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0.0001), perimeter (151.1 * 4.3 vs. 179.2 &= 4.1 pm, P <
0.0001), Feret diameter (57.5 = 1.7 vs. 67.2 £ 1.8 pm, P <
0.001), and minimum Feret diameter (36.4 * 1.1 vs. 44.1 =
1.2 pm, P < 0.0001) were lower in the 85As2 group than in
the control group. A corresponding increase in the expression
of muscle-specific E3 ubiquitin ligases (atrogin-1 and MuRF-1;
Fig. 3, D-FE) and reduction in grip strength were also observed
(Fig. 5K). Three Foxo family members present in skeletal
muscle (Foxol, Foxo3, and Foxo4) (49) were upregulated in
the gastrocnemius muscles of the 85As2-induced cachectic
rats, and the increase in Foxol was particularly prominent (Fig.
5, G-I). IGF-1 was upregulated in cachectic rats (nonsignifi-
cant) (Fig. 5J). Plasma albumin level decreased in 85As2 (1 X
107 cells)-bearing cachectic rats, whereas the level of al-acid
glycoprotein, the murine counterpart of human C-reactive
protein, was increased (Fig. 4, A and B). Importantly, tumor
removal restored body weight loss, food and water intake, body
composition (FFM, FM, and TBW), and grip strength (Fig. 5,
A-F and K). Furthermore, tumor removal reduced the increased
expression levels of not only atrogin-1 (85As2, 321.2% * 123.2%;
tumor removal, 1552% * 40.8%) and MuRF-1 (85As2,
261.5% = 71.3%; tumor removal, 150.7% = 27.0%) but also
Foxo-1 (85As2, 683.7% * 368.7%; tumor removal, 140.5% =+
29.6%) in the gastrocnemius muscle (Fig. 5, G-1).

Cytokine levels. To investigate the underlying causes of
cancer cachexia, the plasma concentrations of several proin-
flammatory cytokines were measured. Human LIF levels were
remarkably elevated in a cell concentration- and time-depen-
dent manner in rats implanted with 85As2 cells, whereas the
levels of human IL-1B, IL-6, and TNFa were not elevated in
this model at 12 wk (Table 2). Similar results were obtained in
MKN45c185-implanted rats at 12 wk. Additionally, rat IL-1j3,
IL-6, KC, and TNF« levels were below detection limits, and
IFNv levels were unchanged in both rat models (data not
shown). Moreover, human LIF production was observed in cell
culture supernatants from both cell lines, although 85As2 cells
produced substantially higher amounts of LIF than
MKN45cI85 cells (Table 2). Human IL-8 production was also
observed in both cell lines. Furthermore, tumor removal re-
versed the increase in plasma LIF levels in 85As2-bearing
cachectic rats (Fig. 5L).

Gene expression of hypothalamic orexigenic/anorexigenic
peptides in the 85As2-induced cachexia model. Cachexia
symptoms such as body weight loss and anorexia were induced
in rats implanted with 85As2 cells (1 X 107 cells; Fig. 6, B and C).
Hypothalamic feeding-regulating peptide levels were evalu-
ated 4 wk after implantation of 85As2 cells. Orexigenic peptide
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mRNA levels (NPY and AgRP in the ARC, ORX and MCH in
the LHA) were higher in 85As2 cachectic rats than in control
rats, whereas anorexigenic peptide mRNA levels (POMC and
CART in the ARC, CRH in the PVN) were lower in cachectic
rats than in control rats (Fig. 6A).

Respiratory metabolism in the 85As2-induced cachexia
model. Cachexia symptoms such as body weight loss and
anorexia were induced in rats implanted with 85As2 cells (1 X
107 cells; Fig. 7, G and H). Vo, was higher in 85As2-induced
cachectic rats than in control rats 4 wk after implantation
(Fig. 7A). Locomotor activity was noticeably lower during
the “active” overnight period in cachectic rats than in
control rats (Fig. 7, B and D). RQ, Vo, and metabolic
calorie levels were significantly higher in cachectic rats than
in control rats during the daytime period, although locomo-
tor activity was not different between the groups during this
time period (Fig. 7, C-F).

Rikkunshito ameliorates cachexia in the 85As2-induced ca-
chexia model. Rikkunshito increased food and water intake
rates (Fig. 8, A—F) and alleviated body weight loss, FEM,
TBW, and total musculature weight loss in 85As2-induced
cachectic rats (Fig. 8, G-J).

DISCUSSION

Herein, we established novel stomach cancer cachexia mod-
els by implanting nude rats with MKIN45¢cI85 and 85As2 cells,
both of which were derived from the human stomach cancer
cell line MKN-45. These models enabled us to sequentially
evaluate anorexia and body composition changes (low FFM)
that correspond to poor QOL in human cancer patients. In
addition to anorexia and low FFM, the cachexia models
showed significant weight loss, reduced musculature and mus-
cle strength, and abnormal biochemistry (increased inflamma-
tory marker levels and low serum albumin levels), thereby
fulfilling the cachexia diagnostic criteria (20). Interestingly,
cancer cachexia developed earlier and was more severe in the
85As2-bearing model than in the MKN45¢l85-bearing model,
indicating that 85As2 cells derived from peritoneal dissemina-
tion possessed an enhanced ability to cause cachexia. Indeed,
the presence of peritoneal metastasis promotes cachexia and is
associated with a poor prognosis and low QOL in patients with
advanced-stage stomach cancer. Our 85As2-bearing model
may provide a useful tool for further study into the mechanisms
and potential treatment of cancer cachexia.

