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ABSTRACT

Scopolamine is a high affinity muscarinic antagbthat is used for the prevention of
post-operative nausea and vomiting. 5sHEceptor antagonists are used for the same
purpose and are structurally related to scopolanmineexamine whether 5-HTeceptors are
affected by scopolamine we examined the effecthisfdrug on the electrophysiological and
ligand binding properties of 5-HA receptors expressed Kenopus oocytes and HEK293
cells, respectively. 5-HJlreceptor-responses were reversibly inhibited lmpskamine with
an1Csp of 2.09uM. Competitive antagonism was shown by Schild gbdt, = 5.02) and by
competition with the 5-HJ receptor antagonistdH]granisetron K; = 6.76 pM) and G-FL
(Ki = 4.90 uM). The related molecule, atropine, sirhilanhibited 5-HT evoked responses in
oocytes with anCsp of 1.74 pM, and competed with G-FL withaof 7.94 uM. The reverse
experiment revealed that granisetron also compelytibound to muscarinic receptots; €
6.5 uM). In behavioural studies scopolamine is usdalock muscarinic receptors and induce
a cognitive deficit, and centrally administered cemtrations can exceed th€so values
found here. It is therefore possible that 5sH@ceptors are also inhibited. Studies that utilise

higher concentrations of scopolamine should be falraf these potential off-target effects.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

INTRODUCTION

Scopolamine is a high-affinity (hnM) muscarinic agdaist that is used to treat
post-operative nausea and vomiting, and motiomgis& As a research tool it is often
administered to induce cognitive dysfunction. Agher doses it can also produce
amnesia and compliance (Klinkenberg and Bloklar@l,0. Atropine is a related
muscarinic antagonist from the same biosynthetibvpay as scopolamine and is used
as a cycloplegic and mydriatic in ophthalmology,d afor the treatment of
bradychardia.

Scopolamine readily passes the blood brain baaret it is believed that
inhibition of muscarinic receptors in the centrarvous system causes a cholinergic
deficit that impairs memory (Klinkenberg and Blakth 2010). As an age-related
deterioration in cognitive function is thought te predominantly related to a decline
in cholinergic neurotransmission, scopolamine adstration has often been used to
model dementia (Bartus, 2000). Scopolamine ha®fiwer been extensively used for
preclinical and clinical testing of treatments émgnitive impairment (Bartolomeo et
al., 2000; Blin et al., 2009; Liem-Moolenaar et aD11).

In the clinic, 5-HE antagonists are mainly used for the treatmentanfsea
and vomiting following cancer therapy and genenahesthesia (Thompson 2013;
Walstab et al, 2010). Experimentally, they can also be admenest to reverse
scopolamine-evoked learning and memory deficitgriBa et al., 1990; Chugh et al.,
1991; Carli et al., 1997). In the brain 5-Hieceptors are widely distributed in the
amygdala and hippocampus, regions of critical irtgpare in memory and spatial
navigation, and involved in the control of emotibn@sponses and their associated
disorders such as anxiety and depression (Gulyaal.et1999; Thompson and

Lummis, 2007; Walstab et al., 2010). It is thouttdt the reversal of scopolamine-
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induced cognitive dysfunction by 5-HTeceptor antagonists occurs by inhibiting pre-
synaptic 5-HTF receptors that modulate the functions of otherateansmitters such
as acetylcholine, dopamine;-aminobutyric acid and glutamate in this region
(Seyedabadi et al., 2014). A similar mechanismhgught to underlie the anti-
anxiolytic and anti-depressive actions of 54Hihtagonists.

5-HT; receptors are members of the Cys-loop family ganid-gated ion
channels (LGIC). These are responsible for fastit@ory and inhibitory
neurotransmission in the central and peripheraloer systems. The family includes
nicotininc acetylcholine (nACh),y-aminobutyric acid (GABA) and glycine
receptors, which are all cell-surface, transmemdram channels. They consist of
five subunits that surround a central ion-condgctore, and each subunit contains
three distinct functional regions that are referréd as the extracellular,
transmembrane and intracellular domains. The athigsbinding site (that occupied
by the endogenous agonist) is located betweenxtnacellular domains of adjacent
subunits, and is formed by the convergence of tlaneéno acid loops from the
principal subunit (loops A - C) and thregsheets (loops D - F) from the
complementary subunit (Thompson et al., 2008). Agjobinding results in the
opening of a central ion-conducting pore that isated within the transmembrane
domain (Peters et al., 2010; Hassaine et al., 2Q1gands bind to both domains, but
the orthosteric binding site is the main drug targéese 5-H7 receptor competitive
antagonists have high affinities (nM) and confoonatpharmacophore that consists of
an aromatic group coupled to an azabicyclic rir aicarbonyl linker (fig 1). Both
atropine and scopolamine also have these structeaalires, suggesting that these

