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Neuronal acetylcholine receptors, being highly permeable 
to calcium, are likely to regulate calcium-dependent events 
in neurons. Arachidonic acid is a membrane-permeant sec- 
ond messenger that can be released from membrane phos- 
pholipids by phospholipases in a calcium-dependent man- 
ner. We show here that activation of neuronal acetylcholine 
receptors triggers release of 3H-arachidonic acid in a cal- 
cium-dependent manner from neurons preloaded with the 
fatty acid. Moreover, low concentrations of arachidonic 
acid reversibly inhibit the receptors and act most efficiently 
on receptors likely to have the highest permeability to cal- 
cium, namely receptors containing a7 subunits. Low con- 
centrations of arachidonic acid also reversibly inhibit a7- 
containing receptors expressed in Xenopus oocytes 
following injection of (~7 cRNA. The oocyte results indicate 
that the inhibition is a feature of the receptors rather than 
a consequence of neuron-specific machinery. The inhibi- 
tion is not mediated by specific metabolites of arachidonic 
acid because the effects can be mimicked by other fatty 
acids; their effectiveness correlates with their content of 
double bonds. In contrast to arachidonic effects on calcium 
currents, inhibition of neuronal nicotinic receptors by the 
fatty acid cannot be prevented by blocking production of 
free radicals or by inhibiting protein kinase C. An alterna- 
tive mechanism is that arachidonic acid binds directly to 
the receptors or perturbs the local environment in such a 
manner as to constrain receptor function. The findings in- 
dicate that neuronal acetylcholine receptors, by virtue of 
their ability to elevate intracellular calcium levels, can re- 
lease arachidonic acid which is likely to produce a number 
of secondary effects including feedback inhibition of the 
receptors. 
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Nicotinic acetylcholine receptors (AChRs) are widely distributed 
in the vertebrate nervous system (for review see Sargent, 1993). 
The receptors can function as postsynaptic receptors mediating, 
for example, fast excitatory transmission between preganglionic 
nerve terminals and autonomic neurons as well as excitatory 
transmission between axon collaterals of motoneurons and Ren- 
shaw cells in the spinal cord. Increasing evidence indicates that 
neuronal AChRs also serve a presynaptic function, modulating 
neurotransmitter release from axon terminals (Clarke and Pert, 
1985; Schulz and Zigmond, 1989; Rapier et al., 1990; Mulle et 
al., 199 1; Lena et al., 1993; Van der Kloot, 1993). The main- 
tenance of some AChR subtypes in predominantly nonsynaptic 
locations on neurons in adults suggests the possibility of yet 
other roles (Jacob and Berg, 1983; Loring et al., 1985). Despite 
the abundance of such receptors and their potential for cell-cell 
signaling, relatively little is known about the regulation of AChR 
function on neurons. 

A feature of neuronal AChRs likely to contribute both to cell 
signaling capabilities and to self-regulation is their high per- 
meability to calcium (Fieber and Adams, 1991; Sands and Bar- 
ish, 1991; Galzi et al., 1992; Mulle et al., 1992; Vernino et al., 
1992; Seguela et al., 1993; Trouslard et al., 1993). Elevation of 
intracellular free calcium levels either directly or indirectly by 
neuronal AChRs has been cited as a mechanism by which the 
receptors trigger such diverse events as calcium-dependent cur- 
rents (Mulle et al., 1992; Vernino et al., 1992) neurite retraction 
(Chan and Quik, 1993; Pugh and Berg, 1994), and expression 
of early genes in neurons and PC12 cells (Greenberg et al., 
1986). Possible effects of calcium influx on neuronal AChR 
function have received less attention. 

One mechanism by which AChR-mediated increases in cal- 
cium levels could influence many cellular events is through the 
production of arachidonic acid (AA). AA is released from mem- 
brane phospholipids in a calcium-dependent manner by phos- 
pholipase Az and by phospholipase C followed by diacylglycerol 
lipase. The compound and its metabolites can act as membrane- 
permeant second messengers, and have been proposed as tran- 
synaptic modulators of neurotransmitter release as well as reg- 
ulators of several ionic currents (Piomelli et al., 1987; Kim and 
Clapham, 1989; Ordway et al., 1989, 1991; Keyser and Alger, 
1990; Piomelli and Greengard, 1990; Schweitzer et al., 1990; 
Harish and Poo, 1992; Shimada and Somlyo, 1992; Fraser et al., 
1993). Activation of N-methyl-D-aspartate (NMDA) receptors 
on striatal neurons can induce production of AA (Dumuis et al., 
1988). In what may represent a positive feedback loop, AA has 
been shown to potentiate the current responses of NMDA re- 
ceptors in isolated cerebellar granule cells (Miller et al., 1992). 

