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Abstract

NR2B selective inhibitors show lower side-effects in preclinical pain models than non-selective
NMDA receptor (NMDAR) antagonists, but it is unclear whether the improved safety of NR2B
selective inhibitors is due to their subtype selectivity or to a unique mode of inhibition of the receptor.
In the present study, the analgesic effects of intracerebral bolus injections of conantokin peptides
with different NMDAR subunit selectivity were determined in mice by the standard hot-plate test,
and following stimuli with acetic acid, formalin and complete Freund’s adjuvant (CFA). In the
standard hot-plate model, con-G[S16Y], a NR2B-selective inhibitor, showed the highest analgesic
activity among conantokin peptides tested. In the acetic acid- and CFA-induced pain models, con-G
[S16Y] and, to a lesser extent, con-G exhibited higher analgesic activity compared to nonselective
inhibitors, such as con-R[1-17]. In the formalin test, while all conantokin peptides could partially
suppress the first phase response, only con-G[S16Y] and con-G significantly inhibited the second
phase response and suppressed paw edema. Our results suggest that the antinociceptive action of the
conantokins may be related to their NR2B selectivity and that these peptides may be useful as both
neurobiological tools for probing mechanisms of nociception and as therapeutic agents for pain relief.
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Introduction

Hyperactivation of the N-methyl-D-aspartate receptor (NMDAR) is generally recognized as a
key factor in sustaining chronic inflammatory and neuropathic pain (Haley et al., 1990; Fisher
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et al., 2000; Hewitt, 2000). Hence, functional inhibitors of the NMDAR have garnered
considerable attention for their analgesic potential. While uncompetitive NMDAR antagonists
such as MK-801 and ketamine effectively relieve pain (Vaccarino et al., 1993) their clinical
utility is seriously undermined by psychomimetic side-effects. NMDAR inhibitors selective
for NR2B-containing receptors are effective and well-tolerated in rodent models of pain
(Taniguchi et al., 1997; Boyce et al., 1999) suggesting the involvement of the NR2B subunit
in mediating nociception. This hypothesis has been reinforced by the observations that
overexpression of NR2B in mouse forebrain augments sensitivity to inflammatory pain (Wei
et al., 2001) and that intrathecal administration of siRNA directed towards the NR2B subunit
abrogates formalin-induced pain symptoms in rats (Tan et al., 2005). Furthermore, the
contribution of NR2A- and NR2B-containing subunits in the induction of LTP and LTD,
respectively (Liu et al., 2004), renders the use of NR2B-specific NMDAR antagonists, rather
than non-selective agents, more desirable for the control of pain with minimal cognitive side
effects.

The most commonly invoked NR2B-selective analgesics include ifenprodil and structurally
related compounds (Parsons, 2001). These agents inhibit NMDAR activity through a high-
affinity interaction with the N-terminal leucine/isoleucine/valine-binding protein (LIVBP)-
like domain of the NR2B subunit (Perin-Dureau et al., 2002). This mode of binding, subunit-
selective and peripheral to the ion channel pore, likely underlies the aforementioned
effectiveness of these compounds in alleviating pain at doses that are well tolerated. However,
enthusiasm for this class of compounds is mitigated by their capacity to interfere with the
potassium channel activity of the human ether-a-go-go-related gene (HERG), the perturbation
of which is linked to abnormal cardiac rhythms (McCauley et al., 2004). The conantokin family
of peptides from the genus Conus represents an additional class of NMDAR antagonists that
bind distal to the ion channel, at a location that either overlaps, or is tightly allosterically
coupled to, the glutamate site (Klein et al., 2001; Wittekindt et al., 2001). In contrast to the
ifenprodil class of compounds, the conantokins appear to be entirely specific for the NMDAR.
In addition, one of the four known members of the conantokin family, viz., conantokin-G (con-
G) from Conus geographus displays almost complete specificity for NR2B-containing receptor
complexes (Donevan et al., 2000).

A previous investigation in mice has established that intrathecally administered con-G and
conantokin-T (con-T) were effective in alleviating pain at doses that did not significantly
interfere with motor function (Malmberg et al., 2003). Additionally, the therapeutic ratio for
con-G was over 60% higher than that for con-T, which displays similar inhibitory potency for
both NR2A- and NR2B-conatining NMDAR complexes. This observation strengthens the
concept that NMDAR inhibitors that specifically target the NR2B subunit may be more
desirable antinociceptives compared to their non-selective NMDAR counterparts. In the
present study, the antinociceptive properties of the conantokins are further investigated using
thermal, tissue injury, and inflammation models of pain. Included are conantokin variants
having different NMDAR inhibitory potency and different subunit (NR2A and/or NR2B)
selectivities. The results point to a contribution for the NR2B subunit in nociception and
underscore the value of focusing on NR2B-selective agents for the treatment of pain.

