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Abstract

A number of new positive allosteric modulators (PAMSs) have been reported that enhance
responses of neuronal alpha7 and alphadbeta2 nicotinic acetylcholine receptor subtypes to
orthosteric ligands. PAMs represent promising new leads for the development of therapeutic
agents for disorders involving alterations in nicotinic neurotransmission including Autism,
Alzheimer's and Parkinson's disease. During our recent studies of alphadbeta2 PAMs, we
identified a novel effect of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES). The
effects of HEPES were evaluated in a phosphate buffered recording solution using two-electrode
voltage clamp techniques and alpha4beta2 and alpha7 nicotinic acetylcholine receptor subtypes
expressed in Xenopus laevis oocytes. Acetylcholine induced responses of high-sensitivity
alpha4beta?2 receptors were potentiated 190% by co-exposure to HEPES. Responses were
inhibited at higher concentrations (bell-shaped concentration/response curve). Coincidentally, at
concentrations of HEPES typically used in oocyte recording (5-10 mM), the potentiating effects
of HEPES are matched by its inhibitory effects, thus producing no net effect. Mutagenesis results
suggest HEPES potentiates the high-sensitivity stoichiometry of the alpha4beta2 receptors through
action at the beta2+/beta2- interface and is dependent on residue beta2D218. HEPES did not
potentiate low-sensitivity alphadbeta2 receptors and did not produce any observable effect on
acetylcholine induced responses on alpha7 nicotinic acetylcholine receptors.
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1. Introduction

Alterations in expression of nicotinic acetylcholine receptors have been implicated in the
etiology of several neurological disorders including Alzheimer's disease (Court et al., 2001),
Parkinson's disease (Aubert et al., 1992), Autism (Martin-Ruiz et al., 2004), Schizophrenia
(Adams and Stevens, 2007) and nicotine addiction (Picciotto et al., 2001). Selective
targeting of specific nicotinic acetylcholine receptor subtypes by drugs that act as positive
allosteric modulators (PAMSs) may provide treatment options for these disorders.

PAMs are ligands that affect (1) the peak current response (Type | profile) or (2) both the
peak current response and time course of an agonist-evoked response (Type Il profile)
(Bertrand and Gopalakrishnan, 2007). Both positive and negative allosteric modulators have
been identified that bind at distinct locations from the endogenous neurotransmitter. The
study of PAMS has become an active research area over the past several years and a number
of modulators have been discovered including several small molecules, metal ions and
anesthetics (Kim et al., 2007; Moroni et al., 2008; Nury et al., 2011; Pavlovicz et al., 2011).
PAMs are of particular interest since they lack the ability to activate the receptors in the
absence of an agonist and thus may preserve the spatial and temporal parameters of
cholinergic signaling. Elucidation of PAM binding sites will aid the development of more
potent, efficacious and selective ligands.

During our recent studies of a4p2 PAMs, we identified a novel potentiating effect of 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), suggesting that it might also be a
nicotinic acetylcholine receptor PAM. HEPES is a buffering agent developed by Normon
Good and colleagues with a pKa value around physiological pH and thought to be
physiologically inert (Good et al., 1966). Accumulating evidence suggests that HEPES is a
bioactive molecule in vitro. HEPES has been shown to stimulate the production of ATP,
decrease the uptake of P-glycoprotein, affect cell membranes and block chloride ion
channels and mammalian 5-hydroxytryptamine transporters (Li et al., 2002). The potential
for HEPES to interact with nicotinic acetylcholine receptors is suggested by its presence in
the acetylcholine binding site of the 2.7 A crystal structure of the acetylcholine Binding
Protein (Brejc et al., 2001).

This study investigates the effect of HEPES on a4p2 and a7 nicotinic acetylcholine
receptors including effects on acetylcholine concentration/response profiles, potentiation of
acetylcholine induced responses and the effect of HEPES on potentiation of a4f2 receptors
by the B2 selective PAM desformylflustrabromine (dFBr) previously described by our
laboratory (Kim et al., 2007). In the case of a4p2 receptors, we have also utilized receptor
preparations previously developed by Moroni et al. to investigate selectivity of these effects
on high sensitivity (HS) and low sensitivity (LS) receptors (Moroni and Bermudez, 2006).
LS a4p2 receptors possess a lower acetylcholine sensitivity, reduced responsiveness to up-
regulation by agonists, desensitize more rapidly and display a higher Ca2* permeability
compared to HS receptors (Nelson et al., 2003; Tapia et al., 2007). Studies have suggested
that both HS and LS a4p2 nicotinic acetylcholine receptors are expressed in the mammalian
brain and are located presynaptically and preterminally (Butt et al., 2002; Gotti et al., 2008;
Marks et al., 2000; Wonnacott, 1997).
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2. Materials and methods

2.1. Receptors and mRNA

The cDNA sequences for human a4 (NCBI Reference Sequence: NM_000744.5), 2 (NCBI
Reference Sequence: NM_000748.2) and a7 (NCBI Reference Sequence: NM_000746.3)
nicotinic acetylcholine receptor subunits were used to synthesize a full length cDNA for
each subunit. cDNA synthesis was conducted by GeneArt Inc. (Burlingame, CA). The p2
cDNA was inserted into the pcDNA3.1/ Zeo(+) mammalian expression vector with
restriction enzymes Not | and Xho | and the a4 cDNA was inserted into the pcDNA3.1/
hygromyocin mammalian expression vector with restriction enzymes Hind |11 and BamHI
(vectors procured from Invitrogen, Carlsbad, CA, restriction enzymes purchased from New
England Biolabs). The constructs were transformed into AG1 super-competent cells
(Stratagene) for production of cDNA The cDNA for the a7 nicotinic acetylcholine receptor
subunit was inserted with restriction enzymes Sal | and Xba into the pBudCE4.1 expression
vector (Invitrogen). Synthetic cCRNA transcripts for the a4, 2 and a7 subunits were
prepared using the T7 mMMESSAGE mMACHINE™ High Yield Capped RNA Transcription
Kit (Ambion, Austin, TX). All constructs were fully sequenced and confirmed to be
identical to the published sequences for each subunit.

