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List of Abbreviations

# Number

2+ clusters Clusters that include at least two openings

5+ clusters Clusters that include at least five openings
5-HT Serotonin

Homomeric serotonin gated receptor channel,

Al formed by A subunits

5-HTass Heteromeric serotonin ga_ted receptor channel,
formed by A and B subunits

5_HT..QDA High conductance mutant of homomeric seljoton'ln
gated receptor channel, formed by A subunits

5HTR; Serotonin gated receptor channel

A2D Desensitized receptor bound to two agonists

A2R Receptor bound to two agonists

A3D Desensitized receptor bound to three agonists

A3R Receptor bound to three agonists

Ach Acetylcholin

AchR Acetylcholin receptor

AD Desensitized receptor bound to one agonist

A amplitude of i peak

AR Receptor bound to one agonist

C Closed component

C(avg) Weighted average of closed components

G A closed component

C1-8 Closed components one to eight

(@) Another closed component

Ga** Calcium ion

cDNA complementary Desoxyribonucleic acid

. non parametric statistic test value to estimate the

chi? .
goodness of fits

cr Chloride ion

CNS Central nervous system

CO, Carbon dioxide

Cs Cluster component

Cs(avg) Weighted average of cluster components

D Desensitized receptor

DMSO Dimethylsulfoxid

ECso 50% enhancing concentration

ECS Extracellular solution

FBS fetal bovine serum

fr.amp. Fractional amplitude

FRET Forster resonance energy transfer

G (pS) Conductance in pico Siemens

GABA Gamma aminobutyric acid, a neurotransmitter

GABA. a ligand gated ion channel, responds to Gamma

aminobutyric acid

GIlyR Glycine receptor

HEK293 Human embryonic kidney cell line 298
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid,

HERES a buffer agent

HTR3A-E Subunits A to E of the serotonin gated receptor
channel

| (pA) Current in pico Ampere

Iy mean current of i peak

ICso
ICS

quu”

Interval50

lon
Ipeak
Ik
-V
k

K+
M3
M4

MA

medium (+AB)
n

Na*
NaHCO;
Nl

0]
O(avg)
Os

(o]

O,

PNS
pcpen
PSG

Pt = Ptotal
amc

R

r

rf

rf

rs

sSD

t

t:nt

tcnt\nng

™

V (mV)
width,
wt

Tc

Tcs
Tgap
To

T oFF
Ton

T recovery

w

50% inhibiting concentration

Intracellular solution

fraction of current remaining after both decays
have equilibrated

Time constant for 50 % channel recovery after
desensitization

current component, if full onset would be reached
Maximum of a macroscopic current

current at time t (pA)

Current-Voltage relationship

curvature factor for the onset, k21

Potassium ion

Membrane domain 3

Membrane domain 4

Ampbhipathic alpha helix within intracellular TM3-
TM4 domain

medium includes antibiotics

Number of events

Sodium ion

Sodium bicarbonate

Hill coefficient

Open component

Weighted average of open components

Brief open component

Intermediate open compaonent

Long open component

Peripheral nervous system

Open prohability
Penicillin/Streptomycin/Glutamine solution
Open probability in a complete recording
Quasi macroscopic current

Receptor

Spearman coefficient

Rectification factor

rectifying factor (calculated ba formula 14)
molar refractivity

Standard deviation

Time

Critical time between clusters

Critical time between the shortest and the second
to shortest cluster component
Transmembrane

Voltage in milli Volt

width of i'" peak

Wild type

Time constant of closed component

Time constant of open component

Critical gap time between two components
Time constant of cluster component
Timeconstant of recovery from desensitization
Onset of macroscopic current

Offset of macroscopic current

fraction of decay due to second time constant
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Introduction

Review

Although anesthesia has been practiced for over 150 years now — since the first
successful surgery under ether induced anesthesia in 1846 - its molecular mechanisms
are still fairly unknown. Anesthesia is a physiological state of variable patterns. Most
general anesthetics induce immobility, unconsciousness and amnesia, but analgesia or
muscle relaxation can be effects, too. As the group of substances, which can induce
anesthesia, is chemically very diverse, the common belief for a long time was that
anesthetics had nonspecific effects on cell membranes that produced changes in the
function of membrane proteins.

Only when in the 1950s and 1960s new electrophysiological techniques provided new
insights about pre- and post synaptic actions and their regulatory role on neural activity
(Bonnet and Bremer, 1952; Bremer et al., 1954) (Eccles, 1964) (Hodgkin and Katz,
1949; Hodgkin and Huxley, 1952), this lead to findings of more specific actions of

anesthetics on neurotransmitter receptors (Eccles et al., 1963).

Ligand Gated lon Channels

Gamma aminobutyric acid (GABA,), glycine (Gly), nicotinic acetylchlorine (Ach) and
serotonin (5-HT3) receptors build a superfamily of ligand-gated ion channels. They share
a basic topology of five individual subunits, each possessing four transmembrane
stretches. The large extracellular domain contains the allosteric agonist binding sites
nestled between subunits. Each subunit contributes to a central, transmembrane pore
through which ions like Na*, K*, Ca**, or CI' permeate, depending on size and charge of
the amino acid side chains that line the pore. Binding of a neurotransmitter to the binding
pocket triggers a conformational change of the gate region, which lies within the pore
(Figure 1, Unwin. 1993).


http://en.wikipedia.org/wiki/Sodium
http://en.wikipedia.org/wiki/Potassium
http://en.wikipedia.org/wiki/Calcium
http://en.wikipedia.org/wiki/Chloride
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Figure 1. Basic features of a neurotransmitter-gated ion

channel, taken from N. Unwin 1993.

