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Abstract

Adrenal chromaffin cells release neurotransmitters in response to stress and may be involved in
conditions such as post-traumatic stress and anxiety disorders. Neurotransmitter release is
triggered, in part, by activation of nicotinic acetylcholine receptors (nAChRs). However, despite
decades of use as a model system for studying exocytosis, the nAChR subtypes involved have not
been pharmacologically identified. Quantitative real-time PCR of rat adrenal medulla revealed an
abundance of mRNAs for a3, a7, p2, and 4 subunits. Whole-cell patch-clamp electrophysiology
of chromaffin cells and subtype-selective ligands were used to probe for nAChRs derived from the
mRNAs found in adrenal medulla. A novel conopeptide antagonist, PelA-5469, was created that is
highly selective for a3p2 over other NAChR subtypes heterologously expressed in Xenopus laevis
oocytes. Experiments using PelA-5469 and the a3p4-selective a-conotoxin TxID revealed that rat
adrenal medulla contain two populations of chromaffin cells that express either a3B4 nAChRs
alone or a3p4 together with the a3p2p4 subtype. Conclusions were derived from observations
that acetylcholine-gated currents in some cells were sensitive to inhibition by PelA-5469 and
TxID, while in other cells, currents were sensitive only to TxID. Expression of functional a.7
nAChRs was determined using three a.7-selective ligands: the agonist PNU282987, the positive
allosteric modulator PNU120596, and the antagonist a-conotoxin [V11L,V16D]ArIB. The results
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of these studies identify for the first time the expression of a3p2p4 nAChRs as well as functional
a7 nAChRs by rat adrenal chromaffin cells.

Graphical Abstract

Adrenal chromaffin cells are an important secretory cell type and responsible for the homeostasis
of a host of physiological functions. The nicotinic acetylcholine receptors (NAChRs) expressed by
these cells are critical players in the secretion-coupling response and the release of catecholamines
and other neurotransmitters into the bloodstream. Despite decades of use as a model system, the
nAChRs subtypes expressed by rat chromaffin cells have not been fully elucidated. Here we report
that chromaffin cells express three main nAChR subtypes: a3p2p4, a3p4, and a.7. This study
provides significant advances in our understanding of the nAChR expression profile of rat
chromaffin cells.
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INTRODUCTION

The adrenal medulla is classically thought of as the flight-or-fight organ of the body whose
function is to release catecholamines into the bloodstream in response to stressful stimuli
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and to maintain homeostasis of a host of bodily functions. This perhaps overly simplistic
view has been challenged by the discovery that the secretory cell of the adrenal medulla, the
chromaffin cell, releases a variety of substances in addition to catecholamines including
other small molecules and neuropeptides (Eiden & Jiang 2018; Podvin et a/. 2015). One
such neuropeptide, called pituitary adenylate cyclase-activating polypeptide (PACAP), has
been proposed to be a ‘stress-transducer neurotransmitter’ (Eiden ef a/. 2018; Eiden & Jiang
2018). Studies in humans with post-traumatic stress disorder (PTSD) have found an
association between having a PTSD diagnosis and mutation in the PACAP receptor PAC1
(Ressler et al. 2011; Lind et al. 2017). PACAP is released from the splanchic nerve during
high frequency stress-related firing, but not during tonic, low frequency basal-rate firing, and
induces catecholamine release from chromaffin cells (Kuri et a/. 2009; Stroth et al. 2013).
PACAP has been shown to enhance the sensitivity of nicotinic acetylcholine receptors
(nAChRSs) to acetylcholine (ACh) (Pardi & Margiotta 1999) and has been proposed to be co-
released along with ACh by the splanchnic nerve at the adrenomedullary synapse (Hamelink
et al. 2002).

In contrast to the action-potential (AP)-independent release of catecholamines evoked by
PACAP, ACh-induced release is AP-dependent. Activation of chromaffin cell NAChRs by
ACh depolarizes the membrane to elicit APs and facilitate the entry of calcium as part of the
stimulus-secretion coupling response (Brandt et al. 1976; Douglas et al. 1967; Douglas &
Rubin 1961; Biales et al. 1976). The entry of calcium via a diverse population of calcium
channels promotes the fusion of vesicles with the cell membrane to trigger exocytosis
(Garcia et al. 2006; Mahapatra et al. 2012; Perez-Alvarez et al. 2008). The role of ACh and
nAChRs in the stimulus-secretion coupling response of chromaffin cells has been well
documented (Perez-Alvarez & Albillos 2007), but despite decades of use as a model system
for studying secretory processes (Neher & Marty 1982; Douglas 1968; Livett ef al. 1983),
pharmacological identification of the nAChR subtypes expressed by chromaffin cells using
subtype-specific ligands is lacking. With the development of new therapeutic drugs that
target nAChRs, it may be critical to identify the nAChR subtypes expressed by these cells in
order to avoid off-target drug activity on chromaffin cell nAChRs which might negatively
alter the release of neurotransmitters and provoke unwanted secondary side effects.

nAChRs are ligand-gated ion channels that are formed from a diverse number of individual
subunits (Dani 2015). There are 17 (a1-a.10, 1-p4, 8, e, y) of these subunits that assemble
together in pentameric fashion to produce different receptor/ion channel subtypes, each with
distinct but overlapping pharmacological and biophysical properties. In many cases, a given
cell type may express numerous nAChRs making causal correlations between specific
subtypes and cellular processes challenging. For example, dorsal root ganglion neurons have
been shown to express several subtypes including a3p4* (the asterisk denotes the known or
potential presence of other subunits in native NAChR complexes), a6p4*, a7, and probably
one or more heteromeric subtypes that contain B2 subunits (Hone et al. 2012a; Genzen et al.
2001; Rau et al. 2005), but the role that each of these receptor subtypes play in the detection
of painful stimuli and other sensory functions is mostly unknown. Adrenal chromaffin cells,
by contrast, may express a more restricted number of subtypes, but have been shown to
modify subtype expression patterns under stressful conditions such as prolonged exposure to
cold or neuropathic pain (Arribas-Blazquez et al. 2019; Colomer et a/. 2010). Recently, we

J Neurochem. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hone et al.

Page 5

showed that human chromaffin cells express mostly a3p4* in addition to a7 nAChRs (Hone
et al. 2015; Perez-Alvarez et al. 2012). Bovine adrenal chromaffin cells have been
investigated using selective agonists and positive allosteric modulators (PAMS) of a7
nAChRs (del Barrio et a/. 2011), but have not been examined using highly selective ligands
of other nAChR subtypes. Likewise, very little pharmacological information is available
using subtype-specific ligands for rodent adrenal chromaffin cells. Data from functional
studies of rat chromaffin cells comes from a single report (Di Angelantonio ef a/. 2003).
Furthermore, a quantitative molecular examination of the potential subunits expressed by rat
chromaffin cells is also lacking.

Here we report the molecular analysis of the nAChR subunit mRNA transcripts present in rat
adrenal medulla by quantitative real-time PCR (gPCR), and the pharmacological
characterization of the functionally expressed nAChR subtypes formed from the subunits
derived from the identified mRNAs. Using the novel a-conopeptide PelA-5469, that targets
a3p2-containing nAChRs, TxID, a selective antagonist of a3p4-containing nAChRs, and
PAMs for a4p2, a4p4, and a7 nAChRs, our results demonstrate that cultured adrenal
chromaffin cells from rat express two main heteromeric subtypes namely a3p2p34 and a3p4
nAChRs. These subtypes are expressed by two populations of chromaffin cells: those that
express a3p4 and those that express both a3p2p4 and a3p4 subtypes. In addition,
functional a7 nAChRs, but not a4-containing subtypes, were found in most cells. The
results of these studies identify for the first time the presence of the a3p2B4* subtype as
well as functional a7 nAChRs in rat adrenal chromaffin cells.

MATERIALS AND METHODS

Acetylcholine (ACh) chloride (Cat.No. 2809, (year 2019)), PNU120596 (Cat.No. 2498,
(year 2019)), and PNU282987 (Cat.No. 2303, (year 2019)) were purchased from Tocris
Bioscience (Minneapolis, MN, USA). NS206 was synthesized as previously described
(Olsen et al. 2013). Sodium chloride (Cat.No. S7653, (year, 2019)), potassium chloride
(Cat.No. P9333, (year, 2019)), potassium glutamate (Cat.No. G1149, (year, 2019)), calcium
chloride dihydrate (Cat.No. C5080, (year, 2019)), magnesium chloride hexahydrate (Cat.No.
M2670, (year, 2019)), dimethylsulfoxide (DMSO) (Cat.No. D8418, (year, 2019)),
amphotericin-B (Cat.No. A4888, (year, 2018)), and (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) (HEPES) (Cat.No. H3375, (year, 2019)) were purchased
from Sigma Aldrich (St. Louis, MO, USA).