The B2D218A mutation was created using the QuickChange® mutagenesis kit (Agilent
Technologies, Inc. Santa Clara, CA). The resulting DNA was used to transform AG1 super-
competent cells and individual colonies were screened to identify those producing mutant p2
cDNA. To facilitate screening of mutant receptors, a silent Sac 11 restriction site was
engineered into the mutant cDNA The mutation was confirmed by commercial DNA
sequencing (Sequetech, Mountain View, CA).

2.2. Test compounds

4-(2-hydroxyethyl)-1-piperazineethanesulfonic (HEPES) sodium salt, cell culture tested,
HEPES acid, = 99.5% (titration), acetylcholine chloride, = 99% (TLC), Tris
(hydroxymethyl)-aminomethane hydrochloride, 99-101%, ACS reagent; sodium phosphate
monobasic, minimum 99.0%, potassium phosphate dibasic, premium, and other salts and
buffering agents were obtained from Sigma-Aldrich, Inc. (MO). Desformylflustrabromine -
HCI (dFBr) was synthesized by Dr. Richard Glennon (Virginia Commonwealth University)
according to a previously published procedure (Kim et al., 2007).

2.3. Xenopus laevis oocytes and receptor expression

Xenopus laevis oocytes were prepared as previously described (Weltzin and Schulte, 2010).
Isolated oocytes were washed twice in CaZ*-free Barth's buffer (82.5 mM NaCl; 2.5 mM
KCI; 1 mM MgCly; 5 mM HEPES, pH 7.4) then gently shaken with 1.5 mg/ml collagenase
(Sigma type Il, Sigma—-Aldrich Inc., MO) for 20 min at 20-25 °C. Stage V and VI oocytes
were selected for microinjection.

For expression of high sensitivity (HS) and low sensitivity (LS) subtypes, oocytes were
injected with 50 nl cRNA Injected oocytes were incubated at 19 °C for 24-72 h prior to their
use in voltage clamp experiments. For expression of primarily HS receptors 50 nl of a
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mixture containing 50 ng/ul of a4 cRNA and 250 ng/ul of B2 cRNA was injected (1:5 ratio
of a4 to B2). Expression of LS receptors was achieved by injecting 50 nl of a mixture of 250
ng/pl a4 cRNA and 50 ng/ul p2 cRNA (5:1 ratio of a4 to p2). Expression of a7 nicotinic
acetylcholine receptors was achieved by injecting 50 nl of 250 ng/ul of a7 cRNA The ECgg
values obtained for acetylcholine-induced currents on the HS and LS subtypes obtained
from these injection ratios were verified by electrophysiology assays as described below and
found to compare well with published values for the HS and LS receptors (Moroni et al.,
2006; Zwart and Vijverberg, 1998). ECs values and response profiles indicated the
expression of predominantly the HS or LS receptor subtypes although it is likely that both
are present in each experiment (see the Results section).

2.4. Two-electrode voltage clamp

Two electrode voltage clamp was performed as indicated in previous studies from our
laboratory (Weltzin and Schulte, 2010). Recording and current electrodes with resistance 1—
4 MQ were filled with 3 M KCI. Oocytes were held in a vertical flow chamber of 200 pl
volume, clamped at a holding potential of -60 mV and perfused with various ND-96
recording buffers. Three different ND-96 recording buffers were used in these experiments:
HEPES-ND96 (96 mM NaCl, 2 mM KClI, 1.8 mM CaCl,, 1 mM MgCl,, 5 mM HEPES);
Tris ND-96 (96 mM NaCl, 2 mM KCI, 1.8 mM CaCl,,1 mM MgCly, 5 mM Tris—HCI);
phosphate ND-96 (96 mM NaCl, 2 mM KCI, 1.8 mM CaCl,, 1 mM MgCly, 2 mM
phosphate). The pH of the Tris and phosphate ND-96 buffers was adjusted slightly to 7.4
with the addition of 1 M NaOH (< 200 pl/l). The final pH for all three buffers was 7.4.
Experiments were performed at room temperatures of 25-26 °C. Osmolarity differences
between the three recording buffers were minimal based on calculated osmolarities (HEPES
buffer: 214.4 mOsm, phosphate buffer: 212.4 mOsm, Tris buffer: 219.4 mOsm). Since
osmolarity differences can affect ion channel function, all running buffers, wash solutions
and test solutions containing agonists or modulators (including HEPES) were made from
common stock solutions to minimize any effects due to slight osmolality differences. At the
start of an experiment or on exchanging oocytes, oocytes were equilibrated in the
appropriate buffer for at least 7 min prior to the initiation or continuation of an experiment.
To assure that observed effects were not a result of slight pH changes on addition of test
compounds, the pH of every buffer and test solution was verified using a calibrated pH
meter. Addition of HEPES to phosphate and Tris buffers did not alter the pH for HEPES
concentrations less than 10 mM, thus pH changes were not observed for the solutions
described in this study. Oocytes were perfused with the different recording buffers at a rate
of 20 ml/min. Test compounds were dissolved in buffer and injected into the chamber at 20
ml/min using a Gilson auto-sampler injection system (Joshi et al., 2004).

2.5. Electrophysiology concentration/response experiments

Concentration/response curves for the endogenous nicotinic acetylcholine receptor agonist
acetylcholine - Cl, (Sigma—Aldrich) were determined for HS and LS a4p2 preparations and
a7 receptors as indicated in the Results section. Concentration/response curves for HEPES
and Tris-HCI were determined by co-application of HEPES or Tris—HCI with either 10 uM
acetylcholine (ECvs) for HS receptors or 100 uM acetylcholine (ECs5) for LS receptors.
Similarly, the a7 nicotinic acetylcholine receptor concentration/responses curves for HEPES
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were determined by co-application with 1 mM acetylcholine for nicotinic acetylcholine
receptor at increasing HEPES concentrations. HEPES and Tris concentration/response
curves were performed with phosphate ND-96 as the recording buffer.

In order to compare responses from different oocytes, individual responses to drug
application were normalized to control responses elicited using 10 uM acetylcholine for HS
receptors or 100 uM acetylcholine for LS receptors (evaluated after every three responses to
test compounds). After application of a sample, the oocyte was bathed in buffer for 6 min to
allow for complete wash out of drug and to allow the receptors to return to an inactive (but
not desensitized) state. All experiments were repeated a minimum of four times using four
different oocytes from at least two different frogs.