Materials and methods

Peptide synthesis, purification and characterization

The methods for synthesis, purification, and characterization of conantokin variants were
similar to those previously described (Dai et al., 2004). The primary sequences of the peptides
used in this study are as follows:

Neuropeptides. Author manuscript; available in PMC 2009 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Xiao et al.

con-G:
con-G
con-G
con-G
con-G
con-G
Ala-col

Q6A]:
y7K]:
N8AJ:
y14A]:
S16Y]:
n-G:

con-R[1-17]:

con-T:
con-T)|
con-T)|
con-T

R13A]:
Y14A]:
v10,14K];

Page 3

GEyyLQyNQyLIRYKSN-NH2
GEyyLAYNQyLIRYKSN-NH2
GEyyLQKNQyLIRYKSN-NH2
GEyyLQyAQyLIRYKSN-NH2
GEyyLQyNQyLIRAKSN-NH2
GEyyLQyNQyLIRAKYN-NH2
GEyyLGKAQALIRAAYA-NH2
GEyyVAKMAAyLARYNI-NH2

GEyyY QKMLYNLRYAEVKKNA-NH2
GEyyYQKMLYNLAYAEVKKNA-NH2
GEyyYQKMLYNLRAAEVKKNA-NH2
GEyyYQKMLKNLRKAEVKKNA-NH2

Animals and peptide administration

Male and female Kuming mice (20-24 g, Beijing Animal Center, China) were used in acetic
acid, formalin and complete Freund’s adjuvant (CFA) stimulus experiments. Only female
Kuming mice were used in the hot plate tests. Mice were housed in plastic boxes maintained
between 24 + 2 °C and a relative humidity of 50%. Food pellets and water were available ad
libitum. All experiments were conducted in accordance with the guidelines of the Beijing
Institutes for Biological Science Animal Research Advisory Committee and conformed to the
European Community directives for the care and use of laboratory animals. Conantokin
peptides were dissolved in 0.9% sterile saline and intracerebrally injected (i.c.v.) in a volume
of 20 ul into each mouse. Saline (20 ul) was similarly administered to the control group.

Hot plate test

In the hot plate model, a female mouse was placed on a plate maintained at 55 + 0.1 °C and
the time required to elicit jumping or licking of hind paw (latency) was recorded. A cutoff
latency of 60 s was implemented to prevent tissue damage. Only those mice pretesting with a
mean latency of less than 20 s were used in the study. The latency was measured at 30, 90,
150, and 240 min after peptide (300-600 pmol, i.c.v.), ifenprodil (25 nmol, i.c.v.), or saline
injections.

Acid-induced writhing test

An 0.4 ml injection 1% (v/v) acetic acid in saline solution was administered intraperitoneally
(i.p.) into each mouse 30 min after peptide injection (100-300 pmol/20 pl, i.c.v.). After 5 min,
the number of abdominal contortions (writhes) that occurred was recorded over a 15 min period.

Formalin test

A 20 pl volume of 5% (v/v) formalin in saline was injected into the subplantar region of the
right hind paw of each mouse 30 min after peptide administration (100 pmol, i.c.v.). The time
spent licking or biting the affected paw was recorded in 5 min intervals for a total of 60 min.
The inflammatory edematogenic response was evaluated 60 min after formalin injection by
using a vernier caliper to measure paw diameter. The effects of peripherally administered
conantokin peptides were also tested by subcutaneous injection of 10 [I of peptide solution
(100-300 pmol in saline) into the dorsal surface of the hind paw 30 min prior to formalin
injection (20 pl of the above 5% formalin solution) at the same dorsal surface site.

