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Inflammation reduces the contribution of N-type calcium
channels to primary afferent synaptic transmission onto
NK1 receptor-positive lamina I neurons in the rat
dorsal horn

Beth K. Rycroft, Kristina S. Vikman and MacDonald J. Christie

Pain Management Research Institute, Kolling Institute, University of Sydney at Royal North Shore Hospital, St Leonards NSW 2065, Australia

N-type calcium channels contribute to the release of glutamate from primary afferent terminals

synapsing onto nocisponsive neurons in the dorsal horn of the spinal cord, but little is

known of functional adaptations to these channels in persistent pain states. Subtype-selective

conotoxins and other drugs were used to determine the role of different calcium channel

types in a rat model of inflammatory pain. Electrically evoked primary afferent synapses onto

lumber dorsal horn neurons were examined three days after induction of inflammation with

intraplantar complete Freund’s adjuvant. The maximal inhibitory effect of the N-type calcium

channel blockers, ω-conotoxins CVID and MVIIA, were attenuated in NK1 receptor-positive

lamina I neurons after inflammation, but the potency of CVID was unchanged. This was

associated with reduced inhibition of the frequency of asynchronous-evoked synaptic events

by CVID studied in the presence of extracellular strontium, suggesting reduced N-type channel

contribution to primary afferent synapses after inflammation. After application of CVID, the

relative contributions of P/Q and L channels to primary afferent transmission and the residual

current were unchanged by inflammation, suggesting the adaptation was specific to N-type

channels. Blocking T-type channels did not affect synaptic amplitude under control or inflamed

conditions. Reduction of N-type channel contribution to primary afferent transmission was

selective for NK1 receptor-positive neurons identified by post hoc immunohistochemistry and

did not occur at synapses in laminae IIo or IIi, or inhibitory synapses. These results suggest that

inflammation selectively downregulates N-type channels in the terminals of primary afferents

synapsing onto (presumed) nociceptive lamina I NK1 receptor-positive neurons.
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Laminae I and II of the dorsal horn are primary targets
for synaptic inputs from the small-diameter unmyelinated
C-fibres and myelinated Aδ primary afferent fibres that
relay nociceptive information from the periphery to the
spinal cord (Christensen & Perl, 1970; Light & Perl,
1979; Sugiura et al. 1986; Bester et al. 2000; Craig
et al. 2001). Incoming excitatory signals are subject
to modulation by intrinsic inhibitory and excitatory
interneurons within the spinal cord before projecting to
deeper laminae and ascending pathways to higher centres
in the brain (Dickenson et al. 1997). Synapses between
primary afferents and instrinsic dorsal horn neurons are
thought to be glutamatergic (Jahr & Jessell, 1985; Jessell
et al. 1986), and a subpopulation of the small-diameter
afferent fibres contain substance P (Hökfelt et al. 1975;
Lawson et al. 1997), a neuropeptide shown to be released

during noxious peripheral stimulation (Kuraishi et al.
1985; Go & Yaksh, 1987; Duggan & Hendry, 1986, Duggan
et al. 1988).

Lamina I exhibits dense substance P and neurokinin 1
(NK1) receptor immunoreactivity (Liu et al. 1994; Brown
et al. 1995; Littlewood et al. 1995), and contains projection
neurons that transmit nociceptive information to supra-
spinal sites involved in pain (Ding et al. 1995; Craig,
1995; Marshall et al. 1996; Todd et al. 2000, 2002; Spike
et al. 2003; Yu et al. 1999, 2005). Behavioural studies have
shown that selective ablation of NK1 receptor-expressing
lamina I neurons with a neurotoxic substance P–saporin
conjugate produces reduced nociceptive responses during
inflammation and after nerve ligation, implicating these
neurons in chronic pain states (Mantyh et al. 1997;
Nichols et al. 1999; Suzuki et al. 2002). In addition,
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large lamina I NK1 receptor-positive projection neurons
exhibit long-term potentiation (LTP) after high-frequency
primary afferent stimulation (Ikeda et al. 2003) and
perhaps more interestingly at a physiologically relevant
low intensity (Ikeda et al. 2006), mechanisms which may
contribute to spinal amplification of pain signals and
central sensitization in chronic inflammatory and neuro-
pathic pain (Woolf & Salter, 2000; Ji et al. 2003).

Influx of calcium through presynaptic voltage-gated
calcium channels (VGCC) at synapses on primary
afferents’ terminals controls neurotransmitter release.
There are several types of VGCC classified as L (Cav1.X),
N (Cav2.2), P/Q (Cav2.1), T (Cav3.X) and R (Cav2.3)
according to their molecular, pharmacological and electro-
physiological properties (Catterall et al. 2003). All
subtypes are found in the dorsal horn but evidence suggests
that the N- and P/Q-types are predominantly presynaptic
(Westenbroek et al. 1992, 1995) and are present on the
central terminations of primary afferents (Westenbroek
et al. 1998). The N-type calcium channel is the most
abundant in lamina I of the dorsal horn and colocalizes
with substance P in primary afferents (Westenbroek et al.
1998). ω-Conotoxins specific for the N-type calcium
channel (Lewis et al. 2000; Adams et al. 2003) can block
substance P release in the spinal cord (Smith et al. 2002)
and have been shown to be antinociceptive in various
animals models of chronic pain (Chaplan et al. 1994;
Bowersox et al. 1996; Wang et al. 2000; Scott et al. 2002;
Smith et al. 2002) and in the clinic (Atanassoff et al. 2000;
Staats et al. 2004).

