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ABSTRACT

The therapeutic targeting of nicotinic receptors in the brain will
benefit from the identification of drugs that may be selective for
their ability to activate or inhibit a limited range of nicotine
acetylcholine receptor subtypes. In the present study, we de-
scribe the effects of 2,2,6,6-tetramethylpiperidin-4-yl heptano-
ate (TMPH), a novel compound that is a potent inhibitor of
neuronal nicotinic receptors. Evaluation of nicotinic acetylcho-
line receptor (NAChR) subunits expressed in Xenopus laevis
oocytes indicated that TMPH can produce a potent and long-
lasting inhibition of neuronal nAChR formed by the pairwise
combination of the most abundant neuronal « (i.e., «3 and «4)

and B subunits (B2 and p4), with relatively little effect, because
of rapid reversibility of inhibition, on muscle-type (a181+8) or a7
receptors. However, the inhibition of neuronal B subunit-con-
taining receptors was also decreased if any of the nonessential
subunits a5, a6, or B3 were coexpressed. This decrease in
inhibition is shown to be associated with a single amino acid
present in the second transmembrane domain of these sub-
units. Our data indicate great potential utility for TMPH to help
relate the diverse central nervous system effects to specific
nAChR subtypes.

There are multiple types of nicotine acetylcholine receptors
(nAChR) in the brain associated with synaptic function, sig-
nal processing or cell survival. The therapeutic targeting of
nicotinic receptors in the brain will benefit from the identi-
fication of drugs that may be selective for their ability to
activate or inhibit a limited range of these receptor subtypes.
Mecamylamine is a ganglionic blocker developed many years
ago as an antihypertensive and more recently suggested to be
useful as a component in the pharmacotherapy for Tourette’s
syndrome (Sanberg et al., 1998) and smoking cessation (Rose
et al., 1994). However, electrophysiological characterization
of mecamylamine has shown it to be relatively nonselective
(Papke et al., 2001), consistent with the observation that it
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effectively blocks all of the peripheral and central nervous
system effects of nicotine (Martin et al., 1993). We previously
identified a family of bis-tetramethylpiperidine compounds
as inhibitors of neuronal type nicotinic receptors (Francis et
al., 1998). The prototype compound in this series is BTMPS
[bis-(2,2,6,6-tetramethyl-4-piperidinyl)-sebacate], which pro-
duces a readily reversible block of muscle-type nAChR and
a nearly irreversible use-dependent, voltage-independent
block of neuronal nAChR. The tetramethyl-piperidine groups
of BTMPS are sufficient to produce block of nAChR, and the
conjugation of two such groups with a long aliphatic chain
accounts for both the selectivity and slow reversibility of
BTMPS inhibition of neuronal nAChR (Francis et al., 1998).
In the present study, we describe the effects of 2,2,6,6-tetra-
methylpiperidin-4-yl heptanoate (TMPH), a novel compound
that has a single tetramethyl-piperidine group and an ali-
phatic chain similar to that of BTMPS. TMPH is also a potent
inhibitor of neuronal nicotinic receptors.

Simple models for nAChR subtypes are provided by pair-
wise combinations of « and B subunits expressed in Xenopus
laevis oocytes. However, there is a growing appreciation that
ancillary subunits such as o5, a6, and B3 that work poorly in

ABBREVIATIONS: nAChR, nicotinic acetylcholine receptor; BTMPS, bis-(2,2,6,6-tetramethyl-4-piperidinyl)-sebacate; TMPH, 2,2,6,6-tetrameth-

ylpiperidin-4-yl heptanoate; TM, transmembrane; ACh, acetylcholine.
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pairwise combinations with other single subunits, but none-
theless contribute to functionally important receptor sub-
types in vivo. We show that for the commonly used nAChR
subunit pairwise combinations inhibition by TMPH is only
very slowly reversible. However, the incorporation of these
additional subunits results in receptors that recover more
rapidly and would thus show lower equilibrium inhibition in
vivo. Therefore, based on the characterization of this agent’s
effects on specific nAChR subtypes, TMPH may identify the
particular molecular substrates that underlie the multiple
effects of nicotine in the brain.

Materials and Methods
Synthesis

Chemicals used for the synthesis were purchased from Aldrich
Chemical Co. (Milwaukee, WI). Compounds were characterized by
'H NMR and fast atom bombardment-mass spectrometry.

TMPH Synthesis. To a mixture of 2,2,6,6-tetramethyl-4-piperidi-
nol (472 mg; 3.0 mmol) and methyl heptanoate (476 mg; 3.3 mmol) in
3.0 ml of dimethyl formamide was added 250 mg of powdered potas-
sium carbonate. The resulting mixture was heated at ~145 to 155°C
for 64 h under a gentle stream of N,. After cooling, the reaction
mixture was partitioned between water and hexanes. The organic
layer was separated, washed with water (two times) and brine, and
then dried over anhydrous MgSO, and evaporated to afford the crude
product as an oil. The oil was dissolved in MeOH and was then
treated with 2 equivalents of concentrated HCI. The solvent was
removed in vacuo, and the residue was then treated with diethyl
ether. The resulting solids were removed by filtration. The ethereal
filtrate was concentrated in vacuo and triturated with hexane to
afford 380 mg (41%) of TMPH hydrochloride. It was recrystallized
from boiling ethyl acetate/hexane to afford short colorless needles,
melting point 113 to 115°C. Fast atom bombardment-high resolution
mass spectrometer: calculated(C,sH3,NO,):  270.2433  found:
270.2435.

Expression in X. laevis Oocytes

Mature (>9 cm) female X. laevis African frogs (Nasco, Ft. Atkin-
son, WI) were used as a source of oocytes. Before surgery, frogs were
anesthetized by placing the animal in a 1.5 g/l solution of 3-amino-
benzoic acid ethyl ester for 30 min. Oocytes were removed from an
incision made in the abdomen.

