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Abstract
The ionotropic glutamate receptor subunit, GluK1 (GluR5), is expressed in many regions of
nervous system related to sensory transmission. Recently, a selective ligand for the GluK1
receptor, MSVIII-19 (8,9-dideoxy-neodysiherbaine), was synthesized as a derivative of
dysiherbaine, a toxin isolated from the marine sponge Lendenfeldia chodrodes. MSVIII-19
potently desensitizes GluK1 receptors without channel activation, rendering it useful as a
functional antagonist. Given the high selectivity for GluK1 and the proposed role for this
glutamate receptor in nociception, we sought to test the analgesic potential of MSVIII-19 in a
series of models of inflammatory, neuropathic, and visceral pain in mice. MSVIII-19 delivered
intrathecally (i.t.) dose-dependently reduced formalin-induced spontaneous behaviors and reduced
thermal hypersensitivity 3 hours after formalin injection and 24 hours after complete freund’s
adjuvant-induced inflammation, but had no effect on mechanical sensitivity in the same models.
I.T. MSVIII-19 significantly reduced both thermal hyperalgesia and mechanical hypersensitivity
in the chronic constriction injury model of neuropathic pain, but had no effect in the acetic acid
model of visceral pain. Peripheral administration of MSVIII-19 had no analgesic efficacy in any of
these models. Finally, i.t. MSVIII-19 did not alter responses in tail flick tests or performance on
the accelerating RotaRod. These data suggest that spinal administration of MSVIII-19 reverses
hypersensitivity in several models of pain in mice, supporting the clinical potential of GluK1
antagonists for the management of pain.
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Introduction
Glutamate is the primary excitatory neurotransmitter in the mammalian central nervous
system and exerts its effects via activation of a large number of receptors that include both
G-protein coupled metabotropic receptors and ligand-gated ion channels known as
ionotropic glutamate receptors [9]. Kainate receptors represent a subset of ionotropic
glutamate receptors (iGluRs) that are potently activated by the natural products kainic acid
and domoic acid. The other members of the iGluR family, AMPA and NMDA receptors,
play prominent roles in mediating excitatory synaptic transmission and plasticity in the
brain, whereas the roles of kainite receptors in the nervous system are less well understood
[3].

Kainate receptors are heteromeric channels formed by combinations of five different gene
products, GluK1–5, which were formerly known as GluR5, GluR6, GluR7, KA1 and KA2
[3]. Several recent studies provided evidence that receptors primarily comprised of the
GluK1 subunit are important in transmission in nociceptive pathways, particularly in the
context of persistent pain states [13,16]. GluK1 is expressed at many levels of the pain
neuraxis, including the dorsal root ganglion, spinal cord dorsal horn, and in central neurons
in many areas involved in pain transmission or perception. Previous studies of the role of
GluK1 in rodent models of pain have utilized gene knockout mice [16] or drugs
administered via systemic or intracisternal routes, making localization of the functionally
important sites difficult [5,13,25]. Spinally-administered GluK1 receptor antagonists have
been shown to reduce responses of spinothalamic tract neurons to noxious stimuli in
primates [21], suggesting that GluK1 receptors expressed in the cord might be important in
mediating analgesic actions of systemically applied antagonists and reduced pain in GluK1-
deficient mice.

We recently determined that MSVIII-19, a synthetic derivative of the marine toxin
dysiherbaine (DH), is a potent and selective inhibitor of GluK1 receptor activation through a
mechanism distinct from previously characterized competitive antagonists [8,22] Here, we
sought to test if the compound exhibited antinociceptive efficacy in mouse models of
inflammatory, visceral, and neuropathic pain, with a particular focus on GluK1-containing
receptors expressed at the level of the spinal cord.

Materials and Methods
Animals

Experiments were performed on eight to twelve week-old male Swiss Webster mice from
Taconic (Hudson, NY). Mice were group housed on a 12 h light/dark cycle with food and
water available ad libitum. All animals were treated in accordance with ethical guidelines of
the National Institute of Health and The International Association for the Study of Pain.
Studies were approved by the Animal Care and use Committee of Washington University
School of Medicine. The mice were allowed to acclimate for at least three days before any
behavioral testing.