Although others have used specific pharmacological
tools to functionally identify contributions of different
calcium channel types to normal primary afferent synaptic
transmission (Bao et al. 1998; Heinke et al. 2004), little
is known about adaptive changes in calcium channel
function during chronic pain states. With the use of
highly specific ω-conotoxins, this study has investigated
physiological changes in the contribution of these calcium
channel subtypes, with particular emphasis on the N-type,
to excitatory and inhibitory synaptic transmission in the
dorsal horn during chronic inflammation. We focused on
lamina I cells expressing the NK1 receptor and found a
downregulation of presynaptic N-type calcium channel
function using the N-type calcium channel ω-conotoxin
inhibitors, CVID, and in some experiments MVIIA, during
synaptic transmission at this synapse. Understanding
adaptive changes in the spinal cord physiology during
inflammation may prove useful for the development of
more effective analgesics.

Methods

Inflammatory pain model

Persistent inflammation was induced by intraplantar
injection of 100–150 μl of complete Freund’s adjuvant

(CFA; Sigma, Australia) into the left hindpaw of male
and female Sprague–Dawley rats (18–24 days old) under
isoflurane anaesthesia (Aerrane; Baxter, Puerto Rico, USA)
The animals were allowed to recover and were kept for 72 h
before being used for electrophysiological experiments
which is the peak for nociceptive responses associated
with this pain model (Iadarola et al. 1988). Saline-injected
rats show no significant changes in mechanical threshold
or paw-withdrawal latencies (Iadarola et al. 1988; Gu &
Huang, 2001), so naı̈ve rats were used as controls. The total
number of rats used in this study was 69, 34 of which were
injected with CFA to induce inflammation. Development
of erythema, oedema and soreness of the paw, which
was restricted to the hindpaw, was monitored during
this time and always confirmed prior to experiments. All
experimental protocols were approved by the University
of Sydney Animal Ethics Committee.

Preparation of spinal cord slices and
electrophysiology

Seventy-two hours after injection of CFA, rats were
anaesthetized with isoflurane, decapitated, the spinal
cord removed and transverse slices from the lumbar
region (350 μm) were cut using a vibratome in ice-cold
sucrose-based artificial CSF (sACSF) of the following
composition (mm): 100 sucrose, 63 NaCl, 2.5 KCl, 1.2
NaH2PO4, 1.2 MgCl2, 2.4 CaCl2, 25 glucose, and 2.5
NaHCO3. Slices were maintained at 34◦C in a submerged
chamber containing artificial CSF (ACSF) of the following
composition (mm): 125 NaCl, 2.5 KCl, 1.2 NaH2PO4,
1.2 MgCl2, 2.4 CaCl2, 25 glucose, and 2.5 NaHCO3,
and equilibrated with 95% O2 and 5% CO2. The slices
were then transferred to a recording chamber and super-
fused continuously (2 ml min−1) with ACSF. Lamina I and
II dorsal horn neurons were visualized on an upright
microscope (BX50WI; Olympus Optical, Tokyo, Japan)
using infrared Nomarski optics. Large lamina I cells with
a capacitance ≥20 pF and dendrites in the lateral-medial
orientation (Han et al. 1998; Cheunsuang & Morris,
2000) were selected to increase the likelihood of selecting
cells expressing the NK1 receptor. Preliminary studies
were performed to identify lamina I NK1 receptor-positive
cells in living slices with a substance P–rhodamine
fluorescent conjugate. The presence of the NK1 receptor
was confirmed post hoc by filling neurons with biocytin
and colabelling for NK1 receptor immunoreactivity (see
below for details). Lamina II was identified as the trans-
lucent area adjacent to lamina I; dorsal cells in this region
were considered in lamina IIo and those ventral considered
lamina IIi. The position of biocytin-filled cells in lamina II
was confirmed relative to IB4 immunolabelling post hoc.
As IB4 labels small-diameter non-peptidergic afferent
fibres in lamina II, neurons in lamina IIo were classified
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as within the dorsal region of the IB4-labelled band and
cells ventral of the IB4 band considered lamina IIi neurons.
Whole-cell voltage-clamp recordings of synaptic currents
were made using an Axopatch 2D (Axon Instruments,
Foster City, California, USA). A Cs+-based internal
solution was used to record electrically evoked EPSCs
(eEPSCs) containing (mm): 113 CsGluconate, 10 EGTA,
10 Hepes, 8 NaCl2, 3 QX-314, 0.2% biocytin, 2 MgATP
and 0.3 NaGTP, pH 7.2 (osmolarity, 280–290 mosmol l−1).
Patch electrodes were of 2–4 M� resistance and series
resistance (≤15 M�) was compensated by 80%, and
continuously monitored during experiments. Liquid
junction potentials of –14 mV were not corrected. Cell
capacitance was estimated from the axopatch capacitance
compensation setting. eEPSCs were elicited by two
consecutive stimuli (interstimulus interval 50 ms) of
identical strength via bipolar tungsten stimulating electro-
des (FHC, Bowdoin, ME, USA) placed in the dorsal
root entry zone (rate, 0.01 Hz; stimuli, 2–30 V, 100 μs).
Paired-pulse ratio (PPR) was calculated by dividing the
second pulse by the first (PSC2/PSC1). All EPSCs were
recorded in the presence of picrotoxin (100 μm) and
strychnine (0.5 μm) and for eIPSCs CNQX (10 μm),
AP5 (100 μm) and strychnine (0.5 μm). Neurons were
voltage clamped at –60 mV eEPSCs and eIPSCs were
quantified by averaging 20 consecutive responses for
each condition (Axograph 4.6). Desynchronization of
miniature currents underlying the eEPSC were obtained
in the presence of 8 mm SrCl2 replacing CaCl2 in the ACSF
solution. These miniature asynchronous evoked post-
synaptic currents (aeEPSC) were filtered (2 kHz low-pass
filter) and sampled at 10 kHz for online and later offline
analysis (Axograph 4.6; Axon Instruments, Union City,
CA, USA). Desynchronized miniature events above a
preset threshold (3.5 s.d. above baseline noise) were auto-
matically detected by a sliding-template algorithm for
a window 100–500 ms post-stimulation to ensure the
capture of asynchronous events related to stimulation,
and then manually checked offline. Events were counted
in 400 ms epochs every 10 s to construct time plots of
the aeEPSC rate versus time, and ranked by amplitude to
construct cumulative probability functions. Experiments
were conducted in the presence of the ω-conotoxins,
CVID (50 nm – 5 μm) and MVIIA (1 μm), provided by RJ
Lewis, Institute for Molecular Bioscience, The University
of Queensland to block N-type calcium channels.