Chick ciliary ganglion neurons offer a system for testing 
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whether activation of neuronal AChRs induces AA release, and 
for determining the effects of AA on receptor function. The 
neurons have two major classes of AChRs. One class is pri- 
marily synaptic in location, binds the monoclonal antibody 
(mAb) 3.5, and contains, as a population, the ot3, p4, and 015 
AChR gene products (Ravdin and Berg, 1979; Jacob et al., 1984; 
Loring et al., 1984; Halvorsen and Berg, 1987; Loring and Zig- 
mond, 1987; Vernallis et al., 1993). The receptors, termed here 
mAb 35-AChRs, are responsible for chemical synaptic trans- 
mission through the ganglion. The second class of receptors is 
5%IO-fold more abundant, binds a-bungarotoxin (aBgt), and is 
located primarily in nonsynaptic regions on the neurons (Chiap- 
pinelli and Giacobini, 1978; Jacob and Berg, 1983; Loring et 
al., 1985). The receptors, termed otBgt-AChRs, contain only 11x7 
of the known neuronal AChR gene products and function as 
ligand-gated ion channels, though their physiological role in the 
ganglion is unclear (Vernallis et al., 1993; Zhang et al., 1994). 
Both classes of receptors can elevate intracellular calcium levels 
in the neurons (Vijayaraghavan et al., 1992). 

We report here that activation of AChRs on ciliary ganglion 
neurons releases AA. Moreover, micromolar concentrations of 
AA reversibly block nicotine-induced currents in the neurons, 
inhibiting both aBgt-AChRs and mAb 35-AChRs. The blockade 
suggests that AA may serve as a negative feedback regulator of 
nicotinic responses in neurons. 

Materials and Methods 

Cell prrpamtion.s. For experiments involving release of AA, chick cil- 
iary ganglion neurons were dissociated from 8 d embryos and main- 
tained in cell culture (8-l 0 dissociated ganglia per 35 mm dish) for 6 
d as previously described (Nishi and Berg, 1981). For experiments in- 
volving electrophysiological recordings, ciliary ganglion neurons were 
dissociated from 14-15-d-old embryos, allowed to settle on a substra- 
tum of poly-D-lysine, and used on the same day as previously described 
(Margiotta and Gurantz, 1989; Zhang et al., 1994). 

AA r&use. Neuronal cultures were incubated overnight with I &i 
?H-AA (I 80-240 Ci/mmol; DuPont-New England Nuclear Research 
Products) to label the cells, and then were rinsed five times with 10 mM 
HEPES, pH 7.4, containing 0.5 mg/ml BSA and Eagle’s MEM salts 
without bicarbonate (rinse medium) warmed to 37°C. After incubating 
the cells an additional 20 min at 37°C in rinse medium or MEM con- 
taining bicarbonate, they were incubated in a fresh change of rinse 
medium (0.5 ml) containing the indicated concentrations of nicotine or 
KCI. Five minutes later, unless otherwise indicated, the medium was 
removed and analyzed for radioactivity by scintillation counting to de- 
termine the amount of label released from the cells. The cells were then 
scraped in 100 pl of 0.5 N NaOH, neutralized, and analyzed for radio- 
activity to determine the amount of label remaining with the cells. Usu- 
ally 0.5 ml aliquots were mixed with IO ml of EcoLite (ICN Biomed- 
icals) for scintillation counting. Specific release of radioactive material 
into the culture medium was calculated as the difference in the amount 
of radioactivity found in the medium of cultures incubated with and 
without the secretogog, either nicotine or KCI. The amount released 
was expressed as a percent of the total radioactivity initially associated 
with the cells (calculated as the sum of the label remaining with the 
cells at the end of the incubation and the amount released into the 
medium). Total radioactivity initially associated with the cells averaged 
3.5 ? 0.1 X IO5 cpm per culture (mean + SEM, n = 126 cultures). 
Nonspecific release was measured in each experiment and was subtract- 
ed from the values shown. In some cases released products were ana- 
lyzed by performing chloroform extractions of the release media, con- 
centrating the extracts under nitrogen, and running them on thin layer 
chromatograms using petroleum ether/diethyl ether/acetic acid (100:50: 
1, v/v) as the solvent system (Lax et al., 1990). 

The total amount of AA released from ciliary ganglion neurons by 
nicotinic stimulation was estimated bv assuming it was comparable to 
that released specifically per milligiam of protein by activation of 
NMDA receptors in hippocampal slices (I nmol/mg) during a similar 
time period (2.5 min; Clements et al., 1991). [Ciliary ganglion neurons 

in culture actually release a larger proportion of incorporated ‘H-AA in 
response to nicotine than do hippoca&pal neurons through activation of 
NMDA receotors (Sanfeliu et al., 199Oj.l The amount of membrane 
protein per e’mbryonic day I4 ciliary ganglion was taken to be 5 kg 
(Chiappinelli et al., 1976) when calculating AA release. The mean di- 
ameter of ciliary ganglion neurons for calculating cell volume was taken 
to be 20 km. 