To remove the follicular cell layer, harvested oocytes were treated
with 1.25 mg/ml type 1 collagenase (Worthington Biochemicals,
Freehold, NJ) for 2 h at room temperature in calcium-free Barth’s
solution (88 mM NaCl, 1 mM KCI, 0.33 mM MgSO,, 2.4 mM
NaHCOg,, 10 mM HEPES, pH 7.6, and 50 mg/l gentamicin sulfate).
Thereafter, stage 5 oocytes were isolated and injected with 50 nl
(5—20 ng) each of the appropriate subunit cRNAs. Recordings were
made 2 to 15 days after injection.

Preparation of RNA. Rat neuronal nAChR clones and mouse
muscle nAChR ¢DNA clones were used. The wild-type clones were
obtained from Dr. Jim Boulter (UCLA, Los Angeles, CA). The rat
«6/3 (Dowell et al., 2003) clone was obtained from Michael McIntosh
(University of Utah, Salt Lake City, UT) and expressed in X. laevis
oocytes in combinations with rat B2 and B3. The original «6/3 con-
struct provided was sequenced and was found to have a mutation in
the second transmembrane domain (TM2) sequence, which ex-
changed a valine for an alanine in the 7’ position (TM2 numbering
scheme; Miller, 1989). The TM2 domain is understood to line the
pore of the channel, with « helix structure. The 7’ position may
actually be directed away from the actual pore lining, but this resi-
due is highly conserved in all of the nAChRs. It is valine in all of
them except a9 (isoleucine) and 1, where it is alanine. The TM2
mutation in the a6/3 chimera was corrected by using QuikChange

(Stratagene, La Jolla, CA) according to their protocols. The corrected
«6/3 chimera sequence was confirmed by restriction diagnostics and
automated fluorescent sequencing (University of Florida core facil-
ity). The corrected clone was expressed as above in X. laevis oocytes
with B2 and B3 and compared with the wild-type a3 coexpressed with
B2 and B3. After linearization and purification of cloned ¢cDNAs,
RNA transcripts were prepared in vitro using the appropriate mMes-
sage mMachine kit from Ambion (Austin, TX).

Electrophysiology. The majority of experiments were conducted
using OpusXpress 6000A (Axon Instruments Inc., Union City, CA).
OpusXpress is an integrated system that provides automated im-
palement and voltage clamp of up to eight oocytes in parallel. Cells
were automatically perfused with bath solution, and agonist solu-
tions were delivered from a 96-well plate. Both the voltage and
current electrodes were filled with 3 M KCl. The agonist solutions
were applied via disposable tips, which eliminated any possibility of
cross-contamination. Drug applications alternated between ACh
controls and experimental applications. Flow rates were set at 2
ml/min for experiments with «7 receptors and 4 ml/min for other
subtypes. Cells were voltage-clamped at a holding potential of —60
mV. Data were collected at 50 Hz and filtered at 20 Hz. Agonist
applications were 12 s in duration followed by 181-s washout periods
for a7 receptors and 8 s with 241-s wash periods for other subtypes.
For some experiments, particularly under conditions where residual
inhibition precluded making repeated measurements from single
cells (see below), manual oocyte recordings were made as described
previously (Papke and Papke, 2002). In brief, Warner Instrument
(Hamden, CT) OC-725C oocyte amplifiers were used, and data were
acquired with a MiniDigi or Digidata 1200A with pClamp9 software
(Axon Instruments Inc.). Sampling rates were between 10 and 20 Hz
and the data were filtered at 6 Hz. Cells were voltage clamped at a
holding potential of —50 mV. Data obtained with these methods were
comparable with those obtained with OpusXpress.

Experimental Protocols and Data Analysis. Each oocyte re-
ceived two initial control applications of ACh, an experimental drug
application (or coapplication of ACh and TMPH), and then follow-up
control application(s) of ACh. The control ACh concentrations for
alBlys, a3B4, adB2, ad3B2, ad3B2ab, a3B2B3, a6/3B2B3 a6B4B3, and
a7, receptors were 30, 100, 10, 30, 1, 100, 100, 100, and 300 uM,
respectively. These concentrations were selected because they gave
large responses with relatively little desensitization so that the same
oocyte could be stimulated repeatedly with little decline in the am-
plitude of the ACh responses. This allowed us to separate out the
inhibitory effects of the antagonist from possible cumulative desen-
sitization.

Responses to experimental drug applications were calculated rel-
ative to the preceding ACh control responses to normalize the data,
compensating for the varying levels of channel expression among the
oocytes. Responses were characterized based on both their peak
amplitudes and the net charge (Papke and Papke, 2002). In brief, for
net charge measurement a 90-s segment of data beginning 2 s before
drug application was analyzed from each response. Data were first
adjusted to account for any baseline offset by subtracting the average
value of 5-s period of baseline before drug application from all suc-
ceeding data points. When necessary, baseline reference was also
corrected for drift using Clampfit 9.0 (Axon Instruments Inc.). After
baseline correction, net charge was then calculated by taking the
sum of all the adjusted points. The normalized net charge values
were calculated by dividing the net charge value of the experimental
response by the net charge value calculated for the preceding ACh
control response. Means and S.E.M. were calculated from the nor-
malized responses of at least four oocytes for each experimental
concentration. To measure the residual inhibitory effects, this sub-
sequent control response was compared with the preapplication con-
trol ACh response.