Synaptic neurctransmittar A ring of subunits forms a pathway across the lipid bilayer that
binding pocket includes the pore and the gate; two neighboring subunits

e contribute to each binding pocket

cyloplasmic
enfrance

Nerve cells express a large variety of ligand-gated ion channels with different ligand

binding, ion selectivity and conductance. Many of them are promising molecular targets
for the central nervous system effects of general anesthetics. Propofol for example
decreases neuronal excitability by enhancing agonist induced activation of anion-
selective inhibitory channels such as GABAARs and GlyRs (Zeller et al., 2008; Nguyen
et al.,, 2009) and inhibiting cation-selective excitatory channels such as 5-HT3Rs and
NAChRs (Rusch et al., 2007).

5-HT; Receptors and their Subunits

5-Hydroxytryptaming (5-HT3) receptors are ligand gated cation channels that can be
found in both the peripheral and central nervous systems (Tecott et al., 1993; Kapeller et
al., 2011). One well established physiological role of these receptors in humans is their
modulation of the vomiting reflex. 5-HT3 antagonists such as ondansetron are used
clinically to prevent anesthesia induced nausea and vomiting (Gyermek, 1995). They are
also known to play roles in cognition, pain and psychological disorders and can be found
in according areas in the central (CNS) and in the peripheral nervous system (PNS).

During a stable transfection of HEK-293 cells with human 5-HTzs encoding DNA

(performed by Dr. Boenisch’s group), several clones were produced (see page 19:
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Stable Transfection of HEK-293 Cells). Dr. Urban’s group had the opportunity to
electrophysiologically test several of those clones (data not shown). Although the same
plasmid was used to construct the clones, the expressed protein showed a variety of
serotonin induced currents. In addition to differences in the number of functional
channels that were expressed at the plasma membrane, the kinetics of the channels
varied. Some clones produced currents with slow activation- and decay constants.
These were assumed to have introduced a spontaneous mutation and were not used for
further experiments. The homomeric 5-HT3a clone that was used in this group was the
one that showed a maximum expression of channels, assumed by a maximum peak
current that was reached when applying serotonin to outside-out patches from those
cells.

This 5-HT3a clone was used in Dr. Urban’s group for about 15 years now and reliably
showed reproducible results (Barann et al., 2000a, 2000b, 2008; Urban et al., 2006a).
This way a very detailed characterization and pharmacological studies of about 100

substances could be done.

Naturally Occurring 5-HT3 Subunits

Functional 5-HT3 receptors can be assembled as a homomer of A subunits, or as a
heteromer of A and either B, C, D, or E subunits. As 5-HT3a was the first detected and
cloned subunit, the homomer is the functionally best studied version. Introducing another
subunit alters electrophysiological properties (Niesler et al., 2007), which could explain
differences between studies investigating 5-HT3a receptor function in cell lines compared
with native subunit heterogeneous tissues.

Comparative expression analysis of HTR3A, B, C, D and E genes showed HTR3D
expression to be restricted to kidney, colon and liver and HTR3E expression to colon
and intestine, whereas all other genes are widely expressed in many tissues including
brain (Niesler et al., 2003).
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5-HT3a Subunit

5-HT3a is the only known homomeric pentamer of the 5-HT3 family that forms a
functional ion channel. Subunit homogeneity simplifies the molecular biological
properties of the pentamer, so that kinetic and molecular models with fewer variants can
be built. Compared to other ion channels of their family, 5-HT3a channels show slow
kinetic constants, so that influences of substances on channel opening and closing
phases are better to detect and quantify.

The 5-HT3a stably transfected HEK cell line used in the present study has been used
since many years and showed a stable protein expression as well as reproducible
channel activity. This made it possible to build up a data pool of over 100 macroscopic
substance studies on 5-HT3a (Barann et al., 2000a, 2008; Decker, 2010; Meiboom et al.,
2013). Because the single channel conductance of 5-HTza is too small to detect,
alternatives are needed for studies that relate macroscopic substance studies to single
channel behavior.

Baptista-Hon et al (Baptista-Hon et al., 2013) described a membrane associated MA-
stretch between the M3 and M4 region, which has 114 residues and plays an important
role for the single channel conductance and for the rectification of the 5-HT3 channel.
Within that area there’s a structurally still unresolved stretch of 85 residues. When
truncating this area to 75 residues, Baptista-Hon et al create a functionally wild type like
channel. When truncating the area to only 70 residues, rectification is abolished and
single channels show a higher conductance. The M3-M4 loops of human cys-loop

receptors all exceed 70 residues. This length seems to be fundamental.
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5-HT3g Subunit

One serotonin channel variant that occurs in native cells is the heteromeric 5-HT3ag,
which shows a higher single channel conductance compared to 5-HTsa (Hapfelmeier et
al.,, 2003; Stewart et al., 2003). Higher single channel conductances resemble
conductances that were found in native neurons (Hussy et al., 1994a).

Because of past positive experiences with the stably transfected 5-HT3a line, one goal
here was to establish a stable transfected 5-HT3ag line as well. When an according clone
was built, a basic electrophysiological characterization was the first step to identify
similarities and differences to the already characterized homomer.

When expressed in xenopus oocytes, the serotonin ECso for homomeric channels is
1.8 uM, for heteromeric 5-HT3ag 20 uM, and AB shows a faster decay (Stevens, 2005).