Characterization of the 85As2-induced cachexia rat model
showed marked weight loss and reductions in food and water

Fig. 8. Effects of rikkunshito on anorexia and body composition changes in the 85As2-induced cancer cachexia model. Changes in food intake (A), water intake
(B), cumulative food intake (C), and cumulative water intake (D) over time. Comparison of food intake (E), water intake (F), body weight (G), FFM (H), TBW
(1), and total muscle and fat weight (/) before and after rikkunshito administration. Rats were implanted sc with 85As2 cells in both flanks (1 X 107 cells/each
site) on day — /4. Rikkunshito (1 g-kg™'-day ") or distilled water was administered orally twice a day for 7 days from day 0. Rats inoculated with saline served
as a control group and were similarly administered distilled water. Each data point or bar represents the mean = SE of 10-11 rats. Differences between
saline-implanted and 85As2-implanted rats were evaluated using Student’s rtest; *P < 0.05, **P < 0.01, and ***P < 0,001 vs. the corresponding control +
distilled water-treated group (4, B, and G-J). Differences between rikkunshito and distilled water treatments were evaluated using Student’s r-test; #P < 0.05
and ##P < (.01 vs. the corresponding 85As2 + distilled water-treated group (A, B, and H-J). Differences between groups in the time course of cumulative food
and water intake were evaluated using 2-way repeated-measures ANOVA, followed by post hoc Bonferroni test; **P < 0.01 and *##P < 0.001 vs. the
corresponding control + distilled water-treated group; #P < 0.05, ##P < 0.01, and ##H#P < 0.001 vs. the corresponding 85As2 + distilled water-wreated group
(C and D). Differences between groups were evaluated using a 1-way ANOVA, followed by post hoc Dunnett’s multiple comparison test; *#*P < 0.01 and
4P < (0,001 vs. the 85As2 + distilled water-treated group (E and F). Differences before and after administration of either rikkunshito or distilled water were
evaluated using the paired #-test; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. the corresponding before-administration group (£ and G).
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intake. Furthermore, 85As2-induced cachexia decreased FFM,
FM, and TBW, which was confirmed by histological observa-
tions. In the present experimental models, tumor growth or
cachexia developed very early. However, young rats (aged 8
wk at the time of implantation) were used; therefore, senes-
cence, which is common in human cancer, may have been a
limitation of the study. Although 85As2 cell implantation can
cause peritoneal dissemination accompanied by ascites (63),
the decreased food intake in our model was not associated with
either condition. Reduced FFM in cachectic rats was thought to
be caused primarily by wasting skeletal muscle and organ
tissues, as evidenced by the reduction in all measured muscu-
lature weights, muscle atrophy (e.g., gastrocnemius muscle),
and reduced spleen and liver weights. Because intracellular
skeletal muscle proteins are degraded primarily by the ubiqui-
tin-proteasome system (2, 16), increased expression of the E3
ubiquitin ligases atrogin-1 and MuRF-1 likely contributed to
skeletal muscle loss by accelerating muscle protein breakdown
during cancer cachexia development, as these enzymes have
been associated with muscle wasting in other cancer cachexia
animal models (2, 16). Moreover, increased expression of
atrogin-1 and MuRF-1 in the gastrocnemius muscles of cachec-
tic rats has been associated with increased expression of Foxo,
the master regulators of muscle-specific E3 ligases, and in-
creased Foxo expression has been shown in cancer cachexia
models (49). In our study, Foxol, Foxo3, and Foxo-4 were
upregulated in 85As2-induced cachectic rats, and their in-
creased expression was thought to be associated with the increased
expression of atrogin-1 and MuRF-1. Notably, the elevation of
Foxol levels was prominent, and its blockade suppressed
cachectic muscle atrophy (36). Expression of the protein syn-
thetic factor IGF-I has been reported to decrease in cancer
cachexia models (16). However, IGF-1 expression did not
decrease in cachectic rats; rather, it unexpectedly increased,
although the increase was not significant. Taken together, our
findings indicated that protein degradation pathways in skeletal
muscle were activated in 85As2-induced cachectic rats. Impor-
tantly, tumor removal reversed the cachexia symptoms, includ-
ing body weight loss, decreased food and water intake, body
composition changes, and increased expression of genes that
accelerate muscle protein breakdown such as atrogin-1,
MuRF-1, and Foxo-1 in 85As2-bearing cachectic rats. These
findings strongly indicated that the 85As2 cancer cell xenograft
induced cachexia symptoms.