muscarinic antagonists could also bind at 5 FEeptors (Thompson, 2013).
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Here we use a combination of electrophysiologyjolaghnd binding, flow
cytometry andin silico ligand docking to provide evidence that, in aduhtito its

block of muscarinic receptors, scopolamine is alsmmpetitive antagonist of 5-HT

receptors.
~~ N\
NH, El
O O
HO
A\
N
H
5-HT Granisetron SDZ-ICT 322 Tropisetron
| +
HO 4\_1?]/{ ~ HO 4.\{( N\ HO A:E'[N\#
o ¥O ) o ¥O0
0 0 0  #=[H]
Scopolamine Atropine [3H]N-Methylscopolamine
Figurel

Chemical structures of endogenous agonist 5-HT, Th-lHeceptor antagonists
granisetron, tropisetron and SDZ-ICT 322, scopatematropine and the radioligand
[*H]N-methylscopolamine. Note that scopolamine is alsirepantiomer whereas

atropine is a mixture of epimers at the indicagestdrisk) carbon atom.

MATERIALSAND METHODS
Materials. Atropine and scopolamine were from Sigma-Aldri&t. (Louis,

MO, USA). PH]N-methylscopolamine (84 Ci/mmol) was from Perkin EiniBoston,
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MA, USA). Human 5-HT3A (Accession: 46098) suburitMA was kindly provided
by J. Peters (Dundee University, UK).

Oocyte Maintenance: Xenopudaevisoocytes were purchased from EcoCyte
Bioscience (Castrop-Rauxel, Germany) and maintailedording to standard
methods (Goldin, 1992) in ND9®6 mM NaCl, 2 mM KCI, 1 mM MgGl 5 mM
HEPES, pH 7.4).

Céell culture: Human embryonic kidney (HEK) 293 cells were groem90
mm round tissue culture plates as monolayers in DME F12 (Gibco, Life
Technologies, CA, USA) supplemented with 10% fét@avine serum (FBS; Sigma
Aldrich) at 37°C in a moist atmosphere containiff 60,.

5-HT3; Receptor Expression: 5-HT3A subunit cDNA was cloned into
PpGEMHE for oocyte expression. cRNA was vitro transcribed from linearised
plasmid cDNA template using the mMessage mMachitimU7 Transcription kit
(Ambion, Austin, Texas, USA). Stage V and VI oosyteere injected with 50 nl of
100-600 ng / ul cRNA (5 - 25 ng injected), and ents were recorded 1 - 3 days
post-injection.

5-HT3A subunit cDNA was cloned into pcDNA3.1 forpegssion in HEK 293
cells. Cells were transiently transfected with thBNA using polyethyleneimine
(PELI: 25 kDa, linear, powder, Polysciences Inc.pépeim, Germany). 30 ul of PEI
(1 mg m), 5 ul cDNA and 1 ml DMEM were incubated for 10 min aom
temperature, added drop wise to a 90mm plate, at9806 confluency, and incubated
for 2—3 days before harvesting.

Muscarinic Receptor Preparation: Muscarinic receptors welisolatedfrom
the cerebral cortices of adult male Guinea pig{200 g). Brains were dissected

into 10 mM Tris-HCI + 1 mM EDTA (pH 7.6) on ice arftbmogenised using a
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Teflon-glass homogeniser with a motor-driven pe@l@s, 300 rpm). The tissue was
pelleted 17,000 g for 30 min and the membranesspeswded, and then centrifuged
again using the same procedure. The final pellst heanogenised in 10 mM HEPES
buffer (pH 7.4) and used directly for radioliganthding. Experiments involving
animals were approved by the University of Camleidgimal Welfare and Ethical
Review Body (PHARM 004/15).

Radioligand Binding: Saturation binding (8 point) curves were measunred b
incubating either crudextracts of HEK 293 cells stably expressing 5zHdceptors,
or Guinea pig membrane preparations, in 0.5 ml batons containing 10 mM
HEPES buffer (pH 7.4) and 0.1 — 1 nNMH]granisetron or 1 — 10 nM3H]N-
methylscopolamine. Competition binding (10 poingsadetermined by incubating the
same receptors preparations in 0.5 ml HEPES butartaining either 0.6 nM
[*H]granisetron or 0.6 nM*H]N-methylscopolamine, and differing concentrations of
competing ligands. Non-specific binding was deteedi with 1 mM quipazine or 10
UM scopolamine respectively. Incubations were teated by filtration onto
Whatman GF / B filters (Sigma Aldrich) wetted WitHEPES buffer + 0.3 %
polyethyleneimine, followed by two rapid washes hwite-cold HEPES buffer.
Protein concentration was calculated using a Lguvotein assay with bovine serum
albumin standards (Lowry et al., 1951). Radioatstiwas measured using a Tri-Carb
2100TR (Perkin Elmer, Waltham, MA, USA) scintiliati counter.