Homomeric 5-HT3a channels and heteromeric 5-HT3ag channels differ in several basic
characteristics (Baptista-Hon et al., 2013): while A is outward rectifying, AB shows a
linear IV. Macroscopic AB currents show a faster decay than A and lower calcium
permeability. Also the single channel conductance of AB channels is much higher. While
A single channel currents are too small to be resolved, AB reaches 16 pS.

When it comes to the prediction of the stoichiometry of heterogeneous channels,
opinions differ. Barrera and group purified 5-HT3ag receptor proteins with antibody-
decorated subunits and based on atomic force microscopic images of resulting receptors
predict a A2B3 (BBABA) stoichiometry (Barrera et al., 2005a). Docking experiments
using homology models of 5-HT3a and 5-HTsag channel binding sites predict that
serotonin binds to the interfaces between A subunits (Lochner and Lummis, 2010). This
means within heteromeric channels, two A subunits must be adjacent to each other and
supports the idea of a A3B2 stoichiometry with nonadjacent B subunits that (Miles et al.,
2013) predict, based on fluorescence intensity ratios and Fortster resonance energy
transfer (FRET) efficiencies of heterogenic 5-HT3 receptor proteins in isolated plasma
membrane-sheets. Da Costa and Sine showed a dependence of binding kinetics on the
subunit composition of pentameric ion channels as well (daCosta and Sine, 2013).
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High Conductance Mutant 5-HT3a QDA Receptor Channels

Mutation of three arginine amino acids within the MA-stretch of the 5-HT3za subunit to
the according residues of the B subunit (Q, D, A) produces a high conductance
homomer, the 5-HT3aQDA (Kelley et al., 2003a).

v_O
e Banacr o T

_T_M.D ----- W ..........;IH:HE......".-
_________ U RRR ol

mutation
IcD A-stretch

Peters J A et al. J Physiol 2010;588:587-596

ECD

The Journal of Physiology

©2010 by The Physiological Society

Figure 2: The architecture of the eukaryotic members of the pentameric ligand-gated ion channel
super family.
Left: a homology model of a human 5-HT3, receptor subunit constructed by Hales et al. (Hales et al.,
2006), indicating the position of the MA-stretch and the RRR mutation that leads to the high single channel
conductance mutant 5-HT;,QDA.

The human isoform has a conductance of 42 pS and a linear I-V at low extracellular
Ca®" concentration. Inward currents depend on extracellular Ca** concentration, which

leads to Ca?* dependent changes in channel conductance and rectification.

Kinetic Models for 5-HT3a QDA Receptor Channels

First schemes for receptor channel activation of ligand gated cys-loop channels were
conducted on the nicotinic acetylcholine-receptor (AChR) channel (Sine and Steinbach,
1987). AChR single channel recordings at low agonist concentrations did show one
open component and two closed components, so that it was assumed that the channel
activation follows a simple sequential kinetic scheme with two agonist bound but closed
channel states (AR and A2R) that lead to an openings series (burst), where openings

are separated by short closures (A2R’).
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burst
k; k; B 7

A+R == AR =2 A2R -:Z’.@’-A2R* A2R’
K. k. o I3

one open state

Figure 3: Kinetic scheme for opening and closing of AChR

The scheme can be described by three rate constants: the channel opening rate (),
the channel closing rate (a), and the agonist dissociation rate (k.;). p and k., are
comparable in magnitude, so that on average the channel opens and closes several
times once the receptor channel opens. B is also much larger than a such that the
doubly occupied receptor has a high probability of being open (B /B + a =0 93).

Glycine receptor (GlyR) kinetic models include more than one open state and assume
that each open state corresponds to a different state of ligation (Beato et al., 2004).
Such a model cannot describe the experimental dwell times of 5-HT3;aQDA (Bouzat et
al., 2008). They suggest that three classes of openings arise from a fully liganded closed

state, but include preceding binding steps.

R =2 AR =2 A2R 22| A3R

cluster
three open states

D == AD =2 A2D =2 A3D

Figure 4: Kinetic scheme for opening and closing of mouse 5-HT3;,QDA channels, taken from (Corradi
et al., 2009).
Colored squares are own modifications. R = receptor, AR, A2R, A3R = agonist(s) bound to receptor, but
receptor still in a closed state; D =desensitized receptor state; AD, A2D, A3D =agonist bound
desensitized receptor states; O = open receptor states (brief, intermediate, long); C = closed receptor
states within a cluster.
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Actions of Anesthetics and Anesthetic Related Drugs on 5-HT; Receptors

5-HT; receptor antagonists such as ondansetron are used clinically to prevent nausea
during chemotherapy and anesthetic induced nausea and vomiting (AINV) (Gyermek,
1995). Some anesthetics, such as the volatile anesthetic ethanol, tend to increase the
incidence of AINV but others, such as the intravenous anesthetic propofol, decrease the
incidence of AINV.

Anesthetics also have differential effects on 5-HT3 receptor currents. The anesthetic
induced modulation of agonist-elicited currents correlates with the molecular volume of
anesthetics (rs =-0.962, (Stevens, 2005)). Small molecules potentiate, large molecules
inhibit and intermediate ones have a minimal effect on 5-HT34 and 5-HT3ag channels.
This leads to the conclusion, that 5-HT induced currents are enhanced by binding to a
small binding site that physically limits binding to molecular volumes smaller than
110 A3. Additionally, a larger binding site is proposed by Stevens et al (2005). When
larger compounds bind there, inhibitory actions are mediated. The small binding site
does not seem to be effected by the presence of B subunits, the large site does.

