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ABSTRACT
Theinteraction between the effects of the endogenous cannabinoid receptor agonist anandamide and
ethanol on the function of homomeric az-nicotinic acetylcholine (nACh) receptors expressed in
Xenopus oocytes were investigated using the two-electrode voltage-clamp technique. Anandamide
and ethanol reversibly inhibited currents evoked with ACh (100 uM) in a concentration-dependent
manner. Coapplication of anandamide and ethanol caused asignificantly greater inhibition of a7-nACh
receptor function than anandamide or ethanol alone. The ICs value of 238 £ 34 nM for anandamide
inhibition decreased significantly to 104 £ 23 nM in the presence of 30 mM ethanol. Theinhibition of
ar-mediated currents by coapplication of anandamide and ethanol was not atered by
phenylmethylsulfonyl fluoride, an inhibitor of anandamide hydrolyzing enzyme, or AM404 (N-(4-
hydroxyphenyl)-arachidonylamide), an anandamide-transport inhibitor. Analysis of oocytes by matrix-
assisted laser desorption/ionization technique indicated that ethanol treatment did not alter the lipid
profile of oocytes and thereis negligible, if any, anandamide present in these cells. Results of studies
with chimeric a7-nACh-5-HT; receptors comprised of the amino-terminal domain of the a7-nACh
receptor and the transmembrane and carboxyl-terminal domains of 5-HT; receptors suggest that while
ethanal inhibition of the az-NACh receptor is likely to involve the N-terminal region of the receptor,
the site of action for anandamide is located in the transmembrane and carboxyl-terminal domains of
the receptors. These dataindicate that endocannabinoids and ethanol potentiate each other’ sinhibitory

effects on a7-NACh receptor function through distinct regions of the receptor.
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Endogenous cannabinoids (endocannabinoids) are agroup of signaling lipids consisting of amidesand
esters of long-chain polyunsaturated fatty acids. In recent years, several studies provided evidencefor
the modulatory role of endocannabinoidsin alcohol abuse and addiction (for areview, Basavarg appa
and Hungund, 2002). For example, chronic ethanol intake has been shown to increase
endocannabinoid levels in various brain regions involved in drug addiction (Gonzalez et al., 2002,
2004). In addition, the exposure of neuronal cell linesor cerebellar granular neuronsto chronic ethanol
resulted in an increased accumulation of endocannabinoids (Basavarajappa and Hungund, 1999;
2002). Furthermore, persistent stimulation of neuronal cannabinoid receptor (CB;) by enhanced
endocannabinoid levels has been shown to induce down-regulation of density and the function of the
receptor in chronic ethanol-exposed mouse brain (Basavara appa and Hungund, 2002).

However, increased levels of endocannabinoids by ethanol can also facilitate theinteraction of
these molecules with ethanol on common target proteins other than cannabinoid receptors. Several
reports indicate that endocannabinoids produce effects that are not mediated by the activation of the
cloned CB; and/or CB, receptors. For example, it has been demonstrated that endocannabinoids such
as anandamide can inhibit the function of voltage-dependent-Ca* channels (Oz et al., 2000, 2004a;
Chemin et al., 2001), Na" channels (Nicholson et al., 2003), various types of K* channels (Poling et
a., 1996; Maingret et al., 2001), 5-HT; receptor function (Barann et al., 2002; Oz et al., 20023,
Godlewski et al., 2003), and nicotinic ACh receptors (Oz et al., 2003a; 2004b), suggesting that
additional molecular targets for endocannabinoids exist in the CNS (for a recent review Oz, 2005).

Similar to endocannabinoids, ethanol also interacts directly with voltage-dependent-Ca’™*
channels (Oz et al., 2001; 2002b), Na" channels (Oz and Frank, 1995; Shiraishi and Harris, 2004), K*

channels (Lewohl et al., 1999; Oz et al., 2003b), 5-HT; receptors (Lovinger and Zhou, 1998), and
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nicotinic ACh receptors (Yu et al., 1995; Cardoso et a., 1999).