Drug administration
Intrathecal Injection—A method modified from that described [12] was used for an
intrathecal (i.t.) injection of drug. Briefly, a 30½ gauge stainless needle attached a 50 µl
Hamilton microsyringe was inserted between L5 and L6 vertebrae of conscious mice. A
volume of 5 µl of drug solution or vehicle was injected into the subarachnoid space.
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Peripheral Injection—A 30½ gauge stainless needle attached a 50 µl Hamilton
microsyringe was inserted into the plantar skin of the hindpaw, and a total volume of 10 µl
of drug or vehicle solution was injected.

All behavior tests were performed with the experimenter blind to treatment. All drug
injections were administered 15 minutes prior to initiating behavior testing.

Behavioral analysis
Formalin Test—Mice were habituated in the behavior testing room for at least 30 minutes
prior to testing. Fifteen minutes before formalin injection, drug or vehicle was injected either
i.t. or intraplantar. Then, 10 µl of 5% formalin (Sigma, St. Louis, MO) was subcutaneously
injected into the left hind paw plantar using a 50 µl Hamilton microsyringe with a 30½
gauge needle. Immediately after formalin injection, the mice were put into an observation
chamber. The amount of time spent licking, biting or shaking the paw was measured, and
data were pooled into five minute bins. The total observation time was 60 minutes.

Mechanical Sensitivity Testing—Animals were placed in individual 10 × 10 × 15 cm
plastic boxes on an elevated metal mesh floor and allowed to acclimate for at least 30 min
before drug or vehicle injection. Mechanical sensitivity was tested using von Frey sensory
evaluator filaments (North Coast Medical, Inc. Morgan Hill, CA), in ascending order. Each
von Frey filament was applied 5 times, and the threshold response was calculated as the
filament at which a response (withdrawal, licking or shaking) was elicited on 3/5 trials.

Thermal Sensitivity Testing—The Hargreaves’ test was used for evaluation of thermal
sensitivity. Mice were placed in individual 10 × 10 × 15 cm plastic boxes of on a glass floor
of the apparatus (Model 390, IITC Life Science) and allowed to acclimate for at least 30 min
before drug or vehicle injection. Each paw was tested at least three times. The average
duration of the three trials was calculated as the withdrawal latency. The mice were tested
with an active intensity of 22% of the apparatus; a cut-off time of 20 seconds was used to
avoid tissue injury.

Complete Freund’s Adjuvant Test—Complete Freund’s adjuvant (CFA; 10 µl; Sigma,
St. Louis, MO) was injected into the left paw using a 50 µl Hamilton microsyringe with a 30
½ gauge needle. The CFA injection induced an area of localized edema and inflammation,
with a progressive reduction in mechanical withdrawal threshold.

Tail flick test—The tail-flick reflex was evoked by focused, radiant heat applied to the tail.
The withdrawal response is detected and timed. The apparatus (Model 33, IITC Life
Science) was used at the active intensity of 90%; a cut-off time of 10 seconds was used to
avoid tissue injury.

Chronic Constriction Injury (CCI)—The CCI model was produced similar to a method
described previously [1]. Adult mice were deeply anesthetized with sodium pentobarbital
(60 mg/kg, i.p.). The left sciatic nerve was exposed at mid-thigh level, and 2 chromic gut
ligatures (6–0) were tied loosely around the nerve, 1–2 mm apart to cause chronic
constrictive injury (CCI). Great care was taken to tie the ligations so that the diameter of the
nerve was just barely constricted under magnified visual inspection. Testing began 2 weeks
after the surgery.

Visceral Nociceptive Test—Drug effects on visceral nociception were evaluated using
the acetic acid-induced writhing test. Acetic acid (0.6% v/v, 5 ml/kg) was injected
intraperitoneally, and the mouse was placed in a plastic cage. The intensity of nociceptive
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behavior was quantified by counting the total number of writhes occurring between 0 and 20
min after acetic acid injection.

Evaluation of Motor Function—To test MSVIII-19 effects on motor function, the
accelerating RotaRod (Ugo Basile, Comerio, Italy) was used. Mice were divided into drug
and vehicle groups. The drug group was divided into 0.5, 1.0 and 2.0 nmol groups. The mice
were not trained before the test. The mice were tested for five 5min trials with an interval of
15 minutes. Latency to fall off of the accelerating rotarod was determined.