For concentration-response relations, data derived from net
charge analyses were plotted using Kaleidagraph 3.0.2 (Abelbeck/
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Fig. 1. TMPH produces selective long-term inhibition of neuronal ganglionic type e384 receptors. A, chemical structure of TMPH. B, top, raw data
traces obtained from an oocyte expressing mouse muscle-type a1B1e8 subunits to the application of either 10 uM ACh alone (O) or the coapplication
of 10 uM ACh and 300 nM TMPH (arrow). Bottom, averaged normalized data (=S.E.M.; n = 4) from oocytes expressing a1B1ed subunits to the
coapplication 10 uM ACh and a range of TMPH concentrations. C, top, raw data traces obtained from an oocyte expressing rat ganglionic-type a334
subunits to the application of either 100 uM ACh alone (O) or the coapplication of 100 uM ACh and 300 nM TMPH (arrow). Bottom, averaged
normalized data (+S.E.M.; n = 4) from oocytes expressing a334 subunits to the coapplication 100 uM ACh and a range of TMPH concentrations. Three
values are plotted in each of the concentration-response curves: the peak current amplitude of the coapplication response, normalized to the peak
amplitude of the previous ACh control (); the net charge of the coapplication response, normalized to the net charge of the previous ACh control (V)
(Papke and Papke, 2002) ; and the peak current amplitude of the ACh control response obtained after the TMPH/ACh coapplication, normalized to
the peak amplitude of the previous ACh control (@).
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Synergy, Reading, PA). Curves were generated from the Hill equa-
tion as follows:

I, agonist]”
[agonist]” + (ECg)"

Response =

where I, denotes the maximal response for a particular agonist/
subunit combination, and n represents the Hill coefficient. I, ,,, n,
and the EC,, were all unconstrained for the fitting procedures.
Negative Hill slopes were applied for the calculation of IC;, values.

Brain Slice Recording. Male Sprague-Dawley rats (p11-p20)
were anesthetized with Halothane (Halocarbon Laboratories, River
Edge, NJ) and swiftly decapitated. Transverse (300 mm) whole brain
slices were prepared using a Vibratome and a high Mg*/low CaZ*
ice-cold artificial cerebral spinal fluid containing 124 mM NaCl, 2.5
mM KCI, 1.2 mM NaH,PO,, 2.5 mM MgSO,, 10 mM D-glucose, 1 mM
CaCl,, and 25.9 mM NaHCOj saturated with 95% O,, 5% CO,. Slices
were incubated at 30°C for 30 min and then left at room temperature
until they were transferred to a submersion chamber for recording.
During experiments slices were perfused (2 ml/min) with normal
artificial cerebral spinal fluid containing 126 mM NaCl, 3 mM KCl,
1.2 mM NaH,PO,, 1.5 mM MgSO,, 11 mM D-glucose, 2.4 mM CaCl,,
25.9 mM NaHCOg;, and 0.008 mM atropine sulfate saturated with
95% 0O,, 5% CO, at 30°C. Medial septum/diagonal band cells were
visualized with infrared differential interference contrast micros-
copy using a Nikon E600FN microscope. Whole cell patch-clamp
recordings were made with glass pipettes (3—5 M()) containing an
internal solution of 125 mM potassium gluconate, 1 mM KCl, 0.1 mM
CaCl,, 2 mM MgCl,, 1 mM EGTA, 2 mM MgATP, 0.3 mM Na,GTP,
and 10 mM HEPES. Cells were held at —70 mV, and a —10 mV/
10-ms test pulse was used to determine series and input resistances.
Cells with series resistances >60 M) or those requiring holding
currents >200 pA were not included in the final analyses. Local
somatic application of 1 mM ACh and 1 mM ACh + 300 uM TMPH
was performed using double barrel glass pipettes attached to a
picospritzer (General Valve, Fairfield, NJ) with Teflon tubing (10-20
psi for 5-30 ms). For each cell, two baseline evoked responses to ACh
were recorded followed by two evoked responses to ACh + TMPH
(interstimulus interval of 30 s). ACh was then applied every 30 s for
the remainder of the experiment. Signals were digitized using an
Axon Digidata 1200A and sampled at 20kHz using Clampex version
9. Data analysis was done with Clampfit version 9.

Results

TMPH Inhibition of Acetylcholine Receptor Sub-
types. TMPH (Fig. 1) was initially tested on mouse muscle-
type (a1B1ed) nAChR, three different pairwise combinations
of rat neuronal « and B8 subunits (a334, a482, and «32), and

TABLE 1
In vitro data

o7 homomeric neuronal nAChR. In addition, combinations of
three subunits and an «6/3 chimera were tested. The results
are summarized in Table 1. As shown in Fig. 1, both muscle-
type and a334 receptors (a minimal model for ganglionic-type
receptors) were inhibited during the coapplication of ACh
and TMPH. Although the inhibition of muscle-type receptors
was readily reversible after a 5-min wash, the inhibition of
a3 B4 receptors persisted after the wash. The data also indi-
cate that the inhibition of a3B4 receptors became progres-
sively greater during the coapplication response so that the
inhibition of net charge was greater than the inhibition of
peak current. This was not the case for the inhibition of
muscle-type receptors. The other neuronal a-f subunit pairs
tested, a4B2 and a332, were blocked in a manner similar to
a3B4 receptors (Fig. 2), with a larger inhibition of net charge
than peak current and virtually no recovery after a 5-min
wash. In contrast, a7 receptors, like muscle-type receptors,
showed little difference between the inhibition of peak cur-
rents and net charge and showed significant recovery after a
5-min wash (Fig. 2). These differences are reflected in the
IC;, values presented in Table 1. Note that receptors that
rapidly equilibrate inhibition and recover readily (e.g., mus-
cle-type receptors and «7) have ratios of the IC;, for net
charge to the IC;, for peak currents of close to 1 (Table 2). In
contrast, for receptor types that show progressively more
inhibition during the coapplication and have slow recovery,
the ratio of the IC;, for net charge to the IC;, for peak
currents is much less than 1. Therefore, for receptors that
show progressively more inhibition during the coapplication
IC;, values estimated from the inhibition of net charge are
similar to those that can be derived from persistent inhibi-
tion measured after a 5-min wash (i.e., from the recovery
data; Table 2).