Whole-cell patch-clamp recordings. Whole-cell voltage-clamp mea- 
surements (Hamill et al., 1981) were performed on freshly dissociated 
chick ciliary ganglion neurons as previously described (Zhang et al., 
1994). The batch-pipettes used were pulled from I .5 mm o.d. borosil- 
icate glass (Garner glass) and had resistances of l-l .5 MR when filled 
with intracellular solution containing (mM) 145 CsCI, 1.2 MgCI,, 5 
HEPES, pH 7.2, IO EGTA, and 15 glucose. Cells were perfused with 
extracellular solution containing (rnM) 150 NaCI. 3 KCI. 2 CaCl,, 2 
MgC12, 5 glucose, and IO HEPES‘ (pi 7.4). Series resistance cornpen- 
sation of 80% was used in all experiments, and cells with series resis- 
tance exceeding 5 MR were excluded. An Axopatch I C amplifier (Axon 
Instruments) was used for the whole-cell voltage clamp. Cells were hetd 
at -60 mV. 

Compounds were applied from a linear array of glass tubes (250 km 
i.d., 350 km o.d.; Polymicro Technologies) mounted on a Leitz manip- 
ulator. A set of solenoid valves (Neptune Research) was used to control 
flow from the tubes by gravity feed. Tubes containing drug solutions 
were closed unless in use. Immediately before use, the tube tips were 
cleared by moving the pipette array away from the cell, opening the 
switch briefly, and then quickly repositioning the tips within 200 pm 
of the cell before opening the appropriate valve again. Nicotine (10 FM) 

was applied for 2 set at l-2 min intervals; when indicated, AA and 
other fatty acids were applied for 10 set immediately prior to nicotine 
application. 

Currents were recorded on videotape (Neuro-Corder DR-390 with 
Panasonic AG-1260 VCR). The data were filtered at 0.5-l kHz and 
digitized at l-2 kHz with the PCLAMP program (Axon Instruments). 
AXOGRAPH software (version 1 .Ol, Axon Instruments) was used to mea- 
sure whole-cell currents and perform exponential fits as described in 
Zhang et al. (1994). 

Stock solutions of AA (Calbiochem) and other fatty acids (Sigma) 
were prepared in ethanol. Prior to each experiment, an appropriate 
amount of the stock solution was transferred to a glass tube. The ethanol 
was evaporated under nitrogen and the fatty acids were immediately 
suspended in the extracellular solution by brief (30 set) sonication. H-7 
(Calbiochem) and SOD (Worthington Enzymes) were each diluted from 
aqueous stocks using intracellular recording solution. 

Two-electrode voltage-clamp recordings. Two-electrode voltage- 
clamp recording techniques were used on Xenopus oocytes expressing 
a7-containing receptors. The oi7 cRNA was transcribed from the chick 
brain cr7 cDNA construct pCH2934-SP6 (Schoepfer et al., 1990) using 
a transcription kit (mMessage mMachine from Ambion). Xenopus oo- 
cytes were injected with approximately IO ng of the a7 cRNA and 
tested for ACh responses 3-5 d later. Two-electrode voltage-clamp mea- 
surements were performed as described (Ballivet et al., 1988) using an 
OC 725A amplifier (Warner Instruments). Current and voltage elec- 
trodes were filled with 3 M KC1 and had resistances of 0.5-2 MR 
Oocytes were held at - 80 mV. Perfusion of the oocytes in the recording 
chamber was achieved by gravity feed at the rate of 8-10 ml per minute 
with recording solution containing (mM) 85 NaCI, 2.5 KCI, 2 CaClz (or 
BaCI, as indicated), 0.0005 atropine, and 10 HEPES, pH 7.4. ACh, AA, 
and other fatty acids were diluted in recording solution as described 
above. 

Currents were recorded directly with a chart recorder or captured on 
videotape using a VR IOB digital data recorder (Instrutech) with a Sony 
SVO 1410 VCR. Data were filtered at 100 Hz and digitized at 170 Hz 
with the PCLAMP program. Analysis of the currents was carried out as 
described above for whole-cell patch-clamp recordings. 

Materials. White Leghorn chick embryos were obtained locally and 
maintained at 37°C in a humidified incubator. Frogs were obtained from 
NASCO (Fort Atkinson, WI). crBgt was purified from Bungarus mul- 
ticinctus venom (Ravdin and Berg, 1979). All other compounds were 
purchased from Sigma unless otherwise indicated. 