Electrophysiology
Mice between the ages of P2 and P5 were rapidly decapitated and the spines were
transferred to 10 mM HEPES-buffered saline solution. Dorsal root ganglia were removed
after bisection of the spinal column and removal of the spinal cord. Ganglia were incubated
in 20 units/ml papain in HEPES-buffered saline with 1 mM CaCl2 and 0.5 mM EDTA at
37°C for 30 mins, washed twice in DMEM media, and triturated with a flame-polished glass
pipette. Dissociated neurons were plated on poly-D-lysine/collagen-coated glass coverslips
and allowed to recover for 4–6 h in a 37°C incubator with 5% CO2.

Patch clamp recordings were made using an Axopatch 200B amplifier (Axon Instruments,
Foster City, CA). Patch electrodes were thick-walled borosilicate glass (Warner Instruments,
Hamden, CT) and had a final resistance of 2 – 4 MΩ after fire-polishing. The internal
solution was composed of 110 mM CsF, 30 mM CsCl, 4 mM NaCl, 0.5 mM CaCl2, 10 mM
HEPES, and 5 mM EGTA (adjusted to pH 7.3 with CsOH). The external bath solution
contained 150 mM NaCl, 2.8 mM KCl, 1.8 mM CaCl2, 1.0 mM MgCl2, and 10 mM HEPES
(pH was adjusted to 7.3 with NaOH). Drugs were applied through three-barrel glass tubing
(Vitro Dynamics, Rockaway, NJ) which had been pulled to a internal barrel diameter of ~80
µm and mounted on a piezo-ceramic bimorph. The piezo bimorph was driven by TTL pulses
from pClamp 9 software (Axon Instruments) fed through a stimulation-isolation unit (S-100,
Winston Electronic Co., Millbrae, CA). Data were acquired directly to a computer and were
analyzed off-line using pClamp software. Inhibition-response relationships were fitted by
nonlinear regression using GraphPad Prism software (La Jolla, CA) according to a one-site
competition curve with constraints on the minimum and maximum percent of control
amplitudes (0 and 100%, respectively).

Data presentation and statistical analysis
Results were expressed as mean ± s.e.m. Statistical comparisons were made using one way
or two way analysis of variance or unpaired T-test using Graphpad Prism. In all cases,
P<0.05 was considered statistically significant. * means P<0.05; ** means P<0.01; ***
means P<0.001.

Results
Actions of MSVIII-19 on Native Kainate Receptors in Dorsal Root Ganglion Neurons

The actions of MSVIII-19 were characterized previously on recombinant kainate receptors,
where it was found to be highly selective for homomeric GluK1 receptors and of lower
potency on heteromeric GluK1/GluK5 or GluK2/GluK5 receptors [22]. The mechanistic
basis for inhibition of GluK1 receptors by MSVIII-19 was later determined to be through
exceptionally potent and complete desensitization, with very weak partial agonist activity
only detected at very high concentrations of the compound [8]. Thus, it is most effective as a
functional antagonist of receptor activation. To determine its potency for inhibition of a
neuronal receptor population that may contribute to the behavioral actions observed in this
study, we measured MSVIII-19 inhibition of kainate receptor currents in dorsal root
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ganglion (DRG) neurons, which are known to contain GluK1 as a critical and predominant
subunit. As with recombinant kainate receptors, low micromolar concentrations of
MSVIII-19 applied alone did not elicit detectable currents in whole-cell patch clamp
recordings from acutely isolated mouse DRG neurons. MSVIII-19 applied in the absence of
glutamate did not produce a current from DRG kainate receptors (n=4 at 30 µM, p>0.05
relative to basal current amplitude; Fig 1). Pre-application of MSVIII-19 efficiently reduced
the amplitudes of currents evoked by a saturating concentration of glutamate (10 mM) (see
example in Figure 1), consistent with activity as a functional antagonist. MSVIII-19 effects
were reversible, consistent with its activity on recombinant GluK1-containing receptors
[22]. Inhibition-response data for a range of MSVIII-19 concentrations were best-fit with a
single-site logistic curve to yield an IC50 value of 179 nM (95% confidence interval: 127 –
253 nM, n = 3–4 measures at each concentration, Figure 1). This value falls in between that
of recombinant homomeric GluK1 (23 nM) and heteromeric GluK1/GluK5 receptors (1.9
µM) [22], suggesting that DRG neurons contain a mixed population of homomeric and
heteromeric kainate receptors. This is consistent with previous studies in which DRG
neuronal kainate receptors are similar in function to homomeric GluK1 receptors in many
respects (e.g., [20,27,28], but also likely contain a complement of heteromeric GluK5-
containing receptors [14,19].