Peptide synthesis

Solid-phase Fmoc peptide chemistry and an AAPPTec Apex 396 automated peptide
synthesizer (Louisville, KY, USA) were used to synthesize peptides as previously described
(Hone et al. 2019). Verification of the peptide masses was accomplished by matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry at the University of Utah
Peptide Synthesis Core facility. The calculated [MH]*! masses of PelA-5469 and PelA-5441
are 1777.71 Da and 1758.67 Da and the observed masses were 1777.82 Da and 1758.71 Da,
respectively. Peptides will be shared with the research community upon reasonable request.

J Neurochem. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hone et al.

Page 6

Two-electrode voltage clamp electrophysiology of Xenopus laevis oocytes

Protocols (No. 17-07020) for obtaining oocytes from X. /aevis frogs were approved by the
University of Utah’s Institutional Animal Care and Use Committee. Frogs were purchased
from Xenopusl (Dexter, MI, USA) and maintained by university personnel in an AAALAC
accredited facility in The School of Biological Sciences at the University of Utah. Oocytes
were obtained from frogs that had been anesthetized using 0.4 % wt/vol Tricaine-S (Thermo
Fisher Scientific, Waltham, MA, USA); after removal of the ovarian lobes, the frogs were
sacrificed. Detailed methods for conducting electrophysiological experiments of NAChRs
heterologously expressed in X, /aevis oocytes have been described previously (Hone et al.
2019). Briefly, stage V-V oocytes were injected at a 1:1 ratio with cRNA encoding cloned
rat nAChR subunits a3, a4, a6/a3, a7, a9, al10, B2, p3, or B4 and used 1-5 days after
injection. The clones for a3, a4, and a7 subunits were provided by S. Heinemann (Salk
Institute, La Jolla, CA, USA), for B2, 3 and p4 by C. Luetje (University of Miami, Miami,
FL, USA), and A.B. Elgoyhen (Universidad de Buenos Aires, Buenos Aires, Argentina)
provided the a9 and a.10 subunits. Construction of the a.6/a.3 chimera has been described
previously (Mclntosh et al. 2004). The oocytes were clamped at a holding potential of —70
mV and continuously gravity-perfused with frog saline buffered with 5 mM HEPES, pH 7.4.
The concentrations of ACh used were 100 pM for p2-containing subtypes and 300 uM for
all others and were applied at 60 sec intervals for one second. To assess conopeptides for
their ability to inhibit ACh responses, a concentration that produced very little to no
inhibition was initially used followed by progressively higher concentrations until complete
inhibition was achieved. Conopeptides assessed in this manner were perfusion applied to the
oocyte. For conopeptides that showed very little ability to inhibit ACh responses, a single
concentration of 10 uM was applied in a static bath for five min.

gPCR of rat adrenal medulla

Protocols (No. 14-08002) for obtaining tissue from rats were approved by the University of
Utah’s Institutional Animal Care and Use Committee. Male Sprague-Dawley
(RRID:RGD_5508397) rats age 30-60 days were obtained from Charles River Laboratories
(Wilmington, MA, USA) and housed two per cage in an enriched environment and provided
access to food and water ad /ibitum. Three male rats were used to obtain adrenal and
pituitary glands for gPCR analysis. Rats were sacrificed with CO, and the glands removed
and placed in Hank’s Balanced Salt Solution (HBSS) (Cat.No. 14175079, (year 2019);
Thermo Fisher Scientific, Waltham MA, USA)) buffered with 10 mM HEPES, pH 7.4. The
glands from each animal were dissected out and placed separately by animal and by tissue in
a 1.5 ml RNAse free Eppendorf tube on dry ice. The mRNA was subsequently isolated using
a Qiagen RNeasy Mini Kit (Cat.No. 74104, (year 2018); Qiagen, Valencia, CA, USA)). All
mRNA samples were treated with DNase to remove residual genomic DNA. Quantity and
purity of the mRNA were determined using an Epoch spectrophotometer (Biotek, Winooski,
VT, USA). cDNA was transcribed from one pg of mRNA using Applied Biosystems’
(Waltham, MA, USA) High Capacity cDNA Reverse Transcription Kit (Cat.No. 4368813,
(year 2018)). TagMan hydrolysis probes for a2 (Cat.No. Rn00591542_m1, (year 2018)), a3
(Cat.No. Rn00583820_m1, (year 2018)), a4 (Cat.No. Rn00577436_m1, (year 2018)), a.5
(Cat.No. Rn00567155_m1, (year 2018)), a6 (Cat.No. Rn00589325_m1, (year 2018)), a.7
(Cat.No. Rn00563223_m1, (year 2018)), a9 (Cat.No. Rn01413370_m1, (year 2018)), .10
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(Cat.No. Rn00575309_m1, (year 2018)), B2 (Cat.No. Rn00570733_m1, (year 2018)), B3
(Cat.No. Rn00592317_m1, (year 2018)), p4 (Cat.No. Rn00583822_m1, (year 2018)),
GAPDH (Cat.No. Rn01775763_g1, (year 2018)), and actin (Cat.No. Rn00667869_m1, (year
2018)) mRNAs as well as the Tagman qPCR Master Mix (Cat.No. 4304437, (year 2018))
were obtained from Applied Biosystems. Fifty ng of cDNA, determined from mRNA
quantities, were used for each reaction, and all reactions were run in triplicate. The PCR was
carried out using a Bio-Rad CFX98 Touch Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, USA) for 40 cycles. Quantitative comparisons of the relative amounts of
nAChR subunit mRNAs were determined by normalizing the C; values to the geometric
mean values for actin and GAPDH and the comparative AC; method (Livak & Schmittgen
2001). Comparisons of nicotinic subunit mMRNASs between tissues were performed using the
AAC; method. A single group of animals was used and no blinding was performed during
experimentation or data analysis.

Adrenal chromaffin cell culture

Protocols (No. 14-08002) for obtaining adrenal glands from rats were approved by the
University of Utah’s Institutional Animal Care and Use Committee and by the Committee
for Research and Ethics of the Universidad Autonoma de Madrid (No. ES-280790000097).
Adrenal glands were acquired from male Sprague-Dawley rats age 30-60 days that had been
sacrificed using CO» or by decapitation. For each culture, the glands of two rats were used
for a total of 14 cultures. The adrenal medulla were separated from the adrenal cortex and
cut into small pieces using fine iridectomy scissors then transferred to a 1.5 ml tube
containing HBSS and 0.25% wt/vol trypsin (Cat.No. 15090046, (year 2019); Thermo Fisher
Scientific, Waltham MA, USA)). The medullary pieces were incubated for 30 min at 37 °C
and then the solution was aspirated and replaced with HBSS containing 0.1 mg/ml
collagenase A (Cat.No. 11088793001 (year 2019); Sigma Aldrich)) and incubated for 30
min at 37 °C. Subsequently, the medullary pieces were triturated with a glass Pasteur pipette
with a tip that has been fire polished such that the diameter was approximately half the
original size. Once a single cell suspension was obtained, the cells were passed through a 40
UM cell strainer and diluted with 9 ml of HBSS. The cells suspension was centrifuged for 3
min at 200 x g, the solution aspirated, and the cells re-suspended in 500 pl of cell culture
medium consisting of Dulbecco’s Modified Eagle’s Medium (Cat.No. 11960044 (year
2019); Thermo Fisher Scientific)) containing 10% heat-inactivated fetal bovine serum
(Cat.No. 10437010, (year 2019); Thermo Fisher Scientific)), 100 ug/ml of streptomycin, 100
U/ml penicillin (Cat.No. 15140122, (year 2019); Thermo Fisher Scientific)), and 100 pM
Glutamax (Cat.No. 35050061, (year 2019); Thermo Fisher Scientific)). One-hundred pL of
the cell suspension were pipetted onto 15 mm glass coverslips (Cat.No. 67-0703, (year
2019); Warner Instruments, Hamden, CT, USA)) that had previously been treated with 0.1
mg/ml poly-D-lysine (Cat.No. P7280 (year 2019); Sigma Aldrich)). The plated cells were
placed in an incubator in an atmosphere of 95% air and 5% CO» for 90 min. Thereafter, the
wells were flooded with 1 ml of cell culture medium and returned to the incubator.