Inflammation-evoked pain model

Inflammation was produced by subcutaneous injection of 20 [1 of a 1:1 mineral oil/saline
emulsion of complete Freund’s adjuvant (CFA) into the plantar surface of the right hind paw.
Conantokin peptides were administered (300 pmol, i.c.v.) approximately 72 h later. Thermal
hyperalgesiawas determined 2 h after peptide injection by measuring the latency of the afflicted
paw of female mice to a radiant heat stimulus using the aforementioned hot plate test. As an
index of edema, paw diameter was measured immediately after testing.
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Assessment of motor function

Motor impairment was determined on an accelerating rotarod treadmill (Ugo Basile, Comerio,
Italy) as previously described (Malmberg et al., 2003). The peptides, ifenprodil (25 nmol), or
saline were administered i.c.v. to the mice (n = 5) in a volume of 20 pl. At 60 and 240 min
following injection, the mice were placed on the rotating rod at a speed of 3 rpm. After 50 s,
the rod was accelerated from 3 rpm to 30 rpm over a 5 min interval. The time that the mice
remained balanced on the rod was recorded.

Statistical analysis

All data are expressed as the mean + S.D., and were analyzed using either the unpaired t test
or one-way analysis of variance (ANOVA) followed by the Student-Newman-Keul’s test.
Differences with a p value < 0.05 were considered to be statistically significant. Indicated n
values represent the number of animals tested a single time.

Results

The effects of the conantokins on thermal nociception

At a dose of 300 pmol (i.c.v.), several of the conantokin peptides significantly increased paw
withdrawal latency compared with the saline control group (Table 1). The onset of
antinociception occurred between 30 and 90 min following peptide administration and peaked
near the 150 min time point for NR2B-selective (con-G-based) and non-selective (con-R[1-17]
and con-T-based) peptides alike. Significant increases in latencies at 240 min were only
observed with con-G[y7K] and con-G[S16Y]. The highest antinociceptive activity was attained
with con-G[S16Y], an NR2B selective inhibitor. This peptide not only significantly increased
paw withdrawal latency compared to the saline control, but was the only conantokin whose
effects differed significantly from those displayed by the other peptides. As determined
previously through inhibition of [BH]MK-801 binding to crude rat membrane preparations
(Klein et al., 2003) this variant manifested the highest NMDAR inhibitory activity of the con-
G-based peptides examined in this study. However, potency in the radioligand binding assay
does not strictly correlate with increased paw withdrawal latency since con-R[1-17], which is
the most potent conantokin inhibitor of [BH]MK-801 binding examined in the current study,
is a less effective antinociceptive than con-G[S16Y]. Similar observations apply to NR2B-
selective con-G[Q6A], con-G[y7K], con-G[N8A], con-G[y14A], and Ala-con-G. These
peptides inhibit [FH]IMK-801 binding with 1Csq values comparable to that of con-G[S16Y],
but do not provide the same degree of antinociception. Peptides manifesting activity at NR2A-
and NR2B-containing receptors, namely con-R[1-17], con-T[R13A], con-T[y14A], and con-
T[y10,14K], were not especially effective in alleviating thermal nociception, while con-T was
without effect in this regard. At some time points, higher doses (600 pmol, i.c.v.) of con-G,
con-G[y7K], con-G[S16Y] prolonged paw withdrawal latencies beyond that observed at 300
pmol. In the case of Ala-con-G and con-R[1-17], the 600 pmol injection failed to significantly
increase latency at any time following peptide administration compared with the lower dose.
Ifenprodil, at a dose approximately 80—fold greater than conantokins, had no effect in this
assay.

The effects of the conantokins on acid-induced contortion behavior

Intraperitoneal injections of acetic acid typically induce writhing responses that can be
quantified and equated with visceral pain. Several peptides displaying varying degrees of
effectiveness in reducing thermal nociception were examined in this model. As shown in Figure
1, a 300 pmol dose (i.c.v.) of either con-G or con-G[S16Y] resulted in a significant reduction
of abdominal contortions (8.3 = 6.0 and 6.4 + 4.6, respectively) compared to the control
experiment (17.6 + 4.8). In contrast, con-G[y7K], con-R[1-17] and Ala-con-G failed to
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attenuate writhing responses at the same dosage. A 100 pmol dose of con-G[S16Y] was also
significantly effective in modulating responses to the acid stimulus.