Results 

Nicotine-induced AA release from neurons. The ability of 
AChRs to trigger AA release in neurons was tested by incubat- 
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Figure 1. Nicotine-induced release of ‘H-AA from neurons in culture. Ciliary ganglion neurons from 8 d embryos were grown for 6 d in culture 
and then incubated overnight in 1 p,Ci ‘H-AA, rinsed, and used to examine ?H-AA release. A, Concentration dependence of nicotine-induced release. 
Labeled neurons were incubated with the indicated concentration of nicotine or 50 mM potassium for 5 min, and the amount of radioactivity 
released into the medium was determined and expressed as a percent of the total initially associated with the cells. Values represent the mean ? 
SEM of 6-14 cultures pooled from three to five separate experiments. B, Time course of nicotine-induced release. Labeled neurons were incubated 
with 50 FM nicotine for the indicated times, and the released radioactivity was then determined and expressed as in A. Corresponding basal release 
was subtracted from each time point. Values represent the mean t SEM of four cultures per time point from two experiments. C, Blockade of 
nicotine-induced release. Labeled neurons were incubated in the indicated test conditions prior to and during a 5 min exposure to 50 FM nicotine. 
Radioactivity released into the medium was then quantified. Control, no blockers; aBgt, 60 nM otBgt for 40 min; dTC, 20 FM d-tubocurarine for 
5 min; O.Cu, 0.5 mM EGTA in place of the calcium normally present in the medium. Values represent the mean + SEM of 6-11 cultures from 
three experiments. Total mean radioactivity associated with the neurons at the outset of the release period was 3.5 t 0.1 X lo5 cpm/culture (mean 
+ SEM, n = 126 cultures). Nonspecific release was about 1% of the total (1.15 Ifr 0.06%, mean + SEM, n = 29 cultures) and was not changed 

by cholinergic antagonists or removal of extracellular calcium (basal release of 0.9 t O.l%, 1.1 + O.l%, and 1.0 t 0.1% in the presence of 
d-tubocurarine, wBgt, and 0 mM extracellular calcium, respectively). Specific release was significant (p < 0.05 by the two-tailed paired I test) for 
all cases in A, for the 5 and 10 min points in B, and for the control in C. 

ing ciliary ganglion neurons in culture with ‘H-AA overnight, radioactivity was recovered in the aqueous phase of the extrac- 
rinsing the cells, and then challenging them with nicotine (Fig. tion. About 70% of the radioactivity was recovered during chro- 
1A). At 50 FM, nicotine induced a net release of 2.0 + 0.3% matography as free fatty acid, as expected for AA. Of the re- 
(mean 2 SEM, n = 25 cultures from nine experiments; p < maining 30%, about half was recovered at the origin and 
0.0001) of the total radioactivity associated with the cells. At 10 probably represents prostaglandins and related derivatives 
FM, nicotine caused a smaller but significant amount of release, (Grossman et al., 1986) while most of the rest was recovered 
while 100 FM induced no more release than did 50 FM. Chronic as a trail of material following the AA sample and very likely 
depolarization of the cells with 50 mM potassium to trigger ac- represents fatty acid. No detectable radioactivity chromato- 
tivation of voltage-dependent calcium channels (VDCCs) in- graphed as S-hydroxyeicosatetraenoic acid (5-HETE) or the 5 or 
duced about the same amount of release as did 50 and 100 pM 15 corresponding hydroperoxy derivatives (5-HPETE, 15-HPE- 
nicotine. TE), three common metabolites of AA. 

Nicotine-induced release of ‘H-AA was relatively rapid. With- 
in 60 set of agonist application, ?H-AA could be detected in the 
culture medium, and after 2 min no further increase was ob- 
served (Fig. l@. The release depended on both activation of 
AChRs and on extracellular calcium (Fig. 1C). Preincubating 
the neurons with 60 nM olBgt or 20 pM d-tubocurarine largely 
blocked nicotine-induced release of ‘H-AA, indicating that 
olBgt-AChRs played an important role. Substitution of EGTA 
for calcium in the extracellular medium also prevented the re- 
lease. The results suggest a mechanism for ‘H-AA release in 
which AChR activation elevates intracellular calcium levels (by 
calcium entering either directly through the receptors or indi- 
rectly through VDCCs activated by depolarization caused by the 
receptors), stimulating phospholipase A, or possibly phospholi- 
pase C with diacylglycerol lipase providing the final step. 

Effect of AA on nicotinic responses from neurons. Whole-cell 
patch-clamp recording techniques were used to test the effect of 
AA on the nicotinic responses of ciliary ganglion neurons fresh- 
ly dissociated from 14-15-d chick embryos. Agonist was rapidly 
applied to individual neurons from a large bore micropipette to 
achieve activation of both oBgt-AChRs and mAb 35-AChRs 
(Zhang et al., 1994). The large, rapidly decaying response ob- 
served under these conditions is exclusively generated by aBgt- 
AChRs and has a half-time of decay of about 13 msec. The slow 
component, with a half-time for decay of 3-4 set, is principally 
the product of the mAb 35-AChRs. 