Whole-cell patch-clamp electrophysiology

Electrophysiology experiments were conducted on chromaffin cells that had been in culture
for at least 36 hours and up to four days after the day of isolation. Experiments were
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initiated by placing a coverslip containing the cells in an electrophysiology chamber and
continuously perfusing them with extracellular saline solution composed of 145 mM NaCl, 5
mM KCI, 2 mM CaCl,, 1 mM MgCl,, and 10 mM HEPES, pH 7.4, observed osmolarity was
310 mOsM. The solutions were controlled by a custom perfusion system. The valve box
consisted of five solenoid valves (Cat.No LFAA1200218H; (year 2016), Lee Valve
Company, Westbrook, CT, USA, purchased from Radwell International, Inc., Lumberton,
NJ, USA)) connected to a CoolDrive Valve Driver (Cat.No. 161D5X12 (year 2016);
NResearch, West Caldwell, NJ, USA)) interfaced with a computer using a National
Instruments (Austin, TX, USA) 6009 DAQ and controlled using a custom virtual instrument
program written in National Instruments LabView 2015 (RRID:SCR_014325). These valves
were used for perfusion of extracellular solution. The valve box also contained two
additional valves individually connected to an Axon Instruments 1550A digitizer (Axon
Instruments, San Jose, CA, USA) via CoolDrive One Valve Drivers (Cat.No. 161D1X250,
(year 2019); NResearch) and were controlled by PClamp 10.2 software
(RRID:SCR_011323; Axon Instruments). These valves were used for agonist applications.
The tubing used for the five extracellular solution and two agonist perfusion lines were made
from Teflon tubing with an outer diameter of 1.58 mm and an inner diameter of 0.8 mm and
were connected to a custom solution distributor. This distributor was constructed from 200
ul plastic pipette tips and seven polyethylene tubes with outer diameters of 1.09 mm and
inner diameters of 0.15 mm. These tubes coalesced to a single outlet tube also constructed
from a 200 pl pipette tip and a 3.5 mm long tube of the same diameter polyethylene tubing.
The flow rate of this system was approximately 850 pl/min and gravity fed. Experiments
performed to assess the potency of TxID for inhibition of ACh-evoked currents in
chromaffin cells were conducted under similar conditions but with a perfusion control
system described elsewhere (Hone et a/. 2015).

Electrodes were constructed from thick-walled borosilicate glass with an outer diameter of
1.5 mm (Cat.No. PG52151-4, (year 2019); World Precision Inc., Sarasota, FL, USA)) and
pulled using a Sutter P97 puller (Sutter Instruments, Novato, CA, USA). The resistances of
the electrodes were between 2—-4 MQ when filled with an internal electrode solution
composed of 145 mM K-glutamate, 10 mM NaCl, 1 mM, MgCl, and 10 mM HEPES, pH
7.3, observed osmolarity was 310 mOsM. The tips of the electrodes were filled by dipping
them in internal electrode solution then backfilling them with the same solution containing
0.5 mg/ml amphotericin-B. The amphotericin-B stock solution (50 mg/ml) was prepared in
100% DMSO. Ten pl of this solution was added to 1 ml internal electrode solution and
briefly ultra-sonicated prior to filling each electrode.

After obtaining a GQ seal, the membrane resistance of the cells was monitored and
experiments were begun after the access resistance (R,) had decreased to < 20 MQ; values of
R, were usually between 6-15 MQ and were compensated electronically up to 80%. The
cells were continuously perfused with extracellular solution and stimulated once every 90
sec with 500 ms pulses of ACh (300 uM). The ACh-evoked currents were obtained at a
holding potential of =70 mV, digitized at 10 kHz and filtered at 1 kHz using an Axon
Instruments Multiclamp 700B and a Digidata 1550A (Molecular Devices, San Jose, CA,
USA). Experiments conducted to assess the potency of TxID for inhibition of ACh-evoked
currents in chromaffin cells were conducted under similar conditions, but in these
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experiments the currents evoked by ACh (200 ms pulses) were obtained at a holding
potential of —80 mV, digitized at 10 kHz and filtered at 1 kHz using an EPC 10 amplifier
controlled by FITMASTER software (RRID:SCR_016233; HEKA Electronik GmbH,
Lambrecht, Germany). After stable current amplitudes were observed, the extracellular
solution was switched to one containing the ligand of interest, and the current responses
monitored for changes in amplitudes. Changes in current amplitudes were normalized to the
average of at least three responses in the absence of ligand. A single group of animals was
used and no blinding was performed during experimentation or data analysis.

Drug solution preparation

Acetylcholine chloride was prepared as a 1 M stock solution in distilled water. To overcome
the poor solubility of PNU282987, PNU120596, and NS206 in aqueous solutions, 100 mM
stock solutions were prepared in 100% DMSO. To prepare working solutions, extracellular
solution was heated to 50 °C and the compounds added to obtain final concentrations of 30
UM PNU282987, 3 uM PNU120596, or 10 uM NS206. The solutions were allowed to cool
to room temperature overnight and subsequently filtered through a 0.22 um filter. All a-Ctxs
and their derivatives were prepared as 100 UM stock solutions in extracellular solution.

Statistical analysis

To compare differences in relative gene expression in qPCR experiments, an analysis of
variance (ANOVA) with a Holm-Sidak post hoc test for significance was used; the data were
analyzed for normality using a Shapiro-Wilk test. For assessing the potencies of a-Ctxs and
their analogs, data were collected from a minimum of four oocytes unless indicated
otherwise and from four adrenal chromaffin cells for each 1Cs; determination. The data were
analyzed using the Hill equation and the ICs values presented with the corresponding 95%
confidence intervals for evaluation of the precision of the ICgq estimate. A Student’s £test
was used to analyze the effects of single concentrations of a-Ctxs and other ligands on
agonist-evoked currents in chromaffin cells. The data were analyzed for normality using a
Shapiro-Wilk test or a D’ Agostino-Pearson omnibus test. For data sets that were determined
not to be normally distributed, a Wilcoxon Signed Rank test was used. Significance was
determined at the 95% level in all analyses; ns, not significant, p>0.05; *p<0.05; **p=<0.01;
***p<0.001 and ****p<0.0001. Data were not assessed for outliers and no data points were
excluded from analysis. For all data sets, the ‘+” values and all error bars indicate the SD to
show the variance of the data. Data analyses were performed using Graph Pad Prism 6
(RRID:SCR_002798; GraphPad, La Jolla, CA, USA) or SigmaPlot 14.0.3
(RRID:SCR_003210; Systat Software, San Jose, CA, USA).

RESULTS

gPCR of rat adrenal medulla reveals the presence of mMRNAs for multiple nAChR subunits

We began our examination of the nAChRs expressed by rat adrenal chromaffin cells by
conducting qPCR experiments of whole rat adrenal medulla to assay for the presence of
mMRNAs for a2-a7, a9, a 10, and p2-B4 subunits. As a tissue for comparison, we also
assessed the pituitary gland which forms part of the hypothalamic-pituitary-adrenocortico
(HPA) axis and plays an intimate role in chromaffin cell physiology and the response to
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stress. In the adrenal medulla, mRNA transcripts for a3, a5, a7, p2 and p4 subunits were
found in relative high abundance (C; < 30), whereas lower levels (C; < 35 and > 30) were
found for a4 subunits (Fig. 1A; Table 1). Transcripts for all other subunits were >20,000-
fold less abundant than those of a3 (Fig. 1C; Table 1). By contrast, the most abundant
transcripts found in the pituitary gland were for a4, a7, a9, p2 and p4 subunits (C; < 30)
with lower levels found for and a2, a3, a5, and a 10, (C; < 35 and > 30) (Fig. 1C and D).
The three most abundant mRNAs in the adrenal medulla, a3, a7, and B4, were significantly
higher than those in the pituitary whereas transcripts for B2 subunits were expressed in equal
amount in both tissues (Fig. 1E; Table 1). These results suggest that rat adrenal chromaffin
cells potentially express several heteromeric nAChRs containing p2 and/or g4 subunits and
may include a3p2, a3p4, a4Pp2, adp4. The relatively high levels of a7 transcripts present
in adrenal medulla also suggest that receptors containing a7 subunits are probably expressed
as well.