2.6. Data analysis and statistics

Concentration/response curves were fit using non-linear curve fitting and GraphPad Prism
Software (San Diego, CA) with standard built-in algorithms as described previously
(Weltzin and Schulte, 2010). pECsq (—log ECsgg) and ECsg values for HEPES potentiation of
acetylcholine-induced responses (see Fig. 1C) and acetylcholine concentration/response data
(see Fig. 2 and Fig. 4A) were determined by fitting concentration/response data to a single
site model.

PAM concentration/response curves were fit using a non-linear curve fitting algorithm and
GraphPad Prism Software (San Diego, CA). PAMs often produce bell-shaped concentration/
response curves with both potentiating and inhibiting phases. HEPES and dFBr displayed
this typical concentration/response profile (see Figs. 1A, 5 and 6B-D). pECsgq (—log ECsp)
and plCsq (—log ICsq) values were determined in these cases by simultaneously fitting both
the potentiation and inhibition phases using a bell shaped concentration/response model
integral to the GraphPad Prism Sofware. Similar equations have been used previously to
examine bell-shaped PAM data (Harvey et al., 1999; Hsiao et al., 2001; Kim et al., 2007;
Weltzin and Schulte, 2010).

Simultaneous fitting of two Hill equations can prove difficult if the ECgg and 1Cgq values are
close together due to the inability to collect data near the value of Ia«. In these cases, some
constants must be approximated for the fit to converge and the appropriate ECg and 1Csg
values determined. In order to overcome these limitations, Hill slopes for potentiation and
inhibition were typically fixed at +1 and -1, respectively unless otherwise indicated.

The GraphPad bell shaped curve fitting model describes the sum of two Hill equations and is
considered an appropriate model for two interacting binding sites (Kim et al., 2007; Pandya
and Yakel, 2011; Weltzin and Schulte, 2010). This is in contrast to use of the product of Hill
Equations described by Kasai et al. which is more appropriate for two independent binding
sites (Kasai, 1998). We compared curve fits using the summation model to the multiplicative
model. Comparison of the two models showed that the fits were significantly different
(p=0.0192; F=5.679). The summation model fits the data better and hence we used this
model, consistent with our hypothesis of dependent sites, to calculate the data provided in
the results section (see Results section for statistical analysis of these curve fits).

Eur J Pharmacol. Author manuscript; available in PMC 2015 June 05.
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Statistical comparisons of pECgg or plCsq values used an unpaired t-test with p values
calculated based on the null hypothesis. One way ANOVA was used to compare | max vValues
in different ND-96 recording buffers for both high and low-sensitivity receptors.

3. Results

3.1. Similar acetylcholine concentration/response curves are produced using either
HEPES or phosphate ND-96 recording buffers

To examine the effect of HEPES on acetylcholine induced responses of a4f2 nicotinic
acetylcholine receptors, we performed concentration/response experiments using both
HEPES and Phosphate based ND-96 recording buffers. HS and LS receptors were expressed
in oocytes using either a 1:5 or 5:1 a4:B2 mRNA injection ratio as described in the methods.
Previous studies have shown that a predominance of the HS and LS a4p2 stoichiometries
can be expressed in Xenopus laevis oocytes using these injection ratios (Moroni and
Bermudez, 2006; Moroni et al., 2006; Tapia et al., 2007; Zwart and Vijverberg, 1998).
However, since some heterogeneity of the receptor populations is likely we will refer to
these as HS and LS preparations to indicate the predominance of one stoichiometry over the
other.

Acetylcholine concentration/response curves were compared for HS and LS a4p2 receptors
in both 5 mM HEPES and 2 mM phosphate containing buffers (Fig. 1). Responses to
acetylcholine on the HS oocyte preparation appeared similar in both phosphate and HEPES
buffers. Different amplitudes can be observed in the responses shown in Fig. 1(A and C) but
these can be attributed to different expression levels in the different oocytes tested. For LS
preparations, slight variations in response characteristics were observed mostly with respect
to the sharpness of the peak response at higher acetylcholine concentrations (Fig. 1, B and
D).

Acetylcholine concentration/response curves determined from peak currents showed no
effect of buffer composition on acetylcholine pECsq (p=0.2365) and Hill slope (p=0.7478)
for HS receptors (Fig. 1A and C, and Table 1). A slight, but significant change in pECgq for
acetylcholine stimulation was observed for LS receptors (p=0.0277) although there was no
significant change in Hill slopes (p=0.9162) (Fig. 1B and D, and Table 1).

In HEPES exposure experiments discussed below, we examined the effects of a mutation on
the p+ face (forming the non-acetylcholine binding subunit interfaces) using an alanine
mutation of f2D218. As an important control, we evaluated the effects of this mutation on
acetylcholine concentration/response curves and response profiles. The mutant mRNA was
injected into oocytes with a 1:5 or 5:1 ratio of a4: f2D218A mRNA (Fig. 1 A and B). This
mutation had no effect on acetylcholine pECsg values for HS receptors in either phosphate
or HEPES buffers (Fig. 1A and C, and Table 1). Similar potencies and response
characteristics for the 1:5 and the 5:1 injection ratios using the p2D218A mRNA compared
to wildtype receptors produced under the same conditions indicates that mutant receptors are
likely assembling similar HS and LS receptor subtypes.

Eur J Pharmacol. Author manuscript; available in PMC 2015 June 05.
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As seen in Fig. 1, the phosphate buffered ND-96 had minimal or no effect on acetylcholine
ECgq values for either receptor preparation. To further evaluate possible effects of the
phosphate buffer, |2 Values obtained at saturating concentrations of acetylcholine in
different concentrations of phosphate buffer were determined. Varying concentrations of
phosphate buffer ranging from 0.5 mM to 2 mM were used to prepare phosphate ND-96
recording solutions. The pH for each recording buffer was 7.4. The | 5% currents induced by
acetylcholine for each stoichiometry (300 uM and 1 mM for HS and LS receptors,
respectively) were measured for each phosphate buffer. Each phosphate concentration
course was run on the same oocyte. Alterations in the acetylcholine-induced current in
different buffers containing different concentrations of phosphate would indicate
interactions of phosphate with the receptors and/or ligands. We saw no change in the
acetylcholine-induced Iax current for any concentration of phosphate buffer for the HS
(ANOVA p=0.6751) and LS (ANOVA p=0.8921) a4p2 receptors (results not shown). No
induced responses were seen with application of different phosphate solutions when applied
alone (without agonist). These data show no apparent effect of the phosphate buffer on a4p2
receptors, making it a good choice for evaluation of a4p2 receptor function.