Neuronal nAChR Recovery Rates. Our initial experi-
ments evaluated recovery after only a single 5-min wash. To
evaluate the actual rates at which «7 and the various nAChR
pairwise subunit combinations recovered from TMPH-in-
duced inhibition, we made repeated applications of ACh
alone after a single coapplication of ACh and TMPH. As
shown in Fig. 3, the rat 42, a332, a334 receptors showed
virtually no detectable recovery over a period of 30 min,
whereas o7 receptors were fully recovered after approxi-
mately 15 min of wash.

IC;, values were calculated based on either the decrease in peak current amplitudes or the decrease in the net charge of the ACh response when coapplied with TMPH. For
many of the subunit combinations tested, there was no detectable recovery after a 5-min wash, so IC5, values were also calculated based on the inhibition still present at
the 5-min time point (recovery). Note that these ICs, values are based on standard single application protocol and are likely to underestimate the IC5, for steady-state

IC;, (Area)

1C54 (Recovery)

conditions.

Subunit 1C5, (Peak)
Mouse muscle 276 = 20 nM
Rat a7 1.0 = 0.1 uM
Rat «42 1.4 = 0.3 uM
Rat a3p4 200 = 50 nM
Rat a3B2 3.7+ 1.2uM
Human 332 3.7+ 1.2 uM
Human a3p2a5 1.1 = 0.5 uM
Rat «382833 120 + 80 uM
Rat a6/33283 60 = 20 uM
Rat «38433 1.9 £ 0.2 uM
Rat «6B433 11.0 £ 4.4 uM

390 + 50 nM 27 + 5.5 uM
1.2+ 0.2 uM 16 + 4 uM
110 = 40 nM 250 + 80 nM
75 + 23 nM 85 + 32 nM
440 + 90 nM 230 + 30 nM
460 + 170 nM 400 + 120 nM
430 + 180 nM 750 =+ 200 nM
2.7+ 0.6 uM 43+ 15 uM
1.0 * 0.3 uM 2.3 = 0.5 uM
14 =02 uM 30 = 50 uM, 1.0 * 0.6 M@
18.3 + 4.9 uM 1700 + 420 uM

“ Data for the recovery of cells expressing a38483 were fit to a two-site model (see Fig. 9).
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Fig. 2. TMPH inhibition of responses obtained from oocytes expressing
rat neuronal nAChR subunits. Shown are the averaged normalized data
(£S.E.M.; n = 4) from oocytes expressing a42, a332, and «7 subunits (from
top to bottom, respectively) to the coapplication ACh and a range of TMPH
concentrations. Three values are plotted in each of the concentration-re-
sponse curves: the peak current amplitude of the coapplication response,
normalized to the peak amplitude of the previous ACh control (4 ); the net
charge of the coapplication response, normalized to the net charge of the
previous ACh control (¥); and the peak current amplitude of the ACh control
response obtained after the TMPH/ACh coapplication, normalized to the
peak amplitude of the previous ACh control (®). The control ACh concen-
trations used were 10, 30, and 300 puM for a4B32, «3B2, and a7, respectively.

Selective Inhibition of NAChR 1981

Use Dependence of Inhibition by TMPH. We evalu-
ated the degree to which inhibition by TMPH was use-depen-
dent by applying 1 uM TMPH alone and comparing the
response to a subsequent control ACh application to that
obtained after 1 uM TMPH was coapplied with ACh. As
shown in Fig. 4, the ability of TMPH to inhibit neuronal
nAChR when applied in the absence of agonist varied signif-
icantly among the pairwise subunit combinations tested, but
in all cases was less than when TMPH was coapplied with
agonist. It is interesting that although TMPH alone applied
to a4 B2 receptors was almost as effective as when coapplied
with ACh, TMPH alone applied to a332 receptors had no
detectable effect after the washout period.

TABLE 2
In vitro data

The value ICy, recovery reflects the residual inhibition of the ACh control response
measured after a 5-min wash. If IC5, recovery > IC;, area, then there was signifi-
cant recovery (i.e. readily reversible inhibition). Likewise, if ICy, area < IC;, peak,
then there was significant buildup of inhibition throughout the agonist/antagonist
coapplication.

1C5, 1C5,
(Net Charge/IC;, Peak) (Recovery/IC;, Net Charge)

Mouse alBlde 14 69
Rat a7 1.2 13.3
Rat «4p2 0.08 2.3
Rat a3p4 0.36 1.1
Rat «3B2 0.12 0.52
Human «3p2 0.12 0.87
Human a3p2a5 0.15 1.7
Rat 3823 0.025 1.6
Rat «6/38283 0.017 2.0
Rat «3B433 0.74 0.7, 21¢
Rat 63433 1.7 93

“ Data for the recovery of cells expressing a338483 was fit to a two-site model (see
Fig. 9).

