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SUMMARY

We have examined an excitatory response mediated by nicotinic
acetylcholine receptors located on the somata and/or dendrites
of chick lateral spinform neurons. On the basis of pharmacolog-
ical and anatomical studies, these receptors belong to a
subgroup of nicotinic receptors termed high affinity nicotine
receptors, because they exhibit a high affinity for nicotinic ago-
fists but little or no sensitivity to a- or k-bungarotoxin. We now
report physiological evidence that high affinity nicotine receptors
in the lateral spinform nucleus are heterogeneous. Intracellular
recording in brain slices was used to examine the pharmacolog-
ical characteristics of nicotinic responses in individual lateral
spiriform neurons. Nicotinic responses to brief applications of
carbachol were inhibited by tnmethaphan, dihydro-/3-erythro-
idine, or d-tubocurarine. Tnmethaphan was unusual, in that a
wide range of concentrations (�5O �M to >500 �sM) were required

to block this nicotinic response in different neurons. To quantitate
the inhibition observed with tnmethaphan and dihydro-f3-erythro-
idine, dose-response curves were generated in superfusion stud-
ies using a wide range of concentrations of both agonist (3-
3000 ILM carbachol in the presence of 1 �M atropine and 0.25
�zM tetrodotoxin) and antagonists (1 0-500 �M trimethaphan or
0.1 -3 �tM dihydro-fl-erythroidine). The data yielded an EC� of 25
± 5 �sM for carbachol, with a Hill coefficient of 1 .4 ± 0.1 (mean
± standard error; n = 8). In the case of dihydro-fl-erythroidine, a
narrow range of K1 values was obtained (0.09-0.1 6 �; n = 5).
In contrast, K1 values for tnmethaphan varied over a 15-fold
concentration range (4-66 z�; fl 1 7), demonstrating that
tnmethaphan showed selectivity for different receptor subtypes
found in the lateral spinform nucleus. For both antagonists, the
data indicate a competitive mode of inhibition.

A hallmark of neuronal nicotinic acetylcholine receptors is

their structural and physiological heterogeneity (reviewed in
Ref. 1). At least 11 different neuronal nicotinic receptor sub-
units have been cloned (a2-a9 and fl2-f34), and in situ hybridi-
zation studies have shown distinct localizations within the
central nervous system for most subunits (2-5). Many func-
tional neuronal nicotinic receptors are believed to be pentamers

consisting of multiple copies of one a and one � subunit and

containing at least two acetylcholine binding sites associated
with the a subunits. However, receptors that contain two

diff�r�nt ‘t subunits (t,3 �tnd vIS with �4) (6) itr� ftlso known, �
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methyllycaconitine. These receptors, which we refer to as high

affinity nicotine receptors, consist of various combinations of
a2, a4, fl2, /34, and possibly other receptor subunits (4, 7, 8).

Although the exact subunit compositions of most native
neuronal nicotinic receptors are unknown, considerable evi-
dence points to the existence of native receptors with properties

similar to those of the high affinity nicotine receptors expressed

in oocytes. Native high affinity nicotine receptors have been

characterized in binding studies with radiolabeled acetylcho-

line, nicotine, and cytisine (9-12). Immunoprecipitation studies
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on somata of medial habenula neurons and those present on
interpeduncular neurons. Surprisingly, even though at least

five different nicotinic receptor subunits are expressed in each
of these brain regions, those investigators found no electro-
physiological evidence for the presence of more than one sub-
type of high affinity nicotine receptor within neurons from a

single nucleus (13, 14). Using a brain slice preparation, Mulle

et al. (13) identified a third, pharmacologically distinct, nico-
tinic response, which appeared to be due to presynaptic nico-
tinic receptors located on nerve terminals in the interpedun-

cular nucleus.
Electrophysiological and pharmacological techniques have

also been used to characterize multiple subtypes of nicotinic
receptors in long term cultures of hippocampal neurons (15).
At least one of these subtypes (type II) exhibits many of the

characteristics of a high affinity nicotine receptor, including
high affinity for acetylcholine and potent inhibition by DHI3E

and K-bungarotoxin. Type II currents are also relatively insen-
sitive to methyllycaconitine and insensitive to ct-bungarotoxin.

In the mesencephalic SPL of the chick, an excitatory re-
sponse is mediated by nicotinic receptors, with a high affinity

for nicotine, that are located on the somata and/or dendrites

of SPL neurons (16). Essentially all SPL neurons exhibit this
postsynaptic nicotinic response, which can be activated by
carbachol, DMPP, or nicotine (17). Consistent with their high

affinity nicotine nature, these nicotinic responses are not po-
tently inhibited by either cw-bungarotoxin or K-bungarotoxin
(16). Autoradiographic localization studies confirm that the
SPL contains a very high density of [3H]nicotine binding sites
but no detectable binding of these radiolabled snake toxins
(18). Nicotinic receptor subunit protein and/or mRNA promi-

nently expressed by 70-90% of SPL neurons include the cr2,
cr5, and /32 subunits, whereas the cr4 subunit is detected in only

30% of these cells (19-21). Up to 30% of SPL neurons are

immunopositive for cr7 or cr8 subunits, which are associated

with cr-bungarotoxin-sensitive nicotinic receptors (19, 21). The
cr3 subunit has not been detected in the SPL (20), and no data
are currently available on the /�4 subunit.