The effects of MSVIII-19 in models of inflammatory pain
The Formalin Test—The formalin test was performed on five groups of mice after
pretreatment with an intrathecal injection of vehicle or MSVIII-19 at 2 nmol, 1 nmol, 0.5
nmol and 0.1 nmol 15 min prior to formalin injection in the paw. The time spent licking,
shaking and lifting the injected paw was recorded in 5 min bins (Figure 2a). MSVIII-19
resulted in a significant dose-dependent suppression of pain behaviors relative to vehicle-
treated mice in both characteristic first (5–10 min time point) and second (15–60 min post-
treatment) phases of the behavioral response to formalin (Figure 2B).

Previous studies suggested that peripheral GluK1 receptors located at sensory nerve endings
in the skin are involved in nociceptor activation and sensitization [6]. We therefore sought to
test whether blocking GluK1 receptors in the periphery reduces formalin-induced pain
behaviors. Intraplantar pre-treatment with MSVIII-19 (0.5 nmol, 15 min prior to formalin
injection) did not significantly reduce formalin-induced behaviors relative to vehicle treated
mice (Figure 2c), supporting the interpretation that kainate receptors involved in this form of
pain transmission are localized to spinal cord including dorsal horn neurons, primary
afferent terminals, or both.

We also determined the effects of MSVIII-19 on thermal hypersensitivity induced by
formalin paw injections using a Hargreaves’ test, which measures the latency to paw
withdrawal upon application of heat. Baseline paw withdrawal latencies were measured
prior to formalin injection. Formalin was then injected and paw withdrawal latencies were
again measured 3 hr post-formalin injection to test for thermal hypersensitivity. The mice
were then split into two groups: one group received MSVIII-19 (0.5 nmol) and one group
received vehicle intrathecally. Thermal withdrawal latencies were measured again 15
minutes later. MSVIII-19 significantly reduced thermal hypersensitivity relative to vehicle-
injected mice (p<0.001, n = 12 per group; Fig 3a), restoring the mean withdrawal latency to
baseline levels.

Using a similar experimental design, we tested for mechanical hypersensitivity 3 hr after
formalin injection with von Frey filaments of differing tensile strength. Formalin injection
resulted in robust mechanical hypersensitivity (labeled as 3 hrs-Pre group, Figure 3b), as
evidenced by the reduced force required to elicit paw withdrawal, but no difference was
noted between the MSVIII-19- and vehicle-injected groups. Thus, the compound did not
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significantly reduce mechanical hypersensitivity in this model of inflammatory pain in mice
(Figure 3b).

The Complete Freund's Adjuvant model of inflammatory pain—We next tested
the efficacy of MSVIII-19 in reversing thermal and mechanical hypersensitivity in the more
persistent inflammatory state induced by complete Freund’s adjuvant (CFA). After
measuring baseline sensitivity to touch (using von Frey filaments) and heat (using the
Hargreaves test), CFA (10 µl) was injected into a hindpaw of the mice. CFA consistently
induced robust thermal and mechanical hypersensitivity when assessed 24 hr after CFA
injection. As with the formalin-induced inflammation, MSVIII-19 (0.5 nmol, i.t.)
significantly reduced thermal hypersensitivity but had no effect on mechanical
hypersensitivity when compared to vehicle-injected mice (Fig 4a,b). Also consistent with
results in the formalin test, intraplantar pre-treatment with MSVIII-19 (2 nmol, 15 min prior
to thermal or mechanical testing) did not significantly reduce CFA-induced thermal
hypersensitivity or mechanical hypersensitivity relative to vehicle treated mice (Figure
4c,d).

The effects of MSVIII-19 in the CCI model of neuropathic pain
Chronic constriction injury of the sciatic nerve (CCI) is a commonly used model of
neuropathic pain [1]. We performed CCI surgeries on mice and observed significant thermal
and mechanical hypersensitivity that developed over a period of several days. Two weeks
after surgery, mice were tested for their post-injury thresholds to thermal and mechanical
stimuli, and then treated with an intrathecal injection of either vehicle or 0.5 nmol
MSVIII-19. Thermal and mechanical sensitivity were then measured again 15 min after
treatment. We found that MSVIII-19 significantly reduced both thermal and mechanical
hypersensitivity induced by CCI; the MSVIII-19 group showed was significantly reduced
hypersensitivity relative to pre-treatment values and relative to the vehicle-treated group
(Fig 5).