Rat neuronal nAChR
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Fig. 3. TMPH produces long-term inhibition of neuronal beta subunit-
containing nAChR but not a7 homomeric receptors. ACh and TMPH
were coapplied at time 0 to oocytes expressing rat e384, a4B2, a3B2, or
a7 subunits. Thereafter, control ACh applications were made at 5-min
intervals to measure recovery. The control ACh concentrations used
were 100, 10, 30, and 300 uM for a3p4, a4B2, a3B2, and a7, respec-
tively. The initial inhibition was produced by the coapplication of ACh
at the control concentration and 30 uM TMPH, except in the case of
the a3B2 receptors, which were inhibited by the coapplication of ACh
and 3 uM TMPH.
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Progressive Inhibition of o482 Receptors by Re-
peated Coapplications of ACh and TMPH below Its
IC;, Value. The IC;, values presented in Table 1 were based
on the inhibition produced by single coapplications (20 s in
duration) of ACh and TMPH. Because for the neuronal
subunit-containing receptors the onset of inhibition is appar-
ently much faster than the reversibility of inhibition, mea-
surements based on single applications of TMPH are likely to

A

a4p2

<"_|

0]
__|500 nA
- 20s

a3p2

_|50nA

20s
0 I
w 1.0
5 1
o
w
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EZ.‘) 4 T
T L T
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a3p4 adf2 a3p2
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O 1xM TMPH + ACh
O #M TMPH alone

Fig. 4. Varying amounts of use-independent inhibition of neuronal B
subunit-containing receptors by TMPH. A, representative data showing
the effects of the application of 1 uM TMPH alone to «4p2- and «3B2-
expressing oocytes (open arrows), compared with the application of ACh
alone (O) either before or after the application of TMPH. The control ACh
concentrations used were 10 and 30 uM for 432 and «3B2, respectively.
B, comparison of the use-dependent (1 uM TMPH + ACh) and use-
independent (1 uM TMPH alone) inhibition of 34, @432, and «3p2
receptors by TMPH. The data are calculated from the peak amplitudes of
control ACh responses obtained after the application of TMPH + ACh,
expressed relative to the peak current amplitude of ACh control re-
sponses before the application of TMPH.

underestimate what equilibrium ICy, values would be. To
test the hypothesis that repeated applications of TMPH
would produce an accumulated inhibition that would be
greater than the inhibition produced by a single application,
we made repeated coapplications of ACh and 100 nM TMPH
to oocytes expressing a4p2 receptors. Coapplications of
TMPH and ACh were alternated with applications of ACh
alone. As shown in Fig. 5, repeated coapplications of ACh
with 100 nM TMPH (IC;, in single-dose experiments) pro-
duced 90% inhibition after three applications at 10-min in-
tervals. Further applications did not produce additional in-
hibition. Making a corresponding shift in the 482 net charge
inhibition curve in Fig. 3 (i.e., so that 100 nM is the ICy,
rather than the IC;,) suggests that the equilibrium ICj,
would be approximately 10 nM.

Effect of a5 Coexpression with 382 Subunits on the
Sensitivity to TMPH. As noted above, efforts to connect
data obtained from oocyte studies with in vivo data can be
complicated by the fact that nAChR in vivo may have more
complex subunit composition than the simple pairwise o/
subunit combinations most readily tested in oocytes. One
such subunit that contributes to the complexity of acetylcho-
line receptors in vivo is «5, which is not required to coas-
semble with other subunits for them to function but is likely
to be present in some receptor subtypes in vivo (Wang et al.,
1996; Gerzanich et al., 1998). We tested the hypothesis that
the presence of the a5 subunit could modulate the sensitivity
of a neuronal nAChR subunit to TMPH. For these experi-
ments, we used human &3 and B2 subunits, which readily
form receptors with or without the coexpression of the human
ab subunit. We chose to use these subunits because the
successful inclusion of the &5 subunit produces an easily
detectable change in receptor pharmacology, increasing the
potency of ACh (Gerzanich et al., 1998). All batches of oocytes
used for these experiments were confirmed to have this pre-
dicted effect of o5 expression.

As shown in Fig. 6, ACh responses of oocytes expressing
human «3pB2 and human a3B2a5 showed similar sensitivity
to TMPH during the initial coapplication. (The IC;, values
based on net charge analysis were 460 = 170 and 430 + 180
nM, respectively.) However, as shown in Fig. 7, oocytes ex-
pressing ab along with a3 and B2 showed much faster recov-
ery than those expressing a3 and B2 alone. The responses of
oocytes expressing a3B2ab had a half-time of recovery of
approximately 15 min, whereas those expressing human
a3 B2 receptors showed no significant recovery over a period
of 40 min, similar to the oocytes expressing rat a332 recep-
tors (Fig. 3).

Inhibition of Receptors Containing B3 and a6 Sub-
units. It has been suggested that in vivo 83 subunits may
coassemble with a6 and possibly a4 and B2 to make receptors
that regulate dopamine release (Champtiaux et al., 2003).
However, the a6 subunit expresses poorly in oocytes when
used in pairwise combinations with beta subunits (Kuryatov
et al., 2000). One approach to get around this problem has
been to use a chimera of a6 and «3 that has improved ex-
pression properties. Because of the presence of the a6 extra-
cellular domain, receptors formed with this chimera are sen-
sitive to a6-selective competitive antagonists (Dowell et al.,
2003). We compared the effects of TMPH on oocytes express-
ing «3B2B3 and a chimera of a6 and a3 subunits, a6/3 (Dow-
ell et al., 2003) along with B2 and 3. This approach allowed
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us to systematically evaluate first the effects of the B3 sub-
units (by comparing oocytes injected with «33283 to those
expressing 332 alone) and second the effects of the a6 ex-
tracellular domain (by comparing «6/33283 with a38233).
The addition of the 83 subunit to the a3 and B2 subunits
had the effect of decreasing sensitivity to an initial applica-
tion of TMPH (Fig. 8A) such that the IC;, for inhibiting
a3B2B3 receptors was at least an order of magnitude higher
than for the inhibition of a382 without B3 (Figs. 2 and 8;
Table 1). The receptors containing the a6/3 chimera in com-
bination with B2 and B3 were not significantly different in
their sensitivity to TMPH from those made up of the 33233
wild-type subunits (Fig. 8B; Table 1). The recovery of (33-
containing receptors from TMPH was relatively complex.
There was approximately 50% recovery in the first 10 min,
but no further recovery after that. This was similar for both
a3B2B3 and «6/3B2B3 (Fig. 8C). One possible explanation for

A ylala)e]

Ve,

°© § ©y

100

0.50 4

Normalized Response

Selective Inhibition of NAChR 1983

this would be if the coexpression of these subunits resulted in
mixed populations of receptors, some containing 33 subunits
and showing rapid recovery, and others formed without 83
and showing the nearly irreversible block seen when a3 and
B2 are expressed as a pair. This is certainly a likely scenario
for the combination containing wild-type @3 and may also be
the case for the combination containing the chimera, because
in our experience there is an increase of approximately 2-fold
in currents when B3 is coexpressed with B2 and the «6/3
chimera compared with «6/3 and B2 alone (data not shown).