Flow Cytometry: HEK 293 cells expressing the 5-klfleceptor were grown in
monolayers and harvested from 90 mm culture disis&#sg 10 ml Trypsin-EDTA
(Sigma Aldrich) for 10 min at 3C. Digestion was terminated by the addition of 25
ml DMEM + 10% FBS and cells pelleted at low speed 2 min. The pellet was

resuspended in 3 ml phosphate buffered saline (PB3: mM NaCl, 8.0 mM
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NaHPQ,, 2.7 mM KCI, 1.47 mM KHPQO,, pH 7.4) and cells filtered through a cell
strainer (BD Falcon, Franklin Lakes, NJ, USA). Ceatijon binding was measured
by incubating HEK 293 cells with different concetions of non-labeled ligands and
10 nM G-FL (Jack et al., 2015; Lochner and Thomps?@dl5). After 10 min
incubation, cells were pelleted and rapidly wasimeBBS before being resuspended
in the same buffer and analysed on a BD Accuri @8vfcytometer (Becton,
Dickinson and Company, NJ, USA) at 488 nm excitati630 nm emission.

Electrophysiology: Using two electrode voltage clanenopuocytes were
routinely clamped at -60 mV using an OC-725 amglif(Warner Instruments,
Connecticut, USA), NI USB-6341 X Series DAQ Devi@dational Instruments,
Berkshire, UK) and the Strathclyde Electrophysigl@pftware Package (University
of Strathclyde, UK). Micro-electrodes were fabraxht from borosilicate glass
(GC120TF-10, Harvard Apparatus, Edenbridge, KenkK) Wsing a two stage
horizontal pull (P-1000, Sutter Instrument Compadglifornia, USA) and filled with
3 M KCI. Pipette resistances ranged from 0.7 - M8. Oocytes were routinely
perfused with ND96 at a rate of 15 ml minDrug application was via a simple
gravity fed system calibrated to run at the sante. rantagonists were routinely co-
applied in the presence of 2 uM 5-HT or continupagiplied for 1 min before the co-
application of 2 uM 5-HT. A 2 min wash was usednzstn applications.

Data Analysis. All data analysis was performed with GraphPad Pn&n®0
(GraphPad Software, San Diego, CA, USA). For cotrtaéion-response curves, peak
currents were measured for each concentration afisigand normalised to the peak
current in the same oocyte. For inhibition curueg, peak current response to 2 uM
5-HT was measured at in the absence or presermatajonist and normalised to the

response to 2 uM 5-HT alone. The mean and S.E.Mafeeries of oocytes was



141 plotted against agonist or antagonist concentrabod iteratively fitted to the
142 following equation:

143 I | =1
Y= Voo ¥ g,
144 1+10 (Equ. 1)

145 wherelny, is the baseline currenty .y is the peak current evoked by agont&Ts is
146 the concentration of agonist needed to evoke arhakfimal response is the ligand
147 concentration andy is the Hill slope K, was estimated fronCsy values using the
148 Cheng-Prusoff equation with the modification by fLafd Dougall (1993):((Leff and
149 Dougall, 1993) K IC,,

> T @+ (AT TAL) ™) ™) -1
150 (Equ. 2)

151 wherekKj is the dissociation constant of the competing di@g, is the concentration
152 of antagonist required to half the maximal resppp&gis the agonist concentration,
153 [Asq] is the agonisECsp, andny is the Hill slope of the agonist.

154 Analysis of competitive inhibition was performed 8ghild Plot according to
155 the following equation:

156 log[(ECso/ ECsp) -1] = log[L] — logKs,

157 (Equ. 3)

158 whereEGCsy and ECsp are values in the presence and absence of anshd@use
159 Ratio), L] is the concentration of antagonist, aglis the equilibrium dissociation
160 constant for the antagonist receptor interactiamtber analysis was performed using
161 the Gaddum-Schild equation (slope = 1) as recomeukndy Neubiget al
162 (2003):(Neubig et al., 2003)

163 PEC,, = —log([L] +10 ™) —logC

164 (Equ. 4)
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where [ECso is the negative logarithm of the agonisCsy, [L] is the antagonist
concentration, log is a constant and?p is the negative logarithm of the antagonist
concentration needed to double the concentratiagohist required in order to elicit
a response that is comparable to the original respdn the absence of antagonist.
pA; is equal to the negative logarithm Kf when the slope of the Schild plot is
exactly 1.