Given that mRNA and protein for multiple nicotinic receptor
a subunits are present in SPL neurons, we reasoned that several

distinct subtypes of high affinity nicotine receptors might be
located in this nucleus and that the functional properties of
these receptors might therefore be heterogeneous. We now

report that the competitive nicotinic receptor antagonist tn-
methaphan does distinguish between nicotinic receptors ex-
pressed on individual SPL neurons. In some cells, tnimethaphan

is a potent antagonist, whereas in other neurons it is as much

as 15-fold less effective. This finding supports the conclusion
that neurons within a single brain region can express more
than one type of high affinity nicotine receptor, and it indicates
that tnimethaphan is a useful ligand for studying neunonal
nicotinic receptor subtypes.

Materials and Methods

Intracellular recording in brain slices. Electrophysiological pro-
cedures used were similar to those previously described in detail (16)
and are summarized below with additions. After decapitation, brains
from embryonic (18-21 days of incubation) or newly hatched White

Leghorn chicks (SPAFAS, Inc., Peoria, IL) were rapidly removed and

placed in cold ACSF (126 m�i NaCl, 2.5 m�i KC1, 2.5 mM CaC12, 1.3

mM MgC12, 1.2 mM Na2PO4, 25 mM NaHCO3, 11 mM glucose; contin-

uously bubbled with 95% 02/5% CO2 to bring the pH to 7.4). The

brains were then glued onto a mounting block and resubmerged in cold

ACSF, and 400-�cm-thick transverse brain sections were cut on a

Vibroslice (Campden Instruments). Sections containing the SPL were

either placed in a holding chamber in ACSF at room temperature until

needed (0-5 hr) or mounted between two nets in a recording chamber,

fully submerged in 1 ml of ACSF maintained at 29�30*, and continu-

ously superfused with ACSF at a rate of 2-3 mi/mm.

Microelectrodes for intracellular recording were pulled from fila-

mented capillary glass on a P-87 micropipette puller (Sutter Instrument

Co.). These electrodes had resistances of 50-120 MO when filled with

3 M KC1. After amplification with an Axoclamp-2A (Axon Instruments)
in the balanced-bridge current-clamp mode, signals were continuously

displayed on an oscilloscope and recorded with a Gould R53200 chart

recorder and a Vetter video cassette instrumentation recorder.
Dose-response data analysis was performed with InPlot (GraphPAD)

and Sigmaplot (Jandel) software. Dose-response curves and their as-

sociated parameters were generated using Inpiot nonlinear regression,

sigmoid curve (log scale), curve-fitting routines. K1 values were deter-
mined from log-log plots of the dose ratio - 1 versus antagonist

concentration at 50% of the maximal response to carbachol (22, 23).
Brief (20-msec) hyperpola#{241}zing current pulses were passed through

the microelectrode to monitor cell input resistance. The bridge balance

was monitored and adjusted during the delivery of hyperpolanizing

current impulses. Within each neuron, membrane potential was

brought to a common value (-70 or -80 mV) before each agonist

application, so that observed voltage changes could be directly corn-

pared within and between neurons.

Drugs were applied either by bath superfusion at fixed concentra-
tions in ACSF or by pressure ejection of a small volume of drug solution

from a pipette into the recording chamber upstream from the brain
slice. Superfusion solutions were gravity fed and switched by manually

controlled valves. Atropine sulfate (1 .rM) was always included in the

superfusion ACSF (except when muscarinic responses were examined),

to block muscarinic receptors. The antagonists DHf�E (Merck Sharp
& Dohrne Research Laboratories), d-tubocurarine chloride (Calbi-

ochern), and tnimethaphan camsylate (Hoffrnann-La Roche) were pre-

pared at known concentrations in separate flasks of ACSF and were

superfused for 15-30 mm before testing of SPL neuron responses to

agonist applications. The agonists carbamylcholine chloride (car-

bachol) and dl-muscarine chloride were applied either by pressure
ejection (1-10 �l of a 10 mM solution) or by bath superfusion at known

concentrations (3 �M to 3 mM, for 1-6 mm). Cadmium chloride (50-

100 �rM) in ACSF was superfused in some experiments to demonstrate

the postsynaptic nature of the observed responses. In all experiments
where agonists were applied at a known concentration by supenfusion,

0.25 zM tetrodotoxin (Calbiochem) was included in all external solu-
tions to block action potentials triggered by neuronal depolarization

and to inhibit synaptic activity, thus simplifying the measurement of
neuronal membrane responses. Unless otherwise indicated, all drugs
were purchased from Sigma.