Immunohistochemistry

At the end of electrophysiological experiments, slices
were fixed in 4% paraformaldehyde, 12.5% picric acid
in 0.1 m PBS, pH 7.1 for 1 h and then washed in 0.1 m

Tris-buffered saline (TBS). For immunohistochemical
detection of NK1 receptors, slices were washed in 0.1 m

PBS, pretreated for 1 h in 5% normal horse serum, 1%

bovine serum albumin and 0.3% Triton X-100 in 0.1 m

PBS, followed by incubation with rabbit anti-NK1 receptor
(Chemicon, Australia) 1 : 1000–1: 2000 for 48–72 h at
4◦C. For visualization of the primary antibody and
biocytin-filled cells, slices were incubated with Alexa 488
donkey antirabbit IgG 1 : 200 and Alexa 647 Streptavidin
conjugate 1 : 500 (both from Invitrogen, Australia) for 2 h
at room temperature. All antibodies were diluted in 1%
BSA and 0.3% Triton-X100 in 0.1 m PBS. For identification
of cells recorded in lamina II, slices were incubated with
FITC-conjugated Isolectin B4 (Sigma) and Alexa 647
Streptavidin conjugate for 2 h at room temperature. Slices
were then washed in PBS, mounted onto slides, air
dried for 2 h and then coverslipped with Fluoromount-G
(ProSciTech, Thuringowa, Australia). Images of immuno-
labelled neurons were obtained using a confocal
microscope (Olympus FV-300, Olympus, Australia).
Optical sections were collected by sequential scanning with
the relevant lasers and NK1 receptor immunopositivity
and laminar localization of the recorded neurons were
analysed from maximum-intensity projections or single
optical sections.

Drugs, reagents, and solutions

ω-Agatoxin IVA was from Peptide Institute (Japan),
QX-314 chloride from Alomone Laboratories (Jerusalem,
Israel), AP5, mibefradil, nimodipine, picrotoxin,
strychnine hydrochloride and substance P–rhodamine
fluorescent conjugate from Sigma (Sydney, Australia),
and CNQX from Tocris Cookson (Bristol, UK). Stock
solutions of all drugs were made in distilled water, diluted
to working concentrations in the extracellular solution
immediately before use and applied by superfusion.

Data analysis

All pooled values are expressed as mean ± s.e.m., drug
effect as a percentage of baseline (% baseline) or
percentage inhibition ((before drug – after drug)/before
drug) × 100). Statistical tests between treatment groups
were made using a two-tailed unpaired t test and
assuming unequal variance. Within-group comparisons
were made using a two-tailed paired t test. When multiple
contrasts were tested, ANOVA with Bonferroni post
hoc test to correct for multiple comparisons was used.
Concentration–response relationships were constructed
using cumulative addition of 2–3 concentrations of CVID
to each cell. Normalized concentration–response data were
pooled and fitted with a logistic function (GraphPad Prism
Software) using the following equation:

Y = minimum response

+(maximum response − minimum response)

/(1 + 10−[logEC50−X]).
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Significance was accepted at ∗P < 0.05, ∗∗P < 0.01 and
∗∗∗P < 0.001 levels.

Results

N-type calcium channels on primary afferent inputs
to lamina I cells are downregulated after chronic
inflammation

Lamina I neurons were identified and selected on the
basis of large membrane capacitance and organization
of dendrites to increase the likelihood of recording from
a neuron expressing the NK1 receptor (see Methods).
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Figure 1. N-type calcium channel blocker CVID inhibits eEPSC
amplitude recorded from lamina I dorsal horn neurons
Paired eEPSCs from a control lamina I cell (A) and from an inflamed
animal (B) voltage clamped at –60 mV, before and after application of
1 μM CVID. C and D, time plots of the eEPSC peak amplitude from the
same cells during application of 1 μM CVID, points sampled every 10 s
for 15 min. E, bar chart displaying the mean effect of CVID (1 μM) and
MVIIA (1 μM) on initial eEPSC amplitude for control (open bars)
(n = 16, n = 8, respectively) and the inflamed group (filled bars)
(n = 24, n = 8, respectively). Mean data ± S.E.M. are expressed as
percentage of baseline before drug application. F, bar chart illustrates
the baseline (open bars) PPR ± S.E.M. and after application of 1 μM

CVID (hatched bars) for the control (n = 16) and inflamed group
(n = 24). Asterisks denote significant difference from control:
∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.