Kinetic parameters were determined according toftilewing model of a

simple bimolecular binding scheme:

Koff (Equ. 5)
whereL is the free ligand concentratidR,is receptor concentratiobR is the ligand-
receptor complex ankl,, andk.s are the microscopic association and dissociatta r
constants. In a simple scheme such as this, thébegum dissociation constani)

is equal to the ratio of dissociation to assocratite constants, such that:

Kd:&

on (Equ. 6)

According to a one site binding model of the typewn, the time constants for the

onset and recovery of an antagonist response casduktto estimate.; andk ;:

Lot = k1 (Equ. 7)
and
Llhon = kiq[L] + kg (Equ. 8)
wherert,, refers to the time constant for the onset of iitiwib, 1o refers to recovery
from inhibition and L] is antagonist concentration.

Competition binding data were analysed by iterathmeve fitting according to:
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Anax B A’nin
1+ (Equ 9)

Y= Aun
Ki values were determined from tH€sy values using the Cheng-Prusoff
equation: - IC,,
b1+[L]/K, (Equ. 10)
whereK; is the equilibrium dissociation constant for bimgliof the unlabeled ligand,
[L] is the concentration of labeled ligand aKg is the equilibrium dissociation
constant of the labeled ligand.

Docking: We used a template of granisetron bound to 5HTBBB( ID
2YME); an AChBP chimaera with substitutions in tading site that mimic the 5-
HT; receptor (Kesters et al.,, 2013). The three-dinmeradi structure of the
hydrochloride salt of scopolamine was extractednfrthe Cambridge Structural
Database (CSD, access code KEYSOW) and Chem3D @ (CambridgeSoft,
Cambridge, UK) was used to construct scopolamireedban the crystal structure.
The generated ligand was subsequently energy-nsemnusing the implemented
MM2 force field. Similarly, construction of the #e-dimensional structure of the
protonated form of tropisetron was based on thestatystructure ofN-methyl
tropisetron (CSD access code BEGLEG), and the {firaensional structure of SDZ-
ICT 322 was based on the crystal structuredl-ofiethyl tropisetron (for the indole
carboxylic moiety; CSD access code BEGLEG) and slempine (for the tricyclic
scopine moiety; CSD access code KEYSOW), followge@tergy-minimisation. The
binding site was defined as being within 10 A of ttentroid of the aromatic side-
chain of W183, a residue that is centrally locatethe binding site and is important
for the binding of other 5-Hilcompetitive ligands. The ligands were docked this

site using GOLD Suite v5.3 (The Cambridge Crystathphic Data Centre,

Cambridge, UK) with the GoldScore function and défasettings. For docking,



215 scopolamine was defined as flexible, while the Geid between the ester group and
216 the aromatic indole ring of SDZ-ICT322 and tropisatwas defined as rigid due to
217 conjugation. Ten docked poses were generated foh digand and the poses
218 visualized with PyMol v1.7.5.0.

219

220 RESULTS

221 Effects of scopolamine on 5-HT3 receptor currents. Application of 5-HT to
222  Xenopusoocytes expressing the 5-giTeceptor produced concentration-dependent,
223 rapidly activating, inward currents that slowly dasitised{ = 42 + 5 seconds) = 8)
224  over the time-course of the applications. Plotiugrent amplitude against a series of
225 5-HT concentrations allowed the data to be fitteth\Equ 1 to give aBCso of 5.65 +
226 0.02 ECsp= 2.24 pM,n = 6) and Hill slope of 2.06 + 0.14 (fig 2A). Agmhiresponses
227 were completely inhibited by the established 5;HEceptor-specific antagonist
228 granisetron (100 nMjata not shown Uninjected oocytes did not respond to 5-HT.
229 Application of scopolamine to oocytes expressingiTe- receptors did not
230 elicit a response when applied alone, but causszheentration-dependent inhibition
231 of the response during a co-application of 2 uMB+flg 2). The pCs, value for
232 scopolamine was 5.68 + 0.0826o = 2.09 uM,n = 6) with a Hill Slope of 1.06 + 0.05.
233 This gave &, of 3.23 uM (Equ 2). The same concentration-depeinelkéect was also
234 seen when scopolamine was applied during the 5gplication (fig 2C). Using this
235 protocol the onset of inhibition could be fittedtv mono-exponential function and
236 the reciprocal plotted against antagonist conceatrdo yield association (slop&;n
237 =2.6 x 18 M s%) and dissociationyfaxis intercept; 0.32 rates that gave lé4 of
238 12.3 puM (fig 2D, Equ .6). Inhibition was fully ressble after 1 minute of washing

239 and was unaltered by a 1 min scopolamine pre-agpit @ata not shown

10
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259 Figure2

260 The effect of scopolamine on 5-glTeceptor currentgA) Concentration-response

261 curve for 5-HT.(B) Concentration-inhibition of the 2 uM 5-HT responsg co-

262 applied scopolamine. The data in 2A are normaltsetthe peak current response for