Increasing evidence suggests that proinflammatory cyto-
kines, including TNFa, IL-1, IL-6, IL-10, and TGFB, may be
involved in the development of cancer cachexia (13, 19, 58).
For example, high IL-6 levels have been associated with
increased inflammation (20) and weight loss in patients with
non-small-cell lung, pancreatic, and prostate cancers (19, 46,
51). However, other studies have suggested that cancer ca-
chexia is not fully attributable to IL-6 levels (53). In the present
study, human and rat IL-6 were not detected in the plasma of
MEKN45cl185- or 85As2-tumor-bearing cachectic rats or in cell
culture supernatants, making it unlikely that IL-6 was a caus-
ative factor for cancer cachexia in our experimental model.
Moreover, human and rat IL-1f and TNFa were not detected
in the plasma of tumor-bearing cachectic rats, and human
IL-10 and TGFB were not detected in the cell culture super-
natants, which was similar to our previous results in a stomach
cancer cachexia mouse model (63). In contrast, plasma levels

NEW CANCER CACHEXIA MODEL

of human LIF, a pleiotropic cytokine belonging to the IL-6
family, were markedly elevated in a cell concentration- and
time-dependent manner in rats implanted with 85As2 cells.
These findings are in agreement with a previous study showing
higher LIF levels in a melanoma SEKI-induced cancer ca-
chexia mouse model (39, 40). Furthermore, we found that
tumor removal not only abolished the cachexia symptoms
induced by 85As2 cells but also decreased plasma LIF levels to
below detectable levels. Therefore, our findings strongly sug-
gested that LIF is a cachectic factor in the 85As2-bearing
cachexia model. To date, genetic polymorphisms of cytokines
such as IL-1B, IL-8, and IL-10 have been implicated in
cachexia pathogenesis in stomach cancer patients (5, 26, 54).
Our study is the first to associate LIF with stomach cancer
cachexia. Although clinical evaluation of LIF is currently
ongoing, LIF may be a biomarker of pathogenesis and a
therapeutic target for peritoneal dissemination and cachexia in
stomach cancer.

LIF and its receptor LIF-R, a heterodimeric receptor com-
plex consisting of the ligand-specific LIF-R and signal-trans-
ducing gp130 subunit (3), are expressed in POMC neurons in
the ARC and have been shown to impact signaling in the
hypothalamus. LIF has been shown to inhibit food intake by
directly activating POMC neurons in the ARC and stimulating
the release of a-melanocyte-stimulating hormone, which in
turn transduces anorexigenic signals (27). Importantly, the
blood-brain barrier is relatively permissive in the ARC, allow-
ing the neurons to access circulating macromolecules. In fact,
Pan et al. (47) showed that peripherally administered LIF
reached the brain and spinal cord by crossing the blood-brain
barrier. Taken together,. these findings suggested that LIF
produced by 85As2 and MKN45c185 cell implantation induced
cachexia symptoms, including anorexia, in the present study by
affecting LIF receptor signaling pathways in POMC neurons in
the ARC. Moreover, LIF may contribute to differences in the
onset and severity of cachexia in the 85As2 and MKN45c185
cachexia models. However, further study is necessary to de-
termine the contribution of other cachectic factors to the
varying degrees of cancer cachexia in these models.

In the present study, hypothalamic levels of orexigenic
peptide mRNAs (NPY and AgRP in the ARC, ORX and MCH
in the LHA) were increased in the 85As2-induced cachexia
model, whereas the levels of anorexigenic peptide mRNAs
(POMC and CART in the ARC, CRH in the PVN) were
decreased. Previous studies have shown that hypothalamic
NPY release is reduced and that the feeding response to
hypothalamic injection of NPY is attenuated in anorectic tu-
mor-bearing rats despite increased hypothalamic NPY mRNA
expression (9-12, 38). Moreover, proinflammatory signals
(e.g., IL-1B) have been shown to decrease AgRP secretion but
increase AgRP gene transcription (50). Thus, despite increases
in hypothalamic NPY and AgRP mRNA expression, the an-
orexia induced in our model may involve impairment of NPY
and AgRP release or feeding response to NPY. Interestingly,
our previous study using a cisplatin-induced cachexia rat
model yielded contrasting results to those of the 85As2 model,
although both models exhibited decreased food intake. In the
cisplatin-induced cachexia model, hypothalamic orexigenic
peptide mRNA levels decreased and anorexigenic peptide
mRNA levels increased (65). Cisplatin has been shown to
reduce the secretion of ghrelin that activates NPY neurons,
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whereas it inhibits POMC and CART expression in the ARC
(34, 57). Reduced ghrelin secretion may decrease NPY mRNA
levels and increase POMC and CART mRNA levels in the
ARC. These findings indicated that distinct underlying mech-
anisms may induce cachexia-associated anorexia development
in different cachexia models.

In addition to body weight loss and anorexia, patients with
cancer cachexia also exhibit a reduction in physical activity
corresponding to daytime activities (22, 61). Similarly, loco-
motor activity in the “active period” or dark phase was sub-
stantially lower in 85As2-induced cachectic rats than in control
rats, whereas locomotor activity was not different between
these groups during the daytime period. Reduced activity
during the dark phase, but not the light phase, in cachectic rats
has also been observed in other cachexia models (41, 59).
Because Vo, is thought to be affected by the amount of
locomotor activity, we evaluated this parameter during the daytime
period. Voy, RQ, and metabolic calorie levels were signifi-
cantly higher in cachectic rats than in control rats during this
time period. These findings suggested that enhanced energy
expenditure, in addition to anorexia, may exacerbate body
weight loss caused by the decrease in adipose and muscle
tissues in cachectic rats. In fact, exacerbated resting energy
expenditure in patients with cancer cachexia has frequently
been observed (7, 8, 21) and is in contrast to the resting energy
conservation associated with starvation-induced body weight
loss.