3.2. HEPES is an allosteric modulator of the high-sensitivity a4f2 nicotinic acetylcholine

receptor

To explore the effects of HEPES on HS and LS preparations of a4p2 receptors, increasing
concentrations of HEPES (0.01 uM-300 mM) were co-applied with acetylcholine at a
concentration equal to the acetylcholine EC5 (10 uM for HS receptors or 100 pM for LS
receptors) in a 2 mM phosphate buffered ND-96 recording solution (pH 7.4) on HS and LS
preparations (Fig. 2). Test solutions were monitored for any changes in pH. No changes in
pH were observed at HEPES concentrations < 10.0 mM.

Concentration/response curves show increased peak responses to 10 uM acetylcholine at
increasing HEPES concentrations for the HS preparation with no increased peak response in
the LS preparation (Fig. 2A and B). A bell shaped concentration/response curve was
observed for HS receptor preparations with a maximum potentiation of 190% (the calculated
Imax Was 2.7 = 3.1). The pECsq value for HEPES potentiation of HS receptors was 5.2 £ 0.9
(ECs0=7.1 pM). HEPES concentrations >300 pM produced inhibition of the acetylcholine-
induced responses. This inhibition appears to plateau at 1.0 (the normalized, unpotentiated
response amplitude using 10 uM acetylcholine). The plCsg value for inhibition was 3.4 + 0.4
(IC50=430 uM) (Fig. 2A). On LS preparations, HEPES produced only a slight inhibition of
the response with no observable potentiation (Fig. 2B). Coincidentally, minimal net effects
of HEPES on HS receptors are seen at concentrations between 5 mM and 10 mM (typical
concentration in HEPES recording buffers). This may be one reason why the functional
effects of HEPES potentiation have gone unobserved. Comparison of data from oocytes
expressing predominantly LS and HS receptors suggest that HEPES selectively potentiates
the HS population compared to the LS stoichiometry. The application of HEPES alone to
a4p2 nicotinic acetylcholine receptor expressing oocytes produced no induced current (data
not shown).

Eur J Pharmacol. Author manuscript; available in PMC 2015 June 05.
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With co-application of HEPES concentrations <300 UM (potentiating concentrations) and 10
UM acetylcholine on HS receptors, the response profile showed a slight sharpening of the
response peak and larger overall responses compared to those obtained in the absence of
HEPES (Fig. 2A, C responses b—d). Co-application of HEPES at concentrations from 300
UM to 5 mM with 10 uM acetylcholine further sharpened the response peak but also
decreased the overall amplitude of the response compared to peak potentiated responses
(Fig. 2A, C response e). On LS receptors, increasing concentrations of HEPES co-applied
with 100 uM acetylcholine produced only a very slight inhibition of responses at HEPES
concentrations < 10 mM (Fig. 2B, response traces not shown). No significant potentiation
was evident when HEPES was co-applied with acetylcholine on LS receptors.

We also evaluated the effects of HEPES on a 42 receptors containing a p2D218A
mutation. Mutation of this residue has been previously shown to alter potentiation of a4p2
receptors by Zn* and possibly comprise one region of a novel binding domain for some
a4p2 PAMs (Moroni et al., 2008). This amino acid is located at a position homologous to
the vicinal cysteines in the identical C-loop region on the a4 subunit that forms the
orthosteric acetylcholine binding site. HS or LS receptor preparations were prepared using
wildtype a4 and 2D218A mutant subunits as described above for wildtype receptors.
Receptors containing the p2D218A mutation were not potentiated by HEPES (Fig. 2A and
B). As indicated in section 3.1 (Fig. 1A) the ECsq values for acetylcholine activation of HS
and LS receptors was unaffected by the 2D218A mutation. Thus the 2D218A containing
receptors appeared to represent HS receptors that are insensitive to HEPES potentiation. LS
receptors containing the p2D218A mutation remained insensitive to HEPES.

While acetylcholine pECsgq and Hill slopes remained similar for wildtype and mutant HS
and LS receptors, response profiles were slightly different. For the HS preparation,
B2D218A responses obtained by application of acetylcholine alone showed similar response
kinetics compared to wild-type receptors but the induced current in mutated receptors was
much smaller than wild-type receptors (Fig. 2D). This observation may suggest that some
alteration in receptor function, conductance and/or expression may be occurring with
[B2D218A receptors (Fig. 2D, bottom. right and left set of responses, trace a). For oocytes
injected with a 5:1 ratio of a4:p2D218A, response amplitudes to acetylcholine alone
appeared to decrease with a loss of the sharp response peak and altered desensitization (Fig.
2D, trace a). The differences in response profiles on both the HS and LS B2D218A receptors
compared to wild-type receptors suggest that the $2D218 residue may play a role in receptor
function. The complete eradication of HEPES potentiation by this mutation suggests that the
[2D218 may be located in the HEPES binding site or play a key role in the mechanism of
HEPES potentiation.

Positive modulation by HEPES was further investigated by exposure of oocytes expressing
predominantly HS receptors to potentiating concentrations of HEPES (2.5, 7.5, 22.5 and 100
UM) over a range of acetylcholine concentrations (0.1 pM-1 mM) (Fig. 3A and B). Larger
responses and sharper peaks were observed in the presence of HEPES compared to those
obtained by exposure to acetylcholine alone (Fig. 3A). In the absence of HEPES, the pECsg
for acetylcholine stimulation was 5.4 + 0.1 (EC5p=3.7 uM). In the presence of HEPES, the
PECsq values were not significantly changed with co-application of 2.5 uM, 7.5 uM, or 100
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UM HEPES (Fig. 3B). A small but statistically significant increase in the pECsq value (5.8 +
0.04; EC5p=1.7 uM) was seen with application of 22.5 uM of HEPES (p=0.0433).
Application of 100 uM HEPES produced a 194% potentiation of the acetylcholine-induced
Imax currents. The Hill slope for acetylcholine stimulation was identical for all
concentrations of HEPES tested (2.5 uM, 7.5 pM, 22.5 uM or 100 pM). HEPES potentiation
observed in the HS preparation was not surmountable by high concentrations of
acetylcholine.