It is widely accepted that a detailed study of drug effects on voltage-gated channels
requires voltage protocols that test for effects on different states of the channel.
Similarly, with ligand-gated channels we use different application protocols to study
effects of a drug on the different states of these channels.

The integrated current response takes into account changes in onset, peak current
and desensitization of the current response and thus may provide the best estimate of
how a drug affects synaptic communication. But to gain detailed information about
molecular mechanisms between agonist and receptor proteins, a quantification of the
individual effects on macroscopic currents was done. To separate wash-in time
constants of these effects, macroscopic experiments were performed in different
application modes. In open channel mode, the drug is applied simultaneously with the
agonist, so that fast effects on the open channel are detected. In closed channel
experiments, the drug is applied for a certain duration to the closed channel, before
application of the agonist opens it. This way effects on the closed channel conformation
are detected. The equilibrium mode experiments combine all effects of the drug by

continuously applying it before and during agonist application. This mode might be
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closer to physiological conditions, but would be hard to interpret without previously
described experiments, because many effects with different time constants overlap.

Propofol is a clinically widely used anesthetic. To investigate its depressing actions on
5-HT3 receptors, detailed macroscopic electrophysiological studies have been done on
5-HT3a receptor channels. Propofol doesn’'t seem to effect the onset, but produces a
concentration dependent acceleration of desensitization (in equilibrium application).
Propofol shows significant effects at concentrations as low as 3 uM and less, which is
close to the concentration where 50% of patients show no motor response to tracheal
intubation (2 uM, (Kazama et al., 1998)).

The net effect at a synapse can be estimated as the effect on the integrated current,
which represents the total charge passing into the postsynaptic membrane. Propofol
suppresses ion flux through excitatory ion channels (Belelli et al., 1996; Pistis et al.,
1997; Urban et al., 2006) and causes less emesis (Borgeat and Stirnemann, 1998).

Because anesthetic potency is generally related to drug hydrophobicity, series of
compounds are examined. Meyer-Overton relations have been used to estimate
anesthetic potencies arising from nonspecific hydrophobic actions (Barann et al., 2008).
When applied under equilibrium condition, propofol inhibits serotonin induced currents in
tranfected HEK 293 cells with an ICso of 18 uM. 2-Isopropylphenol has an ICsy of 17 uM,
phenol 1.6 mM. All three substances show two effects, one with fast and the other with
slow kinetics. Propofol increases desensitization rate, 2-isopropylphenol decreases it.
With propofol, both the fast as the slow effects are inhibitory, whereas with phenol and
2-isopropylphenol there is a fast potentiating effect and a slow inhibitory effect (Barann
et al., 2008). The fast effects are serotonin concentration and anesthetic concentration
dependent. Inhibition by propofol requires more than a few milliseconds to develop,
similar to muscle type ACh receptors (Dilger et al., 1994). The time constant for peak
current inhibition by propofol (220 ms) is similar to the time constant for 5-HT induced
desensitization (250 ms).

In order to explore the differences in molecular actions of propofol to molecular
actions of inhalation anesthetics such as ethanol, macroscopic electrophysiological
studies with a homologous series of n-alkanols have been performed on human 5-HTzp
receptors (Decker et al., 2015). Just like propofol, N-alcohols did show fast and slow

effects on currents over 5-HT3a, which depend on exposure time, concentration and
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chain-length. N-hexanol will serve in the following study as representative substance of
the n-alkanol group, as it has physicochemical properties intermediate between phenol
and ethanol. Under equilibrium condition, n-hexanol reduces the current with an 1Csq of
1.5 mM. The fast and the slow inhibiting effect occur with the time constants 21 ms and
11.6 ms, respectively. N-hexanol accelerates both onset and decay of macroscopic
currents.

Effects of anesthetics and anesthetic related substances on 5-HTj3; receptors are
complex and versatile. Above described studies were conducted on macroscopic level,
meaning the sum of many activated ion channels was observed. To be able to resolve
the many overlapping effects of substances, single channel studies are necessary.
Being able to relate changes in single channel kinetics to macroscopic changes will give
further inside to possible binding sites of 5-HT3 channels.

In the case of the aromatic propofol, the strategy is to look at compounds that share
some, but not all, of the chemically active moieties of the drug. The lesser hydrophobic
propofol derivative phenol is structurally related, but has only one reactive OH-group. N-
Hexanol is a closely related open chain derivative with one OH-group. Thus, phenol and
n-hexanol are the compounds of choice to start a series of substance studies on single
channel level and explore the different molecular actions of individual moieties of

anesthetic related substances.
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Specific Aims

Members of the ligand-gated ion channel super family are promising molecular
targets for the effects of general anesthetics on central nervous system. There is
extensive electrophysiological data on the effects of anesthetics and related compounds
on 5-HT3a receptor channels serving as a homomeric model for ligand-gated ion
channels. Almost all those studies were done on the macroscopic level. Information on
the single channel level is required in order to obtain details of the molecular interactions
of anesthetics with their protein targets. However, 5-HT3a receptor channels have too
low a conductance to be resolved with current electrophysiological techniques. The
present study examines two alternate forms of 5-HT; receptors with high conductance
and evaluates their usefulness for kinetic analysis of anesthetic interactions with

channels.

Aim 1 was to characterize human 5-HT3ag channels as they are physiologically
occurring heteromeric variants of 5-HT3; receptors known to have a sufficiently large
single channel conductance to be easily resolved.

Aim 2 was to characterize human 5-HT3aQDA channels as an alternative which
although not occurring physiologically has the advantage of being the least modified
mutant of 5-HTsa that shows high single channel conductance, and also being
homomeric like the wild-type.

