fiber afferents (windup). As indicated in
Fig. 9, TG dorsal horn neurons responded to peripheral electrical stimulation to elicit windup
in a similar way as the WT dorsal horn neurons as represented by the calculated wind-up and
wind-up curves. This would suggest that the spinal neurons in the TG mice are not inherently
more excitable and that the enhanced responses to mechanical and thermal stimulation are due
to altered excitability from afferents onto the spinal neurons. Furthermore, receptive field areas
were not significantly different between WT and TG mice (TG = 23%, WT = 17% of whole
hindpaw) indicative of a lack of increased intrinsic spinal excitability in TG animals.

4. Discussion
To determine whether increased expression of the calcium channel Cavα2δ1 subunit is
sufficient to mediate abnormal sensations associated with nerve injury, we generated TG mice
with enhanced Cavα2δ1 expression in neuronal tissues. In general, the TG mice were
indistinguishable from their WT littermates and had normal motor functions, appearance,
growth rate, and fertility. However, the TG mice exhibited hypersensitivity to light touch
(tactile allodynia) and thermal stimulation (thermal hyperalgesia) that was associated with a
pharmacological profile consistent with the involvement of specific pathways related to
elevated Cavα2δ1 expression. Data from in vitro and in vivo recordings have indicated that
transgenic DRG neurons have increased densities, altered kinetics and voltage-dependence of
VGCC that correlate with exaggerated dorsal horn neuronal responses to stimuli, with no
detectable changes to windup stimulation and in receptive fields. Together, these data indicate
that elevated Cavα2δ1 contributes to abnormal sensations through modulation of sensory
neuron VGCC activity and dorsal horn neuronal responses to peripheral stimulation.

Several lines of evidence support that increased Cavα2δ1 subunit mediates abnormal sensations
through a mechanism similar to that of neuropathic, but not tissue injury and inflammatory,
pain. First, parallel changes in the Cavα2δ1 subunit levels and behavioral sensitivity are similar
to those post-nerve injury. Second, Cavα2δ1 overexpression has additive effects on
carrageenan-induced hyperalgesia and no influence on formalin test, suggesting that the
inflammatory and formalininjury pain states are likely mediated by mechanisms independent
of Cavα2δ1 upregulation. This is consistent with the notion that formalin-induced nociception
occurs too rapidly to involve Cavα2δ1 upregulation, and carrageenan injection is not associated
with DRG and spinal cord Cavα2δ1 upregulation when hyperalgesia was evident (data not
shown). Third, behavioral changes associated with Cavα2δ1 overexpression in the TG mice
have a pharmacological profile similar to that of neuropathic pain with Cavα2δ1 induction
(Luo et al., 2002), rather than that of acute inflammatory pain. Gabapentin, which is efficacious
in neuropathic pain, but not ketorolac, an anti-inflammatory agent, attenuates the abnormal
sensations in the TG mice. While the efficacy of gabapentin in attenuating acute nociception
after for-malin injection and inflammation varies substantially (Field et al., 1997; Shimoyama
et al., 1997; Werner et al., 2001; Urban et al., 2005), emerging data indicate that gabapentin’s
anti-hyperalgesic actions depend on the activation states of target tissue under different
pathological conditions (Patel et al., 2000; Maneuf et al., 2001; Fehrenbacher et al., 2003).
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Thus, gabapentin’s actions in these pain states are likely mediated by target proteins
independent of elevated Cavα2δ1 (Suzuki et al., 2005). Finally, morphine is less efficacious in
reversing allodynia than gabapentin in the TG mice. It is likely that presynaptic opioid receptors
that are mainly expressed on unmyelinated C-, but not myelinated A-, fiber terminals, are not
regulated in the TG mice, so that presynaptically morphine only inhibits C-fiber mediated
neurotransmission (Pirec et al., 2001), a less predominant pathway than that mediated by the
Cavα2δ1 in sensation processing in the TG mice. This is supported by emerging data indicating
that combination of morphine and gabapentin provides a better pharmacological efficacy in
neuropathic pain animal models and patients (Matthews and Dickenson, 2002; Gilron et al.,
2005) than each drug alone.