Nicotinic acetylcholine (nACh) receptors containing the a.; subunit belong to the ligand-gated
ion channel super family (Lindstrom et al, 1996). The potential involvement of these receptorsin
pharmacological actions of ethanol has been reported in several earlier studies(for areview Narahashi
et al, 1999). Since both ethanol and endocannabinoid, anandamide, have been shown to modulate the
function of a;-nACh receptors, the present study was performed to investigateif thereisaninteraction
between direct effects of anandamide and ethanol on the functional properties of a;-nACh receptors.
We found that anandamide and ethanol cause an additive inhibition on the function of a-nACh

receptor by interacting with distinct regions of the receptor.
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MATERIALSAND METHODS
Mature female Xenopuslaevis frogs were purchased from Xenopuslaevis| (Ann Arbor, MI) and were
housed in dechlorinated tap water at 19-21° C with 12/12 hour light/dark cycling, and fed with beef
liver twice aweek. Clusters of oocyteswere removed surgically under tricaine (Sigma, St.Louis, MO)
local anesthesia (0.15 % w/V) and individual oocytes were dissected away manually in a solution
containing (in mM): NaCl, 88; KCI, 1, NaHCO;, 2.4; MgSQO,, 0.8; HEPES, 10 (pH 7.5). Later,
dissected oocytes were stored 2-7 daysin modified Barth's solution (MBS) containing (inmM): NaCl,
88; KCI, 1; NaHCO;, 2.4; Ca(NOg),, 0.3; CaCl,, 0.9; MgSO,, 0.8; HEPES, 10 (pH 7.5),
supplemented with sodium pyruvate 2 mM, penicillin 10,000 IU/L, streptomycin 10 mg/L, gentamicin
50 mg/L, and theophylline 0.5 mM. The oocytes were placed in a 0.2 ml recording chamber and
superfused at a constant rate of 3-5 ml/min. The bathing solution consisted of (in mM): NaCl, 95;
KCl, 2; CaCl,, 2; and HEPESS5 (pH 7.5). The cellswereimpaled at the animal pole with two standard
glass microelectrodesfilled witha3 M KCI (1-10 MQ). The oocytes were voltage-clamped routinely
at aholding potential of -70 mV using GeneClamp-500 amplifier (Axon Instrumentsinc., Burlingame,
CA), and current responses were recorded directly on a Gould 2400 rectilinear pen recorder (Gould
Inc., Cleveland, OH). Current-voltage curves were generated by holding each membrane potential ina
series for 30 s, followed by areturn to -70 mV for 10 min. Oocyte capacitance was measured by a
paired-ramp method described earlier (Oz et al., 2004c). Briefly, voltage-ramps were employed to
elicit constant capacitive current, |, and the charge associated with this current was calculated by the
integration of 1., Ramps had slopes of 2 V/sand durations of 20 ms, and started at aholding potential
of 290 mV. A series of 10 paired-ramps was delivered at 1 sintervals, and averaged traces were used

for charge calculations. In each oocyte, the averages of 5-6 measurements were used to obtain values

20z ‘ST |1MdV uo speuinor 134SY e Bio'sfeuinofiedse ed[ wiol) papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on February 1, 2005 as DOI: 10.1124/jpet.104.081315
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#81315 7
for membrane capacitance (Cr,). Currentsfor |, recordings werefiltered at 20 kHz and sampled at 50
kHz.

Compounds were applied externaly by addition to the superfusate. All chemicals used in
preparing the solutionswere from Sigma-Aldrich (St. Louis, MO). Anandamide, (-)-nicotine, AM404,
and o-bungarotoxin were from Sigma-RBI (St. Louis, MO). Proceduresfor theinjectionsof BAPTA
(50-100 nl, 100 mM) were performed as described previously (Oz et al., 1998). BAPTA was prepared
in Cs4-BAPTA. Injections were performed 1 h prior to recordings using an oil-driven ultra
microsyringe pump (Micro4, WPI, Inc. Sarasota, FL). Stock solutions of anandamidewere prepared in
dimethylsulfoxide (DM SO) at a concentration of 100 mM. DM SO alone did not affect nicotinic
receptors when added at concentrations up 0.3 % (v/v) in MBS solutions, a concentration twice as
high as that resulting from the most concentrated application of the agents used.

Synthesis of cRNA and chimeric construct: The cDNA clones of the chick nACha; subunit and
5-HT3a subunit were provided by Dr. Lindstrom (University of Pennsylvania, PA) and Dr. David
Julies (University of California, San Fransisco, CA), respectively. Capped cRNA transcripts were
synthesized in vitro using amMMESSAGE mMACHINE kit from Ambion (Austin, TX) and
analyzed on 1.2 % formaldehyde agarose gel to check the size and the quality of the transcripts.
The chimeric a;-nACh - 5-HT 34 receptor was constructed as described previously (Eisele et al.,

1993, Yu et d., 1996).

Anandamideanalysis: A voyager De-Pro matrix-assisted |laser desorption/ionization (MALDI) time-
of-flight instrument (PE-Biosystem, Framingham, MA) was used in this study for MALDI analysis of
Xenopus oocytes. All mass spectra were acquired in positive ion mode and are the sum of 100 laser

shots. Samples were prepared from 8 to 9 oocytesin controls (in MBS solution) or in 100 mM ethanol
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containing MBS solutions. The individual oocytes were then fractured and spread across the target
surface. The 2,5-Dihydroxybenzoic acid (DHB) matrix was deposited directly onto the sampleprior to
insertion into the mass spectrometer. DHB was prepared in a 50:50 ethanol:water solution.
Anandamide was used as a standard and was prepared a 3 mM in ethanol and was subsequently
diluted in distilled water.