As was the case for the models of inflammatory pain, intraplantar pre-treatment with
MSVIII-19 (2 nmol, 15 min prior to thermal or mechanical testing) did not significantly
reduce thermal hypersensitivity or mechanical hypersensitivity induced by CCI relative to
vehicle treated mice (Figure 5c,d).

The effects of MSVIII-19 on Visceral Pain
There is extensive evidence indicating that peripheral somatic pain differs substantially from
mechanisms of visceral pain transmission and modulation. We therefore tested the ability of
intrathecally administered MSVIII-19 to reduce pain-related behaviors following
intraperitoneal administration of dilute acetic acid (the acetic acid-induced writhing test). IP
administration of 0.6% acetic acid induced significant abdominal writhing in mice. When
mice were pretreated with vehicle or MSVIII-19, we observed no significant effect of
MSVIII-19 (0.5 nmol, i.t.) on acetic acid –induced writhing relative to vehicle-treated mice
(Fig 6).

The effects of MSVIII-19 on Acute Thermal Sensation
Data described above clearly indicate that GluK1 activation is important in the induction or
maintenance of thermal hypersensitivity following inflammation and nerve injury. In order
to test whether GluK1 receptors are involved in the detection of noxious thermal stimuli
under baseline conditions, we tested the effects of MSVIII-19 in the tail flick test. Noxious
heat applied to the base of the tail induced reliable and reproducible withdrawal responses.
No differences were observed in tail flick latencies between mice pretreated with intrathecal
MSVIII-19 (0.5 nmol) relative to vehicle-injected controls (Fig 7a).
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Taken together, the results described above suggest that while GluK1-containing receptors
are involved in sensitization in inflammatory and neuropathic pain models, they have no
apparent role in acute pain transmission, temperature sensation, or pain in response to
chemical activation of visceral nociceptors.

The effects of MSVIII-19 on Locomotor Function
MSVIII-19 has some antagonist activity at AMPA receptors, although the affinity for these
receptors is approximately 1000-fold lower than that for GluK1 receptors [22]. To test
whether some of the analgesic effects of MSVIII-19 could be due to impaired locomotor
performance, we tested the effects of the drug on performance in the accelerating RotaRod.
Intrathecal administration of MSVIII-19 (0.5, 1.0, or 2.0 nmol) had no effect on
performance of mice in the accelerating RotaRod (Fig 7b). These data indicate that impaired
motor performance does not likely contribute in a significant way to the observed effects of
intrathecal MSVIII-19 on pain behaviors described above.

Discussion
In the present report, we demonstrate that MSVIII-19, which inhibits GluK1 kainate
receptors through a non-conventional mechanism, reduces pain-related behaviors in mouse
models of both inflammatory and neuropathic pain without degrading locomotor function.
Efficacy of the compound was analyzed in several models of inflammatory pain and
hypersensitivity. Intrathecal administration of MSVIII-19 dose-dependently reduced
formalin-induced spontaneous pain behaviors. Thermal hypersensitivity associated with
formalin- or CFA-induced inflammation was similarly reduced. The analgesic effect on
inflammation-induced hypersensitivity in these models was restricted to thermal
hypersensitivity, as MSVIII-19 did not alter mechanical hypersensitivity. In contrast,
intrathecal administration of MSVIII-19 reduced both thermal and mechanical
hypersensitivity following nerve injury in the CCI model.

As mentioned above, some previous studies have suggested that peripheral GluK1 receptors
located at sensory nerve endings in the skin are involved in nociceptor activation and
sensitization. It was shown using an antibody that recognizes the three low-affinity kainite
receptor subunits GluK1/2/3 (GluR5/6/7) that one or more of these receptor subunits is
likely expressed on approximately 28% of unmyelinated fibers in the digital nerve from
normal rats, and that this increases to roughly 40% acutely following Freund’s adjuvant-
induced inflammation [6]. This group further demonstrated that injection of kainate in the
hindpaw induced acute mechanical hypersensitivity, and that an AMPA/Kainate receptor
antagonist (CNQX) injected in the paw could reduce inflammation-induced mechanical
hypersensitivity. Based on these findings, we systematically tested whether blocking GluK1
receptors in the periphery with MSVIII-19 could have analgesic effects in the mouse pain
models described in this study.