The data in Fig. 8 suggest that the B3 subunit imparts
some resistance to inhibition by TMPH and also that the
extracellular domain of a6 has relatively little effect. We
therefore tested oocytes expressing the complete wild-type a6
subunit. The a6 subunit was coexpressed with g4 and B3
because this is the only a6 combination we have found to
work with any consistency. For these experiments, as a con-

° 4

(VVVWVVVV

Fig. 5. Cumulative inhibition by re-
peated application of TMPH. A, re-
sponses of an oocyte expressing a4[2
receptors to alternating applications of
30 uM ACh alone (O) or 30 uM ACh plus
100 nM TMPH (arrows). The total inhi-
bition increased during the first 3 TMPH/
ACh coapplications. Note that the TMPH/
ACh coapplications differ in kinetics from
the ACh controls, showing a greater in-
hibition of net charge than of peak cur-
rent. B, normalized average responses
of oocytes expressing a4B2 receptors
(£S.E.M.; n =4) to alternating applica-
tions of ACh alone or ACh plus TMPH, as
in A. Both peak currents and net charge
values are plotted, normalized to the
ACh control response recorded before the
first ACh/TMPH coapplication (¢ = —5
min). Note that the traces in A are shown
on the same time scale as the x-axis in B.
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trol we compared the oocytes injected with 68483 to oocytes
injected with «3B4B3. As shown in Fig. 9, the oocytes ex-
pressing 68483 showed relatively weak inhibition by TMPH
during the coapplication of TMPH and ACh, with an ICj,
value for the inhibition of net charge nearly an order of
magnitude higher than for any other receptor subunit com-
bination tested (Table 1). This reduced sensitivity to TMPH
was most probably caused by both the a6 and the 83 subunits
because a3B4pB3-injected oocytes were much less sensitive
than those expressing a334 alone.

a3p2

The responses of oocytes expressing «63433 showed essen-
tially full recovery after only a single wash period (Fig. 9B).
However, as with the oocytes expressing a3, 2, and B3, it is
likely that the cells injected with a3, B4, and 83 had a mixed
population of receptors because the recovery data were best
fit with a two-site model (Fig. 9A).

Sequence in the Pore-Forming TM2 Domain Regu-
lates TMPH Inhibition. Although receptors containing
pairwise combinations with either B2 or p4 showed nearly
irreversible inhibition by TMPH, inclusion of any of the com-

Fig. 6. TMPH inhibition of responses ob-
tained from oocytes expressing human
neuronal nAChR subunits. Shown are
the averaged normalized data (=S.E.M.;

n = 4) from oocytes expressing human
a3p2 or a3B2ab subunits (top and bot-
tom, respectively) to the coapplication
ACh and a range of TMPH concentra-
tions. Three values are plotted in each of
the concentration-response curves: the
peak current amplitude of the coapplica-
tion response, normalized to the peak

amplitude of the previous ACh control
(#); the net charge of the coapplication
response, normalized to the net charge of
the previous ACh control (V¥); and the
peak current amplitude of the ACh con-
trol response obtained after the TMPH/
ACh coapplication, normalized to the
peak amplitude of the previous ACh con-
trol (@). The control ACh concentrations
used were 30 and 1 uM for a382 and
a3B2ab expressing oocytes, respectively.
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mon ancillary subunits (a5, a6, or B3) resulted in more
readily reversible inhibition. Sequence in the pore-forming
second transmembrane domain (TM2) is important for regu-
lating sensitivity to other noncompetitive inhibitors, includ-
ing mecamylamine and BTMPS, which is structurally related

to TMPH (Francis et al., 1998; Webster et al., 1999). As
;\ a3p2
o] O O O 0O 0O 0O 0O ©
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Fig. 7. Recovery of human a5-containing a3p2 receptors from TMPH-
produced inhibition is rapid compared with the recovery of receptors
formed with 332 subunits alone. A, representative traces obtained from
oocytes expressing human a3B2 or a3B2a5 subunits. After an initial
application of ACh alone (O), a single coapplication was made of ACh and
1 uM TMPH (arrow). Recovery was evaluated by making repeated control
ACh applications at 5-min intervals (open circles). B, normalized average
responses of oocytes expressing a3p2 or a3B2a5 receptors (£S.E.M.; n =
4) to repeated applications of ACh alone, after a single application of ACh
plus TMPH (as in A). Peak currents are plotted, normalized to the ACh
control response recorded before the ACh/TMPH coapplication. Note that
the traces in A are shown on the same time scale as the x-axis in B.
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shown in Fig. 10A, one point of sequence difference that
stands out between B2 and B4 compared with the other
neuronal nAChR is at the 10’ position (i.e., the 10th residue
within the second putative transmembrane domain; Miller,
1989). In particular, there is an alanine in B2 and B4 at this
site and either a serine or threonine in subunits associated
with reduced sensitivity to TMPH.