Data analysis. Average values were calculated as mean + standard error (SE). Statistical significance
was analyzed using Student's t test or ANOVA as indicated. Concentration-response curves were
obtained by fitting the data to the logistic equation,

Y = Emad (1+[X/ECso] "),
where x and y are concentration and response, respectively, Ena iSthe maximal response, ECs isthe

half-maximal concentration, and n is the slope factor (apparent Hill coefficient).
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RESULTS

Xenopus oocytes injected with distilled water (n=4) did not demonstrate ion currents when 1-3 mM
AChinthepresenceof 1 uM atropinewas applied. In oocytesinjected with a-nAChR mRNA, a4-5s
application of ACh activated a fast inward current that desensitized rapidly. These ACh-induced
inward currents were elicited at 10 min intervals to avoid receptor desensitization, and were
irreversibly abolished by 10 nM a-bungarotoxin (n=3, data not shown), indicating that these responses
were mediated by neuronal o7-nACh receptor-ion channels.

In earlier studies, ethanol and anandamide were shown to release intracellular Ca* in
endothelial cells and Xenopus oocytes (Wafford et a., 1989; Howlett and Mukhopadhyay, 2000). In
the oocyte expression system, the increased level of intracellular Ca®™ can be detected by Ca*-
activated CI" channels and concomitant alterationsin the membrane input resistance. For thisreason,
we examined the effects of ethanol and anandamide coapplication on membrane resistance (Rn),
membrane capacitance (C.,) and resting membrane potential (V) in oocytes injected with a-nACh
receptor MRNA. In control and in the presence of anandamide together with ethanol, thevaluesfor the
means of Ry, Cy,, and V, valueswere 1.1 £ 0.3 and 1.0 £ 0.2 MQ, 194 + 17 and 201 + 18 nF, and -
34.3+29and-31.7 £ 3.2 mV, respectively (n=8-9, ANOVA, P>0.05). Thus, the data indicate that
coapplication of anandamide (300 nM) and ethanol (100 mM) did not cause a significant effect on
passive membrane properties of oocytes.

In previous studies we showed that anandamide alone and ethanol alone inhibited thefunction
of a-NAChRs expressed in Xenopus oocytes with ICs, values of 229 nM (Oz et al., 2003a) and 58
mM (Yu et a., 1996), respectively. In the present study, we investigated the interaction between the

inhibitory effects of anandamide and ethanol by their coapplication to oocytes. Application of 30 mM
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of ethanol for 10 min inhibited ACh (100 uM)-induced ion currents in oocytes expressing a-nACh
receptors (first and second traces from left; Fig. 1A). Perfusion of oocytes for 20 min with
extracellular solution containing 30 mM ethanol and 100 nM anandamide caused afurther inhibition
of ACh-induced currents (third trace from left; Fig. 1A). Following 30 min recovery, 20 min
application of 100 nM anandamide alone caused a significant inhibition of ACh-induced currentsin
the same oocyte (fourth and fifth tracesfrom left; Fig. 1A). Results of experiments demonstrating the
time courses of the effects of anandamide, ethanol and anandamide + ethanol applications on the
mean amplitudes of the ACh-induced currents (normalized to current amplitudesinduced by 100 uM
ACh) from 4-5 oocytes are presented in figure 1B. Results summarizing the effects ethanol,
anandamide, and ethanol + anandamide on ACh-induced responses are demonstrated in figure 1C.
In the next series of experiments, we examined the effect of a constant ethanol concentration
(30 mM) on the concentration-dependency of anandamide-inhibition of nicotinic receptors. In the
presence of 30 mM ethanal, inhibitory effects of anandamide on the nicotinic receptor-mediated
response was enhanced significantly and 1Csy values of 238 + 34 nM for anandamide alone shifted to
104 + 23 nM in the presence of anandamide + ethanol (Fig. 2A; n= 4-5, ANOVA, P<0.05). Data
plotted in figure 2A were also analyzed after subtraction of tonic ethanol inhibition (30-35 % for 30
mM ethanol) and normalized to maximal inhibition in each group (insetto Fig. 2A). Reexamination of
|Cso values from this data set indi cated that the difference between anandamide (ICsp = 235 + 32 nM)
and anandamide + ethanol (ICsp = 102 £ 24 nM) was statistically significant (n=4-5; ANOVA,
P<0.05); i.e., coapplication of anandamide and ethanol increased the potency of anandamide on
nicotinic receptors (inset to Fig. 2A). In a similar study, we tested the effects of increasing