In the present studies, a contribution of peripheral GluK5-containing kainate receptors was
not apparent in these several models of pain behavior, because whereas intrathecal
administration of MSVIII-19 showed robust analgesic actions, intraplantar administration of
MSVIII-19 was ineffective. There are a number of possible explanations for the apparent
discrepancy in these results relative to the above mentioned studies by Du et al. First, while
there was anatomical data demonstrating possible expression of GluK1/2/3 on primary
afferent neurons, the behavioral data are consistent with a peripheral sensitizing action of
either AMPA receptors or kainate receptors, as the agonist used (kainate) activates both
families of receptors at the concentration used (1mM), and the antagonist used (CNQX)
inhibits both of these receptor families. Even amongst the kainate receptors, MSVIII-19
inhibits only GluK5-containing kainate receptors, whereas CNQX would inhibit receptors
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containing GluK2 or Gluk3, and thus peripheral GluK2-containing receptors could account
for the actions of kainate and CNQX reported by Due et al [6]. Another possibility is that
there could be species differences between rats and mice in the expression pattern or
function of kainate receptors in the periphery. We have no evidence to support or refute this
concept, as we have not directly tested whether activation of kainate receptors in the
periphery induces sensitization in mice. Our data, rather, indicate that peripheral GluK1
receptors do not contribute to mechanical or thermal hypersensitivity in the mouse pain
models we have presented here. In summary, we demonstrate a central role for spinal
GluK1-containing kainate receptors in diverse modalities of mammalian nociception and
show that a functional antagonist can be analgesic.

Kainate receptors are of interest as antinociceptive targets because they are critical
modulators transmission in pain transmission pathways [29]. MSVIII-19 most potently
inhibits GluK1 receptors [22] and the specificity for this subunit likely accounts for its
analgesic action. They are the predominant type of ionotropic glutamate receptor expressed
by the small-diameter sensory neurons in dorsal root ganglia (and therefore particularly
sensitive to inhibition by MSVIII-19, Figure 1), where they increase neuronal excitability
and regulate presynaptic release of glutamate at the first synapse in the spinal cord
[11,15,17,24,28]. Additionally, both GluK1 and GluK2-containing receptors function in pre-
and post-synaptic roles in a subset of projection and intrinsic neurons of the dorsal horn
[14,18], although some these activities may be developmentally down-regulated [4,31].
GluK1 receptors also are engaged in supraspinal nociceptive centers such as the thalamus
and anterior cingulate cortex [2,29,30]. The dose-dependent antinociceptive action of
MSVIII-19 supports a critical role for GluK1 receptors at the level of the spinal cord in
mediating certain forms of injury-induced pain sensitization. The GluK1 receptors in
question could be localized in central terminals of primary afferent neurons, in dorsal horn
neurons, or both. This conclusion is consistent with the absence of formalin-induced pain
behaviors in GluK1 knockout mice [16]. We did not observe a similarly complete
diminution of the formalin-induced spontaneous pain behaviors at the highest dose of
MSVIII-19 used in this study (2.0 nmol), but it remains possible that higher doses would
effectively eliminate pain behaviors without significant motor impairment arising from low-
affinity antagonism of AMPA receptors [22].