Antinociceptive effects of the conantokins in the formalin test

Two distinct phases of nociceptive behaviors (Tjolsen et al., 1993) were produced after
intraplantar (i.pl.) injection of formalin. The first phase, which stems from primary afferent
fiber activation, started immediately after formalin injection and lasted for 3~5 min. The second
phase, ascribed to peripheral tissue inflammation, developed 10-15 min following cessation of
the first phase and lasted for 20-40 min. Both phases are characterized by the flinching, lifting,
shaking, licking and biting of the injected paw. As shown in Figure 2, all of the conantokin
peptides tested (100 pmol, i.c.v.) were capable of partially suppressing the first phase response.
During the second phase, con-G[S16Y] and con-G were highly effective in reducing the
responses to the afflicted paw, whereas neither Ala-con-G nor con-R[1-17] provided
antinociception compared to the saline group. Ifenprodil, an NR2B-selective antagonist, was
without effect in both phases. At the end of the experiment (i.e., 60 min post-formalin injection)
paw width, as a measure of edema, was evaluated. Both con-G and con-G[S16Y] reduced paw
swelling to a significant extent (Table 2). Consistent with their ineffectiveness in alleviating
second phase responses to formalin, neither Ala-con-G, con-R[1-17], nor ifenprodil had any
effect on paw edema. Despite the high degree of antinociception afforded by i.c.v. delivery of
con-G and con-G[S16Y] in both phases of the formalin test, subcutaneous injections of these
two peptides (100 pmol) 30 min prior to formalin administration did not significantly diminish
paw biting/licking behaviors, nor did they reduce the edematogenic response (data not shown).

Antinociceptive properties of the conantokins in a model of chronic inflammation

Intraplantar injection of 1:1 CFA is known to elicit hyperalgesia and edema that can last for
several days. Using the hot plate test, a decrease in paw withdrawal latencies confirmed a
hyperalgesic response on days 1 and 3 (p < 0.001 for all day 1 and day 3 measurements
compared to their respective baseline values). following CFA administration (Figure 3). The
ability of the conantokins (300 pmol i.c.v.) to reduce thermal sensitivity was evaluated 2 h
post-injection using the hot plate test. In this experiment, con-G and con-G[S16Y] increased
the paw withdrawal latency approximately 1 s and 2 s, respectively, compared to the day 3
controls, although the differences between these latencies and each peptide’s baseline
withdrawal threshold value were still significant (p <0.002). Ala-con-G and con-R[1-17] failed
to alter withdrawal latencies. Prior to CFA delivery, average paw width was 1.47 + 0.04 mm
and increased to a post-CFA diameter of 2.35 + 0.04 mm on day 3. Only those mice injected
with con-G[S16Y] showed a small but significant (p = 0.0012; unpaired t test) decrease in paw
swelling upon comparison of the day 3 paw diameter before (2.36 + 0.039 mm) and after (2.26
+ 0.058 mm) peptide injection (measured up to 4 h after peptide injections)

Effects of the conantokins on motor function

As the most effective peptide in ameliorating voluntary responses (i.e., paw latencies and paw
responses) to painful stimuli, the possibility that con-G[S16Y] might merely be acting through
suppression of motor function was tested using the rotarod test. For comparison, the less
effective con-R[1-17], as well as ifenprodil, were also examined. From the data summarized
in Figure 4, it can be concluded that, relative to the saline control, some toxicity is associated
with both con-G[S16Y] and con-R[1-17] at the doses used in our studies. After 60 min, 100
pmol of con-R[1-17] actually impaired motor function to a greater extent than the same dose
of con-G[S16Y]. The reverse effect was observed at the 600 pmol does of con-R[1-17] and
con-G[S16Y]. No difference between the two conantokin peptides was observed at the 300
pmol dose. Hence, because con-R[1-17] compromised motor function to a degree similar to
that observed with con-G[S16Y7], the mitigated responses to stimuli of those mice treated with
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con-G[S16Y] are likely ascribable to improved antinociception rather than peptide-induced
impairment of coordination. Also, for the 300 and 600 pmol doses of con-G [S16Y], no
significant differences were noted between the 60 and 240 min test times.