concentrations of ethanol in the presence of aconstant (100 nM) anandamide concentration (Fig. 2B).
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In the presence of anandamide, efficacy of ethanol increased from 66 + 5 % to 98 + 4 % inhibition of
controls (n=4-5). Although the ICs, value of 52 + 5 mM for ethanol decreased significantly to 12 + 4
mM during coapplication of ethanol and anandamide (Fig. 2B; n=4-5, ANOVA, P<0.05), re-anadysis
of data by subtracting the tonic inhibition caused by anandamide and normalizing to maximal
inhibition in each group indicated that the 1Cso value remained unaltered in the presence of
anandamide. In the presence of ethanol alone and ethanol + anandamide, 1Cs, values for normalized
concentration-inhibition curveswere of 22 + 6 mM and of 20 + 5 mM, respectively (inset to Fig. 2B).

Fatty acid ethyl esters are the mgor nonoxidative metabolites of ethanol in humans,
representing the predominant ethanol metabolites in human brain after ethanol ingestion (Bora and
Lange, 1993). Perfusion of tissue cultures by ethanol is known to cause production of fatty acid ethyl
esters from arachidonic acid. Thesefatty acid ethyl esters such as ethyl arachidonate reported to have
pharmacological effects on ion channels (Gubitosi-Klug and Gross, 1996). Since the hydrolysis of
anandamide by fatty acid amide hydrolase FAAH would produce arachidonic acid, in the presence of
ethanol in our extracellular solution, ethyl arachidonate produced from these molecules could mediate
additive inhibitory effects of ethanol and anandamide on a;-nACh receptor-mediated currents. To
evaluate a role of anandamide hydrolysis by FAAH in our system, we compared the extent of
anandamide + ethanol induced inhibition of NACh responses in the presence and absence of
phenylmethylsulfonyl fluoride (PM SF; 0.2 mM), aninhibitor for FAAH. Theamount of theinhibition
by anandamide + ethanol on a7-nACh receptor-mediated currents was not altered significantly in the
presence of PMSF (Fig 3A).

In addition to FAAH, anandamide transport through cell membrane could also be atarget for

ethanol actions, as anandamide levels increase due to inhibition of anandamide transport during
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chronic ethanol applications in mammalian cells (Basavargjappa et a., 2003). For this reason, we
investigated theinhibitory effects of anandamide and ethanol coapplication in the presence of AM404
(1 uM), an anandamide-membrane transport inhibitor. The extent of additive inhibitory effects of
anandamide and ethanol were not altered in the presence of AM404 (Fig. 3A).

Both anandamide and ethanol have been shown to enhance intracellular Ca®* concentrations
(Wafford et al., 1989; Howlett and Mukhopadhyay, 2000). Since activation of a;-nACh receptors
permit sufficient Ca™* entry to activate endogenous Ca’™*-dependent Cl” channels in Xenopus oocytes
(Sandset al., 1993), we determined whether or not coapplication of anandamide + ethanol caninteract
directly with endogenous Ca’*-dependent CI” channels or secondarily, on other currents induced by
Ca™* entry. Thus, extracellular Ca®* was replaced with Ba™, since Ba&™ can pass through nACh o
receptors (Sands et al., 1993) but causes little, if any, activation of Ca*-dependent Cl” channels. In
addition, because asmall Ca**-dependent Cl” current remains, even in Ba®*, weinjected oocytes with
the Ca’* chelator BAPTA (Sandset al., 1993). Under these conditions, coapplication of anandamide +
ethanol produced the same level of inhibition (73 £ 7 % in controls versus 76 + 6 % in BAPTA
injected group) of ACh-induced currents when compared to control oocytes (Fig. 3B).

Examination of the voltage-dependence of the inhibition by anandamide + ethanol
coapplication indicated that the degree of inhibition of the ACh (100 uM)-induced currents did not
vary with membrane potentia (Fig. 3C and 3D). In addition, there was no change on the reversal
potential of the ACh-activated ion currents (4 £ 2 mV in controls versus 6 £ 3 mV in anandamide +
ethanol), indicating that neither the ionic selectivity of the channel nor the driving force on Na" and
Ca™ were affected by these molecules.