Inhibition of spinal kainate receptors provides relief from pain during conditions of
enhanced nociception, but is less effective in dampening acute, physiological reactions to
thermal or mechanical stimuli. Abundant pharmacological and genetic data demonstrates
that kainate receptor inhibition is analgesic in a variety of short- and long-term inflammatory
and neuropathic states [29], including animal models of migraine [7]. In addition to the
attenuated responses to formalin, GluK1 knockout mice exhibited significant reductions in
pain behaviors in response to capsaicin injection [16]. Similarly, GluK1 antagonists,
including MSVIII-19, reduce pain sensitivity in these and similar models [5,25]. While
neither GluK1 knockout mice nor MSVIII-19 treatment exhibit altered mechanical
hypersensitivity following a more prolonged inflammation induced by CFA, both
MSVIII-19 and other antagonists clearly reduce thermal hypersensitivity 24 hours after CFA
injection (Figure 4)[10]. Thus, GluK1 kainate receptors appear to contribute to a subset of
pain modalities in the presence of inflammatory processes. This conclusion is underscored
by the efficacy of MSVIII-19 in both thermal and mechanical hypersensitivity associated
with neuropathic pain in the CCI model, as was the case in a previous study with the
nonselective desensitizing agonist 2S,4R-4-methylglutamate [26]. Similarly, the competitive
GluK1 antagonist LY382884 effectively reduced neuropathy-associated wind-up of
spinothalamic neurons following ligature of a spinal nerve in primates [21]. The efficacy of
GluK1 antagonism extends to chronic pain studies in humans as well [23], and this
pharmacological approach is under clinical investigation for treatment of migraine and
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neuropathic pain. The success of these preclinical studies and early clinical trials provide an
impetus for pursuing compounds related to or based on the novel MSVIII-19 template
structure as analgesics.

As well as having a chemical structure unlike other candidate analgesics acting through
inhibition of kainate receptors, the mechanism of action of MSVIII-19 differs substantially
from conventional antagonists tested previously, such as LY382884. We initially
characterized MSVIII-19 as a competitive antagonist, but a more rigorous pharmacological
analysis and molecular resolution of the compound in complex with the GluK1 ligand-
binding domain revealed that it instead potently desensitized the receptors without gating
currents [8]. It therefore has some mechanistic similarity to 2S,4R-4-methylglutamate,
which also has been used as a functional antagonist due to the profound desensitization that
it induces, but 2S,4R-4-methylglutamate also evokes transient currents from kainate
receptors and thus behaves more as a conventional high-affinity agonist. Our results
demonstrate that MSVIII-19 reduces activation of neuronal GluK1-containing kainate
receptors in the absence of efficacy as an agonist, recapitulating its activity on recombinant
receptors. It is likely, therefore, that MSVIII-19 acts through analogous mechanism on
neuronal receptors and through potent desensitization has analgesic efficacy similar to that
of conventional competitive antagonists. MSVIII-19 therefore could be a viable template for
additional structural modification to enhance its in vivo activity.