Aim 3 was to perform pharmacological single channel studies on the more suitable

high-conductance form of the 5-HT3 receptor channel.
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Materials and Methods

Molecular Biology

HEK-293 cells

Human Embryonic Kidney 293 cells, originally derived from human embryonic kidney
cells in the early 70’s. They are easily transfected with cDNA coding for a variety of

proteins and are commonly used in cell biology research.

Cell Culture

Cell culture methods included passing, plating, freezing and thawing of HEK 293
cells. All cell culture methods followed standard procedures. All solutions, media and
material were sterile. Cells were kept in cell culture flasks in an incubator at 37°C, 95%
humidity and 5% CO,. For experimental use cells were seeded in 35 mm cell culture

dishes.

Media Used For Cell Culture

For Cells for Transient Transfections:

Based on Dulbecco’s MEM Nutrient Mix (4.5g/D Glucose, + D-Glutamine)

Growth medium without antibiotics (-AB):
10% fetal bovine serum (FBS)
15mM HEPES
Growth medium with antibiotics (+AB):
10% FBS
15 mM HEPES
5 pug/ml Plasmocin (to prevent mycoplasma)
1% Gibco PenStrep 10,000


http://en.wikipedia.org/wiki/Embryo
http://en.wikipedia.org/wiki/Kidney
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Growth medium (+AB): to use for one week after newly defrosted cells have
recovered (= use for first passage)
10% FBS
15 mM HEPES
5 mg/ml Plasmocin (recommended dose to eliminate mycoplasma from infected
cells)
1% Gibco PenStrep 10,000
Cryoprotectant medium:
10% FBS
5% (v/v) DMSO

For 5-HT3a Stable Transfected Cells:

Based on Dulbecco’s MEM Nutrient Mix (4.5g/D Glucose, - D-Glutamin)

Growth medium with antibiotics (+AB):
10 % FBS
3 % NaHCOs3;
1% PSG (10,000 U/ml penicillin, 10,000 U/ml streptomycin, 29.2 mg glutamine)
1.5 % PANecitin (=Geniticin)
Cryoprotectant medium:
10% FBS
5% (v/v) DMSO

For 5-HT3ag Stable Transfected Cells:

Based on Dulbecco’s MEM Nutrient Mix (4.5g/D Glucose, - D-Glutamin)

Growth medium with antibiotics (+AB):
10 % FBS
500 pg/ml Zeocin
1.5 % PANecitin (=Geniticin)
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Cryoprotectant medium:
10% FBS
5% (v/v) DMSO

Stable Transfection of HEK-293 Cells

The procedure of the stable transfection was kindly done by Dr. Boenisch’s group at
the Institut fir Pharmakologie und Toxikologie in Bonn.

Human 5-HT3A cDNA was transfected into HEK 293 cells via calcium phosphate
transfection (Chen and Okayama, 1987) using the pCDNA3 vector, which is 5.4kb long
and includes codes for geniticin and ampicillin resistance. 5-HT3A cDNA integration into
the cell genome was nonspecific. Transfected cells were selected by the addition of
800ug/ml geneticin to the cell medium about two days after transfection. This causes
non transfected cells to die, which can then easily be discarded by changing cell media
every two days. Vital cells stay attached to the flask bottom, unhealthy and dead cells
are floating in the discarded medium. The surviving cells were plated in petri dishes and
appearing cell clusters separated by clone barrels (Klonzylinder, by Sigma) and plated in
24well culture plates (Falcon), where they were cultivated to reach a high confluence.
20-40 of those transfected colonies were then tested via [14C]Guanidinium Influx and
binding of the selective 5-HT3a receptor antagonist [3H]JGR 65630 [3-(5-methyl-1H-
imidazol-4-yl)-1(1-metzhyl-1H-indol-3-yl)-1-propanone] for their expression of human
5-HT3A cDNA. Or specific [3H]5-HT intake experiments were performed. Only positively
tested clones — one of which was used for all h5-HT34 experiments in this work - were

conserved.

Transient Transfection of HEK293 Cells

HEK 293 cells were transiently transfected with cDNA that encodes the 5-HT3;aQDA
subunits. The cDNA was inserted into the cells via transfection reagents fugene
(promega) or genejuice (emd-millipore) according to the manufacturer recommended
protocols. Cells that were transfected via fugene were co-transfected with CD8 cDNA, to

mark successfully transfected cells with CD8 beads before patch clamp experiments.
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Electrophysiology

Patch Clamp Method

The patch clamp method to study multiple and single channels was developed by
Erwin Neher and Bert Sakmann in 1976 (Neher et al., 1978). It makes it possible to
study the excitation of ion channels in a patch of cell membrane under controlled
conditions.

As an electrode, one uses a glass micropipette with a tip diameter of about one
micrometer. This pipette gets sealed onto the surface of the cell membrane by touching
the surface and applying some negative pressure. Such a sealed membrane area is
called a patch. To make sure that the pipette tip is smooth and wont poke through the
surface, the tip is heat polished.