Estimated capacitances of 32 ± 2 pF (n = 16) in control
and 29 ± 2 pF (n = 24) in inflamed neurons did not differ
significantly.

To isolate excitatory evoked currents paired-pulse
recordings were performed in the presence of picrotoxin
(100 μm) and strychnine (10 μm), and were abolished in
the presence of CNQX (10 μm). Stimulus intensity was
adjusted to produce eEPSCs of similar amplitude in both
groups, which did not differ significantly (977 ± 115 pA,
n = 23 in control and 1061 ± 167 pA, n = 32 in inflamed).
eEPSC amplitude and PPR was measured to determine the
effect of the N-type calcium channel blocker, CVID, on
excitatory synaptic transmission and release probability
(Fig. 1A, C, E and F). In the majority of cases (11 cells
of 16 for control and 20 cells of 24 in the inflamed
group) paired pulse recordings exhibited a depression,
with a PPR of less than 1, suggesting that the synapses
between the primary afferents and most lamina I neurons
have high-probability release sites. Twenty successive
baseline recordings of eEPSCs were taken before CVID
was applied. In the presence of CVID (1 μm), eEPSC
amplitude was significantly decreased to 46 ± 3% of
baseline in control (P < 0.001, n = 16) after 10–15 min,
while the PPR significantly increased from 0.65 ± 0.09
to 0.9 ± 0.09 (P < 0.01, n = 16), indicating that blocking
N-type calcium channels inhibits this synapse and changes
release probability from a high to a low state.

In the inflamed group, eEPSC amplitude was inhibited
to a significantly lesser extent by CVID in comparison
to control, exhibiting a reduction to only 60 ± 3% of
baseline (P < 0.001, n = 24), 14% less than that observed
in the control group (Fig. 1B, D, E and F). PPR was
significantly increased by CVID (1 μm) from 0.66 ± 0.07
to 1.01 ± 0.06 (P < 0.001, n = 24). However when
comparing PPR between control and inflamed groups,
no significant differences were observed. Inhibition of
eEPSC amplitude was also significantly reduced in the
inflamed group when compared to control (P < 0.05) with
another N-type selectiveω-conotoxin, MVIIA (Fig. 1E). In
control slices, MVIIA (1 μm) reduced eEPSC amplitude to
62 ± 5% (n = 8) of baseline and for the inflamed group to
80 ± 6% (n = 8).

Inhibition of the frequency of asynchronous-evoked-
miniature events by the N-type calcium channel
antagonist CVID is abolished after inflammation

To further elucidate the change in N-type calcium channel
function at the synapse between the primary afferents
and lamina I neurons, the frequency and amplitude
of quantal events underlying eEPSCs were examined
using strontium (8 mm) to replace calcium (2.4 mm)
in the external recording solution. Strontium causes
desychronization of the quantal events underlying the
evoked synaptic current, so postsynaptic responses to
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individual asynchronous-evoked EPSCs (aeEPSCs) can be
resolved (Goda & Stevens, 1994). Cells were discarded if
the spontaneous EPSC rate was high in normal ACSF.
The first 100 ms after each stimulation in the presence
of strontium were excluded to reduce the likelihood
of including synchronous events, and only currents
measured up to 500 ms after stimulation were considered
to be aeEPSCs. eEPSCs were evoked in normal ACSF
and then exchanged for a solution in which strontium
(8 mm) replaced calcium; eEPSC amplitude diminished
as the occurrence of aeEPSCs increased. CVID (1 μm)
was applied after the increase in aeEPSC frequency
stablized (10–15 min). Examples of eEPSCs in the presence
of normal ACSF, strontium and CVID (1 μm) are
presented in Fig. 2A and B for control and inflamed,
respectively. For the same neurons cumulative probability
plots for amplitude (Fig. 2C and D) and interevent
interval (Fig. 2E and F) are displayed. In the absence of
CVID, there were no differences between groups in aeEPSC
mean amplitude (23 ± 2 pA and 22 ± 2 pA) or interevent
interval (24 ± 2 ms and 22 ± 2 ms) for control (n = 15)
and the inflamed group (n = 12), respectively. However,
these parameters may have been biased by sampling
only cells with a low basal spontaneous EPSC rate.
From Fig. 2G it is evident that CVID (1 μm) caused a
significant reduction in aeEPSC frequency to 65 ± 5%
of baseline (P ≤ 0.001) in control, whereas CVID had
almost no effect (95 ± 5% of baseline, P > 0.05) in
the inflamed group. The effect of CVID on aeEPSC
frequency was significantly less in the inflamed group
than the control group (P < 0.001). There was also
a small but significant reduction in mean aeEPSC
amplitude to 87 ± 3% of baseline (P < 0.01) in control
and to 94 ± 3% in the inflamed group (P ≤ 0.05) in the
presence of CVID (1 μm). However, these measurements
were not significantly different when compared between
groups (P > 0.05). Furthermore aeEPSC rise time
remained unchanged in both groups, being 105 ± 4% and
103 ± 3% of baseline for control and inflamed groups
respectively. These results suggest that the predominant
effect of CVID is to inhibit release from primary afferents
on to lamina I neurons, and this effect is reduced during
inflammation due to a reduction of presynaptic N-type
calcium function on primary afferent terminals.