Body weight maintenance is the most important end point of
any treatment for cachexia-associated anorexia. Rikkunshito
therapy has been shown to be an effective anorexia treatment
in several animal models (50, 57); therefore, we evaluated the
effect of rikkunshito on 85As2-induced cachexia symptoms.
Rikkunshito substantially ameliorated cancer cachexia symp-
toms, including anorexia, weight loss, decreased water intake,
and reductions in FFM, TBW, and musculature in the 85As2-
induced cancer cachexia rat model; however, rikkunshito did
not reduce tumor growth or plasma LIF levels. These findings
indicated that the anticachectic effects of rikkunshito are not
related to tumor regression or LIF levels. Rikkunshito has been
shown to increase the secretion of ghrelin, an orexigenic
hormone (57), and also to increase ghrelin receptor (GHSR)
signaling efficacy (24). GHSR is expressed in the ARC and
PVN of the hypothalamus, and ligand binding stimulates NPY/
AgRP neurons, thereby transducing orexigenic signals to in-
crease food intake. Thus, rikkunshito may ameliorate anorexia
by activating GHSR-NPY/AgRP orexigenic signaling in the
ARC and PVN. In fact, our previous study demonstrated that
rikkunshito ameliorated cisplatin-induced anorexia in rats and
reversed the cisplatin-induced decrease in hypothalamic orexi-
genic peptide mRNA levels (NPY in ARC) and increase in
anorexigenic peptide mRNA levels (POMC and CART in the
ARC) (65). Because anorexia induced by cancer cachexia and
cisplatin may involve different mechanisms, further study is
required to clarify the mechanisms by which rikkunshito ame-
liorates cancer cachexia-induced anorexia.

In conclusion, we established novel stomach cancer ca-
chexia rat models by implanting nude rats with MKN45cl85
and 85As2 cells, both of which were derived from the human
stomach cancer cell line MKN-45. The 85As2-induced cancer
cachexia model, which was generated using peritoneal dissem-
ination-derived 85As2 cells, induced earlier and more severe
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cachexia than the MKN45¢i85 model, which may have been
caused by differences in LIF production. The 85As2 model
allowed for the early evaluation of cancer cachexia parameters
associated with poor patient QOL and metabolic disturbances,
such as anorexia and body weight loss (including low FFM).
Our findings also indicate that rikkunshito may improve QOL
in patients with stomach cancer cachexia. The 85As2 model
should provide a useful tool for further study of cancer ca-
chexia pathogenesis and treatment.
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The Endocannabinoid Anandamide Inhibits
Voltage-Gated Sodium Channels Na /1.2, Na 1.6,
Na,l.7, and Na 1.8 in Xenopus Oocytes

Dan Okura, MD,* Takafumi Horishita, MD, PhD,* Susumu Ueno, MD, PhD,T Nobuyuki Yanagihara, PhD,¥
Yuka Sudo, PhD,§ Yasuhito Uezono, MD, PhD, || and Takeyoshi Sata, MD, PhD*

BACKGROUND: Anandamide is an endocannabinoid that regulates multiple physiological func-
tions by pharmacological actions, in a manner similar to marijuana. Recently, much attention
has been paid to the analgesic effect of endocannabinoids in terms of identifying new pharma-
cotherapies for refractory pain management, but the mechanisms of the analgesic effects of
anandamide are still obscure. Voltage-gated sodium channels are believed to play important
roles in inflammatory and neuropathic pain. We investigated the effects of anandamide on 4
neuronal sodium channel o. subunits, Na,1.2, Na,1.6, Na,1.7, and Na,1.8, to explore the mecha-
nisms underlying the antinociceptive effects of anandamide.

METHODS: We studied the effects of anandamide on Na,1.2, Na,1.6, Na,1.7, and Na,1.8 o sub-
units with 3, subunits by using whole-cell, 2-electrode, voltage-clamp techniques in Xenopus oocytes.
RESULTS: Anandamide inhibited sodium currents of all subunits at a holding potential causing
half-maximal current (V,,,) in a concentration-dependent manner. The half-maximal inhibitory
concentration values for Na,1.2, Na,1.6, Na,1.7, and Na,1.8 were 17, 12, 27, and 40 pmol/L,
respectively, indicating an inhibitory effect on Na,<1.6, which showed the highest potency.
Anandamide raised the depolarizing shift of the activation curve as well as the hyperpolar-
izing shift of the inactivation curve in all o subunits, suggesting that sodium current inhibition
was due to decreased activation and increased inactivation. Moreover, anandamide showed a
use-dependent block in Na,1.2, Na,1.6, and Na,1.7 but not Na,1.8.