3.3. The a7 nicotinic acetylcholine receptor is unaffected by HEPES

The a7 nicotinic acetylcholine receptor is one of the most common nicotinic acetylcholine
receptors found in the central nervous system. The expression of a7 nicotinic acetylcholine
receptors is altered in many neurological disorders including Alzheimer's disease and
Schizophrenia (Levin and Rezvani, 2007). The effects we observed on a4p2 receptors led us
to investigate possible interactions of HEPES with the a7 nicotinic acetylcholine receptor
subtype. Acetylcholine concentration/ response curves were determined from peak currents
obtained from oocytes expressing a7 receptors in either HEPES or phosphate ND-96
recording buffers (Fig. 4A). For acetylcholine stimulation, pECsg values were identical in
both HEPES and phosphate buffers (HEPES: pEC5¢=3.8 + 0.1; EC5y=146 uM; Phosphate
buffer: pECgp=3.8 £ 0.1; EC50=177 uM) (p=0.5893). The Hill slopes were 1.1 + 0.2 and
0.79 + 0.13 for HEPES and phosphate recording buffers, respectively (p=0.2061).

To investigate the effects of HEPES on the a7 nicotinic acetylcholine receptor, we co-
applied varying concentrations of HEPES (0.01 uM-10 mM) with 1 mM acetylcholine
(acetylcholine ECs5) to oocytes expressing a7 receptors (Fig. 4B). At concentrations < 10
mM, HEPES produced little observable effect on responses of a7 receptors to acetylcholine.

3.4. Desformylflustrabromine modulation of high- and low-sensitivity a4p2 receptors in
HEPES ND-96 recording buffer

In light of our data demonstrating potentiation of a4f2 nicotinic acetylcholine receptors by
HEPES, we hypothesized that HEPES may have altered the results of previous studies using
other modulators. We investigated the possible differences in the effects observed for the
previously tested a4p2 PAM desformylflustrabromine using both HEPES and phosphate
ND-96 recording buffers. Desformylflustrabromine (dFBr) is a novel PAM that potentiates
acetylcholine-induced currents of a4p2 nicotinic acetylcholine receptor by 265% at
concentrations <10 uM and inhibits at concentrations >10 uM (Kim et al., 2007; Sala et al.,
2005; Weltzin and Schulte, 2010). Previous experiments were conducted using a 5 mM
HEPES ND-96 recording buffer. Given the current findings it is possible that the dFBr data
may have been altered by the presence of HEPES.

We duplicated our previous studies using HS and LS a.4p2 nicotinic acetylcholine receptors
and compared the results obtained using both a HEPES and phosphate buffered ND-96
recording solution (Fig. 5). A range of dFBr concentrations (0.001-100 uM) were co-applied
with either 10 uM or 100 pM acetylcholine on HS and LS a4p2 nicotinic acetylcholine
receptor preparations. Both receptor types were potentiated by dFBr.
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In HEPES ND-96 recording buffer, the pECgq values for dFBr on the two receptor types
were not significantly different (p=0.4040) (Fig. 5A and Table 2). dFBr produced greater
potentiation using the HS preparation compared to the LS preparation in HEPES ND-96
recording buffer. The LS preparation was potentiated 260% while the HS receptors were
potentiated by 370%. These findings suggest that either; (1) dFBr has a higher efficacy on
the HS receptor; (2) The potentiating effects of HEPES and dFBr produce an additive effect
on the HS stoichiometry; or (3) competition between HEPES and dFBr is causing a
reduction in the apparent efficacy on the LS stoichiometry.

To evaluate possible differences of dFBr-receptor interactions without the confounding
actions of HEPES, dFBr concentration/ response curves were performed in a phosphate
buffered ND-96 recording solution (Fig. 5B). Varying concentrations of dFBr (0.001- 100
UM) were co-applied with either 10 uM or 100 uM acetylcholine on oocytes expressing HS
or LS receptor preparations. The amount of potentiation of acetylcholine-induced responses
produced by dFBr in Phosphate ND-96 was similar for HS (360%) and LS (370%) receptors
(Fig. 5B and Table 2). The pECs values for dFBr potentiation were not significantly
different between HS and LS receptors tested in phosphate buffered ND-96 (p=0.6362). The
pECsq values for dFBr potentiation of HS (p=0.7459) and LS (p=0.8377) nicotinic
acetylcholine receptors were also not significantly different from those determined in
HEPES ND-96 recording buffer although the degree of potentiation of HS receptors by dFBr
was decreased in HEPES relative to phosphate buffer (Fig. 5 and Table 2).

No significant difference in plCsqg values were observed for inhibition of acetylcholine-
induced currents by application of high (> 10 uM) dFBr concentrations using either HEPES
or phosphate buffer on HS or LS receptors (HS, p=0.7683); LS, p=0.4040) (Fig. 5A and B,
and Table 2). In addition no change was observed in dFBr plCsgq values for HS or LS
receptors in HEPES buffer (p=0.8485). An increase in the plCsg value on the LS receptors
was seen compared to the HS receptor in phosphate buffered ND-96 (p=0.0435) (Fig. 5B
and Table 2).

3.5. Effects of Tris buffer on potentiation of HS and LS a4p2 receptors by the PAM dFBr

As a result of our discovery that HEPES modulates a4p2 nicotinic acetylcholine receptor
function, we also considered whether or not the commonly used Tris buffer had any effect
on a4p2 receptors. Like HEPES, Tris is a polar molecule that is a member of the family of
Good's buffers and is used as a common physiological buffering agent, We examined the
effect of Tris on acetylcholine-induced responses on HS and LS subtypes of the a4p2
nicotinic acetylcholine receptor. Increasing concentrations ofTris (0.01 uM-10mM) were
co-applied with either 10 pM or 100 uM acetylcholine to HS and LS oocytes preparations
using a phosphate ND-96 recording buffer. Tris inhibited HS receptors by 50% at a Tris
concentration of 10mM (plCs5¢=2.0 £ 0.1; IC5p=10mM) (Fig. 6A). LS a4p2 nicotinic
acetylcholine receptor preparations were only slightly inhibited at Tris concentrations < 10
mM (Fig. 5B).