A reduced maximal effect is responsible for the loss
of inhibition of CVID after inflammation

The affinities ofω-conotoxins, including CVID, for N-type
calcium channels are influenced by expression of auxiliary
subunits (Mould et al. 2004). Concentration–response
curves for inhibition of eEPSCs by CVID were therefore
examined to determine whether loss of inhibition after
inflammation was due to a reduction in affinity or
maximal effect (Fig. 3). The maximum inhibition of

eEPSC amplitude by CVID (5 μm) in the inflamed
group was 41 ± 7% (n = 8) compared with 68 ± 7%
(n = 5) in control (P < 0.05). Maximum inhibition was
significantly reduced according to a two-way ANOVA
with Bonferroni post hoc test to correct for multiple
comparisons. The EC50 for CVID was not different
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Figure 2. N-type calcium channel blocker CVID reduces the
frequency and amplitude of asynchronous miniature currents in
the control but not the inflamed group
eEPSCs were evoked in lamina I cells from control (A) and an inflamed
animal (B) in normal calcium (upper traces) and in the same cells after
calcium was replaced by 8 mM strontium to produce aeEPSCs before
(middle trace) and after (lower trace) application of 1 μM CVID
(Vh = –60 mV). Cumulative distribution plots of aeEPSC amplitude
(C and D) and interevent interval (E and F) before (black line) and after
application of 1 μM CVID (grey line) from control and an inflamed
animal, respectively, in the same cells shown in A and B. G, bar chart
displaying mean data ± S.E.M. expressed as percentage of baseline, for
aeEPSC frequency (Freq), amplitude (Amp) and rise time (RT) for
control (open bars) (n = 15) and inflamed (filled bars) (n = 12).
∗∗∗Significant difference from control (P < 0.001).
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between the control (EC50 = 105 nm, 95% confidence
interval (CI) of estimate = 55 nm to 198 nm) and inflamed
group (EC50 = 55 nm, 95% CI of estimate = 23 nm to
134 nm). Thus a downregulation of N-type calcium
channel function occurs at the synapse between primary
afferent inputs and lamina I neurons during inflammation,
rather than a reduction in affinity of ω-conotoxins.

Downregulation of N-type calcium channel function
during chronic inflammation is not paralleled by a
change in the function of other calcium channel
subtypes

To determine whether plasticity in calcium channel
function was evident for other subtypes at this synapse,
cumulative doses of CVID for N-type, ω-agatoxin IVA
for P/Q-type and nimodipine for L-type channels were
applied (Fig. 4A and B with time-plots Fig. 4C and D);
all synaptic responses were abolished upon application
of cadmium (200 μm) a non-specific calcium channel
blocker. In slices from control animals, CVID (1 μm)
inhibited eEPSC amplitude by 52 ± 5%, ω-agatoxin IVA
(100 nm) by 14 ± 5% and nimodipine (3 μm) by 7 ± 2%
(n = 9). For the inflamed group this was 33 ± 4%, 19 ± 9%
and 8 ± 2% (n = 7), respectively. Mibefradil (5 μm) a
non-selective antagonist for the T-type calcium channel
was also applied at the end of each experiment but had
no effect (–0.3 ± 2% inhibition in control and –2.7 ± 4%
in the inflamed group). The residual current of each cell
therefore represented the R-current (although this was
not tested pharmacologically). In control this accounted
for 27 ± 4% of the eEPSC amplitude and 39 ± 8% in
the inflamed group. In both the control and inflamed
group CVID, nimodipine and ω-agatoxin IVA reduced
eEPSC amplitude. CVID was again found to inhibit eEPSC

Figure 3. Maximal inhibition of eEPSC amplitude by CVID is
significantly reduced after inflammation
The maximal inhibition of eEPSC amplitude was reduced in the
inflamed group (•) when compared to control ( �), but the EC50 was
unchanged (see text). Inhibition of eEPSC amplitude by CVID is
concentration dependent; each point shows the mean ± S.E.M. of
responses of several different neurons. Mean data ± S.E.M. is expressed
as percentage inhibition. Lines represent the fitted logistic curves.

amplitude to significantly less in the inflamed group
when compared to control (P ≤ 0.01). Considering that
contributions of all calcium channel components to the
eEPSC necessarily sum to 100%, we determined the relative
contributions of the P/Q, L and R components of calcium
channel currents to inhibition of eEPSC amplitude after
N-type channels were blocked. As shown in Fig. 4E, the
contributions of P/Q, L and R components to the residual
eEPSC were unchanged after inflammation.

Downregulation of N-type calcium channel function
occurs on inputs to NK1 receptor-positive neurons
and is exclusive to excitatory primary afferent inputs
onto lamina I neurons