CONCLUSION: Anandamide inhibited the function of o subunits in neuronal sodium channels
Na,1.2, Na,1.6, Na,1.7, and Na,1.8. These results help clarify the mechanisms of the analgesic
effects of anandamide. (Anesth Analg 2014;118:554-62)

“{ annabis has been used as a pleasure-inducing drug
; and traditional medicine for thousands of years, and
" since the 2 cannabinoid receptors CB,? and CB,?
were identified, the endocannabinoid signaling system has
been a focus of medical research and has been considered a
potential therapeutic target.* Endocannabinoids mimic the
pharmacological actions of the psychoactive principle agent
in marijuana, A®-tetrahydrocannabinol, and regulate multi-
ple physiological functions, such as analgesia, regulation of
food intake, immunomodulation, inflammation, addictive
behavior, epilepsy, and others.’
Anandamide, the ethanolamide of arachidonic acid, was
the first endocannabinoid isolated from the brain®; it acts as
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a partial agonist on CB, receptors, with a lesser effect on CB,
receptors.” Several groups have shown an analgesic effect of
exogenous anandamide through the CB; receptor in acute,®
10 persistent inflammatory,"* and neuropathic pain mod-
els. 1 CB, receptors are distributed throughout the pain
pathways of the central nervous system (CNS), including
the periaqueductal gray, amygdala, and spinal trigeminal
tract,'®” and the peripheral nervous system including the
dorsal root ganglion (DRG),* suggesting an analgesic effect
of anandamide via CB, receptors. However, anandamide
may also act on other ion channels consisting of pain sig-
naling pathways, including voltage-gated Ca?*" channels,
TASK1 channels, 5-HT; receptor, rectifying K* channels, and
N-methyl-p-aspartate receptors’®?; thus, the mechanisms
of the analgesic effects of anandamide remain unclear.
Voltage-gated sodium channels play an essential role
in action potential initiation and propagation in excitable
nerve and muscle cells. Nine distinct pore-forming o sub-
units (Na,1.1-Na,1.9), which are associated with auxiliary 8
subunits, have been identified,®% and each has a different
pattern of development and localization as well as distinct
physiological and pathophysiological roles. Sodium chan-
nel o subunits expressed in DRG (Na,1.7, Na,1.8, Na,1.9)
are believed to play crucial roles in inflammatory and neuro-
pathic pain and are considered potential targets of these con-
ditions.?- Previous studies have shown that anandamide
inhibits sodium channel function in the brain through the
inhibition of veratridine-dependent depolarization of syn-
aptosomes®! and suppresses tetrodotoxin-sensitive (TTX-5)
and tetrodotoxin-resistant (TTX-R) sodium currents in rat
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DRG neurons.® These results suggest that sodium channels
are potential targets for anandamide. However, the pre-
cise mechanisms of anandamide on each o subunit are still
unknown. It is of great importance to clarify these mecha-
nisms because each ¢ subunit has a difference of 20% to 50%
in amino acid sequence in the transmembrane and extra-
cellular domains and therefore has different physiological
functions. Here, we explored the effects of anandamide on
several sodium channel o subunits, including Na,1.2, thatis
expressed primarily in the CNS; Na,1.6 that is expressed in
the CNS and DRG neurons; and Na,1.7 and Na,1.8 that are
expressed in DRG neurons.

This study was approved by the Animal Research Committee
of the University of Occupational and Environmental
Health.

Adult female Xenopus laevis frogs were obtained from
Kyudo Co., Ltd. (Saga, Japan). Anandamide was purchased
from Sigma-Aldrich (St. Louis, MO). Rat Na,1.2 o subunit
cDNA was a gift from Dr. W. A. Catterall (University of
Washington, Seattle, WA). Rat Na,1.6 o subunit cDNA was
a gift from Dr. A. L. Goldin (University of California, Irvine,
CA). Rat Na,1.7 o subunit cDNA was a gift from G. Mandel
(Oregon Health and Science University, Portland, OR). Rat
Na,1.8 o subunit cDNA was a gift from Dr. A. N. Akopian
(University of Texas Health Science Center, San Antonio,
TX), and human f$; subunit cDNA was a gift from Dr. A. L.
George (Vanderbilt University, Nashville, TN).

cRNA Preparation and Oocyte Injection

After linearization of cDNA with Clal (Na,1.2 a subunit),
Notl (Na,1.6, 1.7 o. subunit), Xbal (Na,1.8 o subunit), and
EcoRI (B, subunit), cRNAs were transcribed by using
SP6 (1.8 o, B; subunit) or T7 (Na,1.2, 1.6 1.7 o subunit)
RNA polymerase from the mMESSAGE mMACHINE kit
(Ambion, Austin, TX). Preparation of X. laevis oocytes and
cRNA microinjection were performed as described previ-
ously.® Briefly, stage IV to VI oocytes were manually iso-
lated from a removed portion of ovary. Next, oocytes were
treated with collagenase (0.5 mg/mL) for 10 minutes and
placed in modified Barth’s solution (88 mmol/L NaCl, 1
mmol/L KCI, 2.4 mmol/L NaHCO;, 10 mmol/L HEPES,
0.82 mmol/L MgSO,, 0.33 mmol/L Ca(NO;),, and 091
mmol/L CaCl,, adjusted to pH 7.5), supplemented with
10,000 U penicillin, 50 mg gentamicin, 90 mg theophylline,
and 220 mg sodium pyruvate per liter (incubation medium).
Na, a subunit cRNAs were coinjected with §; subunit cRNA
at a ratio of 1:10 (total volume was 2040 ng/50 nL) into
Xenopus oocytes (all o subunits were coinjected with the {3
subunit). Injected oocytes were incubated at 19°C in incuba-
tion medium, and 2 to 6 days after injection, the cells were
used for electrophysiological recordings.