When the micropipette tip is sealed tightly to the membrane surface area, this results
in a very high electrical resistance greater than one gigaohm. One has reached the so
called ‘cell-attached’ configuration. From here one has two possibilities. If one moves the
pipette upwards, away from the cell, the sealed patch will rip out of the cell membrane
and form an ‘inside-out’ patch. But if one rips the membrane
surface open first by adding negative pressure, the ‘whole-

cell’ configuration is reached. This configuration is a pre

step to the ‘outside-out’ configuration. If one moves the
micropipette away from the cell surface after forming a

‘whole cell’ patch, the edges of the membrane will stay

/ attached to the edges of the pipette tip and the ripped of
e flaps of the membrane that are attached to those edges will
find each other again and form a closed patch of membrane.
negafvepreiffry \ This patch will be positioned at the pipette tip in such a way

that the former extracellular side will face away from the

inside out

pipette tip (‘outside out’).
Within this study, only ‘cell attached’ and ‘outside out’

whole cell

conformations were used.

Outside out Figure 5: patch clamp configurations
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A chlorided silver wire is placed inside the pipette and brought into contact with the
ICS. The wire conducts detected electric currents to the head stage and the connected
amplifier. Because of the high resistance of the seal, it is possible to isolate currents
across the patch from other electrical noise.

To be able to set the zero current level of voltage, a bath electrode of chlorided silver
wire is positioned into the extracellular solution (ECS) that fills the cell dish. The
differential amplifier clamps the voltage between the two electrodes to zero and uses the
voltage that is needed to do so to observe the current changes over the patch. Therefore

the gain by the amplifier is given in mV/pA.

The Cell Attached Configuration

When working with the cell attached configuration, the whole cell stays attached to
the ground and there are no solution changes possible with the here used solution
exchange system.

Detected are currents over the membrane patch between the inside of the cell and
the inside of the pipette. That means the bath electrode cannot be used to clamp the
membrane potential of the patch to zero. The membrane potential naturally mainly is
determined by the resting potential for potassium. When we fill the micro pipette with
extracellular solution (ECS), which includes a potassium chloride concentration
(145 mM) close to the inner cell potassium concentration, we force the chemical
potential at the cell membrane to zero.

The cell-attached configuration is used to record very small single channel currents.
To reduce the background noise as far as possible, the capacity of the recording
pipettes is reduced by coating it with Sylgard. This way the glass on the pipette tip is
more insulated.

The cell attached configuration leaves the cell surface intact and allows for long stable
recordings under equilibrium conditions.

In this study the cell attached configuration is used to record single channel events in
a patch under stable conditions for long time periods.



22 Materials and Methods

The Outside Out Configuration

When an outside out patch is formed, the glass pipette is filled with intracellular
solution (ICS), which mimics the ionic composition of cytoplasm. The pipette with the
patch at its tip can be positioned in front of solution application systems. Because the
former outside of the cell membrane is facing out of the pipette, agonist and antagonists
can be applied to extracellular parts of the channel. The outside out configuration is less
stable than the cell attached configuration, but allows for multiple solution changes at the
same patch. This way each experiment can be compared to its own control, so that
fewer experiments are necessary to reach statistically strong results.

In this study the outside out configuration is used to record multiple few second long

traces of macroscopic currents under different conditions at one patch.

Recording Pipettes

Glass capillaries with the inner diameter of 1.12 mm and the outer diameter of 1.5 mm
were pulled by a vertical puller into recording pipettes with resistances between
2.5-5.5 MQ. For cell-attached experiments, the narrow shanks of the pipette tips were
coated with Sylgard (Dow Corning Corporation, USA). The Sylgard coat was dried under

a heat lamp for 30-60 min.

Patch Life Time

Patch life time varies a lot. Sometimes patches would last only seconds. Every now
and then a patch would last hours.

The life time of a patch doesn’t only depend on how stable of a patch could be
formed. Depending on the conducted experiments, the patch is exposed to different
stress factors. Application of certain substances that influence membrane lipids and
proteins will lead to decreasing patch quality, including higher membrane noise and a
larger electrical leak. So does the application of large voltages. In some cases this

makes it hard to reach the same number of patches for those experiments.
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When conducting single channel level experiments, the duration is crucial for the
following analysis, because one needs many individual events to reach proper statistics.
Generally cell attached patches are more stable than excised ones. The membrane and
the cytoskeleton are still intact. This is why for the present study cell attached patches
were formed when recording single channel events. For these experiments the holding
potential was reduced for the same reason. This way it was possible to record minutes,
often 20-30 minutes of channel activity in one patch under one condition.

Still different patch durations mean different numbers of experiments on excised
patches and different numbers of recorded single channel events on cell attached
patches. Depending on the way gained data are processed and analyzed more stable
patches might gain more statistical weight within the data pool. For single channel level
experiments, this is hard to be avoided, as individual events of different patches need to
be pooled to gain sufficient numbers of events for single channel analysis. For
macroscopic currents, domination of results by long lasting patches is avoided by always

averaging all experiments of one patch into one data point.

Recording Protocols

The Rapid Solution Changer RS-200 is an up to nine tube system that allows for a
computer controlled application of multiple solutions to a whole cell or excised patch.
The nine tubes are attached to a rotating head. One tube is positioned in front of the
patch (or cell). The software allows for individual protocols that synchronize pinch valves
to open and close solution filled tubes and the movement of those tubes in front of the
positioned patch.

To reach a maximum response to an agonist pulse it is important to give the channels
in a patch sufficient recovery time between pulses by bathing the patch in agonist free
ECS for 60 s.

To elicit high currents, excised outside out patches were clamped to -100 mV briefly
(0.6 s) before the agonist was applied until the current recording stopped. In between
agonist applications, the patch was clamped to 0 mV in order to increase patch

longevity.
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clamped to -100 mV
5-HT application — J-

100 pA
5s

Figure 6: Voltage application on the example of a 5-HT3;,QDA transfected excised outside out patch to
record macroscopic currents.
Shown is the example of a control experiment without substance application.