Spinal cord slices were processed post hoc to determine
whether NK1 receptor immunoreactivity (Fig. 5A) was
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Figure 4. Inhibition of lamina I neuron eEPSC amplitude by N-,
P/Q- and L-type calcium channels antagonists
eEPSC traces recorded at a holding potential of –60 mV from control
(A) and inflamed group (B) before and after cumulative application of
CVID (1 μM), ω-agatoxin IVA (100 nM, Aga) and nimodipine (3 μM,
Nim). C and D, time plots of the eEPSC peak amplitude from the same
cells, points taken every 10 s. E, bars represent the percentage residual
contribution of P/Q-type (black bars), L-type (grey bars) and R-type
currents (open bars) to the peak eEPSC amplitude control group
(n = 9) and inflamed group (n = 7) after application of CVID. Mean
data ± S.E.M. are expressed as percentage inhibition.
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colocalized with biocytin labelling of the recorded
neuron (Fig. 5B). NK1 receptor-positive neurons exhibited
capacitances of 33 ± 4 pF (n = 7) and 34 ± 6 pF (n = 6) in
the control and inflamed groups, respectively, which were
not significantly different. In addition these capacitances
did not differ significantly from the general population
of large lamina I neurons selected for study (see above).
To determine whether the differential effect of CVID after
inflammation was exclusive to primary afferent–lamina I
NK1 receptor-positive neuron synapses, we compared
the effects of CVID (1 μm) on NK1 receptor-positive
neurons with the whole group and also with those
cells that were not identified as expressing the NK1
receptor (Fig. 5C). Neurons with confirmed NK1 receptor
expression exhibited a significant difference in the
inhibition of eEPSC amplitude in the control and inflamed
groups by CVID (1 μm) (P < 0.05). For this population,
control group eEPSC amplitude was reduced to 42 ± 4%
of baseline (P < 0.001, n = 7) and for the inflamed group
to 62 ± 6% of baseline (P ≤ 0.01, n = 6), 20% less than
control. The remaining cells for which NK1 receptor
expression could not be identified did not exhibit a
significant difference in the effect of CVID between control
and inflamed groups, with CVID (1 μm) inhibiting eEPSC
amplitude by 50 ± 5% (n = 9) and 60 ± 4% (n = 18),
respectively. This suggests that the difference in the effect
of CVID between groups was enriched in the NK1
receptor-expressing population. However it should be
noted that it is likely that the immunohistochemical
method failed to detect NK1 receptor expression in an
unknown proportion those non-identified neurons.

To determine whether the differential effect of
CVID after inflammation was exclusive to the primary
afferent–lamina I cell synapse, we also investigated the
effects of CVID (1 μm) on lamina II neurons (Fig. 5D).
This region also receives inputs from nociceptive-specific
C- and Aδ-fibres, and can be divided into two basic
subdivisions outer (IIo) and inner (IIi). Lamina IIo cells are
predominately nociceptive and thermoreceptive, whereas
lamina IIi cells respond to more innocuous mechanical
stimulation (Light et al. 1979). Neurons in laminae IIo

and IIi were identified as lying dorsal or ventral to IB4
immunolabelling as described in the methods. Lamina IIo

cells were smaller in size than lamina I neurons, with
a mean capacitance of 13 ± 1 pF (n = 13) for control
and 12 ± 1 pF (n = 8) for the inflamed group. Lamina IIi

cells were slightly larger, with a mean capacitance of
15 ± 1 pF (n = 11) for control and 14 ± 1 (n = 10) for
the inflamed group. eEPSCs from lamina II cells were
pharmacologically isolated and elicited by stimulating the
dorsal root entry zone. In control experiments, CVID
(1 μm) reduced eEPSC amplitude of cells in laminae IIo

(41 ± 7% of baseline) and IIi (38 ± 6% of baseline) to the
same extent as that observed in lamina I. In contrast to
lamina I, no significant difference regarding the extent of

eEPSC amplitude inhibition by CVID (1 μm) in either
lamina IIo (42 ± 5% of baseline) or IIi (42 ± 6% of
baseline) was observed in the inflamed group.

It was also of interest to determine whether the
downregulation of N-type calcium channel function
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Figure 5. Effect of the N-type calcium channel blocker CVID on
excitatory and inhibitory inputs onto NK1 receptor-expressing
lamina I cells and lamina II neurons
Fluorescent imagine of a lamina I neuron exhibiting colocalization of
NK1 receptor immunoreactivity (A) with biocytin (B) that was present
in the internal pipette solution for post hoc identification of the
recorded neuron. Scale bar = 20 μm. C, reduced inhibition of eEPSC
amplitude during inflammation is predominant in all cells (n = 16 for
control, n = 24 for inflamed group) and those identified as expressing
the NK1 receptor (NK1+) (n = 7 for control, n = 6 for inflamed group)
in comparison with cells that were stained but could not be identified
(Not NK1+) (n = 9 for control, n = 18 for inflamed group). D, eEPSCs
recorded from cells in control and inflamed animals from lamina IIo
(n = 13 and 8, respectively) and lamina IIi (n = 11 and 14, respectively)
and eIPSCs recorded from NK1 receptor-positive lamina I neurons
(n = 6 and 8, respectively) were reduced by CVID (1 μM) to the same
extent in inflamed (filled bars and hatched bars) and control (open
bars) animals, in contrast to eEPSCs recorded from NK1 receptor-
positive lamina I neurons. Mean data ± S.E.M. are expressed as
percentage of baseline. Asterisk denotes significant difference from
control (∗P < 0.05; ∗∗∗P < 0.001).
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during chronic inflammation also occurred at inhibitory
inputs onto lamina I neurons. eIPSCs were recorded by
stimulating inhibitory interneuron inputs from lamina II.
To isolate inhibitory currents, paired eIPSCs were recorded
in the presence of CNQX (10 μm), AP5 (100 μm) and
strychnine (10 μm), and were abolished in the presence
of picrotoxin (100 μm). For all cells described, NK1
receptor expression was confirmed. In contrast to the
effect of CVID on excitatory inputs to lamina I cells,
CVID (1 μm) inhibited eIPSC amplitude to a similar
extent in the inflamed group: 46 ± 7% of baseline
(n = 8) when compared to control 46 ± 9% (n = 6)
(Fig. 5D). These results suggest that adaptation of
N-type calcium channel function is indeed exclusive to
excitatory primary afferent synaptic inputs onto lamina I
neurons.