Synthesis and characterization of a highly selective a-conopeptide ligand for a3p2

nAChRs

Current ligands that inhibit a3p2 nAChRs often interact with the closely related a.3p4
subtype or have very slow binding kinetics that make their use challenging in functional /n
vitro studies. In order to develop a ligand that is highly selective for a3p2 over a3p4
nAChRs and that displays favorable binding kinetics, we assessed the potencies of 16 PelA
analogs on a3p4 nAChRs expressed in X. /aevis oocytes and compared the results to data
previously obtained for a3p2 NAChRs (Hone ef a/. 2019). These analogs contain select
amino acid substitutions of Ser?, Vall, Asnll, or Leul®. Several noteworthy observations
were made with respect to the activity of these analogs on a3p4 nAChRs. First, analogs
[Asp?]PelA and [Arg®]Pel A showed substantially reduced potency relative to the native
peptide (Fig. 2A; Table 2). By contrast, [Tyr?]Pel A showed increased potency (Fig. 2A;
Table 2). Analogs with substitutions of Vall? showed either no change or only small changes
in potency relative to native PelA (Fig. 2B; Table 2). We have previously shown that
substitution of Asnl with negatively charged non-natural amino acids can alter the
interaction between PelA and a32 nAChRs (Hone ef al. 2019). In the case of a.3p4
NAChRS, substitution of Asn! with a-aminosuberic acid (Asu) resulted in enhanced
potency whereas a-aminoadipic acid (Adi) reduced the potency of PelA (Fig. 2C; Table 2).
Substitution of Asn! with a-aminopimelic acid (Api) had no effect on the potency of PelA
for a3p4 NAChRs. Lastly, we determined the effects of substitution of Leu®® with lle, Val,
Ala, and norleucine (Nle). The amino acids lle and Val enhanced PelA potency for a3p4
nAChRs whereas Ala and Nle had no effect (Fig. 2D; Table 2).

The structure-activity analysis of PelA on a3p4 nAChRs suggested that several amino acids
might selectively decrease potency for a3p4 nAChRs while preserving potency on the a3p2
subtype. Therefore, we synthesized two peptides incorporating Arg or His, lle, Api, and Nle
in the 9th, 10th, 11th, and 15th positions, respectively. The sequences of the resulting
peptides are GCCSHPACRI(Api)HPE(NIe)C (PelA-5469) and
GCCSHPACHI(Api)HPE(NIe)C (PelA-5441). The peptides were tested on a panel of
nAChR subtypes to determine their potencies and selectively profiles. Both peptides showed
high potency (ICsg < 10 nM) for a3p2 nAChRs (Fig. 3A and B). Importantly, Pel A-5469
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and PelA-5441 were 1,175- fold and 198-fold selective for a3p2 over a3p4 nAChRs. Both
peptides were also substantially less potent on a4p2 and a4p4 nAChRs. In fact, PelA-5469
was essentially inactive (ICsq > 10 pM) on both subtypes. Next, we assessed the binding
kinetics of PelA-5469 and PelA-5441 on a.3p2 nAChRs. Oocytes expressing a3p2 nAChRs
were sequentially perfused with PelA-5469 followed by PelA-5441 to assess the rate at
which the peptides inhibited the ACh responses as well as dissociation rate of the peptides
from the receptors (Fig. 4A). Despite the high sequence similarity between the two peptides,
PelA-5469, with Arg®, displayed significantly faster kinetics. Although the inhibition rates
were similar at the concentration used (100 nM) (Fig. 4B), analysis of the recovery rates
determined that Pel A-5469 dissociated from the receptors at a ~28-fold faster rate (Fig. 4C).
Full recovery of the ACh responses after exposure to PelA-5469 occurred in about 5 min
whereas after a 20 min wash, the responses had only recovered to 50 + 10% (n=4) after
exposure to PelA-5441.

PelA-5469 and TxID identify a3p2p4 and a3p4 as the main heteromeric nAChR subtypes
expressed by rat adrenal chromaffin cells

The synthesis of Pel A-5469 provided a valuable tool with which to assess adrenal
chromaffin cells for the expression of a3p2 nAChRs. Patch-clamp electrophysiology was
used to pharmacologically assess the sensitivity of ACh-evoked responses to inhibition by
nAChR antagonists. The cells were voltage-clamped at =70 mV and stimulated with ACh
(300 uM). The nAChR subtypes mediating the ACh-evoked currents were determined by
perfusing the cells with subtype-selective antagonists. We found that a majority (60%) of the
cells displayed ACh-evoked currents that were insensitive to PelA-5469 (101 + 3% of
controls, n=10; Fig. 5A and D) but had currents that could be nearly completely inhibited by
the a3p4 antagonist TxID (3 + 1%, n=10). However, a subset of cells (40%) had currents
that were inhibited in the presence of PelA-5469 (71 £+ 7% of controls; —2073 + 805 pA vs
-1500 £ 705 pA, respectively; ****p < 0.0001, n=7; Fig. 5B and D). In this same set of
cells, and after washout of PelA-5469, subsequent exposure to TxID inhibited the ACh-
evoked currents to 2 £ 2% (n=7) of control values. These results indicate that in this
minority population, chromaffin cells express a NAChR subtype that is sensitive to inhibition
by both a3p2 and a3pB4 antagonists. Although the a7 antagonist [V11L,V16D]ArIB was
included in all perfusion solutions, control experiments were performed by perfusing the
cells with TxID without prior exposure to PelA-5469 to ensure that the effects observed by
PelA-5469 were due to inhibition of a3p2 nAChRs and not of potential a7-mediated
responses. In this case, TxID inhibited the responses to 3 + 1% (n=14) of control values
(Fig. 5C). No significant differences were found with respect to the level of inhibition
produced by perfusion with TxID only compared to that produced by TxID after perfusion
with PelA-5469. (Fig. 5D). Additionally, we also assessed the potency of TxID for
inhibition of a3B4 nAChRs expressed in chromaffin cells and compared the results to the
ICsp value previously reported for rat a3p4 nAChRs expressed in X. /aevis oocyte (Luo et
al. 2013). An 1Cs value of 7.0 (6.3—-7.8) nM (Fig. 6) was obtained and was similar to the
value (13 nM) obtained for heterologously expressed rat a.3p4 nAChRs.
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Rat adrenal chromaffin cells lack a4pf2 and a4p4 nAChRs

gPCR results suggested that nAChRs containing the a4 subunit may also be expressed by
chromaffin cells (Fig. 1). However, expression levels of such receptors are likely low relative
to a3p4 nAChRs as TxID inhibited ~97% of the ACh-evoked currents in all cells in which
this antagonist was applied (n=35). We used the PAM NS206 that increases agonist-evoked
current amplitudes mediated by a4p2 and a4p4 nAChRs (Olsen et a/. 2013) to determine if
these subtypes were expressed by chromaffin cells. The cells were perfused first with TxID,
to inhibit a3p4 nAChRs, then with NS206 in the presence of TxID. Similar to the results
presented in Figure 4, TxID almost completely inhibited the ACh-evoked currents and no
increase in the residual current was observed upon exposure to NS206 (Fig. 7A). In fact,
currents in the presence of TxID and NS206 were smaller than those in the presence of TxID
alone (Fig. 7B). These results suggest that there are few a4-containing nAChRs expressed
by rat chromaffin cells under the conditions used in this study.