The composition of radioactive components released from the 
neurons by nicotine was examined by chloroform extraction of 
the culture medium followed by thin layer chromatography. No 

Application of 1 FM AA for 10 set from a large bore micro- 
pipette dramatically and reversibly reduced the rapidly decaying 
response induced by nicotine (Fig. 2). Less impact was observed 
on the slow response. At 20 p.M, AA affected both types of 
responses. To quantify the effects of AA on aBgt-AChR re- 
sponses, the peak amplitude of the rapidly decaying component 
was measured before, during, and after exposure to AA. At 1 
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Figure 2. Effects of AA on nicotine-induced currents in ciliary ganglion neurons. Whole-cell currents induced by 10 p.~ nicotine (horizontal 
bars) were measured before application (Before AA), immediately after a IO set application (With AA), and after a 2 min rinse following application 
(After Recovery) of AA either at 1 FM (upper row of tmces) or at 20 p.M. AA at 1 p,~ reversibly inhibited the rapidly decaying component of the 
nicotine-induced current, while at 20 pM it inhibited both the rapidly decaying and the more sustained components of the response. 

FM AA reversibly inhibited about half of the response, while 5 
pM inhibited over 90% (Fig. 3A). At higher concentrations of 
AA (20 PM) the blockade was essentially complete and very 
little recovery was observed following the usual 2 min rinse 
period. 

Measuring the amplitude of the nicotine-induced current at 1 
set indicated that AA also reversibly inhibited mAb 35-AChR 
responses but that higher concentrations of AA were required. 
At 1 FM, AA had almost no effect on the mean amplitude of 
the current observed at 1 set, while 20 PM blocked over half of 
the response (Fig. 3B). Approximately a third of the whole-cell 
response at 1 set represents residual c&gt-AChR current, while 
two-thirds derives from mAb 35-AChRs (Zhang et al., 1994). 
Since presumably all of the olBgt-AChR response would have 
been blocked by 20 pM AA, the partial blockade observed at 1 
set indicates that only about half of the mAb 35-AChRs were 
inhibited by the concentration used. This was confirmed by test- 
ing the nicotinic responses of cells after treatment with 60 nM 

cvBgt for 24 hr at 37°C. A 10 set exposure to 20 pM AA 
reduced the peak response by 43 ? 3% (mean ? SEM, II = 
14 cells), as predicted for mAb 35-AChRs. 

The kinetics of the AA effect were determined by measuring 
the peak response induced by 10 FM nicotine before and after 
short applications of AA at low concentrations. A 2.5 set pulse 
of 5 p.~ AA achieved a sizable inhibition; extending the expo- 
sure to 15 set increased the inhibition further (Fig. 4A). Reversal 
of the inhibition was also quick. Even a 5 set rinse relieved part 
of the inhibition produced by a 10 set application of 5 pM AA; 
within 20 set most of the response had recovered (Fig. 4B). 

Effect of AA on nicotinic responses from oocytes expressing 
the AChR a7 gene. Since ciliary ganglion aBgt-AChRs are 
known to contain the c~7 gene product, experiments were carried 

out to determine whether AA also blocks nicotinic receptors 
resulting from expression of the a7 gene in Xenopus oocytes. 
The purpose of these experiments was twofold. First, demon- 
strating a blockade in oocytes would indicate that it depended 
on the receptor rather than cellular machinery unique to the neu- 
ron. Second, the oocyte system would eliminate the possibility 
that the AA effect on ciliary ganglion neurons was indirect, re- 
sulting from effects on residual preganglionic synaptic boutons 
that might have remained attached to the dissociated neurons. If  
such bouton remnants adhered to the dissociated neurons, it 
might be argued that the AA enhanced the rate of ACh leakage 
from them in a way that promoted receptor desensitization on 
the neurons and masqueraded as an AA effect on the receptors. 

Oocytes were injected with approximately 10 ng of 017 RNA 
and 3-5 d later were checked for responses to 100 FM ACh 
using a two-electrode voltage clamp. (ACh was used as the nat- 
ural agonist; in the case of ciliary ganglion neurons, nicotine 
was used because it best resolved the responses of both aBgt- 
AChRs and mAb 35-AChRs on the cells.) Multiple responses 
could be elicited from an individual oocyte without significant 
rundown of the signal. Application of 5 yM AA for 30 set re- 
duced the response of the oocytes to 8 ? 1% (mean -t SEM, 
n = 7 oocytes) of the initial value. An example is shown in 
Figure 5A. Rinsing the fatty acid away for 2 min allowed the 
ACh response to recover to 74 +- 6% of the initial value (n = 
7). 