Eiectrophysiological Recordings

All electrical recordings were performed at room tem-
perature (23°C). Oocytes were placed in a 100 pL record-
ing chamber and perfused at 2 mL/min with Frog Ringer’s
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solution containing 115 mmol/L NaCl, 2.5 mmol/L KCl, 10
mmol/L HEPES, 1.8 mmol/L CaCl,, pH 7.2, by using a per-
istaltic pump (World Precision Instruments Inc., Sarasota,
FL). Recording electrodes were prepared with borosilicate
glass by using a puller (PP-830, Narishige group com-
pany, Tokyo, Japan), and microelectrodes were filled with
3 mol KC1/0.5% low-melting-point agarose with resistances
between 0.3 and 0.5 MQ. The whole-cell voltage clamp was
achieved through these 2 electrodes by using a Warner
Instruments model OC-725C (Warner, Hamden, CT).
Currents were recorded and analyzed by using pCLAMP
7.0 software (Axon Instruments, Foster City, CA), and the
amplitude of expressed sodium currents was typically 2
to 15 pA. Transients and leak currents were subtracted by
using the P/N procedure. Anandamide stocks were pre-
pared in dimethylsulphoxide (DMSO) and diluted in Frog
Ringer’s solution to a final DMSO concentration not exceed-
ing 0.05%. Anandamide was then perfused for 5 to 10 min-
utes to reach equilibrium.

The voltage dependence of activation was determined
by using 50-millisecond depolarizing pulses from a hold-
ing potential causing maximal current, V,,, (-90 mV for
Na,1.2 and Na,1.6 or -100 mV for Na,1.7 and Na,1.8), and
from a holding potential causing half-maximal current, V,,,
(from approximately 40 mV to —70 mV) to 50 mV in 10 mV
increments. Normalized activation curves were fitted to the
Boltzmann equation: G/G,,,, = 1/(1 + exp(V,, — V)/k), where
G is the voltage-dependent sodium conductance, G,,, is the
maximal sodium conductance, G/G,,, is the normalized frac-
tional conductance, V7, is the potential at which activation is
half maximal, and k is the slope factor. The G value for each
oocyte was calculated by using the formula G = I/(Vt - V7),
where [ is the peak sodium current, V#'is the test potential
and V7 is the reversal potential. The Vr for each oocyte was
estimated by extrapolating the linear ascending segment of
the current voltage relationship (I-V) curve to the voltage
axis. To measure steady-state inactivation, currents were
elicited by a 50-millisecond test pulse to —20 mV for Na,1.2
and Na,1.6 or =10 mV for Na,1.7 or +10 mV for Na,1.8 after
200 milliseconds (500 milliseconds for only Na,1.8) pre-
pulses ranging from ~140 mV to 0 mV in 10 mV increments
from a holding potential of V. Steady-state inactivation
curves were fitted to the Boltzmann equation: I/I,,, = 1/
(1 + exp(Vyp — V) /k), where [, is the maximal sodium cur-
rent, I/I,... is the normalized current, V, , is the voltage of half-
maximal inactivation, and k is the slope factor. To investigate
a use-dependent sodium channel block of anandamide, cur-
rents were elicited at 10 Hz by a 20-millisecond depolarizing
pulse of 20 mV for Na,1.2 and Na,1.6 or -10 mV for Na,1.7
or +10 mV for Na,1.8 from a V,,, holding potential in both
the absence and presence of 30 pmol/L anandamide. Peak
currents were measured and normalized to the first pulse
and plotted against the pulse number. Data were fitted to
the monoexponential equation Iy, = exp(=T, 1) + C, where
n is pulse number, C is the plateau Iy,, and T, is the time
constant of use-dependent decay.

Data Analysis

All values are presented as the mean + SEM (11 = 5-8). The n
values refer to the number of oocytes examined. Each exper-
iment was performed with oocytes from at least 2 frogs.
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Control sodium current recorded in absence of anandamide
was assigned a value of 100%. Data were statistically eval-
uated by paired ¢ test by using GraphPad Prism software
(GraphPad Software, Inc., San Diego, CA). Hill slope and
half-maximal inhibitory concentration values were also cal-
culated by using this software.

HTS
TE

Currents were elicited by using a 50-millisecond depolar-
izing pulse to 20 mV for Na,1.2 and Na,1.6 or =10 mV for
Na,1.7 or +10 mV for Na,1.8 applied every 10 seconds from
Vomex OF Vi, holding potential in both the absence and pres-
ence of 10 pmol/L anandamide (Fig. 1); anandamide was
applied for 10 minutes. Anandamide inhibited the peak
Iy, induced by all o subunits more potently at V;,, than
Viax- Anandamide reduced the peak I, induced by Na,1.2,
Na,1.6, Na,1.7, and Na,1.8 by 46 + 4, 49 + 3, 37 + 2, and
27 £ 2 at V,,, respectively,and 7 +2,6 + 1,9+ 1, and 21 =
5% at V.., respectively (Fig. 2). Inhibition of anandamide at
V., was statistically significant in all o subunits, but those
at V. were not statistically significant except for the sup-
pression in Na,1.8 by paired ¢ test. Because suppression at
V., was potent, we examined the concentration-response
relation for anandamide inhibition of the peak I, induced
by Na,1.2, Na,1.6, Na,1.7, and Na,1.8 at V, , holding poten-
tial (Fig. 3). The peak current amplitude in the presence
of anandamide was normalized to that in the control, and
the effects of anandamide were expressed as percentages
of the control. Nonlinear regression analyses of the dose-
response curves yielded half-maximal inhibitory concen-
tration values and Hill slopes of 17 = 3 pmol/L and 0.74 +
0.04 for Na,1.2, 12 + 1 umol/L and 0.79 + 0.08 for Na,1.6,
27 + 3 umol/L and 0.52 + 0.06 for Na,1.7, 40 = 14 pmol/L
and 0.71 + 0.10 for Na, 1.8, respectively (Fig. 3).