Rat adrenal chromaffin cells express functional a7 nAChRs

A previous report indicated that rat adrenal chromaffin cells lack functional a7 nAChRs (Di
Angelantonio et al. 2003). The discovery of selective agonists and PAMs of a7 nAChRs has
facilitated the identification of a7 nAChRs in cells where a.7-mediated responses have been
difficult to detect with agonists alone (Perez-Alvarez et al. 2012; del Barrio ef al. 2011;
Smith et al. 2013; Chatzidaki et a/. 2015). PNU282987 is an a.7-selective agonist (Bodnar et
al. 2005) and PNU120596 is a PAM that relieves receptor desensitization thereby increasing
response amplitude and duration (Hurst ef a/. 2005). To determine if rat chromaffin cells
express functional a7 nAChRs, we stimulated the cells first with 500 ms pulses of ACh
followed by pulses of PNU282987 of the same duration, then the perfusion solution was
changed from normal saline to one containing PNU120596. In 18/28 cells, PNU282987
evoked relatively small amplitude currents compared to those evoked by ACh in the same
cells (Fig. 8A and B). Subsequent stimulation of the cells with PNU282987 in the presence
of PNU120596 evoked detectable currents from 24/28 cells including from six cells that
initially showed no response to PNU282987. These PNU120596-modulated currents were
sensitive to inhibition by the a7-selective peptide [V11L,V16D]ArIB (Fig. 8A and B). In
4/28 cells, no response was observed upon stimulation of the cells with the PNU282987 in
the presence of the PAM (Fig. 8C). To assess if repeated stimulation of the cells with ACh
prior to stimulation with PNU282987 resulted in undetectable a.7-mediated responses, we
conducted additional experiments where the order of agonist application was reversed. In
these experiments, the cells were stimulated with PNU282987 first followed by ACh. Under
these conditions, all of the cells tested responded to PNU282987 (Fig. 9A-C; n=7). Next we
assessed whether a7 subunit-containing nAChRs were present but not sensitive to
PNU282987 by stimulating the cells with ACh and then exposing them to
[V11L,V16D]ArIB alone followed by TxID. The current amplitudes in the presence of
[V11L,V16D]ArIB were no different than control values but were nearly completely
inhibited in the presence of TXID (Fig. 9D and E). These results indicate that >97% of the
whole-cell ACh-evoked currents in rat adrenal chromaffin cells are mediated by a332p4 and
a3p4 nAChRs, and that the a7 subtype accounts for only a small proportion of the response.
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DISCUSSION

nAChRs have been investigated for some time as potential therapeutic targets, but very little
success has been achieved because often times the developed compounds target multiple
nAChR subtypes producing unwanted side effects. For example, varenicline is a nicotine
replacement therapeutic whose mechanism of action in reducing the consumption of nicotine
is believed to be via partial activation of a4p2* nAChRs in the brain (Rollema et a/. 2010;
Coe et al. 2005). Unfortunately, varenicline’s use has been associated with cardiovascular
side effects (Singh et al. 2011; Gershon et al. 2018; Harrison-Woolrych et al. 2012), possibly
because of the activation of non a4p2 subtypes including a3p2 and a.3p4 (Stokes & Papke
2012; Mihalak et al. 2006). Indeed, it has been shown that therapeutic concentrations of
varenicline alter the excitability of human adrenal chromaffin cells in the presence of
nicotine (Hone et al. 2017). The consumption of nicotine itself is also associated with altered
cardiovascular activity which may result from the activation of chromaffin cell expressed
nAChRs as it has been shown to evoke catecholamine release from these cells (Mizobe &
Livett 1983). Thus, it is important to determine the nAChR subtypes expressed by
chromaffin cells and to investigate the effects that potential therapeutic compounds have on
adrenal chromaffin cell activity.

Despite the widespread use of rat adrenal chromaffin cells in neuroscience, a detailed
analysis of the nAChRs expressed by these cells has not been reported. Here we have
examined the nAChRs expressed by rat chromaffin cells using molecular biology and
pharmacology. gPCR experiments of rat adrenal medulla suggested that nAChRs composed
of a3, a4, a5, a7, B2 or p4 subunits may be expressed by chromaffin cells (Fig. 1). The
potential expression of multiple nAChR subtypes by adrenal chromaffin cells, and other cell
types, requires highly selective ligands that can distinguish among the various subtypes
(Giribaldi & Dutertre 2018). a.-Conotoxin TxID is a potent antagonist of a3p4 nAChRs and
is essentially devoid of activity on the other potential subtypes expressed by chromaffin cells
(Luo et al. 2013). The a7 subtype can be distinguished from all other nAChRs using the a-
Ctx ArIB analog [V11L,V16D]ArIB (Whiteaker et al. 2007). A summary of the previously
reported 1Cgq values of TxID and [V11L,V16D]ArIB for various rat nAChRs is presented in
Table 4.

Recently, we described a novel set of PelA analogs that are highly selective for a3p2
nAChRs (Hone et al. 2019). One analog in particular, PelA-5355, was >1,300-fold selective
for a3p2 over a3p4 but also inhibited a6/a3p2p3 NAChRs. A related analog, Pel A-5466,
discriminated well between a.3p2 and a6/a3p2B3 NAChRs but had slightly less ability to
distinguish between a3p2 and a.3p4 receptors (ICsq ratio 292) (Hone et al. 2019). These
Pel A analogs display very slow dissociation kinetics for a3p2 nAChRs with full response
recovery requiring >25 min. Although slow ligand dissociation kinetics can be useful
characteristics in some experimental situations, under patch-clamp and other /n vitro
conditions where it may be desirable and advantageous to apply several ligands to a single
cell, slow ligand kinetics can be problematic. Therefore, in order to characterize the potential
a3-containing subtypes expressed by rat adrenal chromaffin cells, we sought to develop an
a3p2-selective ligand with rapid kinetics that would allow the application of multiple
subtype-selective ligands to the same cell under study.
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Previous structure-activity relationship studies identified position nine in the sequence of
PelA as playing a critical role in binding to a.3 and a.6 subtypes. For example, substitution
of Ser? with His increased PelA potency for rat a3p2, a6/a3p2p3, a3p4, and a6/a3p4
subtypes and substantially slowed the on- and off-rate kinetics (Hone et a/. 2012b). By
contrast, substitution of Ser® with Arg selectively increased potency for a3p2 and a.6/
a3p2p3 but significantly decreased potency for a6p4 nAChRs (Hone et al. 2013). Similarly,
we found that [Arg®]PelA also showed substantially reduced activity compared to native
PelA when tested on a3p4 nAChRs (Fig. 2A; Table 2). Additional structure-activity
relationship data were obtained for the a34 subtype by testing analogs of Pel A with
substitutions of Vall%, Asn!l, and Leul®. Substitution of Val® with Ile reduced PelA
potency for a3p4 nAChRs (Fig. 2B; Table 2). Although substitutions of Asn!! and Leul®
had very little impact on PelA potency for a3p4 nAChRs (Fig. 2A, C, and D; Table 2),
N11Api and L15NIe substitutions have been shown to be favorable for reducing activity on
other non a.3p2 subtypes (Hone et al. 2019). Informed by these data, we synthesized
PelA-5469 that incorporated Arg?, 11e19, Apill, and Nlel® (Fig 3A). For comparison, we
also synthesized PelA-5441 that is identical in sequence to PelA-5469 with the exception of
His® (Fig 3B). qPCR data indicated that a3p2, a3p4, a4p2, and a4p4 were the most likely
heteromeric nAChRs expressed by rat adrenal chromaffin cells and when tested on these
nAChR subtypes heterologously expressed in oocytes, PelA-5469 showed high potency
(ICs5p 8.6 nM) for a3p2 and was >1,000-fold less potent on other tested subtypes (Fig. 3A).
Whereas PelA-5469 is much more potent on a3p2 than a3p4, a4p2, and a4p4 the margins
of selectivity were narrower for PelA-5441 (Fig. 3B). Furthermore, the off-rate kinetics were
substantially different between the two peptides (Fig. 4). The responses to ACh in oocytes
expressing a3p2 nAChRs recovered >20-fold more slowly after exposure to PelA-5441 than
PelA-5469 (Fig. 4C). Importantly, the ,» for recovery of the responses after exposure to
PelA-5469 was < 60 sec. PelA-5469 therefore possesses the desired qualities of being
highly selective for a3p2 nAChRs and displays rapid kinetics.