Whole-cell recording in cultured neurons. Potential effects of
the nicotinic agonist carbachol on GABAA receptor-mediated chloride

currents were examined in dissociated rat hippocampal cell cultures

using previously described procedures (24). A U-tube was used to apply

GABA (30 �rM) and carbachol (300 MM), either alone or mixed together,

in the extracellular solution. GABA currents were elicited during whole-

cell voltage-clamp recordings at a holding potential of-30 mV. Because

GABA currents desensitize at this potential, responses to drug appli-
cations were measured at the peak current within 1 sec after the onset

of drug application. Only those cells demonstrating at least 80% recov-

ery of the control response to application of GABA after application of

either carbachol alone or carbachol combined with GABA were included

for analysis. All results were normalized to the control GABA response,

for comparison between cells.

Radiolabel binding experiments. Procedures used for measuring
inhibition of [3H]nicotmne binding to chick mesencephalon/optic lobe
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homogenates were as described previously (25). After decapitation,

brains from 19-21-day embryonic or newly hatched White Leghorn

chicks (SPAFAS, Inc.) were rapidly removed. The brains were then
blocked to isolate the mesencephalon (containing the SPL) and optic

lobes, by using a razor blade to make transverse cuts rostra! and caudal

to the optic lobes. Tissue blocks containing the mesencephalon and
optic lobes were placed on ice before homogenization.

For inhibition profiles, a fixed concentration of [3Hlnicotine (10 nM)

was used with varying concentrations of the competing uganda trime-
thaphan or DHflE. Nonspecific binding was measured in separate tubes

with 1 mM carbachol. 1-[N-methyl-3HlNicotine (64.0 Ci/mmol) was

from NEN/DuPont.
Data analysis was performed using InPlot (GraphPAD). The incu-

bation time (20 mm) for 10 nM [3H]nicotine was sufficient to allow

equilibrium binding (25), and inhibition constants (K1) were determined

from calculated IC� values by the following equation: K1 = IC�/(1 +

[ra&oligandJ/K�). The K�, value for [3Hlnicotine binding to optic lobe

homogenates was 3.1 nM (25).

Results

General cell properties. Intracellular recordings in chick

brain slices were performed with microelectrodes inserted into
neurons within the SPL. Recordings were made from 390 cells
(84 of which were of sufficient length to record usable phar-

macological data) in 246 brain slices. Average membrane char-
actenistics of these cells were as follows: input resistance, 107

± 5 M�l; time constant, 5.6 ± 0.5 msec; capacitance, 53 ± 4 pF

(mean ± standard error, n = 71).

Nicotinic nature of responses to carbachol. Several ag-

onists, including nicotine, DMPP, and carbachol, have been
used to characterize nicotinic responses in the SPL (16, 17). Of

these agonists, carbachol is the least likely to produce desensi-
tization and so was chosen for the present study. Because
carbachol can also activate muscarinic acetylcholine receptors,

we examined SPL neuron responses to bath superfusion of

carbachol (10-100 zM) or muscanine (10-50 �zM) with and

without 1 �rM atropine in the superfusion ACSF. Muscarinic

responses in these cells were unremarkable (no detectable
response in two cells and slight hyperpolanization with 30 or
50 �zM muscanine in two cells). However, to be certain that
these small muscarinic responses did not contaminate the
carbachol data, 1 �zM atropine was included in all superfusion
solutions in all other experiments. Addition of 1 �tM atropine

to the superfusion ACSF did not significantly alter nicotinic
responses of SPL neurons to carbachol.

We have recently shown that SPL neurons have functional

GABAA receptors that are activated by the spontaneous release
of GABA (17). Because some nicotinic ligands also interact

with GABAA receptors (26, 27), we sought to exclude the

possibility that a portion of the actions of carbachol might be
mediated by GABAA receptors. We therefore examined the
ability of carbachol to alter a well characterized GABAA recep-

ton-mediated response in cultured rat hippocampal neurons
(24). In these neurons, carbachol (300 �tM) alone did not activate
GABAA receptors (n = 5), nor was the GABAA receptor-me-
diated Cl current response to 30 �tM GABA changed in any
way during coexposure of the neurons to 300 �tM carbachol (n

= 5). These quantitative data, along with similar qualitative
observations in chick SPL neurons, lead us to conclude that

carbachol does not interact with GABAA receptors.

Initial pharmacological experiments in SPL neurons were
performed using bath superfusion of nicotinic antagonists and

pressure ejection of a small volume of the nicotinic agonist

carbachol. The control response to pressure ejection of car-
bachol, in the presence of 1 �tM atropine, consisted of a marked
depolarization and a series of evoked action potentials as

threshold was reached (Fig. 1A). This depolarization and in-
creased firing were not affected by the presence of 100 �tM CdC12

(n = 9), demonstrating that carbachol directly activates post-
synaptic receptors located on SPL neurons. The nicotinic na-
ture of these excitatory responses was confirmed by their com-

plete blockade by 30-50 zM d-tubocuranine (n = 12), 50-100

zM DH/3E (n = 18), and 50-500 jsM tnimethaphan (n = 40).