Single channel activity from cell attached patches was recorded continuously and
requiring a continuous voltage clamp. To reduce the stress on the clamped membrane
and prolong the time that a patch stays stable, a less negative voltage of -80 mV was

chosen.

Standard Conditions for Control Currents

For macroscopic currents on excised outside out patches, concentration of 30 uM
5-HT was chosen as standard agonist pulse for control currents, to elicit a reproducible
maximal response. If not mentioned otherwise, excised patches were clamped
to -100 mV.

Cell attached patches are clamped to -80 mV. Control experiments were patched with
pipettes filled with 30 nM 5-HT, to elicit as many individual channel events as possible,

but avoid overlapping activities of multiple channels.

Concentration Response Curves on Excised Patches

For serotonin:

To determine the agonist concentration dependence of 5-HT3; channels, different
serotonin concentrations were applied to the same patch, while the patch was clamped
to one voltage (-100 mV). For display of concentration responses, resulting peak

currents were normalized to 30 uM peaks.
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For substances:

When applying substances one can differentiate between open channel (-+) and
equilibrium (++) application. During an open channel application, substance and agonist
are applied simultaneously for 1200 ms. During an equilibrium application, the

substance application is started 60 s before the agonist pulse is given.

open channel (-+) equilibrium (++)
control substance application substance application
— — substance

5-HT

100 pA
1UDpR| '009A|

185 18 185

Figure 7: Different solution application modes on excised outside out patches on the example of a
5-HT3,QDA transfected patch.
The patch was clamped to -100 mV, exposed to 30 uM 5-HT for 1200 ms (black bar) and 18 uM propofol
(red bar, different durations).

Current-Voltage Dependence (I-V) on Excised Patches

To determine the dependence of 5-HT3; channels on the voltage at the membrane, a
patch was clamped to different voltages and simultaneously perfused by a constant
serotonin concentration (30 uM). For 1-V display, resulting peak currents were

normalized to -100 mM peaks.

Double-Pulse Experiments on Excised Patches

To evaluate the recovery time of 5-HT3; channels from desensitization, double-pulses
with varying interpulse intervals were given. Currents obtained after a 60 s interval

served as control.
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Flow Rate

In all set ups solution change systems depending on gravity are used. By adjusting
the reservoir height and valve positions, the flow rate of solutions can be changed.
Generally a high flow rate is preferred, to make sure substances reach all in the patch
present ion channels immediately and kinetics are not obscured by slow arrival of
substances to binding sites. Limiting factor though is the mechanical stress that high
flow rates expose the patches to, which might lead to loss of the seal.

High rack position flow rate is 2.3 +0.08 ml/min, lowest rack position
1.6 £ 0.09 ml/min. Most of the time only valves that trigger the flow speed in only ECS
containing tubes were shifted to reduce the speed.

It can be assumed, that within this study, flow rates are sufficiently adjusted and don’t

vary.

Excluding Experimenter- and Setup Bias

Selective macroscopic current experiments on stable 5-HT3za transfected HEK cell
membranes were performed as in previous studies (Barann et al., 2000b). Current
kinetics with 1oy of 7.6 £ 3.7 and torr Of 156.6 £154.1 (ms = SD) did confirm the
macroscopic current shape that was found constantly during the last 15 years. So did
other electrophysiological properties that were checked for in the present study, like the
ECs for serotonin (here 8.9 uM) and the refractory time needed for a 50 % recovery
(here 19.94 s + 2.63 SD). This way it was assured that experimenter bias or changes in
the experimental setup do not alter the resulting channel properties and therefore future
single channel analysis can be corresponded to past macroscopic properties without
being concerned about these potential impacts. Patches and their electrophysiological
performances depend highly on many equipment and execution details (Suchyna et al.,
2009a), which makes it advisable for every new experimenter or newly combined setup
to check for a few properties on the well known 5-HT3a channel before starting
experiments on unknown channel variants.

Rundown correlated changes of kinetics over time (the decay phase gets faster by

1.7 % per minute) were not surprising either. Rundown and related changes over time
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are a common, yet still not understood phenomenon within the patch clamp community
(Suchyna et al.,, 2009b). Loss of activatable channels in a patch would explain the
amplitude reduction, but not the changes of Torr Over time. By always relating the
experimental current to its own framing control and washout currents, rundown effects

do not alter the relative effects of substances or different agonist concentrations.

Solutions

Extracellular solution (ECS) contains (mM):
NaCl (150), CacCl, (1.8), MgCl, (1), HEPES (10), KOH (5.4), NaOH to adjust the pH to
7.4

High potassium-extracellular solution (ECS) contains (mM):
KCI (145), NaCl (5), CaCl, (1.8), MgCl, (1), HEPES (10), KOH (5.4), NaOH to adjust the
pHto 7.4

Intracellular solution (ICS) contains (mM):
KCI (140), MgCl, (5), HEPES (10), EGTA (5), KOH (10), KOH to adjust the pH to 7.4

For excised outside out experiments, 5-HT and substances were dissolved in ECS.
For cell attached experiments, 5-HT and substances were dissolved in ICS, substances

were additionally dissolved in high potassium ECS.

Serotonin (5-hydroxytryptamin):
By Sigma-Aldrich.
250 uM stock was made first and kept frozen until usage.

Propofol (2,6-di-isopropylphenol):
By Sigma-Aldrich, 97% purity.
1M ethanol stock was made first.

Final solution was stirred over night before used for experiments.
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Phenol:
By Sigma-Aldrich, = 99.5% purity.
Was directly dissolved in ECS/ICS.