Discussion

The aim of the present study was to evaluate the antinociceptive properties of the conantokins
in an array of mouse pain models, with emphasis on the contribution of non- and NR2B-
selective peptides to antinociception. Excepting the first phase of the formalin test, the ability
of con-G[S16Y] and, to a lesser extent con-G, to curtail responses to painful stimuli and
formalin-induced edema to a greater extent than the non-selective conantokins suggests that
the action of these peptides may be related to their NR2B selectivity. However, as demonstrated
through the screening of numerous con-G-based peptides in the hot-plate test, NR2B-
selectivity alone is insufficient for antinociceptive character. For example, con-G[N8A], con-
G[y14A] and Ala-con-G are ineffective at antinociception at all time points examined, despite
exhibiting NR2B-selectivity. Few clues concerning the molecular features of con-G[S16Y]
that underlie its high antinociceptive effectiveness are provided from the results of in vitro
pharmacology since ICgq values obtained from previous radioligand binding studies (Blandl
et al., 1998; Blandl et al., 2001; Warder et al., 2001; Klein et al., 2003) do not strictly parallel
the results of this in vivo study. For example, while con-G[S16Y] manifests a 3.5-fold increase
in potency in the [BH]MK-801 binding assay compared to con-G, (ICsg con-G = 0.48 pM;
ICgq con-G[S16Y] = 0.18 uM), a similar increase in NMDAR inhibitory activity displayed by
Ala-con-G (ICgq Ala-con-G = 0.18 uM) is not reflected in the antinociceptive properties of
this derivative relative to the con-G parent in the hot-plate test. Despite the improvement in in
vitro and in vivo effectiveness associated with the Ser—Tyr replacement at position 16, it is
unlikely that this derives from a direct involvement of the Tyr side-chain with the cognate
binding site for conantokins on the NMDAR. This is concluded from previous truncation
studies with con-G that revealed that residues 13-17 are not especially critical to NMDAR
activity (Blandl et al., 1998). Hence, the Ser—Tyr substitution augments NMDAR inhibitory
activity in an indirect fashion, perhaps by rendering the resultant peptide less susceptible to
proteolytic degradation. Based on the identical circular dichroism-derived helical contents of
con-G and con-G[S16Y] variant in both apo- and Ca%*-bound states (5% and 50%,
respectively) (Blandl et al., 1998; Klein et al., 2003), this putative resistance to biodegradation
cannot be ascribed to an alteration in secondary structure. Furthermore, the observed inactivity
of con-T despite its high apo- and Ca2*-saturated helicities (55% and 82%, respectively) fails
to support any correlation between conantokin secondary structure and antinociception with
respect to thermal stimuli (Warder et al., 2001). It is conceivable that the superior
antinociceptive properties of con-G[S16Y] are related to the increase in lipophilicity imparted
by the Ser—Tyr replacement. This sequence element may facilitate peptide accumulation on
the neuronal membrane, raising the effective concentration in the vicinity of the NMDAR target
and shielding the peptide from proteolytic enzymes. Support for this is provided by direct
binding studies of radiolabeled con-G[S16Y] to adult rat brain sections (Klein et al., 2003). In
this investigation, approximately 80% of peptide was associated with a low-affinity, non-
receptor site, whereas the remainder was tightly and specifically bound to the receptor. In
contrast, Ala-con-G manifested only the high-affinity NMDAR-specific component of binding
and therefore does not pre-adsorb to the membrane surface.

As observed in the thermal nociception paradigm, con-G and conG[S16Y] were effective in
reducing acetic acid-induced acute visceral pain whereas other NR2B-selective peptides, viz.,
con-G[y7K] and Ala-con-G, as well as the non-selective con-R[1-17], had no effect in this
assay. This is in contrast to the first phase of nociceptive behavior following formalin injection
into the paw, in which all tested peptides, including con-G, conG[S16Y], con-G[y7K], Ala-
con-G, and con-R[1-17] significantly reduced the time spent responding to the afflicted paw.

Neuropeptides. Author manuscript; available in PMC 2009 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Xiao et al.