The relative abundance of mMRNA for the $2 subunit in rat adrenal medulla suggested that
receptors containing this subunit may be expressed by chromaffin cells (Fig. 1). The most
likely candidate for combining with B2 subunits to form heteropentameric receptors is
probably a3 based on the abundance of MRNA for a3 subunits. However, mRNA for the a4
subunit was also detected albeit at significantly lower levels compared to those for a3 and
therefore it was possible that a4p2 nAChRs were also expressed. The development of

Pel A-5469 allowed us to assess chromaffin cells for the expression of a3p2 nAChRs and to
pharmacologically distinguish this subtype from a.3p4, a4p2, and a4p4 subtypes. Under
electrophysiological conditions, we stimulated chromaffin cells with ACh and then perfused
them with Pel A-5469 to assay for the presence of a3p2 nAChRs. In some cells, exposure to
PelA-5469 had little effect on the ACh-evoked current amplitudes and, instead, TxID
inhibited the responses in these same cells by ~97% (Fig. 5A and D). However, in a subset
of cells a significant reduction of ~30% of the ACh-evoked currents by Pel A-5469 was
observed (Fig. 5B and D). Following washout of PelA-5469, these same cells were then
exposed to TxID and, interestingly, the current amplitudes were reduced to about 2% of
control values. Together, these data suggest the presence of a nAChR with both a.3-2 and
a3-p4 ligand-binding interfaces. Such a receptor would have a composition of a3p2a.3p4
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with an unknown subunit in the 51 position. Furthermore, the fact that the ACh-evoked
currents in some cells could be inhibited by PelA-5469 and by TxID indicates that a subset
of cells expresses two types of a.3-containing receptors. In one population, comprising 60%,
the majority of the nAChRs appear to be a3p4 whereas in the minority population (40%),
the cells express both a3p4 and a3p2p4 subtypes.

We have previously shown that a3B4* nAChRs natively expressed by human adrenal
chromaffin cells and heterologously expressed in X. /aevis oocytes show very similar
sensitivities to TxID. To ensure that this was also the case for rat a3p4 nAChRs, we
determined the ICsq value for rat adrenal chromaffin cell-expressed receptors and found that
the 1Cgq value was less than 2-fold different (Fig. 5) from the value previously obtained for
rat a3p4 nAChRs expressed in oocytes (Luo et a/. 2013). The similarities between these
IC5p values indicate that TxID retains high potency and selectivity for native rat a3p4
nAChRs.

Native a3p2B4 nAChRs have been reported in several classes of neurons in the peripheral
nervous system (Mao et al. 2006; David et al. 2010; Bibevski et a/. 2000) but not previously
in adrenal chromaffin cells. In mouse superior cervical ganglion, neurons express three
distinct a.3-containing nAChRs that include a3p4, a3p4a5, and a3p2p4 and display
differential sensitivities to agonists and differ in their biophysical properties including
desensitization rates and single-channel conductance (Ciuraszkiewicz et al. 2013; David et
al. 2010). In general, the a3p2 subtype is more sensitive to ACh and desensitizes more
quickly than does the a3p4 subtype. In the context of catecholamine release from adrenal
chromaffin cells, the presence of two nAChR subtypes with potentially different sensitivities
to ACh and biophysical properties may serve to modulate exocytosis under particular
physiological conditions (homeostatic release vs. release under stressful conditions, for
example). The presence of substantial levels of mMRNA for a5 subunits also suggests that rat
chromaffin cells may also express a.3p4 receptors that contain this subunit giving rise to
a3p4ab or a3p2p4a5 nAChRs. Unfortunately, at the present time there are no known
ligands that selectively target subtypes containing the a.5 subunit.

Although [V11L,V16D]ArIB was included in all perfusion solutions, an alternative
possibility with respect to the inhibition observed by PelA-5469 was that this new a3p2
antagonist inhibited residual a7 nAChR mediated responses. We assessed this possibility by
perfusing cells with TxID that had not been previously exposed to PelA-5469 to determine if
a7-mediated responses were observed. Under these conditions, the residual currents in the
presence of TxID were about 3% of control values (Fig. 5C and D). A statistical analysis
revealed that there was no significant difference in the level of inhibition produced by TxID
applied singly or after application of PelA-5469 suggesting that it was unlikely that the
response inhibition produced by PelA-5469 was of a7 nAChRs.

Initial reports that examined the nAChR subtypes expressed by adrenal chromaffin cells
suggested through radioligand-binding studies using the a.7 antagonist a.-bungarotoxin that
rodent, bovine, and feline chromaffin cells express a7 nAChRs (Criado et al. 1997; El-Hajj
et al. 2007). More recently, according to immunohistochemical evidence mouse chromaffin
cells show prominent expression of a7 nAChRs in a population with a norepinephrine
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synthesizing phenotype (Gahring et al. 2014), and /n situ hybridization studies suggest that
there is developmental regulation of the a7 gene (CHRNAY) in the adrenal medulla (Broide
et al. 2019). Nevertheless, functional demonstration of a7 nAChRs in rodent chromaffin
cells had not been reported previously, and in fact rat chromaffin cells have been reported to
lack functional a7 nAChRs (Di Angelantonio et al. 2003).We found through qPCR
experiments that rat adrenal medulla contains relatively high levels of a7 subunit mRNA in
support of the presence of a7 NAChRs (Fig. 1). The development of highly selective
agonists, PAMs, and antagonists of a7 nAChRs has facilitated the identification of natively
expressed a7 receptors in numerous cell types from several mammalian species (Perez-
Alvarez et al. 2012; Hone et al. 2012a; Smith et al. 2013; del Barrio et al. 2011; Kalappa et
al. 2010). Here we used the antagonist [V11L,V16D]ArIB (Whiteaker ef al. 2007) in
combination with the a.7-selective agonist PNU282987 (Hajos et a/. 2005) and the PAM
PNU120596 (Hurst et al. 2005) to probe for the expression of functional a7 nAChRs in rat
adrenal chromaffin cells. We found that in a little more than half of the cells (18/28),
stimulation with PNU282987 evoked relatively small amplitude currents (Fig. 8A and C).
Upon exposure to PNU120596, detectable PNU282987-evoked currents were recorded in
24/28 cells (Fig. 8A and B). Only in 4/28 cells did PNU282987 fail to evoke responses in the
presence of the PAM (Fig. 8C). Currents evoked by PNU282987 and modulated by
PNU120596 were sensitive to inhibition by [V11L,V16D]ArIB (Fig. 8B).

Additional experiments were conducted to determine if the lack of PNU282987-evoked
currents in some cells was due to experimental factors, such as repeated stimulation with
agonists that can reduce the functionality of nAChRs due to desensitization. To address this
concern, we reversed the order of agonist application and stimulated the cells first with
PNU282987 followed by ACh. In this case, PNU282987-evoked currents were detected in
all seven of the cells subjected to this protocol (Fig. 9A-C). In some cells, the current
amplitudes were relatively small (10-20 pA) and therefore it is reasonable to conclude that
small a7-mediated responses may have declined during the course of the experiment (Fig.
8). It is likely, then, that the initial experiments underestimated the percentage of cells that
would have responded to PNU282987. Regardless, the a.7-mediated responses were
relatively small compared to those mediated by a3p2pB4 and a3p4 subtypes (Fig. 9C-E).
Taken together, these data unequivocally demonstrate that rat adrenal chromaffin cells do in
fact express functional a7 nAChRs. Nevertheless, most of the a7 nAChRs in these cells
appear to be in a state where the probability of channel gating by an agonist is very low.
Thus, although rat chromaffin cells express functional a7 nAChRs, it is unclear what role
these ligand-gated ion channels play in the physiology of the cells given their profound
insensitivity to gating by agonists and small amplitude currents. Functional studies using
bovine and human chromaffin cells have demonstrated that under certain experimental
conditions, secretion of catecholamines through PNU120596-modulated activation of a.7
nAChRs can be achieved (Fuentealba et al. 2004; Perez-Alvarez et al. 2012; del Barrio et al.
2011). High concentrations of choline or PNU282987 alone have also been shown to elicit
APs and evoke release in human chromaffin cells (Perez-Alvarez et al. 2012). However,
studies using physiological concentrations of ACh or choline to assess the contribution of a7
nAChRs to the secretory process have been equivocal (Lopez et al. 1998; Broxton et al.
1999). Thus, continuing controversy surrounds the functional role of a7 nAChRs in the
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secretory processes of adrenal chromaffin cells (Criado 2018; Albillos & Mclintosh 2018;
Sala et al. 2008).

Lastly, qPCR experiments detected mRNA for a4 subunits (Fig. 1) and therefore to assess
the cells for the presence of a4-containing nNAChRs, we used the PAM NS206 that
selectively potentiates responses mediated by a4p2 and a4p4 nAChRs (Olsen et al. 2013).
The cells were exposed to TXID to inhibit a3p4 and a3p2p4 subtypes and the residual
responses were probed for the presence of a4-containing nNAChRs by assessing the ACh
responses for increased amplitudes upon perfusion with NS206. However, rather than
increased amplitudes, we observed further inhibition of the ACh-evoked currents (Fig. 7A).
Analysis of the currents in the presence of TxID vs. those in the presence of TxID together
with NS206 revealed a significant reduction in amplitudes upon perfusion with NS206 (Fig.
7B). These results suggest that not only are there very few a4-containing nAChRs sensitive
to NS206, but that this ligand is probably an antagonist of the a3-containing nAChRs
expressed in rat chromaffin cells.