Our findings in the TG mice support that elevated Cavα2δ1 at the spinal level can contribute
to hypersensitivity states without the influence from other nerve injury factors. Since other
compensatory changes that may occur during the development of the TG mice are unlikely the
same as that associated with nerve injury, the elevated Cavα2δ1 is highly likely the common
factor associated with similar behavioral hypersensitivity in both models. Although the
abnormal sensations in the TG mice could be mediated by elevated Cavα2δ1 subunit in different
areas of the central nervous system as shown in our Western blots, the hyperexcitability was
observed at the spinal level in that spinal neurons had normal windup and receptive field sizes
but markedly enhanced natural responses. The exaggerated and prolonged dorsal horn neuronal
responses to stimuli, and the dose-dependent allodynia reversal by spinal gabapentin in the TG
mice all suggest that a spinal action mediated by elevated Cavα2δ1 is contributing, at least
partially, to the behavioral and neuronal changes.

It is important to point out that non-noxious mechanical stimulation in the TG mice elicits
exaggerated and prolonged dorsal horn neuronal responses in all measurements at a level at
least similar to or exceeding that seen during noxious stimulation in the WT littermates. These
modality-coded responses and prolonged firing are characteristics of a neuron in pain
processing and indicate that elevated Cavα2δ1 is contributing to the enhanced spinal
excitability. A marked feature of the neuronal responses in the TG mice was the pronounced
level and abnormal duration of firing to a given stimulus. Interestingly, higher total brush-
evoked pain intensity with increased duration of aftersensation to low levels of mechanical
stimuli has been reported in neuropathic pain patients. The relationship between evoked pain
and altered temporal-spatial stimulus parameters during allodynia induction in patients appears
to relate to the neuronal changes observed here (Samuelsson et al., 2005).

One of the limitations in using the transgenic mice was that we were unable to determine the
exact locus of elevated Cavα2δ1 subunit that contributed to the abnormal sensations. However,
our data indicated that responses to windup stimulation and receptive field sizes were similar
in both groups of mice, suggesting that the spinal wide dynamic neurons were not inherently
more excitable. The enhanced and prolonged responses to stimuli in dorsal horn neurons
mirrored the extent of the reduced behavioral thresholds, and thus likely due to altered
excitability from afferents onto the spinal neurons. This fits well with increased Cavα2δ1
expression in transgenic DRG neurons and axons entering the dorsal horn, as well as increased
peak inward current density, maximal conductance, altered activation and deactivation of
VGCC seen in small DRG neurons in vitro. Since Cavα2δ1 subunit can modulate different
VGCC subtypes (Bangalore et al., 1996; Gurnett et al.,1996; Qin et al., 1998; Shirokov et al.,
1998; Dolphin et al., 1999; Mould et al., 2004), which are differentially distributed at different
tissues and even different locations within a neuron (Wu et al., 1999; Heinke et al., 2004),
elevated Cavα2δ1 subunit may mediate abnormal sensations by modulating different VGCC
functions pre-synaptically. For example, an increase in low threshold T-type currents may
contribute to bursting activity in DRG neurons following nerve injury (White et al., 1989), and
facilitate activity and calcium-dependent long-term potentiation at spinal synapses of
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nociceptive fibers (Ikeda et al., 2003). Similarly, an increase in high threshold VGCC currents
and excitability at the pre-synaptic terminals may cause an increase in excitatory transmitter
release (Malcangio et al., 2000; Wallin and Schott, 2002), which is sensitivity to tonic inhibition
by GABAB receptor activation (Marvizon et al., 1999), a mechanism different from NMDA-
receptor mediated substance P release post-formalin injection (Chaplan et al., 1997; Liu et al.,
1997; Honor et al., 1999). This difference may explain at least partially why responses to the
formalin test are not altered in the TG mice.

However, our current data do not allow us to separate the relative influence of elevated
Cavα2δ1 subunit on different types of VGCC. We hypothesize that increased whole cell calcium
currents in the TG mice may derive from increased expression of subpopulations of VGCC
disproportional to that of endogenous VGCC, leading to altered biophysical properties of
calcium currents in TG neurons. This may explain why TG, but not WT, DRG neurons exhibit
gabapentin sensitivity. This is consistent with other findings indicating that pathologically
activated neurons and afferent fibers are more sensitive to gabapentin inhibition than the normal
once (Stanfa et al., 1997; Pan et al., 1999; Patel et al., 2000; Kanai et al., 2004). Even though
we did not observe a compensatory increase in the expression of the channel forming
Cava1B sub-unit, it is possible that increased Cavα2δ1 subunit may increase the membrane
assembly of subpopulations of VGCC by enhancing the processing of excess amounts of
intracellular Cava1 subunits, which would otherwise be subjected to degradation. This is
supported by findings in heterologous expression systems that Cavα2δ1 subunit can increase
membrane expression of different types of VGCC (Gurnett et al., 1996; Walker and De Waard,
1998; Dolphin et al., 1999), and that different types of VGCC are expressed in DRG neurons
(Fox et al., 1987; Mintz et al., 1992). Dissecting the functional influence of Cavα2δ1
overexpression on subtypes of VGCC will be critical in understanding the detail mechanisms
of the Cavα2δ1-mediated abnormal sensations.