We coexpressed a3 and a previously published 84 mutant
(Webster et al., 1999) that contains a threonine substitution
at the 10’ site. Although these receptors were strongly inhib-
ited during a coapplication of 100 uM ACh and 30 uM TMPH,
there was significant recovery after a single 5-min washout
(Fig. 10B). The a3B410'T receptors recovered from TMPH
inhibition with an estimated time constants of 25 * 3 min,
whereas for a«384 wild-types the estimated time constant for
recovery was 450 = 50 min (Fig. 10C, wild-type data from
Fig. 3 shown for comparison).

Selective Inhibition by TMPH of Mixed Receptor Re-
sponses. Oocytes injected with a combination of 7 RNA and
a3 plus B4 RNA show responses that exhibit both fast and
slow components (Fig. 11A), hypothetically representing two
populations of receptors. When these receptors are expressed
separately, a7 receptors show only transient block by TMPH,
whereas a3B4 receptors show prolonged blockade. When
TMPH and ACh are coapplied to an oocyte injected with all
three subunits, the rapid component of the response, presum-
ably corresponding to the a7 receptors is resistant, as can be
seen after a 5-min washout. In contrast, most of the slow
component of the mixed response was eliminated by the
ACh/TMPH coapplication.

Note that with a simple coapplication protocol, a large
transient current is evoked that we would hypothesize to be
caused, at least in part, by activation of both a7 and non-a7
receptors before the use-dependent effects of TMPH. How-
ever, because a7 receptors activate on the leading edge of the
solution exchange (Papke and Thinschmidt, 1998; Papke and
Papke, 2002), when the TMPH concentration would still be
relatively low, they would be somewhat protected from full
TMPH inhibition during coapplication. Therefore, we also
tested an alternative protocol which preapplied TMPH alone
at 30 uM before the coapplication of 30 uM TMPH and 1 mM
ACh. With this protocol (Fig. 11B), the response was very
effectively inhibited during the ACh/TMPH coapplication.
There was significant recovery after a 5-min washout, and
the recovered response had the rapid kinetics of a pure o7
response, indicating prolonged inhibition of the a334 recep-
tors selectively.

Neurons in the rat septum vary in their nAChR expression
in ways that are correlated to their physiological and neuro-
transmitter phenotypes. Septal neurons that have fast firing
rates, likely to be GABAergic, often have both fast and slow
components to their ACh-evoked responses, with the fast
component blockable by methyllycaconitine (Thinschmidt et
al., 2004; Henderson et al., 2005). Figure 11C shows the
ACh-evoked response from a septal neuron recording in a
fresh brain slice. The coapplication of TMPH and ACh evoked
a relatively small response, suggesting that TMPH was an
effective inhibitor of the neuronal nAChR in this ex vivo
preparation. During the coapplication peaks were reduced to
17 + 3% of the original average response (n = 2) and the net
charge of the coapplication responses were likewise reduced
to 15 = 10%. After 3 min of washout after the TMPH appli-
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Fig. 8. TMPH inhibition of responses obtained from oo-
cytes expressing 3 and chimeric a6/a3 subunits. Shown
are the averaged normalized data (+S.E.M.; n = 4) from
oocytes expressing human a3B3233 or a6/38233 subunits (A
and B, respectively) to the coapplication ACh and a range
o of TMPH concentrations. Three values are plotted in each
of the concentration-response curves: the peak current am-
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cation, there was a differential recovery of peak and net
charge. Peaks amplitude had returned to 95% * 1% of the
control amplitude, whereas there was still a 43 *+ 9% inhibi-
tion of the net charge. As shown in the figure inset, most of
that net charge was associated with the a7-like component of
the current.

Discussion

Our experiments show that TMPH is a potent noncom-
petitive antagonist of neuronal nAChR. Its properties are
in many ways similar to its bis analog BTMPS (Papke et
al., 1994), except that TMPH can produce both use-depen-
dent and for some receptor subtypes (notably, the abun-
dant a4B2 subtype), inhibition, that does not require prior
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channel activation. Such use-independent inhibition, cou-
pled with slow reversibility suggests that relatively low
steady concentrations of TMPH could profoundly down-
regulate the function of sensitive nAChR subtypes of the
brain, beyond the levels that might be achieved by activity-
driven inhibition.

Although experimental agonists and antagonists are the
most basic tools of pharmacology, agents with known selec-
tivity for specific receptor subtypes are markedly better tools
for understanding the molecular substrates of brain function
and potential therapeutic targets. TMPH may be just such a
tool for helping us understand brain nicotine receptors. How-
ever, neither BTMPS nor the prototypical ganglionic blocker
mecamylamine has been tested on the same array of defined
subunit combinations as were used in the current study, so

Fig. 9. TMPH inhibition of responses obtained
from oocytes expressing 4, 33, and either a3 (A)
or a6 subunits (B). Shown are the averaged nor-
malized data (=S.E.M.; n = 4) to the coapplica-
tion 100 uM ACh and a range of TMPH concen-
trations. Three values are plotted in each of the
concentration-response curves: the peak current
amplitude of the coapplication response, normal-
ized to the peak amplitude of the previous ACh
control (4); the net charge of the coapplication
response, normalized to the net charge of the

1000

(16 4 3 . s previous ACh control (¥); and the peak current
B B B Peak current amplitude of the ACh control response obtained
—W¥—Net charge after the TMPH/ACh coapplication, normalized
12 -~ —@— Recovery to the peak amplitude of the previous ACh con-
B trol (@). Note that the recovery data for oocytes
- expressing a3, 4, and 3 could not be fit to a one
10 L site model. The curve fit show is for a two-site
: [ model with approximately 15% fit to an ICy,
(5] N value of 1 uM and 85% fit to an IC;, value of
g L 30 uM.
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the challenge remains to better understand the activity of
these inhibitors.