Effects of trimethaphan on responses to pressure ejec-
tion of carbachol. In all SPL neurons examined, postsynaptic
nicotinic responses were inhibited at similar concentrations of

the antagonists d-tubocurarine or DHI3E. In contrast, SPL
neurons exhibited a very broad range of sensitivities to trime-

thaphan. The records in Fig. 1A are from an SPL neuron in
which the response to carbachol was partially reduced by 25
�zM tnimethaphan and completely blocked by 50 zM tnimetha-

phan. One third of SPL neurons exhibited nicotinic responses

that were completely blocked by 50 � trimethaphan (10 of 32

cells) (Fig. 1B). Nicotinic responses in 19% of SPL neurons

were not blocked by 50 �tM tnimethaphan but were completely

inhibited by 200 �zM tnimethaphan (six of 32 cells). Other cells
within the SPL required even higher concentrations (�500 �zM)

of tnimethaphan for a complete blockade of nicotinic responses.

One half of the cells studied (16 of 32 cells) required >200 �M

tnimethaphan for complete inhibition of their nicotinic re-

sponses. This group of cells thus required a 10-fold greater

antagonist concentration than did the group of SPL neurons
represented in Fig. 1A. In contrast, nicotinic responses in cells

within all three groups distinguished by tnimethaphan were

readily blocked by 30-50 �tM d-tubocunarine (n = 12) (data not

shown).
Effects of trimethaphan on responses to superfusion

with carbachol. To more accurately quantify the inhibition

of nicotinic responses produced by tnimethaphan, we next

performed a series of experiments using bath superfusions of
both agonist and antagonist. First, control applications of sev-

eral concentrations of carbachol (3 �M to 3 mM, for 1-6 mm)

were carried out with a 15-mm recovery period between agonist

applications. The slice was then superfused with increasing
concentrations of tnimethaphan (10-500 zM). After at least 30
mm of exposure to a particular concentration of tnimethaphan,
nicotinic responses to several concentrations of carbachol were
examined in the same neuron (with the appropriate concentra-

tion of tnimethaphan also included in the agonist solutions). In

these studies, tetnodotoxin (0.25 �tM) was included in all extra-

cellular solutions to block spontaneous activity and evoked
spikes, thus increasing the accuracy of the measurement of

nicotinic responses. This method, using known concentrations
of all applied drugs, allowed us to determine in each cell a K

and pA2 for tnimethaphan, for direct comparison between SPL

neurons.

The responses of SPL neurons to superfusion with carbachol
involved depolarization to a plateau level at lower concentra-
tions and a maximum depolarizing response followed by appar-

ent desensitization at higher concentrations. Control dose-

response curves for carbachol are shown for two SPL neurons

in Fig. 2. In Fig. 2B, the reproducibility of maximum responses

to replicate applications of various concentrations of carbachol
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A typical control response to superfusion with 30 �iM car-
bachol and inhibition of this depolarization by increasing con-
centrations of tnimethaphan are illustrated for an SPL neuron

in Fig. 3A. Fig. 3B shows the effects of different concentrations
of trimethaphan on the response of this neuron to carbachol.

Increasing concentrations of tnimethaphan (10-200 �ciM) pro-
duced a nightward shift of the carbachol dose-response curve.

Recovery of responses to carbachol after the final washout of
trimethaphan can be seen in the leftmost curve (fitted-curve
values for control and recovery responses were ECse 41 �tM

and 25 � Hill slope = 1.4 and 1.4, and r� = 1.000 and 0.990,

respectively). The plot of the dose ratio - 1 versus tnimetha-
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A
Carbachol Control Response

I � i�i liii it � � II I

+ 50 �iM Trimethaphan

�
+ Recovery

FIg. 1. Requirement for a wide range of trimethaphan concentrations to
block nicotinic responses in different SPL neurons. A, Intracellular cur-
rent-clamp recordings of membrane potentials from an SPL neuron.
Carbachol was briefly applied (arrows) by pressure ejection (3 �l of a I 0
mM solution) Into the superfusion flow upstream from the brain slice and
produced a depolarization and spiking activity in control ACSF. Trime-
thaphan was then supertused at fixed concentrations for �2O mm before
agonist applications. Nicotinic responses in the most sensitive SPL
neurons were completely blocked by 50 zM trimethaphan. Recovery
shown was after 40 mm of washing out of trimethaphan. Rapid down-

Fig. 2. Dose-response curves recorded In SPL neurons using bath
superfusion with carbachol. A, Carbachol was applied by bath supertu-
sian (1 -5 mm; each agonist superfusion was separated by �1 0 mm)
over a wide concentration range (3-1 000 SM), and the maximum depo-
larization produced was recorded in an SPL neuron. The sigmoid-shaped
response begins to plateau at 100 MM. The InPIot-generated curve shown
yields a Hill slope of 1 .3, ECss of I 1 �M, and r� value of 0.994. B,
Responses to replicate agonist applications at various carbachol con-
centrations in another SPL neuron are shown (10 �M carbachol, n = 3;
3OMM,n=3;100MM,n=4;2O0�M,n=2).

is illustrated (n = 2-4) (fitted-curve values for these dose-
response data were EC� = 31 tiM, Hill slope = 1.5, and r� =

1.000).