To study possible effects of ethanol on endogenous anandamide levels, we looked for
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guantitative detection of anandamide in control and 100 mM ethanol-treated oocytes by matrix-
assisted laser desorption/ionization (MALDI) analysis. In order to test the sensitivity of our technique,
several standard solutions of different anandamide concentrations were detected. As showninfigure
4A, anandamide was easily detectable down to 150 fM. The two dominant mass spectrums
corresponded to the protonated anandamide and its sodium adduct. In contrast, anandamide was not
observed in mass spectra of either MBS (Fig. 4B) or 100 mM ethanal (Fig. 4C) containing MBS
solution. Moreover, lipid distribution was not altered by ethanol treatment (Figs 4B and 4C).

In earlier studies we found that anandamide inhibited a7-nACh receptor-mediated responses
with a potency that was at least one order of magnitude higher than at 5-HT 3 receptors expressed in
Xenopus oocytes (Oz et al., 2002a; 2003a). Thus, in these studies, the 1Csy values for anandamide
were 229 nM and 3.7 uM a a-nACh and 5-HT; receptors, respectively. The development of
chimeric a7-nACh-5HT; receptors (Eisele et al., 1993, Yu et al., 1996; Zhang et a., 1997) and the
differences in binding sites for anandamide and ethanol at these chimeric receptors provided an
opportunity to evaluate further the effect of dissociating these binding sites on the interaction between
ethanol and anandamide. Therefore, we utilized afunctional chimeric receptor-ion channel constructed
with the N-terminal domain of the a.-nACh receptor and the C-terminal and transmembranedomains
of the 5-HT; receptors (Eisele et a., 1993, Yu et al., 1996; Zhang et al., 1997). As described
previously (Eiseleet al., 1993), the properties of these chimeric receptors are largely consistent to the
native a;-NACh receptor with regard to the potency and efficacy of ACh except that the chimeric
receptors display slower activation and inactivation kinetics than that of the native a7-nACh receptors.
In agreement with our earlier results (Oz et al., 2003a), applications of 100 nM anandamide and 30

mM ethanol inhibited the ACh-induced currents mediated by a7-nACh receptorsin anoncompetitive
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manner to 62 £ 5 % and 59 + 6 %, respectively (Fig. 5A). Coapplication of anandamide and ethanol
further inhibited ACh-induced currentsto 36 + 4 % of controls. The ECs valuesfor ACh in controls
and in the presences of anandamide alone, ethanol alone and anandamide + ethanol were 103 + 12,
110 £ 14, 99 = 12 and 107 £ 10 uM (n=5-6), respectively. There was no statistically significant
difference between these values (n=4-5; ANOVA, P>0.05). Consistent with our previous observations
(Oz et d., 2002a), this same concentration of anandamide (100 nM) had no significant effect on 5-
HT3receptor-mediated currentsin oocytesinjected with cRNA coding for thisreceptor (Fig. 5B) and
coapplication of anandamide and ethanol (30 mM) did not cause an alteration on the maximal
amplitudes of 5-HT; receptor-mediated currents. Similarly, the abilities of anandamide and
anandamide + ethanol to inhibit ACh-induced currents mediated by the a;-nACh-5-HT3 chimeric
receptors were examined (Fig. 5C). In line with our earlier results (Oz et a., 2004b, Yu et a., 1996),
although anandamide (100 nM) did not cause a significant ateration, ethanol (30 mM) inhibited
chimeric receptor-mediated ion currents to 58 + 6 % of controls (n=5). Coapplication of ethanol and
anandamide also resulted in suppression of ACh-induced currents mediated by the a7-nACh-5-HT;
chimeric receptors (Fig. 5C). Maximal ACh-induced responseswereinhibited to 61 + 5% and 64 + 6
% of controlsin the presences of anandamide and anandamide + ethanol, respectively. Therewas no
statistically significant difference between these values (n=4-5; ANOVA, P>0.05). The ECs, values
for ACh in controls and in the presences of anandamide aone, ethanol alone and anandamide and

ethanol were37 £ 5,41 + 4,35+ 5, 38 £ 4 uM (n=5-6), respectively.
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DISCUSSION

In the present study we provide evidence indicating that endogenous cannabinoid anandamide
and ethanol have additive inhibitory effects on the function of neuronal a;-nACh receptors expressed
in Xenopus oocytes. Our results also suggest that sites of actions for ethanol and anandamide are
different and there is no alosteric cooperation between ethanol and anandamide on a-nACh
receptors.

Alterations of intracellular Ca®™* levels by ethanol and anandamide have been reported in
several cell types (Wafford et al., 1989; Howlett and Mukhopadhyay, 2000). In oocytes, Ca’*-activated
CI" channels are highly sensitive to intracellular levels of C&* (for areview, Dascal, 1987). Under
voltage-clamp conditions, these alterations in intracellular Ca®* levels can be detected by changesin
holding currents. However, during our experiments, the coapplication of anandamide and ethanol to
oocytes expressing a,-NA Ch receptors did not cause a significant change in baseline holding currents,
suggesting that the intracellular concentration of Ca®* was not altered by the coapplication of ethanol
and anandamide. In addition, passive membrane properties of oocyteswere not significantly atered by
anandamide and ethanol, suggesting that coapplication of these reagents to oocytes did not disrupt the
integrity of the lipid membrane.