Page 7

It thus appears that a reduction in nociceptive behaviors in the short-lived first phase can be
achieved with subunit-selective and non-selective conantokins alike. These observations are
consistent with those previously reported for 100 pmol doses of con-G and con-T in the first
phase of the formalin test (Malmberg et al., 2003) although the percent inhibition of responses
was lesser (25-35%) than those associated with the current work (50-75%). This may be
attributable to the different modes of peptide administration (intrathecal versusi.c.v.) and time
of agent delivery (10 min prior versus 30 min prior to formalin injection). Based on previous
reports that estimated a median toxic dose of ca. 300 pmol for the con-G, -T (i.t. delivery), and
—R (i.c.v. delivery) as determined by the rotarod test (White et al., 2000; Malmberg et al.,
2003), it is possible that the general nature of conantokin effects on the first phase of the
formalin test reflects a slight diminution of motor function rather than true antinociception.
This conclusion is supported by the rotarod results presented in this study, which reveal that
100 pmol doses (i.c.v.) of both con-G[S16Y] and con-R[1-17] effect similar decreases in motor
coordination. In contrast to the results of the first phase, suppression of second phase formalin
responses and a reduction of paw swelling was limited to con-G and conG[S16Y]. These
outcomes are consistent with the involvement of NMDARs in mediating the tonic phase
following formalin injection (Coderre and Melzack, 1992) and, more specifically, are in
support of evidence that couples NR2B-containing subunits in the central nervous system to
formalin-induced tonic pain (Gaunitz etal., 2002; Tan et al., 2005). As established in a previous
study (Coderre, 1993), the NR2B-selective small-molecule, ifenprodil, was ineffective in both
the early and late phases of the test, a possible consequence of the different NMDAR binding
sites targeted by ifenprodil and the conantokins (Gaunitz et al., 2002; Perin-Dureau et al.,
2002; Tsai et al., 2005). Subcutaneous injections of con-G and con-G[S16Y] failed to diminish
formalin-evoked behaviors and did not reduce paw swelling. Despite the expression of NR2B
subunits on primary afferent neurons (Ma and Hargreaves, 2000) these null results indicate
that conantokin antinociception involves inhibition of NR2B-containing NMDARs through
action at central, rather than peripheral, sites. In the CFA model of chronic inflammation, con-
G[S16Y] and con-G were capable of reversing thermal hyperalgesia, and increased paw
withdrawal latencies to 80% of pre-administration values.

The mechanism(s) by which i.c.v. administered conantokins slightly reduce edema in both the
formalin and CFA models are not obvious, since NMDAR antagonists such as ifenprodil or
MK-801 are not known to decrease swelling in inflammatory pain models. However, it is well
accepted that such peripheral inflammatory stimuli can induce pain sensitization through
enhanced activity of spinal NMDARSs and the concomitant increase in glutamate and aspartate
release in the dorsal horn (Renetal., 1992; Lawand etal.,1997; Hamaetal., 2003). In particular,
the expression and activity of NR2B-containing receptors appears to be upregulated under such
conditions (Tan et al., 2005; Iwata et al., 2007). Increased expression of NR2B receptors in the
anterior cingulate cortex during peripheral inflammation has also been noted (Wu et al.,
2005). The modulation of hyperalgesia herein observed following central administration of the
conantokins is consistent with these observations. In a rat model of arthritis it has been
demonstrated that i.t. injection of CNQX, an AMPA/kainate receptor antagonist, was effective
in reducing knee joint swelling, whereas treatment with AP7, a competitive antagonist of the
glutamate site on the NMDAR, had no effect (Sluka et al., 1994). This observation supports
glutamatergic transmission as one component of the edematogenic response. Hence, it is
possible that centrally-delivered NR2B-specific conantokins can uniquely alter glutamate-
evoked NMDAR activity in a manner that leads to modest reductions in paw swelling observed
in this study.

Our results raise an obvious question as to why NR2B-selective con-G[S16Y] and, to a lesser
extent, con-G are superior analgesics to non-selective conantokins such as con-R[1-17], which
interact with similar potency at both NR2A- and NR2B-containing receptor complexes (White
et al., 2000). Presumably, as in the case of the non-selective competitive glutamate antagonist
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AP5, an agent that inhibits NR2B-containing NMDARs should demonstrate analgesia
irrespective of the level of NR2A interaction (McKenna and Melzack, 2001). However, it is
possible that the aforementioned ability of con-G[S16Y] to pre-adsorb to the neuronal
membrane facilitates NMDAR binding in a mechanism reminiscent of that proposed for the
interaction of neuropeptide Y with its G protein-coupled receptor targets (Bader et al., 2001).
A longer physiological half-life of con-G and con-G[S16Y], possibly related to the membrane
partitioning mechanism--including resistance to proteolysis--may also be operating to increase
their effectiveness. Another possible explanation for the higher antinociceptive activity of
NR2B-selective versus non-selective conantokins may be related to the extrasynaptic/synaptic
distribution of NR2A and NR2B subunits. In adult animals, NR2B represents the major NR2
component or extrasynaptic NMDARSs, while the NR2A subunit is confined to the synaptic
receptor pool (Li et al., 1998, Thomas et al., 2006). If opposing roles for pain mediation exist
between the synaptic and extrasynaptic populations, as has been demonstrated for synaptic
plasticity and extracellular signal-regulated kinases (ERK) signalling (Massey et al., 2004;
Ivanov et al., 2006), this could account for the enhanced antinociceptive properties of the
NR2B-selective (extrasynaptically targeted) versus the non-selective (synaptically and
extrasynaptically targeted) conantokins. Support for this possibility is provided by studies that
have demonstrated that a potent phosphatidylinositol 3-kinase inhibitor reduces inflammatory
pain and is linked to a reduction in both ERK signalling and NR2B phosphorylation (Pezet et
al., 2008). When considering these data in tandem with the observation that con-G reduces
NR2B phosphorylation in hippocampal cultures (Waxman and Lynch, 2005), it is reasonable
to infer that the conantokins may be involved in altering ERK signalling. As such, non-selective
conantokins may exert opposite effects in the ERK pathway (based on the targeting of synaptic
and extrasynaptic NMDARs alike), whereas the NR2B-selective conantokins do not produce
a cancellation effect, as these peptides are primarily directed to the extrasynaptic NMDAR
pool. Futhermore, the antinociceptive effectiveness of con-G and con-G[S16Y] following the
i.c.v. route of administration suggests that cortical NR2B-containing NMDARSs contribute to
nociception, although diffusion to spinal sites cannot be discounted. Taken together, our results
suggest that further studies of con-G and the S16Y variant are warranted, not only for their
utility as neurobiological tools, but as potential templates for the design of compounds that can
effectively alleviate NMDAR-mediated nociception.
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Figure 1.