ward deflections were due to constant hyperpolarizing current pulses of
20-msec duration and were used to assess cell input resistance. In all
records, membrane potential was -70 mV before carbachol application.
Action potentials are attenuated in this chart record. B, Summary of
trimethaphan inhibition of SPL neuron responses to pressure ejection of
carbachol. Data from 32 SPL neurons are grouped into three categories;
in 31 % of neurons the nicotinic responses were completely inhibited by
50 �M trimethaphan (n = 10), in 19% of cells 200 MM trimethaphan was
required (n = 6), and in 50% of neurons >200 �iM trimethaphan was
required for complete blockade of the response to carbachol (n � 16).
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Trimethaphan (Log M)

Fig. 3. Trimethaphan inhibition of nicotinic responses to carbachol superfusion. A, Membrane potential response to supertusion with 30 �M CarbaChOl
(1 mm) (solid bars above records) is shown for an SPL neuron under control conditions and in the presence of various concentrations of trimethaphan.
Tetrodotoxin (0.25 SM), present in all external solutions, was used to block spiking activity and spontaneous events. B, Dose-response curves
generated for carbachol (3-300 SM), in the same SPL neuron as shown in A, under control conditions and in the presence of various concentrations
of trimethaphan are shown. S, Control responses; �, 10 �M trimethaphan; 0, 50 �M tnmethaphan; 0, 200 � trimethaphan; #{149},recovery (obtained
after all trimethaphan was washed out for �23 mm). C, The data in B were used to prepare a log-log plot of the dose ratio - 1 versus trimethaphan
concentration at 10 tiM, 50 �M, and 200 � trimethaphan (slope = 1.21 ± 0.09, ± standard error; dose ratio was determined at 50% of the maximal
response to carbachol). In this SPL neuron, the K, for trimethaphan, equivalent to the x-axis intercept, was 53 zM.
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6
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4
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phan concentration for the calculation of the K, (53 �M) for

this cell is presented in Fig. 3C.

Similar to our experiments using pressure ejections of ago-

nist, different cells within the SPL exhibited markedly different

sensitivities to tnimethaphan inhibition of nicotinic responses
elicited by carbachol supenfusion. Inhibitory constants (K,) for

tnimethaphan in SPL neurons ranged from 4 to 66 �M (n =

17), with a significant number of cells throughout this concen-

tration range (see Fig. 6). Although there was some variability
from neuron to neuron in the maximum depolarization in

response to carbachol (18 ± 1 mV, mean ± standard error;

range, 11-24 mV; n = 17), there was no significant correlation

of the K, determined for tnimethaphan with the maximum

depolarization obtained in the cells (Fig. 4) (r� = 0.140).

Effects of DHI9E on responses to superfusion with

carbachol. To demonstrate that the heterogeneous results

obtained with tnimethaphan were not due to inherent variabil-
ity in the experimental protocol, we next performed a series of

experiments on SPL neurons using DHI3E as the nicotinic
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Fig. 4. Lack of correlation between K, for trimethaphan and maximum
depolarization in response to carbachol. Data are shown for the 17 SPL
neurons in which the K, for trimethaphan was determined. The slope of
the linear least-squares regression line drawn is not significantly different
from 0 (r� = 0.140).
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antagonist. As with the previous study, varying concentrations
of carbachol (3 �M to 30 mM) were applied by supenfusion, with

and without multiple concentrations of DHI3E (0.1-3 �LM). A
set of dose-response curves for carbachol and inhibition of the

response by DHI3E are presented in Fig. 5A. Increasing concen-
trations of DHI3E shifted the curve to the night in a parallel
manner, and increasing concentrations of canbachol could oven-

come the inhibition by DHI3E and return responses to maximal
control levels (Fig. 5A). The plot of dose ratio - 1 versus
antagonist concentration (Fig. 5B) allowed calculation of the

K, for this cell (0.16 �tM). The competitive nature of DHI3E
antagonism can also be seen in the slope of this plot (1.05).

In sharp contrast to the tnimethaphan results, the range of
K, values obtained for inhibition by DH/3E was very narrow

(0.09-0.16 �M, n 5). The highest K, observed for DHflE
inhibition (0.16 �M) was less than twice the lowest value (0.09
�zM), whereas the highest value for tnimethaphan inhibition (66

tiM) was >15 times the smallest (4 SM). A comparison of the
inhibitory constants for these two antagonists in different SPL

cells is presented graphically in Fig. 6.
Inhibition of [3Hjnicotine binding. On the basis of pre-

vious electnophysiological, pharmacological, and autoradi-
ographic studies (16, 18), functional nicotinic receptors in the
SPL appear to be identical to sites recognized with high affinity

(Kd 3.1 nM) (25) by [3H]nicotine in this nucleus. We therefore
carried out nadioligand binding experiments to measure the
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Fig. 5. DH/3E inhibition of nicotinic responses to carbachol supertusion,
recorded in an SPL neuron. A, Dose-response curves for carbachol
superfusions (3-1 000 �M) under control conditions and in the presence
of various concentrations of DHI9E are shown. #{149},Control responses; t�,
0.1 �LM DHflE; 0, 0.3 �iM DH�E; 0, 1 �LM DHflE. B, The data in A were
used to prepare a log-log plot of the dose ratio - 1 versus DH/3E
concentration at 0.1 �ciM, 0.3 �M, and 1 � DH/3E (slope = 1 .05 ± 0.03,
± standard error; dose ratio was determined at 50% of the maximal
response to carbachol). The K, determined for this SPL neuron (x-axis
intercept) was 0.16 �ciM.