Endogenous cannabinoids, at the concentration range used in this study, have been shown to
activate cannabinoid receptors (for a review, Howlett et a., 2002). However, binding studies
conducted indicate that cannabinoid receptors are not expressed endogenously in Xenopus oocytes
(Henry and Chavkin, 1995). In addition, our previous work has demonstrated that the CB; receptor
antagonist SR-141716A and the CB, receptor antagonist SR144528 did not affect the anandamide-

induced inhibition of a;-NACh receptors expressed in oocytes, nor did pertussis toxin ater the
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inhibition by anandamide (Oz et al., 2003a), suggesting adirect effect of anandamide onthea,-nACh
receptors. Based on these observations, we propose that additive inhibitory effect of anandamide and
ethanol on the function of neuronal a7-nACh receptors expressed in oocytes is also independent of the
participation of cannabinoid receptors.

Chronic application of ethanol to mammalian cells has been shown to increase extracellular
concentration of anandamide by activating de novo synthesis of anandamide and inhibiting its
intracellular transport (Basavargjappa and Hungund, 1999; 2002). Although in our ethanol
experiments, oocytes were only acutely exposed to ethanol for 20 to 30 min of duration, we set up
several experimentsto evaluateif ethanol-induced changes in anandamidelevels could account for the
additive inhibitory effect of anandamide and ethanol on the function of neuronal o7-nACh receptors
expressed in oocytes. As afirst step, we compared the spectra profiles of oocyte preparations under
control conditions and after exposure to ethanol for 30 min, and found that anandamide was not
detectable in any of these preparations. Thus, ethanol-induced changes in anandamide levels do not
account for the additive inhibitory effects of anandamide and ethanol on the function of neuronal o
nA Ch receptors expressed in oocytes. In additional studies, we demonstrated that the additive effects
of ethanol and anandamide did not change when the anandamide transport inhibitor AM404 was
present in bathing solution, suggesting that inhibition of anandamide transport does not mediate the
additive inhibitory effect of anandamide and ethanol on the function of neuronal o.-nACh receptors.

In our earlier experiments, we have demonstrated that inhibition of neurona o7-nACh
receptors by anandamide is not mediated by its metabolic products (Oz et al., 2003a; 2004b). One of
the products of anandamide hydrolysis is arachidonic acid (Cravatt and Lichtman, 2002), and the

perfusion of tissue cultures by ethanol is known to cause production of pharmacologically active

¥20z ‘8T |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on February 1, 2005 as DOI: 10.1124/jpet.104.081315
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#81315 17
compounds such as ethyl arachidonate (fatty acid ethyl ester) from arachidonic acid (Gubitosi-Klug
and Gross, 1996). However, inhibition of FAAH activity by PM SF did not prevent the additive actions
of anandamide and ethanol on the function of neuronal o-NACh receptors, suggesting that the
production of arachidonic acid ethyl esters from arachidonic acid and ethanol does not mediate the
additive inhibitory effects of anandamide and ethanol in oocyte expression system.

Analysis of the inhibition of o7-nACh receptors at different anandamide concentrations
indicated that in the presence of ethanol, the ICs, value for anandamide decreased significantly. In
contrast, in the presence of anandamide, alteration of the 1Cs, valuefor ethanol wasnot observed (Fig.
2). Itislikely that in the presence of ethanoal, this changein the ICs, value for anandamideisduetothe
different efficacies of anandamide (complete inhibition) and ethanol (approximately 65 % inhibition
of a-nACh receptor-mediated currents). Thus, in the presence of ethanol, maximal inhibition of ACh-
induced responses occurred at alower anandamide concentration. Asaresult, the | Cs, shifted to lower
values without a change in anandamide efficacy. On the other hand, only in the presence of
anandamide was ethanol able to inhibit ACh-induced responses completely (increased efficacy without
causing an alteration on 1Cso value). Both anandamide and ethanol are all osteric inhibitors of a-nACh
receptors, as these molecules bind to sites topographically distinct from the agonist binding sites for
ligand-gated ion channels. Recently, allosteric interactions of ethanol with neurosteroids and
membrane cholesterol on the function of ion channels have been investigated and both positive and
negative allosteric interaction between ethanol and these modulators have been reported (Akk and
Steinbach, 2003; Crowley et a., 2003). Similarly, ethanol has been shown to potentiate anandamide
activation of TRPV 1 receptor-mediated currentsin HEK293 cells (Trevisani et al., 2002).