Discussion

We have shown that N-type calcium channel function
changes in the rat dorsal horn during inflammation. A
selective reduction in the contribution of this calcium
channel to excitatory synaptic transmission recorded
from NK1 receptor-positive neurons was observed in
lamina I but not laminae IIo or IIi using the ω-conotoxin,
CVID. The failure of the N-type calcium channel blocker
CVID to significantly inhibit aeEPSC frequency during
inflammation further suggests that a downregulation of
presynaptic N-type calcium channel function occurs on
primary afferent terminals synapsing onto lamina I dorsal
horn neurons. No evidence was found for functional
adaptations to other calcium channel types, because the
relative proportions of eEPSCs attributable to P/Q, L and
R channels were unaffected during inflammation, while
T-type channels did not appear to contribute at all in either
control or inflamed dorsal horn.

The observed reduction of eEPSC amplitude in lamina I
by various calcium channel antagonists was similar to that
found in previous reports (Bao et al. 1998; Heinke et al.
2004) with conotoxins selective for the N-type calcium
channel having the greatest effect, followed by ω-agatoxin
IVA for P/Q-types and finally nimodipine or verapamil
for the L-type and a negligible effect of mibefradil or
nickel for the T-type. The proportion of EPSC amplitudes
inhibited by each of these VGCC antagonists is also
consistent with their distribution within the dorsal horn
and cellular location. Immunohistochemical data show
the prevalence of N-type calcium channels over the other
subtypes in lamina I with the P/Q-type channel being
more concentrated in lamina II and deeper (Westenbroek
et al. 1998; Murakami et al. 2004). In addition, N-type
and P/Q-type calcium channels are predominately located
presynaptically in nerve terminals and dendrites,
suggesting they are more ideally located to inhibit eEPSC

amplitude than the L-type channel, which is more often
located on cell bodies and dendrites (Westenbroek et al.
1998). Immunohistochemical data for the T-type channel
in the dorsal horn is lacking; pharmacologically it has been
shown to be present in both the dorsal horn and DRG
(Borgland et al. 2001; Heinke et al. 2004) although past and
present studies show it does not contribute to the lamina I
synapse. However in the present experiments the residual
current proportion of the eEPSC recorded from lamina I
neurons was quite substantial. Although cumulative
concentrations of CVID, ω-agatoxin IVA, nimodipine and
mibefradil were intended to maximally block the N-, P/Q-,
L- and T-type components, respectively, without blocking
this current pharmacologically the residual component
cannot be concluded to be completely R-type mediated.
However, considering that the residual current is the
second largest component of the eEPSC, which in part
may be mediated by the R-type current, we speculate that
this calcium channel subtype plays a role at this synapse.
Indeed, the work of Westenbroek et al. (1998) suggests
that a proportion of R-type channels may be present
presynaptically in the dorsal horn.

The increase in the PPR of eEPSCs and reduction
in frequency of aeEPSCs observed in control slices
indicate a presynaptic site of action of CVID. Paired-pulse
depression (PPD), defined by a PPR of less than one,
was usually observed at this synapse. This is indicative of
a high-release-probability synapse which assumes a low
release probability on the second pulse after depletion
of neurotransmitter ready for release on the first pulse
(Betz, 1970). A movement towards a PPR of one in
the presence of CVID suggests a reduction in this high
release probability, presumably due to a reduction of
calcium entry through N-type calcium channels into the
presynaptic terminal. Replacing external calcium with
strontium gives rise to miniature currents evoked by the
afferent barrage because the individual synaptic quantal
events underlying the EPSC become asynchronous. In
these experiments, analysis of aeEPSCs was important
because they provide information on release probability
and quantal amplitude of primary afferent synapses. This
is particularly pertinent in the spinal cord as it minimizes
the contribution of quantal events from excitatory
synapses arising from intrinsic dorsal horn synapses, as
occurs during mEPSC recordings. Indeed, differences have
been reported in the contribution of the various calcium
channels to mEPSCs and eEPSCs in laminae I and II of
the dorsal horn (Bao et al. 1998). In control experiments a
pronounced inhibition of aeEPSC frequency by the N-type
calcium channel blocker CVID was observed, confirming
a presynaptic site of action. After inflammation,
CVID was almost completely ineffective, confirming a
presynaptic loss of functional N-type calcium channels.
The observation that CVID was less effective at reducing
aeEPSC frequency than eEPSC amplitude could be due to

C© 2007 The Authors. Journal compilation C© 2007 The Physiological Society



J Physiol 580.3 N-type calcium channel function in the dorsal horn during inflammation 891

strontium being less efficient than calcium at triggering
neurotransmitter release (Xu-Friedman & Regehr, 2000).
Reduced efficacy of conotoxins can be excluded because
calcium channel blockers and toxins are equally potent at
blocking strontium and calcium influx (Tokunaga et al.
2004).

A slight but significant decrease in aeEPSC amplitude
was also observed in the presence of CVID in the
control and inflamed group. However, considering that
aeEPSC amplitude was bigger than the background
spontaneous miniature current amplitude it is possible
that this observation is due to contamination. Although
precautions were taken to ensure recordings were made
only from neurons with a low background rate of
spontaneous EPSCs, most cells had some level of back-
ground activity. Considering that many of these miniature
currents arise from a different population of terminals and
are less affected by N-type calcium channel antagonists
(Bao et al. 1998), these smaller currents would have been
more likely to have remained in the presence of CVID
and thus to have produced an artefactual reduction in the
measured aeEPSC amplitude.