We also examined the effects of Tris buffer on responses of HS and LS receptors potentiated
by the PAM desformylflustrabromine (dFBr) (Kim et al., 2007; Sala et al., 2005). dFBr was
co-applied with acetylcholine and Tris in phosphate buffered ND-96 recording solution. As
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was observed in the absence of dFBr, the potentiated acetylcholine induced response was
inhibited by about 50% at 10 mM Tris on the HS preparation. The potentiated response on
the LS receptor preparation was only slightly inhibited at Tris concentrations < 10 mM (also
similar to non dFBr potentiated responses). dFBr produced potentiation of ~360% when co-
applied with 10 uM acetylcholine and Tris (Tris concentrations < 300 uM; non inhibiting)
on HS receptors and 280% on LS preparations when compared to Tris and acetylcholine
alone. Application of Tris in phosphate buffer in the absence of acetylcholine did not induce
currents.

4. Discussion

4.1. HEPES modulation of the a4p2 nicotinic acetylcholine receptor

We investigated the effects of HEPES on HS and LS a4p2 and a7 nicotinic acetylcholine
receptors. Our results demonstrate HEPES ability to potentiate (at HEPES concentrations <
100 pM) acetylcholine-induced currents on a4p2 nicotinic acetylcholine receptors expressed
using the HS preparation. At concentrations < 10 mM, HEPES produced little to no effect on
preparations of LS a4f2 or a7 nicotinic acetylcholine receptors.

It's possible that HEPES is a nicotinic antagonist that potentiates currents induced by low-
acetylcholine concentrations, as seen with other cholinergic ligands (Smulders et al., 2005).
Fig. 3 clearly demonstrates that potentiation by HEPES is present at all acetylcholine
concentrations (0.1-1000 pM). In addition, HEPES effects are not surmountable by high
concentrations of acetylcholine as was reported by Smulders et al., (2005) for potentiation
by competitive antagonists. Our data suggest that acetylcholine and HEPES are acting at
independent binding sites and that potentiation is via alteration in acetylcholine efficacy.

The HS receptor is thought to contain an (a4)2(p2)3 stoichiometry containing a unique
B2+/B2- subunit interface. The LS receptor is thought to have a (a4)3(p2)2 stoichiometry
and does not contain a B2 + /p2- interface although both HS and LS receptors contain a p2
+ /a4- interface. Mutagenesis data show that mutation of the 32D218 residue in the p2 + C-
loop region abolishes HEPES potentiation. Both the selectivity of HEPES for the HS
preparation and the effect of the 2D218A mutation support a putative HEPES potentiation
site located at the B2 + /p2—interface of the HS a 42 receptor site.

Inhibition of the HEPES potentiated response occurs at concentrations greater than 100 pM
HEPES. This inhibition appears to plateau at a normalized response of 1, suggesting HEPES
can only inhibit the potentiated response at these concentrations (100 uM-10 mM). These
data do not support channel block as the mechanism of inhibition as has been observed for
dFBr and other nicotinic acetylcholine receptor ligands but may be due to another
mechanism since channel block by HEPES should inhibit the non-potentiated response as
well. (Weltzin and Schulte, 2010). In addition, hump currents, also known as rebound or tail
currents, are inward currents which occur during the desensitized phase of the response on
washout of the ligand and have been previously linked to open-channel block (Liu et al.,
2008). At the HEPES concentrations tested, no tail currents were observed, suggesting that
open-channel block may not be an inhibition mechanism (Fig. 1A and B).
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4.2. HEPES effects on a7 nicotinic acetylcholine receptors

We investigated the effects of HEPES on a7 nicotinic acetylcholine receptors to determine
if similar modulatory effects of HEPES were present. The a7 acetylcholine pECgg and ny
values found using the HEPES and phosphate buffer systems were not different from one
another. In addition a7 receptors were not affected by application of HEPES. The lack of
observable effects of buffer composition on a7 nicotinic acetylcholine receptors indicates
that both HEPES and phosphate buffer systems are likely appropriate for investigating a7
nicotinic acetylcholine receptor function.

4.3. HEPES as a lead compound for the development of novel, selective nicotinic receptor

ligands

Several ligands have been shown to have different affinities and efficacies for the a4p2
subtypes including cytisine, acetylcholine, nicotine and epibatidine (Moroni et al., 2006). To
our knowledge, the Senantiomer of mecamylamine (Targacept® TC-5213) is the only ligand
to that selectively potentiates the HS a.4p2 receptor while inhibiting the LS receptor (Taly et
al., 2009). HEPES also appears to be a HS selective PAM relative to the LS a4p2 and a7
nicotinic acetylcholine receptors. While HEPES itself is unlikely to prove a useful PAM for
CNS receptors, improved understanding of its mechanism and structure activity
relationships could be used to develop compounds beneficial to elucidating the role of
specific stoichiometries of a4p2 receptors in the CNS. Such ligands could also prove useful
in the diagnosis and treatment of CNS disorders.

4.4. Mounting evidence that Good's Buffers interact with physiological systems

Over the years, Good's buffers have been shown to alter physiological systems. HEPES has
been shown to stimulate the production of ATP and decrease the uptake of P-glycoprotein in
Caco-2 and MDCK-MDR1 cells (Luo et al., 2010). The hyperpolarization-activated
transient currents of human and rat 5-hydro-xytryptamine transporters (SERT) expressed in
Xenopus oocytes were blocked by HEPES with alterations in SERT kinetics (Li et al., 2002).
The SERT currents decreased 10-50% by HEPES at concentrations greater than 1 mM.
Additionally, HEPES has been shown to affect cell membrane (Poole et al., 1982) and block
chloride ion channels (Yamamoto and Suzuki, 1987).