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Fig. 1.
Enhanced neuronal Cavα2δ1 expression in the TG mice. Western blot analyses were performed
on neuronal and non-neuronal tissues isolated from adult WT and TG mice as described in
Section 2. (a) Representative Western blot data of three independent determinations showing
selective increases of Cavα2δ1 subunit expression in neuronal tissue samples of adult TG mice.
Cavα1B-VGCC alpha-1B subunit. Cavβ3-VGCC beta-3 subunit. (b) Summarized Western blot
data presented as means ± SEM from three independent determinations shown in (a). (c)
Representative Western blot data of two independent determinations showing Cavα2δ1 subunit
expression in non-neuronal tissue samples of adult TG mice were not changed compared with
those in the WT mice. 1, WT mice; 2, TG mice.
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Fig. 2.
Specific pain behaviors in the TG mice. Responses to mechanical, thermal and inflammatory
stimuli in male adult WT and TG mice were examined as described in Section 2. (a)
Comparisons of paw withdrawal thresholds (PWT) to mechanical stimulation from mice with
one-week (left) L5 spinal nerve ligation, TG, and WT mice with or without drug treatments.
TG mice showed reduced PWT to mechanical stimulation compared with WT mice to a level
similar to that seen after one-week L5 spinal nerve ligation in wild-type mice (left two
columns). Gabapentin (Gab., 50 mg/kg, i.p.), but not ketorolac (Ket., 7.5 mg/kg, i.p.), could
reverse the allodynic state in the TG mice. N = 8-10 in each group. (b) Durations of tactile
allodynia in the TG mice. The tactile allodynia state in the TG mice lasted for at least six
months, the longest duration tested. (c) Comparisons of paw withdrawal latency (PWL) to
thermal stimulation in WT and TG mice with or without drug treatments. TG mice showed
reduced PWL to thermal stimulation (thermal hyperalgesia) that could be blocked by
gabapentin (Gab, 50 mg/kg, i.p.), but not ketorolac (Ket, 7.5 mg/kg, i.p.), treatment. N = 16 in
each group. (d) Comparisons of formalin-induced responses between WT and TG mice. TG
and WT mice showed similar flinching responses in the formalin test. (e) Comparisons of PWT
to mechanical stimulation between WT and TG mice after carrageenan-induced inflammation.
TG and WT littermates showed similar onset and duration of tactile allodynia after carrageenan,
but not saline (data not shown), injections. (f) Comparisons of inflammatory responses to
carrageenan injection between WT and TG mice. TG and WT littermates showed similar onset
and duration of paw thickness (inflammatory response) after carrageenan, but not saline (data
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not shown), injections. All data are presented as means ± SEM. *p <0.05 compared with WT
or contralateral side of spinal nerve ligated mice.
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Fig. 3.
Cavα2δ1 immunohistostaining in lumbar spinal dorsal horn and DRG sections from WT and
TG mice. Immunohistostaining with antibodies against the Cavα2δ1 subunit was performed in
sections of lumbar spinal cord and DRG of adult WT and TG mice as described in Section 2.
(a) WT DRG. (b) TG DRG. (c) WT superficial dorsal horn (outer). (d) TG superficial dorsal
horn (outer). (e) WT superficial dorsal horn (inner). (f) TG superficial dorsal horn (inner). (g)
WT deep dorsal horn. (h) TG deep dorsal horn. Each pair of images were representative images
processed simultaneously and from at least three independent determinations. Scale bar = 20
μM.
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Fig. 4.
Dose-dependent reversal of tactile allodynia by gabapentin in the TG mice. The effects of
gabapentin and morphine on behavioral sensitivity of adult WT and TG mice to mechanical
stimulation were analyzed before and after drug administrations as described in Section 2. (a)
Intrathecal gabapentin dose-dependently reversed tactile allodynia in the TG mice. (b)
Gabapentin (Gab) had better efficacy than morphine (Mor) in allodynia reversal in the TG
mice. All data are presented as means ± SEM from numbers of mice indicated. *p <0.05
compared with WT littermates.
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Fig. 5.