In recent years, the nomenclature for brain nAChR has
been changing in such a way as to reflect our acknowledged
uncertainty about the exact subunit composition of brain
nAChR. What were previously referred to as a432 receptors
are now often «4B2* or even just a4* receptors (Tapper et al.,
2004), where the asterisk indicates the uncertain presence or
absence of such ancillary subunits that we show determine
the reversibility of TMPH inhibition. The present studies
show the potential utility of TMPH as an experimental tool
that may allow us in some cases to remove the asterisk and
in other cases to confirm its appropriateness.

The data obtained with the g4 10’ mutant point to the
importance of the neuronal 82 and B4 subunit TM2 sequence
for defining the specificity of ganglionic blockers, and sug-
gests at least some mechanistic similarities between TMPH
inhibition and inhibition by mecamylamine (Webster et al.,
1999). The apparent requirement for an alanine at that level
of the pore suggests that a hydrophobic interaction may be
the basis for long-lived inhibition by TMPH. Although it is a
pharmacological convenience to have ganglionic blocking
drugs that selectively inhibit neuronal receptors based on the
B subunit sequence, presumably this crucial sequence ele-
ment plays some important, albeit unknown, functional role
in vivo. Moreover, just as this site makes a crucial distinction

Fig. 10. Amino acid sequence in the
pore-forming transmembrane do-
main regulates TMPH inhibition. A,
sequence of TM2 domains of the
nAChR subunits in this study. The
sequences are aligned and num-
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sentative responses of an oocyte co-
expressing «3 and a 4 mutant in
which a threonine was substituted
for the alanine at the 10’ position.
Shown are responses to 100 uM
ACh alone, 100 uM ACh coapplied
with 30 uM TMPH, and again 100
M ACh alone. Responses were re-
corded from the same oocyte at
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5-min intervals. During the coappli-
cation, peak currents were reduced
on average (n = 8) to 9.8 + 1.0% of
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Fig. 11. Long-term inhibition of the slow com-
ponents of mixed nicotinic receptor mediated
responses. A, responses of an oocyte injected
with RNA coding for o7 as well as @3 and B4.
The first response was evoked by the applica-
tion of 1 mM ACh (closed bar). The second
response was evoked by the application of 1
mM ACh plus 30 uM TMPH (open bar). The
subsequent responses shown were to addi-
tional applications of 1 mM ACh alone at 5-min
intervals. The expanded traces below show the
two kinetic components in the ACh-evoked re-
sponses before (*) and after (¥¥) the TMPH/
ACh coapplication. In the traces on the left, an
estimate of the slow component is shaded out,
to illustrate the relative sparing of the fast
«7-like component. B, responses of an oocyte
expressing both «3B4 and «7-type receptors.
Before the coapplication-evoked response 30
nM TMPH was preapplied for 30 s to ensure
that the full concentration of TMPH was
present during the early a7-mediated phase of
the mixed receptor response. Even though
transient inhibition was increased with this
protocol compared with the simple preapplica-
tion protocol shown in A, there was good recov-
ery of a fast component of the mixed response
after only a 5-min wash. C, responses from a
patch-clamped neuron in a rat brain slice of the
septum. A double-barreled picospritzer pres-
sure application system was used with one bar-
rel containing 1 mM ACh and the other con-
taining 1 mM ACh and 300 uM TMPH. Three
initial responses to ACh alone were obtained at
30-s intervals and the averaged response is
shown (¥). Two applications separated by 30 s
were then made from the barrel containing
both TMPH and ACh, and the average of those
responses is shown. After the ACh/TMP appli-
cations, ACh alone was repeatedly applied at
30-s intervals. Shown are the averages of two
traces obtained after either 60- and 90-s wash-
out or 150- and 180-s washout (**). As shown in
the overlay at the bottom, after washout the
peak current amplitudes of the average re-
sponse (gray) were essentially the same as the
average response before the TMPH (black) ap-
plication, but the late phase of the current is
largely absent. Initial responses of the neuron
to ACh (*) were well fit with two-exponential
decay rates, with two time constants of 218 and
12 ms representing 21 and 79% of the area,
respectively. After 2.5 to 3 min of recovery (¥*),
the current decay was best fit with two time
constants of 100 and 10 ms, representing 13
and 87% of the area, respectively.
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between ganglionic and muscle-type receptors, it seems
likely that it is of functional importance for those nAChR of
the brain that incorporate the serine-containing ancillary
subunits.

Based on its selectivity for long-lived inhibition of some
nAChR subunit combinations and relative sparing of others,
TMPH will be useful in sorting out the effects associated with
complex receptor subtypes with in vitro preparations such as
fresh brain slices (Fig. 11C). It may also show selectivity for
blocking effects of nicotine in vivo (M. I. Damaj and R. L.
Papke, manuscript submitted for publication). TMPH also
may be of interest from the perspective of therapeutics be-
cause nicotinic antagonists have been proposed to be possible
adjunct therapies for both Tourette’s syndrome (Sanberg et
al., 1998) and smoking cessation (Rose et al., 1994). The
prototypical antagonist mecamylamine was used for these
initial studies and the characterization of selective antago-
nists such as TMPH may lead the way to the development of
better therapies for these, and potentially other, neuropsy-
chiatric indications based on a more limited profile of side
effects. Although the sensitivity of 334 receptors to TMPH
might suggest a high liability for peripheral side effects, this
may not be the case because ob is likely to be present in
ganglionic receptors (Vernallis et al., 1993).

In conclusion, the results we report suggest that drug
therapies for the inhibition of central nervous system nico-
tinic receptors may be developed with greater selectivity
than previously appreciated. Although more selective antag-
onists such as methyllycaconitine are known, these generally
work poorly with systemic administration. In addition to the
potential therapeutic significance of TMPH, this drug may
also prove to be a valuable tool to combine with selective
agonists and knockout animals to further unravel the mys-
tery of how neuronal nicotinic receptors play a role in brain
function.
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