Because activation of a7-AChRs in Xenopus oocytes allows 
sufficient calcium entry to activate calcium-dependent chloride 
currents (Seguela et al., 1993), it was important to determine 
whether the AA effect was exerted on receptor currents or on 
currents induced by the calcium entry. One method of doing this 
was to replace the extracellular calcium with barium since bar- 
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Figure 3. Concentration dependence of AA inhibition of aBgt-AChR 
and mAb 35-AChR responses. Whole-cell currents induced by 10 p,~ 
nicotine in neurons before, during, and after application of the indicated 
concentrations of AA were recorded as described in Figure 2. A, Inhi- 
bition of oBgt-AChR responses. The rapidly decaying peak current that 
arises solely from aBgt-AChR activation was measured in each of the 
conditions. B, Inhibition of mAb 35-AChR responses. The whole-cell 
current present 1 set after initiation of the nicotine pulse was measured 
from the same trials as in A. By 1 set, about two-thirds of the current 
results from mAb 35-AChRs, while the remainder represents current 
from aBgt-AChRs. Low concentrations of AA reversibly inhibited 
oBgt-AChR responses, while higher concentrations were required to 
inhibit mAb 355AChR responses. Values were normalized for capaci- 
tance (pA/pF) and represent the mean i- SEM of 12-17 neurons per 
condition. 

ium can pass through a7-containing receptors (Ferrer-Montiel 
and Montal, 1993) but causes little, if any, activation of calcium- 
dependent chloride currents (Barish, 1983; Sands et al., 1993). 
In the presence of 2 mM barium the current amplitude was 31 
? 3% (n = 9 oocytes) of that obtained in 2 mM calcium. The 

reversal potential of the response in barium was about 30 mV 
more positive than in calcium, consistent with most, if not all, 
of the chloride current having been lost (data not shown). Ap- 
plication of 5 FM AA for 30 set reduced the ACh response in 
barium to 25 ? 4% (n = 11) of that obtained for initial re- 
sponses from the same oocytes prior to AA treatment. Values 
ranged from 9 to 45%. Rinsing the oocytes for 2 min to remove 
the AA allowed the ACh response to recover to 75 ? 5% (n = 
11) of the initial response (Fig. 5B). 

A dose-response curve was generated for AA by comparing 
the amplitude of the ACh response in individual oocytes in each 
of several AA concentrations. A maximal blockade was obtained 
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Figure 4. Kinetics of AA effects. A, Time course of onset of inhibi- 
tion. AA was applied at 5 PM for the indicated durations, and the whole- 
cell response to IO PM nicotine was measured I set later. Values are 
expressed as a percent of the response obtained before application of 
AA (1.5 min earlier) and represent the mean + SEM for three to six 
neurons per time point. B, Time course for recovery from inhibition. 
AA was applied at 5 PM for 10 set, and the whole-cell response to 10 
p,~ nicotine was measured after the indicated delays. Values are ex- 
pressed as in A; n = 4-15 neurons per time point. 

with a 30 set application of 5-10 pM AA, leaving a residual 
20% of the response in barium (Fig. 6). Increasing the AA con- 
centration to 20 pM did not increase the extent of blockade. 
Half-maximal blockade was achieved with 1 pM AA. 

Comperison of AA with other fatty acids. Other fatty acids 
were tested for their ability to mimic AA in blocking the ACh 
response of Xenopus oocytes injected with (lu7 RNA. Fatty acids 
were selected on the basis of structural similarity to AA and 
were applied for 30 set prior to measuring the ACh response. 
Fatty acids having either no double bonds (stearic acid, arachidic 
acid) or only one double bond in either the cis or tram config- 
uration (oleic acid, elaidic acid) had little or no effect on the 
ACh response (Fig. 7). Fatty acids having two (linoleic acid) or 
three (linolenic acid) double bonds produced partial inhibition 
but were not as effective as AA with its four double bonds. The 
ability of a fatty acid to inhibit the ACh response appears to 
correlate with the degree of unsaturation in the compound. 
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Figure 5. AA inhibition of a7-containing AChRs expressed in Xenop~ls oocytes. Oocytes injected with ot7 RNA were stimulated with 100 FM 

ACh for 5 set before (Before AA), during (With AA), and after (Recovery) treatment with 5 FM AA for 30 set, and the currents were recorded 
with a two-electrode voltage clamp. A rinse period of 2 min was allowed prior to the recovery test. The divalent cations present in the extracellular 
solution were either 2 mM calcium (A) or 2 mM barium (B) substituted for the calcium to prevent possible induction of calcium-activated currents. 
In both solutions AA reversibly blocked most of the ACh-induced current. 
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Figure 6. Concentration dependence of AA effects on o7-containing 
AChRs in oocytes. The peak responses induced by 100 pM ACh in 
oocytes expressing a7-containing AChRs and treated with the indicated 
concentrations of AA as described in Figure 5 were measured and ex- 
pressed as a percent of the initial response obtained from the same 
oocyte in the absence of AA. Barium (2 mM) replaced calcium in the 
extracellular solution. Results are expressed as the mean 2 SEM of 8- 
20 oocytes per value. AA potently inhibits the ACh-induced currents 
with an IC,,, of about 1 FM. 