Increased currents and shifted voltage-dependence of activation of VGCC in TG sensory
neurons. Whole-cell patch voltage-clamp recordings of barium currents were performed in
acutely isolated DRG neurons from WT and TG mice as described in Section 2. (a) Whole-
cell current evoked from a 15.6 pF neuron obtained from a TG mouse. Only traces to -10 mV
(peak inward current) are shown for clarity. (b) Both the current density (left), and maximal
conductance (right) were significantly increased in TG neurons (n = 25) compared with WT
neurons (n = 76). (c) The voltage-dependence of barium current activation was shifted in the
hyperpolarizing direction (by ∼5 mV) in TG neurons, which was associated with a significant
decrease in the slope of the G-V curve (inset). **p <0.01 compared with WT neurons. All data
are presented as means ± SEM from numbers of neurons indicated.
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Fig. 6.
Increased activation rate, development of a voltage-dependence to activation, and shifted
voltage-dependence of deactivation in TG sensory neurons. Barium current activation and
deactivation time constants were analyzed in DRG neurons from WT and TG mice as described
in Section 2. (a) Current activation was fitted with a single exponential equation (in red) in
order to determine the activation time constant. Both traces were normalized to the peak inward
current obtained during a 40 ms test pulse to -10 mV. (b) The activation time constant for
currents evoked at potentials between -25 and +10 mV was determined for each neuron in each
group and pooled from TG (n = 11) and WT (n = 12) neurons. (c) Representative tail current
from a transgenic neuron showing how tail currents, evoked following membrane
repolarization to 70 mV, following 40 ms depolarizing voltage-steps to potentials ranging
between -25 and +20 mV, were fitted with a single exponential equation (curve in red) in order
to determine the deactivation time constant. The first 35 ms of the current trace has been omitted
for clarity. (d) Deactivation time constant data pooled from TG (n = 11) and WT (n = 12)
neurons. All data are presented as means ± SEM.
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Fig. 7.
Concentration-dependent attenuation of high threshold voltage-gated barium currents in TG
sensory neurons by gabapentin. The effects of gabapentin on barium currents from acutely
isolated DRG neurons of WT and TG mice were analyzed as described in Section 2. (a) Raw
current evoked at -5 mV from a TG neuron before (control) and after addition of increasing
concentrations of gabapentin. (b) % inhibition data [(current in presence of gabapentin/current
in absence of gabapentin) × 100] fitted by a modified Hill equation and plotted as function of
gabapentin concentrations. EC50 = 2.0 μM. Hill coefficient = 0.8. N = 4 for TG neurons except
for the group of 10 μM (n = 21). N = 6-10 for WT neurons. All data are presented as means ±
SEM. (c) Representative current amplitude and time plot derived from data taken from WT
(closed symbols) and TG (open symbols) neurons. Neurons were held at -70 mV. VGCC
currents were evoked every 5 s with a 50 ms voltage step to -5 mV. Peak inward current versus
time was plotted. Time of gabapentin application is indicated. 100 μM gabapentin was added
sooner to the WT neuron, in the absence of a response to the 10 μM concentration. Current
traces are examples from each neuron evoked at baseline (bottom trace in each pair) and
following application of 100 μM of gabapentin (top trace in each pair).
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Fig. 8.
Exaggerated and prolonged responses to mechanical and thermal stimulations in TG dorsal
horn neurons. Extracellular recordings were performed in single wide dynamic neurons in the
spinal dorsal horn of WT and TG mice before and after mechanical or thermal stimulations
applied to the receptive fields over the hindpaw as described in Section 2. (a and b)
Representative traces of evoked dorsal horn neuronal responses from TG (a) and WT (b) mice
after von Frey filament stimulations. (c-f) Summarized data from evoked dorsal horn neuron
responses shown in (a) and (b). (g) and (h) Representative traces of evoked dorsal horn neuronal
responses from TG (g) and WT (h) mice after thermal stimulations. (i-l) Summarized data from
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evoked dorsal horn neuron responses as shown in (g) and (h). Data presented are means ± SEM
from N = 11 in each groups.
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Fig. 9.
Similar windup responses in TG dorsal horn neurons. Evoked neuronal responses to windup
electrical stimulation applied to the receptive fields were recorded with extracellular recordings
in spinal wide dynamic neurons of WT and TG mice as described in Section 2. (a) Calculated
windup responses (see Section 2) from the TG and WT mice. Numbers of spikes from each
neuron were pooled and the data are presented as means ± SEM from N = 11 in each group.
(b) Windup curves displayed as mean number of spikes per stimulus ±SEM from N = 11 in
each group.
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