Tris buffer and similar compounds have also been shown to alter physiological responses.
Studies suggest that Tris inhibits the function of enzymes such as aminopeptidase and alpha-
amylase (Desmarais et al., 2002; Ghalanbor et al., 2008). In addition, Tris, TES and related
buffer compounds have been shown to react with nerve agents to form new products (Gab et
al., 2010).

To add to this growing list of the physiological and biochemical effects of Good's buffer's,
the current study demonstrates alteration of nicotinic acetylcholine receptor function by
HEPES and Tris. HEPES potentiates and inhibits acetylcholine-induced responses on a4p2
nicotinic acetylcholine receptors in a stoichiometric dependent manner.
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4.5. HEPES competition with dFBr

Positive allosteric modulators (PAMs) have recently become alluring targets in the search
for potential therapeutic agents. PAMs generally function to increase the sensitive and/or
efficacy of endogenous ligands such as acetylcholine. Since many electrophysiological
studies use a HEPES recording buffer, the discovery that HEPES is an allosteric modulator
of the a4P2 nicotinic acetylcholine receptor presents a concern regarding data interpretation.
HEPES potentiation or inhibition may alter the responses of the compound in question.
These concerns are especially pertinent with the study and development of other modulators.

We investigated the effects of buffer composition on the sensitive and/or efficacy of the
PAM dFBr. The affinities and efficacies of dFBr were altered by Tris and HEPES buffers. A
previous study comparing Tris and HEPES buffers showed that the gamma aminobutyric
acid type A receptor (GABA receptor) PAM, thymol, displayed biphasic behavior in a
HEPES buffer while only inhibition was seen when using a Tris buffer (Garcia et al., 2008).
Similarly in our laboratory, dFBr appears to be more efficacious for the HS versus LS a4p2
receptors when using a HEPES buffer. But in the absence of HEPES no difference is
evident. The apparent selectivity of HEPES for the HS subtype suggests that it may interact
at the p+ /B— cleft unique to that subtype of the receptor. This is further supported by the
ability of the 2D218A mutation to obliterate HEPES potentiation. The lower efficacy of
dFBr in the HS subtype may be the result of competition between HEPES and dFBr. The
interaction of HEPES with HS receptors clearly alters the apparent efficacy and potency of
dFBr on a4p2 receptor subtypes. The effects of using HEPES buffer is likely not unique to
the PAM dFBr and similar effects are likely to be observed with other a4p2 PAMS as well.
Such effects might be particularly pronounced in mutagenesis studies since removal of
HEPES potentiation by mutations such as 2 D218A could produce effects that might
indicate interaction of a PAM under investigation when the effect is actually due to changes
in HEPES interactions. For example, removal of HEPES binding by mutation of a residue
such as p2D218 could produce enhancement of potentiation of a PAM interacting at another
binding site by removing inhibition by HEPES. Such a result might lead to the erroneous
conclusion that the PAM interacts with p2 D218.

5. Conclusions

Our data have shown that HEPES is capable of potentiating HS a4p2 receptors at
micromolar concentrations. This molecule could serve as a potentially valuable lead for a
new class of stoichiometric selective ligands of a4p2 receptors. Continued work in this
direction will likely elucidate features of both ligand and receptor responsible for this
selectivity. In addition we have shown that HEPES buffer can interfere in physiological
systems involving nicotinic acetylcholine receptors, a finding that would preclude its use in
many studies. This is particularly true with respect to a4p2 receptor PAMs. Our data
indicate that Tris would be unsuitable as a replacement buffer in these studies. At this point,
Phosphate buffers appear to be useful but may be limited in some cases, particularly in those
involving divalent metals such as Zn2* which have low solubility in Phosphate containing
buffers. Since many Good's buffers share common structural features with HEPES and they
may also exert effects on nicotinic acetylcholine receptors. A though characterization of
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these buffers is currently being performed in our laboratory to identify suitable
replacements.
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Fig. 1.
Acetylcholine concentration/response curves obtained in HE?DES and phosphate ND-96 recording buffer. Xenopus oocytes
expressing high-sensitivity a4f2 nicotinic acetylcholine receptors (HS) (mMRNA injected at a ratio of 1a.:58) or low-sensitivity
receptors (LS) (MRNA injected at a ratio of 5a.:1p) were exposed to increasing concentrations of acetylcholine (ACh) in HEPES
(A) and (B) or phosphate (C) and (D) recording buffer. Individual peak amplitudes were normalized to the I, On the same
oocyte. Response traces were recorded from a single oocyte in either the HS or LS preparation. The solid bar above the response
trace indicates the time the oocyte was exposed to acetylcholine. In Fig. 1A, individual response traces were offset for clarity
although all five traces had identical baseline currents. pECsq and nyy values (see Table 1) were determined using non-linear
curve fitting as described in the methods. Data points represent at least four replicate values obtained from four different oocytes
harvested from at least two different frogs. Error bars indicate £ S.E.M.
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HEPES concentration/response curves obtained using high sensitivity (HS) and low sensitivity (LS) receptor preparations.
HEPES and the appropriate concentration of acetylcholine (ACh) were co-applied to Xenopus oocytes expressing HS (MRNA
injected at a ratio of 1a.:5B) or LS receptors (MRNA injected at a ratio of 5a.:1p). Responses were obtained from Xenopus
oocytes under voltage clamp conditions (V= —60 mV). The peak currents were measured and responses normalized to currents
elicited by acetylcholine applied alone to the same oocyte. Data points represent at least four replicate values obtained from four
different oocytes harvested from at least two different frogs. Error bars indicate £ S.E.M. Response traces shown in (C) and (D)
were each recorded from a single oocyte using a HS or HS p2D218A preparation. The solid bar above the response trace
indicates the time the oocyte was exposed to HEPES and acetylcholine (10 s). (A) Concentration/response curves obtained on
co-application of HEPES and 10 uM acetylcholine on HS and HS B2D218A receptors. (B) Concentration/response curves
obtained on co-application of HEPES and 100 pM acetylcholine on LS and LSB2D218A receptors. (C) Responses obtained on
co-application of 3 uM, 30 pM, 100 uM and 5 mM HEPES with 10 uM acetylcholine on an oocyte using the wildtype HS
receptor preparation. (D) Responses obtained on co-application of 0.3 uM, 300 uM and 5 mM HEPES with 10 pM acetylcholine
on an oocyte using the HS B2D218A receptor preparation. Response traces in (D) were offset for clarity although baseline
responses for all four traces were identical.