Linolenic acid was also tested on chick ciliary ganglion neu- 
rons for inhibition of the responses elicited by 10 p,M nicotine. 
A 10 set application of the fatty acid at 20 pM reduced the 
mean peak nicotinic response to 17 + 6% of that obtained from 
the same neurons before the application (? SEM, n = 10 cells). 
A 2 min rinse allowed the response to recover to 66 2 5% of 
the initial response. AA tested on other neurons in the same 
experiments under the same conditions reduced the mean peak 
response to 5 ? 1% (n = 14 cells). The fact that linolenic acid 
can partially duplicate the inhibition achieved by AA both with 
o7-containing receptors expressed in oocytes and with ciliary 
ganglion olBgt-AChRs indicates that the mechanism is not con- 
fined to AA, and therefore not likely to result from AA-specific 
metabolites such as prostaglandins or War 1 S-hydroxyeicosa- 
tetraenoic acids or their hydroperoxy derivatives. 

Mechanism of AA effect on nicotinic responses. AA may reg- 
ulate ionic currents either directly or via breakdown products. 
In the case of calcium currents in hippocampal neurons, AA 
exerts a modulatory effect by acting through oxygen radicals 
and protein kinase C (PKC; Keyser and Alger, 1990). To test 
whether similar mechanisms accounted for the effect of AA on 
nicotinic responses from ciliary ganglion neurons, the enzyme 
superoxide dismutase (SOD) was included in the AA solution 
(25 U/ml) and in the recording pipette (100 U/ml) to dialyze the 



Figure 7. Fatty acids tested for inhibition of ol7-containing AChRs in 
oocytes. Oocytes expressing a7-containing receptors were tested for 
ACh responses in the presence and absence of the indicated fatty acid 
as described for AA in Figure 5. All fatty acids were applied for 30 set 
at 20 (*M. Barium at 2 mM was used to replace calcium in the extra- 
cellular solution. Results have been normalized to initial ACh responses 
from the same oocytes prior to treatment with the fatty acid and are 
expressed as the mean 2 SEM of 7-12 oocytes. For the seven fatty 
acids tested (left to right), the carbon chain lengths, numbers of double 
bonds, and cis-tmns configurations are I8:O; 20:O; 18: I, truns; 18: I, 
cis; I8:2, cis; 18:3, cis; 20:4, cis, respectively. The ability of fatty acids 
to inhibit the ACh response correlates well with the number of double 
bonds they contain. 

interior of the cell. Responses to IO pM nicotine were then elic- 
ited from cells before and 5 set after a 10 set exposure to 5 pM 
AA. The results indicate that SOD provides no protection. The 
mean response remaining after AA treatment was 41 i 2% in 
the presence of SOD and 41 & 3% in the absence of SOD 
(seven cells each; three experiments). 

The possibility that PKC was required for the inhibition was 
tested by including 75 pM H7, an inhibitor of PKC and other 
protein kinases, in the recording pipette and AA solution. The 
PKC inhibitor was also without effect. The mean response re- 
maining after AA treatment was 44 & 4% in the presence of 
H7 and 40 -t 3% in its absence (seven or eight cells each; two 
experiments). The results do not support a role for either free 
radicals or PKC in the AA-mediated inhibition of neuronal 
AChRs. 

Discussion 

The major findings reported here are that activation of neuronal 
AChRs stimulates release of AA, and that AA, in turn, can re- 
versibly inhibit the receptors. This represents, to our knowledge, 
the first demonstration of nicotine-induced AA release and the 
first case of AA inhibiting a ligand-gated ion channel responsible 
for its production. The results are consistent with a negative 
feedback capability in which AA limits the ability of AChRs to 
sustain high calcium levels in neurons whether the calcium en- 
ters directly through the receptors or indirectly through VDCCs 
activated by the receptors. 

The amount of ‘H-AA release caused by nicotinic stimulation, 
expressed as a percent of the total labeled AA incorporated, was 
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comparable to that reported previously for stimulation of glu- 
tamate receptors on striatal and hippocampal neurons in culture 
(Dumuis et al., 1988, 1990; Sanfeliu et al., 1990). There are no 
reliable estimates for the concentration of free AA likely to re- 
sult at synapses. One report has quantified the total amount of 
AA in brain slices and determined the proportion released by 
stimulation (Clements et al., 1991). I f  the total amount of AA 
present in ciliary ganglion neurons per milligram of protein is 
comparable to that in hippocampal slices, and if labeled and 
unlabeled AA are released from the neurons with equivalent 
efficiency, estimates can be provided for the amount of free AA 
generated per neuron by the nicotinic stimulation used here. Jus- 
tification for this assumption comes from the observation that 
hippocampal and ciliary ganglion neurons in culture release sim- 
ilar amounts (%) of labeled AA using the same assay techniques 
and times of stimulation. (Most of the cells in ciliary ganglion 
cultures are neurons and essentially all of them are sensitive to 
nicotine.) The amount released per neuron would produce a peak 
concentration of about 400 FM were it confined to a space equiv- 
alent to the cell volume. Even allowing for a loo-fold dilution 
of the peak concentration through diffusion results in a predicted 
AA concentration sufficient to exert significant inhibition of neu- 
ronal AChRs. 