Earlier studies have demonstrated positive or negative cooperation between different alosteric
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modulators for various ligand-gated ion channels (for reviews, Changeux and Edelstein, 1998;
Christopoulos, 2002). Here we report for the first time that ethanol and anandamide have additive
inhibitory effects on the function of a-nACh receptors. This additive effect did not show cooperativity
between the binding sites for ethanol and cannabinoids on the o-NACh receptors. The lack of
cooperativity between the binding sitesfor these all osteric modulators was confirmed in experiments
employing the chimeric o;-nACh-5-HT 3 receptor. The functional chimeric oi-nACh-5-HT 3 receptor
consisted of an N-terminal domain of the oi-nACh receptor and the transmembrane and C-terminal
domains of the 5-HT; receptor (Eisele et al., 1993, Zhang et a., 1997). We have demonstrated
previously that anandamide and ethanol have allosteric binding sites on the a7-nACh receptor (Y u et
al, 1997; Oz et a., 20033, 2004b).

In this study we have examined if the chimeric a;,-nACh-5-HT; receptor uncouples apositive
or negative linkage between the all osteric modulators ethanol and anandamide. Previous studies have
demonstrated that anandamide inhibits the function of a7-nACh receptors with a potency that was an
order of magnitude higher than at 5-HT3 receptorsin Xenopus oocytes (Oz et a., 2002a; 2003a). Inthe
present study, we found that anandamide did not inhibit chimeric o7-nACh-5-HT 3 receptor; however,
coapplication of anandamide and ethanol caused a significant inhibition of the chimeric o-nACh-5-
HT; receptor. Nevertheless, the extent of inhibition by the coapplication of anandamide and ethanol
was not significantly different from theinhibition caused by ethanol alone. Thelack of additive effects
of anandamide and ethanol on the chimeric a;-nACh-5-HT; receptor-mediated currents indicatesthat
there is no cooperativity (positive or negative) inherent to topographically distinct binding sites
between ethanol and anandamide, and that these molecules act on different sites of the nicotinic ACh

receptor.
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In several earlier studies, ethanol has been shown to modulate the release and metabolism of
arachidonic acid and prostaglandins (George and Collins, 1985; Westcott and Callins, 1985;
Basavargappaet al., 1998). In addition to anandamide, fatty acids such as arachidonic acid and their
oxygenated metabolites such as prostaglandins, also are allosteric inhibitors of nicotinic ACh receptors
(Vijayaraghavan et a., 1995; Tan et a., 1998; Du and Role 2001; Oz et al., 2004b). Thus, by
modulating fatty acid release and metabolism, ethanol may indirectly influence signaling vianicotinic
ACh receptors.

To our knowledge, thisis the first study investigating the interaction between two alosteric
inhibitors on the function of a;-nACh receptors; however, a similar study on nACh receptors from
mouse skeletal muscle investigated the effects of arachidonic acid and prostaglandin D, on the
desengitization of nACh receptor-mediated ion currents (Nojima et al., 2000). In this study,
coapplication of arachidonic acid and prostaglandin D, caused a cooperative increase in their effects
on desensitization of nACh receptor-mediated ion currents.

Because of the enhanced potency of the endocannabinoid modulation by ethanol and the
presence of a-NACh receptors in these critical locations such as presynaptic terminals, it is possible
that in the presence of ethanol the activity of the a;-nACh receptors may be further modulated by
endocannabinoids released from postsynaptic sitesin situ. Considering that chronic ethanol treatments
enhance anandamide synthesis, it islikely that ethanol-induced inhibition of a7-nACh receptorswould
be more relevant due to already suppressed function of a7-nAChRs by enhanced endocannabinoid
tone.

In conclusion, our results indicate that co-administration of ethanol and anandamide causes

additiveinhibition of oz NACh receptor-mediated currents in Xenopus oocytes. Theresults of studies
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with chimeric a-NACh-5-HT; receptor suggest that there are multiple allosteric modulatory sites for
ethanol and anandamide. Collectively, these data suggest that a7-nACh receptors may represent a

novel link between endocannabinoid tone and ethanol in the intact nervous system.
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FIGURE LEGENDS

Figure 1. The effects of anandamide, ethanol and anandamide + ethanol on a;-nACh receptor-
mediated ion currents. (A) Currents activated by ACh (100 pM) and recorded from the same oocytein
control extracellular media (first trace from the left), at 10 min bath application of 30 mM ethanol
(second trace from the left), and 20 min after coapplication of 30 mM ethanol and 100 nM
anandamide (third trace from the left), following 30 min of recovery (fourth trace fromtheleft), and
after 20 min application of 100 nNM anandamide alone (thelast trace fromtheleft). (B) Time-courses
of the effects of anandamide, ethanol and anandamide + ethanol on the peak ACh-induced currents.
Each data point represents the normalized means = s.e.m. of 4 to 5 experiments. The duration of the
anandamide or anandamide + ethanol application is indicated by the horizontal bar. (C) Bar graph
comparing the inhibitory effects of anandamide, ethanol, anandamide + ethanol on the maximal
amplitudes of ACh-induced currents. AEA and EtOH indicate anandamide and ethanol, respectively.
Statistical significance at the level of P< 0.05 was presented with * (ANOVA).