263 each oocyte and represented as the mean = S.E.M.deries of oocytes. In fig 2B,

264 inhibition by scopolamine is shown relative to teak current response to 2 uM 5-
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HT alone. For 5-HT curve fitting yielded &@so of 5.65 + 0.02ECs50= 2.24 pM,n =

6) and Hill slope of 2.06 + 0.14. Thé(y, value for scopolamine was 5.68 = 0.05
(ICs0 = 2.09 pM,n = 6) with a Hill Slope of 1.06 £ 0.0%C) Sample traces showing
the onset1,,) and recoveryt) of scopolamine inhibitiongfey bap) during a 2 uM
5-HT application filled bar). (D) Onset of inhibition was well fitted by mono-
exponential functions to givi,,s (N = 17). A plot of the reciprocal of these time
constants versus the scopolamine concentration esh@minear relationship where

the slope %on (1.61 x 1d M s) and they-axis intercept % (0.37 §Y).

M echanism of scopolamine block: Increasing concentrations of scopolamine
(20 uM, 30 uM, 60 uM, 100 pM, 300 uM) caused a lpEraghtward shift in the 5-
HT concentration-response curve, with no changthénmaximal response (fig 3A,
table 1). A Schild plot of these results (fig 3Bielded a gradient close to 1 (1.06 *
0.10, R = 0.97) and a#s, value of 5.03 + 0.43K, = 9.33 pM). TheK;, estimate was
similar (2.88 uM) if the data were fitted using @nhnear regression method (Equ. 4)
as recommended by Neub@ al (2003) and Lew and Angus (1995). These data
support a competitive mechanism of action, indicatihat scopolamine binds to the

orthosteric binding site. (Lew and Angus, 1995)

Tablel

Parameters derived from concentration-responseesurn/the presence of increasing

concentrations of scopolamine.

[Scopolamink
PEGso ECso (LM) nH n
(M)
Control 5.65 + 0.02 2.24 2.1
10 5.49 £+ 0.04 3.23 2.2 4

12
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30 5.15+0.01 7.08 3.3
60 4.87 +£0.03 135 3.4
100 4.84 +£0.04 14.4 3.9
300 4.36 +0.03 43.6 2.5

g W b

Binding at 5-HT3; and muscarinic receptors. To further test for a
competitive binding at the 5-HTreceptor, we measured competition of unlabelled
scopolamine with®H]granisetron, an established high-affinity comipeti antagonist
at these receptors. Scopolamine displayed concdiemi@dependent competition with
0.6 nM PH]granisetron (K, fig. 4), yielding an averagekp(Equ. 10) of 5.17 + 0.24

(fig 4; Ki = 6.76 uM,n = 3).

1.5+
1.04 &

0.8 1.04

0.6 .
0.54

I/ Imax

0.4+

0.2 0.0+

Log (Dose Ratio -1)

0.0

log [S5HT] (M) Log [Scopolamine] (M)

Figure3

The mechanism of 5-HTreceptor inhibition by scopolamineA) Concentration-
response curves were performed in the absence egemre of the indicated
concentrations of scopolamine. The curves showedllph dextral shifts with
maximal currents restored by increasing conceotnatof 5-HT. Parameters derived

from these curves can be seen in tabl@B)A Schild plot was created from the dose

13
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331

ratios of the curves shown in 3A and fitted withuEg. to yield a slope of 1.060Qt10

(R*=0.97) and afy of 5.03 + 0.43Ky, 2.88 pM).

Saturation binding using radiolabelled scopolamias also undertaken at 5-
HT3 receptors. Although thK; of scopolamine was too low to accurately measure
binding, the compoundf]N-methylscopolamine that we used contains a permtanen
quaternary amine that increases its affinity aotioc receptors (fig. 1, Schmeller et
al., 1995). However, at concentrations of up tonM, no saturable binding was
observed for this radioligand at 5-klfieceptors.

Competition of scopolamine was also measured afl 5idceptor by flow
cytometry with a fluorescently labelled form of gisetron (G-FL, (Jack et al.,
2015)). Concentration-dependent competition of Gwith scopolamine gave an
average K (Equ. 11) of 5.31 + 0.09 (fig &; = 4.90 uM,n = 8). This is similar to the
affinities measured using electrophysiology andialeghnd binding and provides
further support for a competitive mode of action.

In the reverse experimentpmpetition binding of granisetron with>H]N-
methylscopolamine was examined at muscarinic recepthelCs, for granisetron at
muscarinic receptors was 14.1 + 3.1 uiM=(7), yielding & of 6.5 uM (Equ. 10).