Effects of Anandamide on Sodium Current
Activation

We examined the effects of anandamide on 4 o subunits of
sodium current activation. Voltage dependence of activa-
tion was determined by using 50-millisecond depolarizing

Figure 1. Inhibitory effects of anan-
damide on peak sodium inward currents
in Xenopus oocytes expressing Na,1.2,
Na,1.6, Na,1.7, and Na,1.8 o subunits
with B, subunits at 2 holding potentials.

Holding .
potential * " M

Representative traces are shown. Sodium --~- Control
currents were evoked by 50-millisecond Anandamide i 3
depolarizing pulses to —20 mV for Na,1.2 10 pmoliL ! ‘
and Na,1.6 or =10 mV for Na,1.7 or +10 20 mV, -20 mV, -10 mV
mV for Na,1.8 from V., holding potential -90 mv—r_]__I -90 mvﬂ -100 mv—_l_|_
(upper panel) or V,, holding potential 50 ms 50 ms 50 ms
(lower panel) in both the absence and ne ;
presence of 10 pmol/L anandamide; Holding Ws WS 2ms
anandamide was applied for 10 minutes. potential * 172 e W | gl"
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Na,1.2

pulses from a holding potential of V,,, to 50 mV in 10 mV
increments or from a holding potential of V,/, to 50 mV in
10 mV increments for Na,1.2, Na,1.6, Na,1.7, and Na,1.8.
Activation curves were derived from the I-V curves (see
Methods); anandamide (30 pumol/L) was applied for 5
minutes. The peak Iy, was reduced by anandamide at
Vimax and Vy,, holding potentials with all subunits (Fig. 4).
Anandamide shifted the midpoint of steady-state activation
(V3p) in a depolarizing direction at both holding potentials
for all subunits (Fig. 5). These shifts were small (1.9-3.8 mV)
but statistically significant (Table 1).

The effect of anandamide on steady-state inactivation was
also investigated. Currents were elicited by a 50-millisecond
test pulse to 20 mV for Na,1.2 and Na,1.6 or -10 mV for
Na,1.7 or +10 mV for Na,1.8 after 200 millis econds(500
milliseconds for only Na,1.8) prepulses ranging from -140
mV to 0 mV in 10 mV increments from a holding poten-
tial of V.. Steady-state inactivation curves were fitted
to the Boltzmann equation (see Methods); anandamide
(30 pmol/L) was applied for 5 minutes. Anandamide sig-
nificantly shifted the midpoint of steady-state inactivation
(V1pp) in the hyperpolarizing direction by 5.2, 5.0, 4.1, and
6.3 mV in Na,1.2, Na 1.6, Na,1.7, and Na,1.8, respectively
(Fig. 6, Table 1).

nt Block of Sodium C

We investigated the use-dependent block of sodium cur-
rents by anandamide. Currents were elicited at 10 Hz by a
20-millisecond depolarizing pulse of ~20 mV for Na,1.2 and
Na,1.6 or -10 mV for Na,1.7 or +10 mV for Na,1.8 from a
V12 holding potential in both the absence and presence of
30 pmol/L anandamide. Peak currents were measured and
normalized to the first pulse and plotted against the pulse
number (Fig. 7, A-D). Data were fitted by the monoexpo-
nential equation (see Methods); anandamide was applied
for 5 minutes. Anandamide significantly reduced the pla-
teau Iy, amplitude of Na,1.2, Na,1.6, and Na,1.7 from 0.74
+ 0.02 to 0.66 = 0.03, 0.88 = 0.01 to 0.66 = 0.02, and 0.73 =