Loss of effectiveness of CVID to inhibit presynaptic
N-type channel function on primary afferents synapsing
onto lamina I neurons could be due to a change in channel
subunit composition, kinetics, a reduction in channel
number or a combination of these. In heterologous
expression systems the potency of CVID is profoundly
reduced by coexpression of calcium channel α2δ auxillary
subunits (Mould et al. 2004), and expression of these
subunits is upregulated in primary afferents in some
models of persistent pain (Li et al. 2004). However, binding
of CVID to the N-type channel was unchanged because the
EC50 values did not differ between the control and inflamed
group.

Only one study to date has investigated the expression
levels of N-type calcium channels in spinal cord during
inflammation. Seven days after carrageenan inflammation
of the rat hind paw, an increase in N-type calcium channel
protein expression in dorsal root ganglia (DRG) was
detected (Yokoyama et al. 2003), but whether this occurred
in nociceptive primary afferents was not determined.
Nor is it known whether such changes produced an
increase in N-type channel protein expression in central
nerve terminals of DRG neurons. Comparisons with the
present study are further limited by different time scales
and models of inflammation used in that study.

A decrease in the presynaptic N-type calcium channel
population at the lamina I synapse could result from
increased endocytosis of the channel after inflammation.
Beedle et al. (2004) described a direct interaction of
N-type calcium channels with the opioid receptor-like
receptor 1 (ORL-1, NOP). Through this direct interaction,
internalization of ORL-1 during prolonged exposure
to nociceptin, its endogenous ligand, was shown to

internalize N-type calcium channels in small-diameter
DRG neurons, which were then trafficked to the lysosomal
degradation pathway (Altier et al. 2006). Nociceptin levels
are increased in the spinal cord after CFA inflammation
of the hindpaw (Jia et al. 1998), which could favour
internalization of the ORL-1 receptor/N-type calcium
channels complex under these conditions and thus
account for our long-term loss of N-type calcium channel
function.

The proximal C-terminal region of the N-type calcium
channel also contains an alternatively spliced exon which is
believed to affect channel density and kinetics (Castiglioni
et al. 2006). Expression of exon 37a over the more
ubiquitously encoded exon 37b is only present in sensory
neurons, and particularly nociceptive neurons (Bell et al.
2004). Exon 37a confers a larger N-type current density
than exon 37b, due to insertion of a greater number of
functional channels and an increase in channel open time.
Therefore it is possible that a preferential expression of the
exon 37b in small-diameter nociceptive-specific neurons
during inflammation could account for the reduced
N-type calcium channel component and thus reduced
effects of CVID found in this study. In addition to further
investigating whether different N-type splice variants are
upregulated in inflammation, it would be interesting to
determine whether their presence or absence rendered the
channel insensitive to ω-conotoxins.

It is intriguing that plasticity in N-type calcium
channel function induced by inflammation was observed
selectively at synapses onto lamina I neurons and
was not observed at afferent eEPSCs recorded from
laminae IIo and IIi. Considering that lamina IIo receives
a large proportion of C- and Aδ-fibre inputs that are
predominately nociceptive and thermoreceptive (Light
et al. 1979) similar to lamina I, a change might also have
been expected in this lamina. Plasticity might be less likely
to occur in lamina IIi because it receives predominantly
innocuous mechanoreceptive inputs (Light et al. 1979).
Downregulation of N-type calcium channel function was
also enriched in the lamina I NK1 receptor-expressing
neuronal population, whereas inhibitory inputs onto
the same cells from surrounding lamina II interneurons
also failed to exhibit N-type calcium channel plasticity.
Perhaps the basis of this highly selective adaptation
at excitatory synapses during inflammation serves to
change the balance between inhibitory and excitatory
control of these NK1-positive neurons. Downregulation
of N-type calcium channel function could exist as an
auto-regulatory feedback mechanism which decreases
excitation relative to inhibition to reinstate previous
homeostasis in lieu of exacerbated peripheral inputs from
the site of inflammation. It is of interest in this regard
that the eEPSC PPR was unaffected by inflammation,
suggesting that overall release probability of primary
afferents synapsing onto NK1-positive lamina I neurons
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was maintained despite the loss of N-type calcium channel
function.

An overwhelming body of evidence indicates crucial
involvement NK1 receptor-expressing lamina I projection
neurons in the nociceptive sensory pathways and
development of persisitent pain (Mantyh et al. 1997;
Nichols et al. 1999; Suzuki et al. 2002). Lamina I projection
neurons are also of interest because LTP can be induced
in this population which may underlie a mechanism
of central sensitization during pain (Ikeda et al. 2003,
2006). The results of this and previous studies suggest that
conotoxins targeting the N-type channel are effective anti-
nociceptive agents (Cox, 2000; McGivern, 2006). However
we have found that they are less effective at inhibiting
excitatory inputs into the spinal cord during inflammation.
Furthermore the imbalance of conotoxin inhibition of
excitatory inputs and intrinsic inhibitory circuits in
the superficial dorsal horn during inflammation may
underlie some of their side-effect profiles. Overall, by
understanding these limitations created by synaptic
changes during pain states it is hoped that more effective
therapies can be developed in the future.
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