Properties of atropine: Atropine is a structurally related muscarinic
antagonist (fig. 1). To test its pharmacologicaparties we performed measurements
using electrophysiology and flow cytometry. In otes/expressing 5-Hlreceptors,
atropine did not elicit a response when applietha@ldut it caused concentration-
dependent inhibition of the 2 uM 5-HT-evoked resgmwith a pCso of 5.76 + 0.14

(ICs0 = 1.74 pM,n = 5) and Hill Slope of 1.06 + 0.05 (fig 5A). Thygelded aKy, of

14
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1.89 uM (Equ 2). Inhibition was fully reversibletef 1 minute of washing and was
unaltered by pre-applicatiodgta not shown

Competition of G-FL and atropine was also shownflow cytometry (fig
5B). Concentration-dependent measurements wesdl fiti give a [ (Equ 10) of

5.10 + 0.16 K; = 7.94 pM,n = 5).
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Figure4

Competition of scopolamine with an established 5-H@&ceptor antagonist.Aj
Radioligand binding curves for the competition a6 M [PH]granisetron and
varying concentrations of scopolamine at crude nrarmdextracts of 5-Hjlreceptors
from stably expressing HEK 293 cells. Data was radised to fH]granisetron
binding in the absence of antagonist and fittedhwiqu. 10. The curve is
representative of 3 similar experiments, which gaveveragelq of 5.17 = 0.24 K

= 6.76 uM,n = 3). B) Flow cytometry, showing the competition of 10 rBAFL (a
fluorescent derivative of granisetron; Jack et2015) and varying concentrations of
scopolamine at 5-Hlreceptors expressed on the surface of live HEK@II3. The
average K; of these experiments was similar to values frodiolagyand competition

(5.31 + 0.09K; = 4.90 pM,n = 8).
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Figure5

Effects of atropine on the electrophysiologicalpasses to 5-HT and binding of G-
FL. (A) Concentration-inhibition of the 2 UM 5-HT respensy co-applied atropine.
For each oocyte the responses in the presencdarfanist are normalised to the peak
current response to 5-HT alone and data represastédte mean £ S.E.M. for a series
of oocytes. Curve fitting yielded d@so of 5.76 + 0.141Cso = 1.74 uM,n = 5) and

Hill Slope of 1.06 + 0.05.R) Flow cytometry, showing the competition of 10 ri3A

FL (a fluorescent derivative of granisetron; Jack a., 2015) and varying
concentrations of atropine at 5-glfeceptors expressed on the surface of live HEK
293 cells. The affinity (i§; = 5.10 + 0.16K; = 7.94 uM,n = 5) of atropine calculated

from these experiments was similar to that measusety electrophysiology.

Docking studies. Based upon the evidence that scopolamine bind$eat t
orthosteric binding site we used a bio-informatpgproach to probe possible ligand
orientations and try to understand why the affirofyscopolamine was lower than

other established 5-HTeceptor antagonists. To this end we chose aatrgstcture
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of a 5-HT; receptor-AChBP chimera (termed 5HTBP) complexeth wiranisetron
(PDB ID: 2YME) as a binding site model (fig 6A, Kess et al., 2013). For the
purpose of validation we first removed granisetham the template and re-docked
both this ligand and the closely related 5sH@ceptor antagonist, tropisetron, into the
binding site template. The proposed ligand orieomst of these two antagonists were
almost identical to the binding pose from the alsttructure 2YME. This is
illustrated in fig. 6B where tropisetron is showntlwits bicyclic moiety located
between the aromatic side chains of W90, W183 a284Yand the flat indole ring is
sandwiched between loop C and R92 from loop D.

Following from our docking with established 5-HTantagonists, we
performed docking with scopolamine. This yieldedacked pose cluster (fig. 6C)
that placed the scopine head of scopolamine asdhee location as the azabicyclic
rings of granisetron and tropisetron, but owinghe flexibility of scopolamine and
the steric restraints imposed by the tight bindiagity, the hydroxyl of the carbonyl
linker was extended into a pocket at the rear ef bmding site, displacing the
aromatic ring by ~ 3 A towards the principal binglinterface (fig 6D).