Na,1.7
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Na,1.6
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Figure 2. Inhibitory effects of anandamide on peak sodium inward
currents in Xenopus oocytes expressing Na,1.2, Na,1.6, Na,1.7, and
Na,1.8 o subunits with 3; subunits at 2 holding potentials. Percent
inhibition of sodium current of anandamide was calculated. Open
columns represent the effect at V., holding potential, and closed
columns indicate the effect at V,,, holding potential. Anandamide
inhibited the peak Iy, induced by Na,1.2, Na,1.6, Na,1.7, and Na,1.8
by 46 + 4,49 + 3,37 £ 2, and 27 * 2 at V,,, respectively, and 7
+2,6%+1,9+1, and 21 + 5% at V,,,, respectively. Data are repre-
sented as the mean + SEM (n = 5-7). **P < 0.01, compared with
the control (based on paired t test).
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Figure 3. Concentration-response curves for anandamide suppres-
sion of sodium currents elicited by 50-millisecond depolarizing
pulses to —20 mV for Na,1.2 and Na,1.6 or =10 mV for Na,1.7 or
+10 mV for Na,1.8 from V,,, holding potential. The peak current
amplitude in the presence of anandamide was normalized to that
in the control, and the effects of anandamide are expressed as per-
centages of the control. Half-maximal inhibitory concentration val-
ues and Hill slopes were 17 + 3 umol/L and 0.74 £ 0.04 for Na,1.2,
12 +1 pmol/Land 0.79 + 0.08 for Na,1.6, 27 = 3 umol/L and 0.52
+ 0.06 for Na,1.7, and 40 + 14 pmol/L and 0.71 £ 0.10 for Na,1.8,
respectively. Data are represented as the mean = SEM (n = 5-8).
Data were fit to the Hill slope equation to give the half-maximal
inhibitory concentration values and Hill slopes. Half-maximal inhibi-
tory concentration values and Hill slopes were calculated by using
GraphPad Prism.

0.03 to 0.57 = 0.04, respectively (Fig. 7E), demonstrating a
- use-dependent block, whereas anandamide did not reduce
the plateau I, amplitude of Na,1.8 (from 0.86 + 0.03 to
0.84 £ 0.04).

DISCUSSION

In the present study, we demonstrated that anandamide
suppresses the Na,1.2, Na,1.6, Na,1.7, and Na,1.8 o sub-
units in a concentration-dependent manner. half-maximal
inhibitory concentration values ranged from 12 pmol/L
(Na,1.6) to 40 pmol/L (Na,1.8). Wiley et al.3* have reported
that IV administration of anandamide produce a dose-
dependent antinociceptive effect in the tail-flick test with
mice, and the 50% effective dose (EDjyy) of that was 15
mg/kg. They also have shown that the plasma concentra-
tion of anandamide was 4.96 pg/mL (14.3 pmol/L) when
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10 mg/kg of anandamide was administered, suggesting
that half-maximal inhibitory concentration values used in
the present study are pharmacologically relevant and are
close to the plasma concentration exhibiting an antinoci-
ceptive effect by anandamide. We also demonstrated that
anandamide has more potent inhibitory effects on sodium
currents at V,,, holding potential (inactivated state) than
at V., holding potential (resting state) in a manner similar
to that of local anesthetics on sodium channels. Therefore,
the analgesic effects of anandamide may be mediated
through sodium channel blockade. The present results are
partially consistent with previous reports that anandamide
suppresses TTX-S veratridine-dependent depolarization
of synaptosomes, the binding of batrachotoxin to sodium
channels, and TTX-S sustained repetitive firing in cortical
neurons® and inhibits TTX-S and TTX-R sodium currents
in a concentration-dependent manner in rat DRG neurons.*
However, their precise mechanisms of anandamide on sev-
eral sodium channel o subunits have not yet been investi-
gated. Considering that Na,1.6 was distributed in both CNS
and DRG neurons, and that Na,1.8 was distributed in DRG
neurons, our results are consistent with a previous study
showing that anandamide inhibited sodium currents with
half-maximal inhibitory concentration values of 5.4 pmol/L
for the TTX-S current and 38 pmol/L for the TTX-R cur-
rent in DRG neurons,* suggesting that TTX-S and TTX-R
currents in DRG neurons may represent Na,1.6 and Na,1.8
currents, respectively. Because Na,1.6 is expressed in both
the brain and DRG, and anandamide suppressed Na,1.6
function most potently among the 4 o subunits, the effect of
anandamide on Na,1.6 may be the most important.

The effects of anandamide on channel gating, including
activation and inactivation, demonstrated common charac-
teristics among the 4 a subunits we studied. Anandamide
shifted themidpointofsteady-stateactivation (V) inadepo-
larizing direction atboth V, , and V. holding potentials for
all o subunits, and the shifts were significant, although the
shifts were small (approximately 4 mV). Anandamide also
significantly shifted the midpoint of steady-state inactiva-
tion (V) in the hyperpolarizing direction (approximately
7 mV) for all o subunits. These results suggest that both
inhibition of activation and the enhancement of inactivation
are common mechanisms of sodium current inhibition by
anandamide for Na,1.2, Na,1.6, Na,1.7, and Na,1.8. A com-
bination of effects on both activation and inactivation might
produce sufficient effects to suppress sodium currents
although each effect is small. Inhibition by anandamide at

« holding potential for Na,1.2, Na,1.6, and Na,1.7 was
small and not significant, whereas that for Na,1.8 was sig-
nificant (Fig. 1), indicating that resting-channel block is one
of the important mechanisms of anandamide inhibition for
only Na,1.8. Anandamide exhibited use-dependent block
with repetitive stimuli for Na,1.2, Na,1.6, and Na,1.7 but
not Na,1.8. The presence of use-dependent block by anan-
damide suggests the possibility of open-channel block
and the ability to slow the recovery time from blocks that
are seen with amitriptyline® Sodium channel blockers
such as local anesthetics, tricyclic antidepressants, and
volatile anesthetics have been shown to shift the voltage
dependence of steady-state inactivation with no effect on
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