Figure 2. The effects of ethanol and anandamide on concentration-response curves for anandamide
and ethanol-induced inhibition of a-nACh receptor-mediated ion currents. (A) Concentration-
response curve for anandamide in the absence and in the presence of 30 mM ethanol. Inset shows
analysis of data after the subtraction of tonic inhibition caused by 30 mM ethanol and normalizing to
maximal inhibition for each data set. Data points represent the mean + s.em. of 4-6 oocytes. (B)
Concentration-response curve for ethanol in the absence and in the presence of 100 nM anandamide.
Inset shows analysis of data after subtraction of tonic inhibition caused by 100 nM anandamide and
normalizing to maximal inhibition for each data set. Data points represent the mean + s.e.m. of 4-6

oocytes. The curves are the best fit of the data to the logistic equation described in the methods.
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Currents were activated by applying ACh (100 uM).

Figure 3. Additive effect of anandamide and ethanol on ACh-induced (100 uM) currentsisnot dueto
alterationsin anandamide hydrolysis, anandamide membrane transport, endogenous Ca’*-activated CI
channels and membrane-potential. (A) The effects of the inhibitions of anandamide hydrolysis by
PMSF (black bar) and anandamide transport by AM404 (gray bar) on the suppression of ACh-
induced currents by coapplication of anandamide and ethanol. (B) Comparison of the effects of
anandamide + ethanol on the amplitudes of ACh-induced currents in the absence or presence of
factors contributing to the activation of Ca*-dependent CI” channels. Oocyteswere either injected with
50 nl distilled water and recorded in a2 mM Ca’™*-containing MBS solution (black bar) or injected
with 50 nl of 200 mM BAPTA (gray bar) and recorded in a2 mM Ba**-containing MBS solution.
Each data point represents the normalized mean = s.e.m. of 5 to 6 experiments. (C) Current-voltage
relationships of ACh-activated currents in controls, ethanol (30 mM), anandamide (100 nM), and
anandamide + ethanol. Each data point represents the normalized means and s.em. of 3 to 5
experiments. (D) The effects of anandamide and anandamide + ethanol are presented as percent
inhibition of ACh-activated currents at different voltages indicated in the figure.

Figure 4. Lack of anandamide in Xenopus oocytes and the effect of ethanol on mass spectra of
Xenopus oocytes measured with matrix-assisted |laser desorption/ionization. (A) Anandamide standard
(150 fM) was indicated in spectrum. Peaks correspond to the protonated anandamide and its sodium
adduct. Mass spectraof oocytesin control (B) and in the presence of 100 mM ethanol (C). Cholesteral

and phosphatdylcholine species were detectable in both control and ethanol treated oocytes.
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Figure 5. Effect of anandamide, ethanol and anandamide + ethanol on responses mediated by o7~
nNACh receptors, 5-hydroxytryptamine type 3 receptors (5-HT3), and chimeric a,-nACh-5-HT;
receptors. Agonist concentration-response curvesfor a;-nACh receptors (A), 5-HT; receptors (B), the
chimeric receptors (C), and the effects of anandamide (100 nM) and anandamide + ethanol (30 mM)
on the responses mediated by each of these receptors are shown. Each data point represents the
average of 3to 5 cells(mean £ s.em.). Theerror barsthat are not visible are smaller than the size of
the symbols. Paired concentration-response curves were constructed and responses normalized tothe
maximum response under control conditions. Current tracesillustrating the effect of anandamideand
anandamide + ethanol on currents mediated by a,-nACh receptors, 5-HT; receptors, and chimeric
receptors are presented as insets. The bar above each record indicates the period of agonist
application. Vertical calibration barsfor the a;-nACh receptors, the 5-HT; receptors, and the chimeric
receptors represent 100 nA, 200 nA, and 200 nA, respectively. Horizontal calibration barsindicate 2
s, 10 s, and 3 s, respectively. The a7-nACh receptor and chimeric receptor-mediated currents were

activated by 100 uM ACh; the 5-HT; receptor-mediated currents were activated by 1 uM 5-HT.
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