SDZ-ICT 322 (fig. 1), is a competitive, highly pate5-HT; receptor
antagonist that contains key structural elementsotli scopolamine and high affinity
5-HT; receptor antagonists such as granisetron andsawpn (Blum et al., 1992); it
has the same tricyclic scopine moiety as scopoleymrmich is rigidly linked to the
flat heteroaromatic group (indole) found in gratnge and tropisetron. Docking of
SDZ-ICT 322 into the 5-Hireceptor binding site predicted an orientationilsirto
granisetron and tropisetron, with its aromatic iedgroup close to the side chain of
R92 from loop D and the scopine tricycle pointirmyvards thep-sheets of the

principal face, surrounded by the aromatic ring8¥®0, W183 and Y234 (fig. 6E).
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Figure 6

epresentative examples of 5-ffieceptor antagonists (ball-and-stick representatio
docked into a 5-Hi receptor orthosteric binding site model (PDB IY:N2E; a co-
crystal of granisetron bound to a mutant AChBP toattains residues from the 5-FHT
receptor binding site (termed 5HTBP; Kesters et213) and important binding site
residues (stick representation). Principle faceft-fland side, light grey),
complementary face (right-hand side, dark grefh) 2YME from the side \-axis)
showing the location of granisetron (green) in tréhosteric binding site at the
interface of two adjacent subuni{®) Proposed binding pose for tropisetron (blue)
overlaying granisetron (green) from the co-crystalicture 2YME(C) The proposed
binding pose for scopolamine (orange) showing renpation in the 5-H7 binding
site. O) A surface representation of SHTBP bound with ggatmon and an overlay of
docked scopolamine showing the hydroxyl of the eayblinker that, owing to steric
constraints, is located within a cavity at the refathe binding site. It can be seen that
while the scopine head of scopolamine (orange)tisha same location as the
azabicyclic rings of granisetron (green), the stéuilk, flexibility and presence of a
hydroxyl in the linker region results in the aromatng being orientated away from
loops D and F(D) In contrast, the proposed binding pose for SDZ-BZP (yellow)

iIs more similar to that of granisetron. For cherhgteuctures of the described ligands

see fig. 1.

DISCUSSON
This study describes the effects of scopolaminearapine on human 5-HT
receptors. Both compounds were antagonists with pokéncies. For scopolamine,

binding at the orthosteric site was demonstrate®&dalyild analysis and competition
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with the 5-HT% receptor antagonists$H]granisetron and G-FLIn silico docking
predicted that molecular features of the carbomWelr of scopolamine may alter its
orientation within the binding site and could acabior the lower potency when
compared to established 5-flfleceptor antagonists. Evidence for this is disediss
more detail below.

The observation that scopolamine competitively bitki 5-HT; receptor
responses was anticipated as it has structuralasiti@s with other 5-HY receptor
antagonists (fig 1) and ligand promiscuity at 5s3HEceptors has been reported
elsewhere. For example, epibatidine and tropisearenhigh affinity agonists af7
NACh and high affinity antagonists of 5-gTeceptors. Similarly, 5-Hif receptors
also have lower affinity competitive interactiongtiw dopamine, acetylcholine,
nicotine,d-tubocurarine, chloroquine, varenecline and stryafynas well as allosteric
modulators such as anaesthetics, alcohols, stelmds terpenoids and the non-
competitive antagonists picrotoxin, ginkgolides amefloquine (Thompson and
Lummis, 2008; Thompson and Lummis, 2013; Thompdoal.e2014). It is perhaps
more surprising that the affinities of scopolamarel atropine were not higher given
their structural similarities to 5-HTreceptor antagonists that bind with nM affinities.
However, the lower affinities are likely to restidm both scopolamine and atropine
having an aromatic ring that is not directly atedho the ester moiety that forms the
link with the bicyclic amine, a bond that is comntorall 5-HT; receptor antagonists
(Thompson, 2013). The direct conjugation of thdoay! (ester or amide) group with
the aromatic ring provides 5-HTeceptor antagonists with planarity and rigidiatt
is crucial for potent inhibition and high-affinithinding (Hibert, 1994). Instead,
scopolamine and atropine have linkers that cordaitrahedral carbon that carries a

polar hydroxymethyl substituent (fig 1). The im@orte of this region is highlighted
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by SDZ-ICT 322, a ligand that is also a high affirb-HTs receptor antagonist £g =
10.6 in isolated rabbit vagus nervé&gp= 9.2 in N1E cells) but has the same scopine
tricyclic moiety as scopolamine directly linked ttte aromatic indole ring (Blum et
al., 1992). This hypothesis is further supportedhsy low affinity of atropine which
contains the same tetrahedral carbon, while theecimalogue tropane benzoate, with
a carbonyl linker, has high affinity at 5-klTeceptors (63 nM; Fozard 1989). We also
found that the potent 5-HTeceptor antagonist, granisetron, binds with aromolar
affinity at muscarinic receptors, suggesting thatlevgeneral conformations of these
ligands enable them to share common binding sité®th receptors, the linkers are
likely to confer the key structural elements thawe receptor selectivity.