0
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K1 for Trimethaphan (106M) or DH�E (108M)

Fig. 6. Summary of datafor trimethaphan and DHfiE inhibition of nicotinic
responses to carbachol superfusions in SPL neurons. All K, values
determined for trimethaphan and DHflE inhibition of nicotinic responses
in SPL neurons are plotted on the same scale for ease in comparing the
heterogeneity of the trimethaphan values with the narrower range of
DH$E values obtained. For trimethaphan (n = 17), the scale is 0 to 80 x
10-� M; for DHflE (n = 5), the scale is 0 to 80 x 10� M.

108 i0� 10� iO5 iO-� i0� 102 10_i

Antagonist Concentration (M)

Fig. 7. Trimethaphan and DHI�E inhibition of [3H]nicotine binding to chick
mesencephalon/optic lobe homogenates. The graph shows inhibition
curves generated for trimethaphan (Trimeth) and DH(3E against 10 nM
[3H]nicotine binding over a wide range of antagonist concentrations.
Points, average values obtained from two separate experiments for each
antagonist. Curves (generated by InPIot) yielded the following values: for
trimethaphan, K, = 390 �M and Hill coefficient = 0.96; for DHflE, K, = 3.0
�M and Hill coefficient = 1.02.

ability of tnimethaphan and DH$E to inhibit specific [3H]
nicotine binding to homogenates of chick mesencephalon/optic
lobe. In this assay, tnimethaphan (K, = 390 tiM) was >100-fold
less potent than DHI3E (K1 = 3.0 jzM). There was no indication

of multiple affinities or positive or negative coopenativity for
either antagonist, because the calculated Hill slopes were 0.96-
1.02 (Fig. 7). The K, obtained for carbachol against [3H]nicotine
binding in chick brain was 0.48 �M.

Discussion

Trimethapan exhibits selectivity for SPL neuron nic-
otinic receptor subtypes. The present results demonstrate
that the antagonist tnimethaphan has a wide range of potencies
against functional nicotinic receptors in the chick SPL. There
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�i L. Yum, K. M. Wolf, and V. A. Chiappinelli, unpublished observations.

is as much as a 15-fold difference in the K values determined
for trimethaphan in separate neurons within this nucleus. In
contrast, K1 values for DHI3E, obtained in an identical fashion,

differ by only 2-fold among all SPL neurons examined. The
results indicate that high affinity nicotine receptors located on

SPL neurons are not homogeneous.
Pharmacological properties of nicotinic receptors in

the SPL. Functional studies have identified two types of

nicotinic responses in the chick SPL. One response, a marked

enhancement of GABAergic spontaneous currents, is likely to

be due to nicotinic receptors located in a “pneterminal” or
presynaptic position on GABAergic nerve terminals within the
SPL (17). The second nicotinic response is a large sustained

inward current (in whole-cell voltage-clamp recordings) on de-

polarization (in intracellular current-clamp recordings) that is

mediated by nicotinic receptors located directly on the cell
somata and/or dendrites of SPL neurons (the present study
and Refs. 16 and 17). It is specifically these somatic/dendnitic

postsynaptic nicotinic receptors that have been characterized

in the present study.

Certain pharmacological properties of somatic/dendritic SPL

nicotinic receptors have been described. These receptors are
inhibited by d-tubocurarine and DHI3E but are insensitive to

blockade by either K- on a-bungarotoxin (16). They are activated
by nicotine, carbachol, and DMPP (17). Methyllycaconitine,
an extremely potent antagonist at neuronal cr-bungarotoxin-

sensitive receptors (IC� < 1 nM) (15, 28), is much less effective

at SPL nicotinic receptors (IC�,o 10 /LM).’ All of these phar-
macological characteristics are consistent with receptors be-
longing to the high affinity nicotine subgroup of neuronal
nicotinic receptors. Autonadiographic studies confirm that the

SPL contains a very high density of [3H]nicotine sites, whereas
radiolabeled snake neurotoxin sites are not detected in this

brain region (18).
Interactions of DH$E with nicotinic receptors in the

SPL. In the present study, we determined that DHflE is a
potent antagonist of depolarizing responses mediated by so-

matic/dendritic SPL nicotinic receptors, with a narrow K, range

of 0.09-0.16 tiM. The parallel nightward shifts in carbachol
dose-response curves produced by DHI3E and the unitary pA2
plot slopes are evidence for a competitive mechanism of necep-

ton blockade, a finding that agrees with a previous study that

examined DHI3E action on invertebrate central nicotinic necep-

tons (29). DHI�E was also very potent in inhibiting [3H]nicotine

binding to homogenates of chick mesencephalon/optic lobe (K,

= 3.0 zM), a finding that is consistent with the antagonist
acting directly at or near the agonist binding site ofthe receptor.