Effects of conantokin peptides on the number of abdominal contortions induced by an 0.4 ml
i.p. injection of 1% (v/v) acetic acid in saline solution 30 min after i.c.v. 100 pmol (white
bars) and 300 pmol (gray bars) conantokin administration. Counting of contortions began 5
min after acetic acid injection and was continued for a 15 min period. The data are presented
as mean * S.D (n = 8). *Significantly different from control (p < 0.05, unpaired t test).
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Figure 2.

Ability of the conantokin peptides to modulate the first and second phases of nociceptive
behavior produced by an injection of formalin into the paw. Conantokins (100 pmol), ifenprodil
(25 nmol), or saline, were administered (i.c.v.) 30 min prior to formalin injection. The total
time spent responding to the affected paw (licking and/or biting) in the first phase (0-10 min
after injection, white bars) and second phase (10-60 min, gray bars). The data are presented
as mean = S.D. (n = 8). *Significantly different from the control (p < 0.05, unpaired t test).
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Figure 3.

Conantokin effects on paw withdrawal latencies in response to thermal stimulus in the CFA
model of chronic inflammation. Mice were grouped and tested before (“Baseline”) and after
(“Day 1” and “Day 3”) intraplantar CFA injection. The last grouping of bars represents
latencies recorded 2 h after i.c.v. injection of the specific peptide designated for the group. The
data are presented as mean + S.D. (n=8). *Significantly different from the control (i.e., day 3
prior to conantokin administration; p < 0.05, unpaired t test).
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Figure 4.

Conantokin effects on motor function using the rotarod test. Con-G[S16Y] or con-R[1-17] at
the indicated doses, ifenprodil (25 nmol), or saline were administered (i.c.v.) to the mice prior
to placement on the rotarod at 60 min or 240 min post-injection. The stay times are presented
as mean = S.D. (n=8). *Significantly different from the saline control; #indicated pairs are
significantly different (p < 0.05, unpaired t test).
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Table 2
Effects of the conantokins on formalin-induced edema?
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Peptides b Injected paw width a (mm)

Before formalin injection After formalin injectionc Increase in paw width
con-G~ 1.55+0.02 2.38+£0.03 0.83£0.03
con-G[SlGY]* 1.57 +0.03 2.33+0.05 0.76 £ 0.05
Ala-con-G 1.60 + 0.02 2.56 £ 0.05 0.97 £0.05
con-R[1-17] 1.60 £ 0.04 2.60 £0.05 1.00+0.08
ifenprodil 1.59 + 0.04 2.70 £0.04 1.10+0.05
saline 1.57 +0.03 2.53+£0.03 0.97 £0.05

aEdema was elicited through injection of 20 pul of 5% formalin in saline into the subplantar region of the right hind paw. Data are presented as mean +

S.D.(n=8).

bPeptides (100 pmol) or ifenprodil (25 nmol) were injected intracerebrally (i.c.v.) in a volume of 20 pl.

c . I
Measurements were taken 60 min after formalin injection.

*
Significantly diminished paw swelling compared to the saline control group (p < 0.05, unpaired t test).
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