In this report, we describe the development of PelA-5469, a highly selective antagonist of
a3p2 nAChRs that was used to identify for the first time the expression of the a3p2p4
subtype in rat adrenal chromaffin cells. The selectivity profile and favorable binding kinetics
of PelA-5469 allowed us to apply multiple ligands to the same cell to individually
characterize the nAChR subtypes expressed by each. The results of these studies show that
rat adrenal chromaffin cells express a3p2p4, a3p4, and a7 nAChRs and do not appear to
express substantial numbers of a4f2 or a4p4 nAChRs. Adrenal chromaffin cells are widely
used to study the release of neurotransmitters and the information obtained by these studies
may be useful for future studies examining the contributions of individual subtypes to
exocytosis and the roles of chromaffin cells in conditions such as PTSD, neurodegenerative
diseases (de Diego & Garcia 2018), inflammation (Kanczkowski et a/. 2015), and
neuropathic pain (Arribas-Blazquez et al. 2019).
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ACh acetylcholine
PAM Positive allosteric modulator
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Figure 1.
gPCR of rat adrenal medulla and pituitary gland reveals the expression of mMRNAs for

multiple nAChR subunits. Isolated mMRNA from three rat adrenal medulla and three pituitary
glands from the same animals were analyzed by qPCR as described in Methods. Panel (A)
shows the C; values for the mRNAs assayed in adrenal medulla. Each data point represents
the average of three technical repeats for each gene from a single animal except for a6, a9,
and B3 subunit. For a6 and B3 subunits, mMRNA was only detected in two of three animals
and signal was not detected in every technical repeat. For a.9 subunits, signal reached

J Neurochem. Author manuscript; available in PMC 2021 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hone et al.

Page 24

threshold for two of three animals. Panel B shows the C; values for the mRNAs present in
pituitary. Each data point represents the average of three technical repeats for each gene
from a single animal. Closed circles in A and B indicate average C; values <35 whereas open
circles indicate values >35. Panels C and D show the expression levels of nAChR subunit
mMRNAs relative to those of the reference genes actin and GAPDH; panel C is for adrenal
medulla and D is for pituitary. (E) A pairwise comparison for each nAChR subunit gene of
the relative expression levels present in adrenal medulla and pituitary. Positive values
indicate higher levels of expression in the adrenal medulla and negative values indicate
higher levels in the pituitary for each gene. The error bars in all graphs denote the SD;
values and statistical comparisons are provided in Table 1.
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Concentration-response curves for the inhibition of a3p4 nAChRs by PelA and related
analogs. Rat a3p4 nAChRs were heterologously expressed in X. /aevis oocytes and the
potencies of the peptides assessed using TEVC as described in Methods. The error bars

indicate the SD of the data obtained from four oocytes for all ICgy curves except for that of

[V10NIe]Pel A where an n of five was obtained; ICgq values are provided in Table 2.
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Figure 3.

Concentration-response analysis for PelA-5469 and PelA-5441 on a panel of nAChR
subtypes heterologously expressed in X. /aevis oocytes. The oocytes were subjected to
TEVC electrophysiology and the potencies of the two Pel A analogs were assessed as
described in Methods. (A) PelA-5469 and (B) PelA-5441 show different selectivity profiles
despite being almost identical in sequence. The sequence of PelA-5469 is
GCCSHPACRI(Api)HPENIeC and the sequence of PelA-5441 is
GCCSHPACHI(Api)HPENIeC; (Api), a-amino pimelic acid. Note that both peptides are
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highly selective for a3p2 over a3p4 nAChRs but PelA-5469 showed the largest separation
in 1Csq values (1,175-fold vs. 198-fold, respectively). Data points for a3p4 and a9a.10 in A
are shown staggered to avoid overlap. The error bars represent the SD of the data obtained
from four oocytes for all peptides except for that of PelA-5441 on a3p4 nAChRs where an n
of three was obtained; ICgq values are provided in Table 3.
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Figure 4.
Kinetic analysis of the inhibition of a3p2 nAChRs by PelA-5469 and PelA-5441. X. /aevis

oocytes were subjected to TEVC electrophysiology as described in Methods and the
inhibition and recovery kinetics of PelA-5469 and PelA-5441 were assessed. (A)
Representative current traces of ACh-evoked responses from an oocyte expressing a3p2
nAChRs before, during, and after the sequential exposure to PelA-5469 and PelA-5441. (B)
Graph showing the time-course for inhibition by the two peptides. Note that for the
concentration used (100 nM for both), equilibrium was reached in less than two minutes
after exposure to the peptides preventing quantitative analysis of inhibition-rate kinetics
under these experimental conditions. (C) Graph showing the time-course for recovery of the
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responses after washout of the peptides. The £, for recovery after exposure to PelA-5469
was significantly shorter than that for PelA-5441 (0.8 £ 0.2 vs 22.2 + 11.5 min; n=4 for
both; **p<0.01, Student’s ~test). The error bars in B and C indicate the SD; ‘n’ values
indicate the number of oocytes assessed.

J Neurochem. Author manuscript; available in PMC 2021 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Hone et al.

A PelA-5469 TxID

Page 30

‘f(fﬂ(f“(—r

1000 pA

15 sec

B PelA-5469 TxID

250 pA

1000 pA

15 sec

Figure 5.

T

15 sec

% Response to 300 p]M ACh ©

125+

100{ @

B

(A)
75+ %
504 (B)
254
A) B ©
R B
9 9
& &*’Q o &‘§ &"\Q
N2 PN af
4 QQ’

Presence of a3p2p4 and a.3p4 nAChRs in rat adrenal chromaffin cells demonstrated using
subtype-selective a-conotoxin antagonists. (A and B) Traces of ACh-evoked currents before,
during, and after exposure to PelA-5469 (100 nM) and TxID (1 uM). In the population of
cells (n=10) represented in A, the ACh-evoked currents in the presence of PelA-5469 were
101 + 3% of controls and 3 + 1% in the presence of TxID. By contrast, in the population of
cells (n=7) represented in B, the ACh-evoked currents in the presence of PelA-5469 were 71
+ 7% of controls and 3 = 1% in the presence of TxID. Currents in the presence of
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Pel A-5469 were significantly smaller than controls (=1500 = 705 pA vs —2073 + 805 pA,
respectively; ****p < 0.0001, £test). The % response in the presence of PelA-5469 in B was
significantly smaller (****p < 0.0001, #test) compared to A. (C) Traces of ACh-evoked
currents in a cell exposed to TxID only. There was no statistically significant difference for
the level of inhibition produced by exposure to TxID only (C) or exposure to TXID after
exposure to PelA-5469 (A and B); p>0.05, #test). All solutions contained
[V11L,V16D]ArIB (100 nM) to inhibit any a7 nAChRs that might be present. (D) Scatter
plot of the data from A-C. The error bars in D and all “+” values indicate the SD; ‘n’ values
indicate number of cells obtained from three separate cell cultures.
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Determination of TxID potency on native a3p4* nAChRs expressed by rat adrenal
chromaffin cells. Adrenal chromaffin cells were cultured and subjected to patch-clamp
electrophysiology as described in Methods. The cells were stimulated with ACh (300 uM)
and then perfused with increasing concentrations of TxID. Analysis of the data determined
that the 1C5q value of the peptide for inhibition of ACh-evoked currents was 7.0 (6.3-7.8)
nM (n=4). The Hill slope was -1.1 (-1.2 to —1.0). Values in parenthesis indicate the 95%
confidence interval and the error bars in the graph indicate the SD of the data; ‘n” values
indicate the number of cells from one cell culture. All solutions contained
[V11L,V16D]ArIB (100 nM) to inhibit any a7 nAChRs that might be present.
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Figure 7.
Absence of a4p2 and a4p4 nAChRs demonstrated using the positive allosteric modulator