Comparison of DHI9E effects in SPL neurons and at
other neuronal nicotinic receptors. Similar to our findings
in the SPL, other investigators have reported that DHI3E is a
potent antagonist in functional assays of high affinity nicotine

receptors on cultured hippocampal neurons (IC�,o < 10 nM) (15)

and with the cr4/32 subunit combination expressed in oocytes

(IC� = 4 nM) (30). In acutely dissociated nat central neurons,

ICre values of 2 �ciM and 30 �ciM have been reported for DHI3E

inhibition ofresponses mediated by high affinity nicotine necep-

tons on interpeduncular and medial habenular neurons, respec-

tively (13). Even though IC�, and K, values are not directly

comparable, the data suggest that the high affinity nicotine

receptors in the SPL more closely resemble those in the inter-

pedunculan nucleus than those in the medial habenula. Inter-
estingly, the cr2 and cr5 subunits, which are both prominently

expressed in SPL neurons (19, 20), are also found in the
interpeduncular nucleus but not in the medial habenula (13).

All three brain regions contain cr4 and fl2 subunits (13, 20).

Our K� value of 3.0 �iM for DHI3E in the [3H]nicotine binding

assay is similar to that previously obtained for DHflE against

[3H]acetylcholine binding to chick brain homogenates (K, =

1.2 �M) (9). DHI3E is among the most potent nicotinic antago-

nists at inhibiting [3H]nicotine binding to rat brain (K, = 0.09-

1.3 �ciM) (11, 31) and striatum (IC50 = 0.24-0.47 �zM) (32).

For both DH/�E and tnimethaphan, potencies in the physio-
logical assay were approximately 20-fold higher than come-

sponding potencies in the binding assay. This discrepancy is
likely due to the fact that functional assays measure antagonist

potency at a different confonmational state of the receptor than

do binding assays. Agonists exhibit two distinct binding affin-

ities for nicotinic receptors. The low affinity agonist state is

associated with activated receptors, whereas in the high affinity

agonist state the receptors are desensitized (33, 34). The func-

tional assay thus measures antagonist potency against low
affinity agonist binding. In contrast, the binding assay, in which

the receptor is exposed to the agonist for sufficient time to
shift the receptor conformation toward the high affinity agonist

state, measures antagonist competition at the desensitized state

of the receptor. For example, the agonist carbachol had an EC�

of 25 �zM in the SPL physiological assay but a much higher

potency (K, = 0.48 tiM) in the chick mesencephalon/optic lobe

binding assay. Our results with both DHI3E and tnimethaphan
are consistent with a competitive mechanism of inhibition,

because lower concentrations of the antagonists were required

to compete against agonist binding in the physiological assay,
compared with the binding assay.

Interactions of trimethaphan with nicotinic receptors
in the SPL. Trimethaphan inhibited responses of SPL neu-
nons to carbachol superfusions with a wide range of K, values,

from 4 to 66 zM. The 15-fold variation in K, values observed in

the superfusion studies was consistent with the >10-fold range
of concentrations of tnimethaphan (�50 to >500 �M) required

to block depolarizing responses to pressure ejections of can-

bachol on SPL neurons. Thus, tnimethaphan, but not DHI3E,
appeared to exhibit multiple affinities for high affinity nicotine

receptors in the SPL.

Several observations support a competitive mechanism of

antagonism by tnimethaphan at SPL neuronal nicotinic recep-

tons; 1) the blockade is reversible, 2) the slopes of the dose ratio

- 1 versus tnimethaphan concentration plots are near unity

(0.95 ± 0.10, mean ± standard error, n = 14 neurons), and 3)

inhibition by up to 50 �tM tnimethaphan can be overcome by

increasing concentrations of canbachol, returning SPL me-

sponses to control levels (data not shown). Tnimethaphan is

also a competitive antagonist at other neunonal nicotinic recep-

tons (35-37). We cannot rule out an additional noncompetitive

component to the actions of trimethaphan at higher concentna-

tions (>200 �tM). Observed deviations from ideal competitive
dose-response curves at high antagonist concentrations could

be due to such effects on could be primarily the result of the

more rapid desensitization seen at the high agonist concentra-

tions required to compete with antagonist, an effect also ob-

served at high concentrations of DHI3E. Finally, because tn-
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methaphan selects between nicotinic receptor subtypes, multi-

ple receptor subtypes on a single SPL neuron may result in
nonideal dose-response curves.

Tnimethaphan inhibited the binding of [3H]nicotmne to chick

mesencephalon/optic lobe homogenates with a K, of 390 zM.

Thus, for both binding and functional assays of high affinity

nicotine receptors, tnimethaphan was an approximately 100-

fold less potent antagonist than DHflE. We are unsure why we
did not detect evidence of heterogeneity in the binding of
tnimethaphan to [3H]nicotine sites. The physiological results
suggest a possible range of affinities of only 10-15-fold, which

would make separation of two on more sites difficult in the

binding competition assay. Furthermore, as mentioned above,

the binding assay is not directly comparable to the functional

assay because the binding assay measures desensitized necep-
tons, whereas the functional assay detects the low affinity

agonist state of the receptor.