In summary, our data provide support for the idea that GluK1-containing receptors represent
a promising target for the development of novel agents for the treatment of injury-induced
pain. Further, these findings support the idea that GluK1 antagonists will need to target
spinally-expressed receptors in order to be effective as analgesics. MSVIII-19 has a marked
selectivity for GluK1 receptors relative to other kainate receptor subunits, similar to newer
decahydroisoquinolines such as LY382884, and therefore we suggest that MSVIII-19
represents a promising lead compound for the development of novel analgesic agents that
target GluK1.
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Figure 1.
Representative neuronal kainate receptor currents evoked by glutamate in the absence and
presence of 10 µM MSVIII-19 are shown in the top panel. Also shown is a representative
trace showing the lack of any detectable currents induced by 30 µM MSVIII-19 alone.
Glutamate (10 mM) was applied for 100 ms to a small-diameter, acutely isolated mouse
DRG neuron held in voltage clamp at −70 mV. MSVIII-19 was applied for at least one
minute prior to the test glutamate application. Data in the inhibition-response curve were fit
to a single site logistic equation with a variable slope to derive an IC50 of 179 nM. The Hill
slope was relatively shallow (0.55), as was the case with inhibition of recombinant GluK1
and GluK1/GluK5 receptors. Data and logistic fits for the latter are shown for comparative
purposes and were reported in our previous publication[22].
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Figure 2. Spinally but not peripherally administered MSVIII-19 is analgesic in the formalin
model
A, Intrathecal injection of MSVIII-19 dose-dependently reduced spontaneous pain-related
behaviors in both the first and second phases of the formalin test. (0.5 nmol, n=10). Vehicle
n=9; 0.1 nmol, n=11; 0.5 nmol, n=7; 1 nmol, n=11; 2 nmol, n=9. At the 5 minute time point,
MSVIII-19 significantly reduced responses at the 0.5 (P<0.05), 1.0 (P<0.01), and 2.0 nmol
(P<0.001) doses (ANOVA with Bonferroni post-hoc test). At the 20 and 25 minute
timepoints, all dose of MSVIII-19 significantly reduced responses (P<0.001). B). Summed
data for the first phase (0–10min) and second phase (15–60min) showing significant dose-
dependent inhibition of both the first (p<0.01) and second (p<0.001) phases by intrathecally
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administered MSVIII-19. C) Peripheral (intraplantar) administration of MSVIII-19
(0.5nmol) had no effect on spontaneous pain-related behaviors in the formalin test.
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Figure 3. Spinally administered MSVIII-19 selectively reduces thermal hypersensitivity in the
formalin model
Thermal or mechanical baselines were taken, followed by paw injection with 5% formalin.
Three hours after formalin injection, mice were tested for thermal (A) or mechanical (B)
sensitivity. The mice then received an intrathecal injection of either vehicle or MSVIII-19
(0.5 nmol), and were then tested for post-treatment thermal or mechanical sensitivity.
Formalin induced significant thermal and mechanical hypersensitivity relative to pre-
formalin baselines (P < 0.01; ANOVA with Tukey’s post-hoc test). Thermal hypersensitivity
was significantly reduced by MSVIII-19 relative to vehicle, whereas mechanical
hypersensitivity was not affected. *** p< 0.001
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Figure 4. Spinally but not peripherally administered MSVIII-19 selectively reduces thermal
hypersensitivity in the CFA model of inflammatory pain
After measurement of thermal and mechanical baselines, mice received a paw injection of
CFA. Twenty four hours after CFA injection, mice were tested for thermal (A) or
mechanical (B) sensitivity. The mice then received an intrathecal injection of either vehicle
or MSVIII-19 (0.5 nmol), and were then tested for posttreatment thermal or mechanical
sensitivity. CFA induced significant thermal and mechanical hypersensitivity relative to pre-
CFA baselines (P < 0.01; ANOVA with Tukey’s post-hoc test). Thermal hypersensitivity
was significantly reduced by MSVIII-19 relative to vehicle, whereas mechanical
hypersensitivity was not affected. *** p< 0.001. C) and D) show that intraplantar
administration of MSVIII-19 (2 nmol) has no effect on thermal or mechanical sensitivity in
the CFA model.
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Figure 5. Spinally but not peripherally administered MSVIII-19 reduces thermal and
mechanical hypersensitivity in the CCI model of neuropathic pain
After measurement of thermal and mechanical baselines, mice underwent surgery to induce
chronic constriction injury of the sciatic nerve. Two weeks after CCI surgery, mice were
tested for thermal (A) or mechanical (B) sensitivity. CCI induced both thermal and
mechanical hypersensitivity (P < 0.01; ANOVA with Tukey’s post-hoc test). The mice then
received an intrathecal injection of either vehicle or MSVIII-19 (0.5 nmol), and were then
tested for post-treatment thermal or mechanical sensitivity. Both thermal and mechanical
hypersensitivity were significantly reduced by MSVIII-19 relative to vehicle. ** p < 0.01;
*** p< 0.001. C) and D) show that intraplantar administration of MSVIII-19 (2 nmol) has no
effect on thermal or mechanical sensitivity in the CCI model of neuropathic pain.
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Figure 6. MSVIII-19 has no effect in the acetic acid model of visceral pain
Following intrathecal injection of either vehicle or MSVIII-19 (0.5 nmol), mice received an
intraperitoneal injection of 0.6% acetic acid, and abdominal writhes were counted for a
period of 20 min, and are reported in 5 min bins. There were no significant differences
between MSVIII-19 and vehicle-injected groups.
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Figure 7. MSVIII-19 has no effect in the tail-flick assay of thermal pain and has no effect on
locomotor behavior in the accelerating rotarod
A) Mice were first tested for baseline tailflick latency. (Pre-inj). They then received an
intrathecal injection of MSVIII-19 (0.5nmol), and tailflick latency was then measured again
(Post-inj). There was no difference between MSVIII-19 (0.5 nmol) and vehicle-injected
groups. B) The effects of intrathecial MSVIII-19 (0.5–2.0nmol) were compared to vehicle-
treated mice in locomotor performance on the accelerating rotarod. Mice were pretreated
with an intrathecal injection of vehicle (n=23) or MSVIII-19 (0.5 nmol, n=9; 1.0 nmol, n=9;
2.0 nmol, n=14). There were no significant effects of MSVIII-19 as compared to vehicle.
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