Eur J Pharmacol. Author manuscript; available in PMC 2015 June 05.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Weltzin et al. Page 19

b 2.0

1.5

10 uM ACh
0.1 uM ACh + 100 pM HEPES
1.0 uM ACh + 100 yM HEPES
30 pM ACh + 100 uM HEPES 0.5
100 uM ACh + 100 uM HEPES

300 yM ACh + 100 uM HEPES 0.0
1.0 mM ACh + 100 uM HEPES "8 a2 6 S5 4 3 2

Log [ACh] (M)

@ ACh+ 0 uMHEPES ¥ ACh + 22.5 pM HEPES
O ACh+ 2.5 UM HEPES 4 ACh + 100 uM HEPES
A ACh + 7.5 uM HEPES

1.0

Raopsnse [l

@moa0oow

Fig. 3.
Effect of HEPES on acetylcholine concentration/response curves. Acetylcholine concentration/response kinetics were

determined in Phosphate ND-96 buffer containing five different concentrations of HEPES. (A) Response traces obtained from a
single oocytes expressing the HS a4p2 preparation in phosphate ND-96 buffer at increasing acetylcholine (ACh) concentrations
(0.1 pM—1 mM) either in the absence of HEPES (trace a) or co-applied with 100 uM HEPES (traces b—g). (B) Acetylcholine
concentration/response curves obtained using the HS receptor preparation in the presence of 0 pM, 2.5 uM, 7.5 uM, 22.5 uM or
100 uM HEPES (potentiating concentrations). Individual response amplitudes were normalized to the peak response obtained on
exposure to 10 uM acetylcholine alone. Each point represents the composite data obtained from four different experiments on
four different oocytes from at least 2 different frogs. Individual pEC50 values are given in the text.
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Fig. 4.

Acetylcholine concentration/response curves for a7 nicotinic acetylcholine receptors obtained using either HEPES or phosphate
ND-96 recording buffers. (A) Concentration/response curve for acetylcholine (ACh) stimulation of a7 receptors in phosphate or
HEPES ND-96 buffers. (B) Effect of HEPES on responses of a7 nicotinic acetylcholine receptors to 1 mM acetylcholine.
Increasing concentrations of HEPES were co-applied with 1 mM acetylcholine. Individual peak amplitudes in both (A) and (B)
were normalized to the I, 0N the same oocyte. pECsg and ny values were determined using non-linear curve fitting as
described in the methods. Data points represent at least four replicate values obtained from four different oocytes harvested from

at least two different frogs. Error bars indicate £ S.E.M.
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Fig. 5.

Effect of HEPES on potentiation of high sensitivity (HS) and low sensitivity (LS) a4p2 nicotinic acetylcholine receptors by the
PAM dFBr. (A) Concentration/response curves obtained from co-application of dFBr and acetylcholine (concentration equal to
the acetylcholine EC75) on HS and LS a4f2 nicotinic acetylcholine receptors in HEPES buffer. (B) Concentration/response
curves obtained from co-application of dFBr and acetylcholine (concentration equal to the acetylcholine ECs5) on HS and LS
a4P?2 nicotinic acetylcholine receptors in phosphate recording buffer. For all experiments, responses were obtained from
Xenopus oocytes under voltage clamp conditions (V= —60 mV). Individual peak amplitudes were normalized to the response
obtained using an identical concentration of acetylcholine alone (equal to the acetylcholine EC7s). pECsgg, pICsp and I may (%)
values (see Table 2) were determined using non-linear curve fitting as described in the methods. Data points represent at least
four replicate values obtained from four different oocytes harvested from at least two different frogs. Error bars indicate +
S.E.M.
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Effect of Tris buffer on potentiation of high sensitivity (HS) and low sensitivity (LS) a4p2 nicotinic acetylcholine receptors by
the PAM dFBr. Xenopus oocytes expressing (A) HS or (B) LS receptors were exposed to increasing concentrations of Tris and
acetylcholine (at concentrations equal to the ECys) in phosphate ND-96 buffer. Responses were potentiated using 1 uM of the
PAM dFBR. Individual peak amplitudes were normalized to those elicited by the identical concentration of acetylcholine alone
on the same oocyte. pECsg, pICsq and ny values were determined using non-linear curve fitting as described in the methods.
Data points represent at least four replicate values obtained from four different oocytes harvested from at least two different
frogs. Error bars indicate + S.E.M.
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Summary data for ACh concentration/response curves obtained using HEPES and phosphate ND-96 recording
buffer (Fig. 1).

Receptor Buffer PECs0 £ S.EMM. (EC5o pM) nH = S.E.M.
HS HEPES 57+0.1(2.2) 09+0.2
HSB2D218A  HEPES 55+0.1(3.5) 1.1+03
LS HEPES 43+0.1(54) 1.2+01
LSp2D218A  HEPES 3.83£0.04 (150) 1.0+0.1
HS Phosphate 5.4 +0.1 (3.7) 1.0+£0.2
HSB2D218A  Phosphate 5.7 +0.2 (2.1) 09+0.3
LS Phosphate 4.5+ 0.1 (32) 1.2+0.2
LSB2D218A  Phosphate 4.2+ 0.2 (58) 0.8+0.2
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Summary data for dFBr concentration/responses curves obtained for HS and LS a4f2 nicotinic acetylcholine
receptor preparations using HEPES or phosphate ND-96 buffers.

Receptor  Buffer PECsp £ S.SEM. (EC5o UM) I 1ax (%)  pICs = S.E.M. (IC5q uM)
HS HEPES 5.6 +0.5 (2.5) 370 4.3+0.8 (50)

LS HEPES 6.2 + 0.4 (0.63) 260 40+1.3(100)

HS Phosphate 5.5+ 0.3 (3.2) 360 41+0.1(79)

LS Phosphate 5.9 + 1.1 (1.3) 370 5.2+ 0.6 (6.3)
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