Comparison of trimethaphan effects in SPL neurons
and at other neuronal nicotinic receptors. Tnimethaphan
is a relatively weak antagonist in SPL neurons, with a K, range
of 4-66 �M for functional nicotinic receptors and a K, of 390
j�M against [3H]nicotine binding in chick mesencephalon/optic
lobe homogenates. Although a previous study confirms that

tnimethaphan is a weak inhibitor of [3Hjnicotine binding in

brain (K, = 620 .ciM for nat cerebral cortex) (38), the present

report is the first to demonstrate its comparatively low potency

in a physiological assay for high affinity nicotine receptors. In
contrast, tnimethaphan exhibits considerably higher affinity for
K-bungarotoxin-sensitive nicotinic receptors than for the K-

bungarotoxin-insensitive receptors in the SPL. For example,
tnimethaphan blocks K-bunganotoxin-sensitive nicotinic necep-
tons in autonomic ganglia with IC� values of 0.3-25 �M (35, 36,

39) and inhibits ‘25I-K-bungarotoxin binding to chick ciliary
ganglion and retina with K, values of 9.3 �iM and 1.1 �ciM,

respectively (40, 41). The data also indicate that tnimethaphan
may be up to 10-fold more potent at blocking sympathetic
nicotinic receptors than those found in parasympathetic ganglia

(35, 39). It is intriguing that tnimethaphan may thus subdivide
both high affinity nicotine receptors and K-bungarotoxin-

sensitive nicotinic receptors.
Subpopulations of neurons within the SPL. Our results

indicate that, within the SPL, there exist subpopulations of
neurons that can be distinguished on the basis of the tn-
methaphan sensitivity of nicotinic receptors on the surface of

these neurons. Although it is possible that each SPL neuron
expresses only a single functional subtype of receptor, it is more
likely that many SPL neurons have two on more subtypes of

somatic/dendritic nicotinic receptors. The functional evidence
for this multiplicity of receptors is 2-fold. First, our K, values

for tnimethaphan were spread oven the entire 15-fold range

obtained, consistent with individual neurons expressing varied
ratios of receptor subtypes having different sensitivities to

tnimethaphan. Second, single-channel studies in progress in
our laboratory indicate that individual SPL neurons can exhibit

more than one type of nicotinic receptor channel.2 Thus, mdi-

vidual SPL neurons express multiple subtypes of functional

nicotinic receptors, as previously reported for autonomic gan-

glion neurons (42, 43) and cultured hippocampal neurons (15).
The expression of multiple nicotinic receptor subunits (cr2,

cr4, cr5, and fl2) (19-21) in individual SPL neurons provides the

structural basis for the functional heterogeneity that we have

identified. Although the actual subunit compositions of native

receptors are extremely difficult to determine, particularly
when two or more receptor subunits and heterogeneity are
present, it may be useful to examine the potency of tnimetha-

phan for blocking the function of nicotinic receptors consisting

of various known subunit combinations in heterologous expres-
sion studies.

Tnimethaphan sensitivity of nicotinic responses in particular

SPL neurons did not correlate well with such general cell
characteristics as input resistance, capacitance, or time con-

stant (data not shown). Theme was also no apparent correlation

of tnimethaphan sensitivity with the EC,,o for carbachol in the
neuron, the depth of the cell within the slice, the location of

the cell within the SPL, the electrode resistance, the presence
on absence of inward rectification, or as a function of a partic-
ular brain slice (i.e., cells within the same brain slice often

required substantially different concentrations of tnimethaphan
for a comparable level of inhibition). Thus, at present the only

property of which we are aware that distinguishes these neu-

monal subpopulations within the SPL is sensitivity to tnime-

thaphan. Neurons in the SPL are all GABAengic, and all also
contain enkephalin (44). Both GABAengic and cholinengic in-
puts have been identified in the SPL, where they appear to

have a wide distribution (17, 44, 45). Because theme are no

known intenneurons in the SPL, the available evidence mdi-
cates that all of the cells from which we recorded are GA-

BAengic/enkephalinengic neurons that receive GABAergic and

cholinergic innervation. Presumably, the somatic/dendritic
high affinity nicotine receptors on these neurons respond to
acetylcholine released from cholinengic fibers entering the SPL,
and activation of these receptors would be expected to enhance

the activity of SPL neurons.
The present results are the first to demonstrate that, within

neurons in a single brain region, more than one type of high

affinity nicotine receptor can be detected using intracellular
recording. The results thus extend previous observations of

heterogeneity among neuronal nicotinic receptors. The possible
functional role of such necepton heterogeneity remains to be

explained. Single-channel studies currently in progress in our
laboratory demonstrate that the properties of single nicotinic
receptor channels on the somata of SPL neurons are not

homogeneous and that a single SPL neuron can express more
than one subtype of nicotinic channel. These studies may help
to clarify the functional differences between subtypes of high
affinity nicotine receptors in the brain.
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