(PAM) NS206. (A) Representative currents from a cell stimulated with ACh (300 uM, green
symbols) and then exposed to NS206 (10 puM) in the presence of TxID (1 pM). (B) Scatter
plot of the current amplitudes in the presence of TxID compared to those in the presence of
TxID and NS206. Currents in the presence of TxID and NS206 were smaller than those in
TxID alone (=13 + 8 pA vs —45 + 26 pA, respectively, n=17; ***p< 0.001, #test). The ‘+’
values and error bars in (B) indicate the SD; ‘n’ values indicate the number of cells obtained
from two separate cell cultures. All solutions contained [V11L,V16D]ArIB (100 nM) to
inhibit any a7 nAChRs that might be present.
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Presence of functional a7 nAChRs demonstrated using three a.7-selective ligands. (A-C)
Currents from cells stimulated with ACh (300 uM, green symbols) then with the agonist
PNU282987 (30 uM, red symbols) followed by exposure to the PAM PNU120596 (3 pM).
(A-B) PNU282987-evoked currents (—36 + 41 pA) were observed in 18/28 cells. Stimulation
of the cells with PNU282987 in the presence of PNU120596 resulted in a 54 + 99-fold
increase in current amplitudes (-29 = 38 pA to —1275 + 1668 pA; ****p < 0.0001,
Wilcoxon Signed Rank test) in 24/28 cells including six cells (A) that initially showed no
response to PNU282987. (B) Exposure to the antagonist [V11L,V16D]ArIB (300 nM)
reduced the modulated currents to 2 + 2% of controls in 10/10 cells in which the antagonist
was applied. (C) In 4/28 cells exposed to PNU120596, no PNU282987-evoked currents were
observed (4.5 + 0.4 pA vs =3.9 £ 1.2 pA, respectively). (D) Scatter plot showing the
current amplitudes evoked by ACh compared to PNU282987 and the currents evoked by
PNU282987 in the presence of the PNU120596. The ACh-evoked currents in these cells
were —2730 £ 1789 pA (n=24). Data are from cells that responded to PNU120596. The ‘+’
values and the error bars in (D) indicate the SD; ‘n’ values indicate the number of cells
obtained from three separate cell cultures.
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Figure 9.
Lack of effect by [V11L,V16D]ArIB on ACh-evoked currents. (A-C) Examples of small,

large, and mean amplitude currents evoked by PNU282987 (30 uM). PNU282987-evoked
currents were substantially smaller than those evoked by ACh (300 uM) in the same cells
(—37 £ 57 pA vs —3992 + 1649 pA, respectively; n=7). (D) ACh-evoked currents (green
symbols) before, during, and after exposure to [V11L,V16D]ArIB (100 nM) followed by
TXID (1 uM). ACh-evoked currents in the presence of [V11L,V16D]ArIB were 102 + 4% of
controls and reduced to 2 + 1% in the presence of TxID (n=5). (E) Currents in the presence
of [V11L,V16D]ArIB (-3275 + 949 pA) were no different than controls (-3193 + 1067 pA,
n=5; p > 0.05, #test). By contrast, those in the presence of TXID (=50 + 24 pA) were
significantly smaller (n=5; ** p < 0.01, #test). Current traces in C and D are from the same
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cell. The “+” values and error bars indicate the SD; n values indicate the number of cells
obtained from one cell culture.
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TABLE 1.

gPCR analysis of NAChR subunit gene expression in rat adrenal medulla and pituitary gland

Adrenal Medulla Pituitary Adrenal Medulla relative to Pituitary

Gene o log;g2~@CY  Fold-less r??lative to o N log;g2~(acH log;2-(AACH Fold-difference
a
actin 20.0+0.7 nd nd 20.1+0.09 6 nd nd nd
GAPDH 215%12 nd nd 210£02 6 nd nd nd
a2 37.1+06 -52%0.1 30,000 %% 322+17 3 -35+05 -17+04 447 + 2.5
a3 221+12 -0.7+04 1 348+06 3 -43£02 37+05 4,602 +3%
ad 33.0+08 -3.9+03 1,500 %% 296+02 3 -20%004  -19%03 -89.7+2.0%*
a5 271+1.0 -22+03 30 416 350+14 3 -44%04 22+06 163 + 47
ab 39606 -5.9£0.2 150,000 **** 381+16 3 -53%05 -0.8+0.4 42402378
a? 240207 -12+0.2 38416 27507 3 -22%02 09+0.3 77+21%
a9 38.2+£05 -52+04 30,000 %% 300£06 3 -28+02 -2.4%02 008 4 15
al0 37.4+05 -5.0+0.08 20,000 %% 31006 3 -3.1£02 -1.9+0.2 ~708 + 1.5
B2 256+0.8 -1.4+0.2 57+16" 24503 3 -12+004  -03:02 18+15™
B3 39.3+05 -5.6+0.08 590,000 % 356+09 3 -45:03  -13+006 135403
B4 249209 -12+03 354516 306+04 3 -30x01 1803 612+ 2.1

Tissues from three animals were analyzed individually. Positive values for comparisons of gene expression between adrenal medulla and pituitary
indicate greater relative abundance in the adrenal medulla. Significance was determined using a one-way ANOVA with a Holm-Sidak post hoc
comparison test

nsnot significant or p > 0.05

*
p<0.05

*:

ok
p<0.01

*ok

Aok A

*
p<0.001

p <0.0001

‘4’ values indicate the SD; Ct, cycle threshold; fold-less and fold-difference values were converted from logarithmic units; ‘n’ values indicate
number of tissue samples where the reaction reached threshold; inclusion of actin and GAPDH reactions in two separate runs resulted in higher n

values and were included in each run to ensure plate-to-plate reproducibility of results.

J Neurochem. Author manuscript; available in PMC 2021 July 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Hone et al.

TABLE 2.

Page 38

ICgq values for PelA and analogs with single substitutions on a.3p4 nAChRs expressed in X. laevis oocytes.

Peptide

1Cs value (UM)

Log change in I1Csq relative to PelA

PelA
[S9A]PelA
[S9R]PelA
[S9D]PelA
[S9Y]PelA
[V10I]PelA
[V1OL]IPelA
[V1ONIe]PelA
[NL1AJPelA
[N11Adi]PelA
[N11Api]PelA
[N11Asu]PelA
[L15ATPelA
[L15V]IPelA
[L151]PelA
[L15NIe]PelA

157 (1.28-1.92)
3.79 (3.01-4.78)
18.7 (5.09-68.9)
>10

0.22 (0.20-0.27)
3.47 (2.30-5.24)
0.87 (0.71-1.05)
1.18 (1.08-1.29)
0.30 (0.23-0.41)
3.60 (2.91-4.46)
0.90 (0.78-1.04)
0.16 (0.13-0.20)
0.78 (0.68-0.91)
0.24 (0.21-0.26)
0.27 (0.24-0.30)
1.49 (1.34-1.65)

0.4
11
>0.8
-0.9
0.3
-0.3
-0.1
-0.7
0.4
-0.2
-1.0
-0.3
-0.8
-0.8
-0.1

Values in parentheses indicate the 95% CI; negative log values indicate increased potency and positive values indicate decreased potency relative to

native PelA.
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TABLE 3.
Potencies of PelA-5469 and PelA-5441 for nAChR subtypes expressed in X. laevis oocytes

Page 39

1Cg values (NM)

a3p2 a3p4 adp2 adps a6/a3p2p3 ab/a3p4 a’ a9al10
PelA-5469 8.5 (7.8-9.4) >10,000 >10,000 >10,000 2,110 (1,250- >10,000 6.5(5.5-7.6)  >10,000
3,581)
PelA-5441 1.9(1.6-2.3) 316 (253-394) 548 (442-648) >10,000 44.2(39.2-49.7) 77.7 (69.2— 42.9 (37.8- >10,000
87.1) 48.7)

Values in parentheses indicate the 95% CI.
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TABLE 4.
Potencies of TxID and [V11L,V16D]ArIB for nAChR subtypes expressed in X. lagvis oocytes

1Csg values (NM)

a3p2 a3p4 adp2 adpa ab/a3p2p3  abla3pl a’ a9al0
™D >10000? 1257  >10000° >100007  >10,0007 941  >10000? >10,0007
[V11L,V16D]ArIB b b b b b b b b

>10,000 >10,000 >10,000 >10,000 828 >10,000 1.09 >10,000

aLuo etal., 2012

bWhiteaker etal., 2007
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