To find further evidence for the importance of thmker region, we performed
docking into a homologue of the 5-Elfieceptor that has been co-crystallised with the
antagonist granisetron in its binding site (Kestdral., 2013). The predicted binding
pose for the high affinity antagonist SDZ-ICT 322sasimilar to the orientations of
granisetron and tropisetron ligands in SHTBP andchBE co-crystal structures (fig
6E), which was anticipated given the similaritytheir structures (fig. 1) and affinities
(Hibbs et al., 2009; Kesters et al., 2013). Howgewrescopolamine the tri-substituted
tetrahedral carbon between the scopine tricyclitetgyaand the aromatic phenyl ring
leads to a kink in the molecular structure, unltke high-affinity 5-HE receptor
which are planar. In scopolamine this linker alemtains a hydroxyl group. The
docking results lead us to speculate that the sutest tetrahedral carbon in
scopolamine creates increased bulk and ligandbilleyi while the polar hydroxyl
group is sterically restricted and occupies a gawmitthe rear of the binding site. If
these predictions are correct, the differencekeninker region orientate scopolamine

away from residues in binding loops D and F (fig)6Bnd the ligand no longer
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engages with residues that are essential for hifghitg binding (Thompson et al.,
2005; Thompson et al., 2006).

Scopolamine is generally regarded as a non-sedecgtiuscarinic receptor
antagonist with an affinitx 1 nM. At higher concentrations it also blocks tiicic
acetylcholine receptord(so = 928 uM) and increases the expressiormdmMACh
receptors (Schmeller et al., 1995; Falsafi et2012). When using scopolamine for
the prevention of motion sickness in humans, blamhcentrations following
transdermal and combined oral administration haenlreported to peak at ~0.37 ng
mi™ within an hour (Nachum et al., 2001). Elsewheighér plasma concentrations
of 2.9 ng mt* are reported following intravenous administrat{@m mg) to healthy
volunteers (Putcha et al., 1989). Both of theseeslare significantly lower than the
concentrations that affect 5-HTeceptors and it is unlikely that these recepiarald
be inhibited. However, when scopolamine is usethdiice cognitive dysfunction in
rodents, intraperitoneal or sub-cutaneous injestioh up to 2 mg K§ are used
(Klinkenberg and Blokland, 2010). As a weight petwne this is the equivalent of
~1 UM which is close to théCsy at 5-HT; receptors. For centrally administered
scopolamine the focal concentrations at the sitadmhinistration can be as high as
140 pg ptt (460 pM), a concentration that is far in excessit®flCsy at 5-HT
receptors and would cause complete inhibition (kdmberg and Blokland, 2010).

The amygdala and hippocampus are of critical ingma¢ in implicit and
explicit memory, and this function is mediated waetions of both cholinergic and
serotonergic pathways. As scopolamine blocks muscaeceptors with high affinity
it is used to induce cognitive dysfunction, butsitalso known that 5-HJreceptor
antagonists alleviate these symptoms. Long-termerpation (LTP, the neural

mechanism through which memory is formed) in theygaala and hippocampus is
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inhibited by 5-HE receptor agonists and promoted by antagonistaiftand Xu,
1995). These effects are probably mediated viomaston the GABA-ergic synaptic
activity of interneurons, but may also result fractivities at 5-HE receptors that are
present outside of the hippocampus and would aksdolbcked by systemically
administered 5-H7J antagonists. If sufficiently high concentrations ssopolamine
were centrally administered we might expect a sinblock of 5-HTF receptors which
could complicate the interpretation of its physgbtal effects. Pre-administering 5-
HT; antagonists to alleviate cognitive dysfunction Imidurther complicate these
studies as their higher affinities and slower atiation from the body would prevent
scopolamine binding at 5-HTeceptors (Putcha et al., 1989). As mood disorsiech
as anxiety and depression are also mediated by duthnergic and serotonergic
pathways, the interpretation of scopolamine effemts these might be similarly
affected (Bétry et al., 2011).

In summary, we provide the first reported evidetizd the drug scopolamine
inhibits the function of homomeric 5-HTeceptors via a competitive mode of action,
and suggest that the bond that links the kinked anmte flexible structure of
scopolamine is responsible for the lower affinithiea compared with other typically
flat and rigid 5-HE receptor antagonists. Because the concentratiooenfrally
administered scopolamine can exceed the concemtrtitat inhibits 5-HT receptors,
it is likely that these receptors would be inhiditender this experimental paradigm,
and could influence LTP. Given this finding we ek that the potential effects at 5-
HTs; receptors should be considered before centrallymiradtering high

concentrations of this compound.
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Muscarinic ligands scopolamine and atropine also have micromolar affinity at 5-HT;
receptors.

The 5-HT; receptor ligand granisetron also has micromolar affinity at muscarinic receptors
Scopolamine has a tetrahedral carbon linker that is responsible for its lower affinity at 5-HT;
receptors.

Scopolamine is used as a preclinical model for inducing cognitive dysfunction.

Use of high concentrations may inhibit 5-HT; receptors and complicate analysis.