It is noteworthy that the AA effect was most pronounced on 
olBgt-AChRs, having an EC,,, of about I pM. Significant inhi- 
bition was achieved by AA at concentrations and/or times of 
exposure substantially below that reported for most other targets 
of AA action (Ordway et al., 1989; Williams et al., 1989; Keyser 
and Alger, 1990; Miller et al., 1992; Damron et al., 1993; Fraser 
et al., 1993; Schaechter and Benowitz, 1993). Like cu7-contain- 
ing AChRs expressed in Xenopus oocytes (Bertrand et al., 1993; 
Seguela et al., 1993), the olBgt-AChRs are likely to have a rel- 
atively high calcium permeability. Preferential inhibition of 
ol7-containing receptors could arguably be most essential for 
limiting the effects of nicotinic signaling on perturbation of in- 
tracellular calcium levels. It is interesting that AA does not com- 
pletely block the responses of a7-containing AChRs in oocytes. 
Either the oocytes produce a resistant subpopulation of receptors 
which differ from aBgt-AChRs in ciliary ganglion neurons, or 
barium prevents a complete collapse of receptor function. 

The mechanism by which AA inhibits neuronal AChRs is 
unknown. Apparently the o7 gene product alone is sufficient to 
produce a receptor susceptible to the inhibition. The possibility 
that specific metabolites of AA are involved as intermediaries 
in the effect can be ruled out since other fatty acids were able 
to mimic AA both in ciliary ganglion neurons and in oocytes 
expressing the cx7 gene product. In the case of hippocampal 
cells, AA inhibits voltage-gated calcium currents though a mech- 
anism that depends both on the production of free radicals and 
on the activity of PKC (Keyser and Alger, 1990). The require- 
ment for free radicals was demonstrated by showing that SOD 
prevented the AA-mediated inhibition. The dependence on PKC 
was demonstrated by showing that injection of a specific peptide 
inhibitor of PKC into the ceils blocked the AA effect. In the 
present experiments neither SOD nor H7, a membrane-permeant 
inhibitor of PKC, provided any protection against the inhibition 
of neuronal AChRs by AA. AA appears to exert its effects on 
AChRs through mechanisms different from those responsible for 
inhibition of voltage-gated calcium currents. 

A different example of AA modulating ligand-gated ion chan- 
nels is provided by NMDA receptors. In this case the modulation 
involves a potentiation rather than an inhibition of receptor func- 
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tion (Miller et al., 1992). Because kinase blockers had no effect 
on the inhibition, the fatty acid was postulated to act either di- 
rectly on the NMDA receptor or indirectly by perturbing the 
lipid environment of the receptors. It is possible that similar 
molecular mechanisms are utilized by AA in modulating neu- 
ronal AChRs, though the effect is one of inhibition rather than 
potentiation. The kinetics of AA-mediated effects on nicotinic 
receptors are consistent with AA binding either directly to the 
receptor or dissolving into the membrane in sufficient concen- 
tration to alter the lipid environment of the receptors. The time 
course of reversibility is also consistent with this mode of action, 
but no direct evidence exists at present to support the contention. 

It is of interest that AA achieves a potentiation of NMDA 
receptors even though the fatty acid can generate oxygen radi- 
cals in the same cell type (Lafon-Cazal et al., 1993). Free rad- 
icals inhibit NMDA receptors rather than enhance them. The 
inhibition is thought to be exerted at a site on the receptors 
sensitive to sulfhydryl redox agents (Aizenman et al., 1990). 
Apparently the inhibition, if it occurs in situ, is overcome by the 
potentiating effect. Neuronal AChRs also have sites sensitive to 
sulfhydryl reagents (Froehner et al., 1977; Damle et al., 1978; 
Leprince, 1983; Stollberg et al., 1986), presenting a possible 
target for free radicals. The inability of SOD to protect AChRs 
against AA indicates that, as with NMDA receptors, free radical 
production is not likely to produce the modulation observed. 

Release of AA would be expected to have a number of con- 
sequences in addition to causing negative feedback regulation 
of AChRs. The compound has been proposed as a transynaptic 
regulator with effects ranging from control of transmitter release 
to modulation of membrane currents (Piomelli et al., 1987; Kim 
and Clapham, 1989; Ordway et al., 1989; Keyser and Alger, 
1990; Piomelli and Greengard, 1990; Schweitzer et al., 1990; 
Ordway et al., 1991; Harish and Poo, 1992; Shimada and Som- 
lyo, 1992; Fraser et al., 1993). By manipulating intracellular 
calcium levels and AA release, otBgt-AChRs have the potential 
for activating regulatory cascades that influence a vast array of 
cellular events. How such receptors are utilized in the nervous 
system will be important to resolve. 
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