Final solution was stirred over night before used for experiments.

2-n-hexanol:
By Sigma-Aldrich, 99% purity.
10mM ethanol stock was made first.

Final solution was stirred over night before used for experiments.

Software

Table 1: List of used software

software provider origin

RSC-200 Bio-Logic, Science Instruments France

Axon Instruments,

PRlamg: Clamptt: Clanmpkx Molecular Devices Corporation GhA= USA
patchmaster HEKA NY, USA

SUNY Buffalo
B (Nicolai and Sachs, 2014) INY, A=A
IGOR Pro Wave Metrics Inc. OR, USA
Microsoft Office Microsoft Corporation CA, USA

GraphPadPrism GraphPad CA, USA
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Table 2: List of equipment for the different setups that the experiments were conducted at.

tool manufacturer origin features
tubes, flexible cole parmer Vernon Hills, |[ID: 0.5 mm,
IL OD: 2.1 mm
tubes Reichelt Heidelberg, |PTFE-
Chemietechnik Germany Chemieschlauch
2.4x3.0mm
Glas capillaries | Science Products |Hofheim, 0.78x1.0x
for rotating head |GmbH Germany 80mm
RSC-200 rapid Bio-Logic SAS Claix, France
solution changer
perfectum popper & sons, NewHyde glas
gastight syringes linc. Park, NY
Electrodewires |Science Products [Hofheim, silver
GmbH Germany
Glas capillaries  |World Precision |Sarasota, FL |1.5mm OD,
for electrodes Instruments, Inc. 1.12mm ID
L/M-3P-A vertical |List Medical Darmstadit,
puller Germany
L/M-CPZ 101 List Medical Darmstadit,
heat polisher Germany
ID 03 Microscope [Zeiss Jena,
Germany
Axiovert 25 Zeiss Jena, 1.5mm OD,
& - Microscope Germany 1.12mm ID
215 BB 6060 Heraeus Hanau,
oo incubator Germany
= EPC 7 amplifier |[List Medical Darmstadit,
- Germany
S |Bessel lowpass |Frequency Massachusets
@ [filter Devices ,USA
? [TL-1DMA Axon Instruments |Union City,
interface Inc. CA
Axopatch 200 Axon Instruments |Union City, 50 cem, 100 cem
— |amplifier Inc. CA
S |LPBF-48DGfilter npi electronic Tamm,
i GmbH Germany
¢ [Digidata 1200]|Axon Instruments |Union City,
Series Interface |Inc. CA
glas  capillaries|A-M Systems Sequim, WA |1.5mm OD,
for electrodes 1.12mm ID
MF-83 heat|Narishige Tokyo, Japan
g polisher Scientific
8 Instrument Lab.
o PIP5 vertical[HEKA Bellmore, NY
z puller
E% Nikon microscope|Modulation Optics|Greenvale, silver

Inc. NY
EPC 10 amplifier [HEKA Bellmore, NY
incubator Thermo Scientific |\Waltham, MA
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Analysis of Macroscopic Currents

Macroscopic currents show the activity of the sum of many ion channels in one patch.
Simultaneous voltage and agonist pulses are given, usually at a time point that all ion
channels of the patch are in an activatable state, so that the on- and the offset of
macroscopic currents describe the activation and decay time constants (ton and togr) of
the ion channels. Binding of 5-HT results in conformational changes of the channel
protein, which then opens its pore. Positively charged ions (i.e. Na* or K) can pass from
the extracellular to the intracellular. By convention inward current of positive charge is
displayed downward (Figure 8).

As long as the agonist is still applied, the decay phase is a combination of
desensitization and deactivation of the ion channels.

30 uM 5-HT

/ \ equilibrium current
TorF

\ / -100 pAI_
\ 500 ms

peak current

Figure 8: Example for a macroscopic current of 5-HT3, channels in an excised outside out patch,
induced by 30 uM 5-HT.

For the present study, all macroscopic currents were recorded on excised outside out

patches.



31 Materials and Methods

Fitting Macroscopic Currents

In previous studies, onset and offset were fitted separately (Witten, 2009; Decker,
2010). Those fits would depend a lot on the fitting range that was chosen for each
phase. Formula (1) and (2) fit the onset and the decay phase (offset) of the current in
one step. The fraction of overlap between onset and offset phase depends on k, which
describes the extend of ‘s’ shape that the onset takes. Ion does not represent the actual
peak current, but an estimate of the current that would be reached by the onset phase of
the fit. Due to the nature of the used exponential formula, the time constants represent
the time that is needed for the current to change by 1/e = 36.8 %.

During the further analysis, the actual peak amplitudes (pA) and the time constants
(ms) of onset and decay phase were used to describe macroscopic currents and to
indicate changes. Macroscopic currents could be fitted with two decay constants, using
the formula

e, X —: _—
I(t) =1, * (l— e -zﬂ,_-] % [(1 —w) =g ‘ToFrs Lw =g /ToFFz + IEW:-L.)

.

(1)
With

I(y = current at time t (pA)

lon = current component, if full onset would be reached (pA)
t = time (ms)

Ton = activation time constant (ms)

k = curvature factor for the onset, k=1

w = fraction of decay due to second time constant

Torr1 = first decay time constant (ms)

Torr2 = Second decay time constant (ms)

lequil = fraction of current remaining after both decays have equilibrated
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For some currents, two decay constants could not be resolved, thus they were fitted
with just one (tTorr), Using the formula

() == (1— e_"'?o.*.']d =(e rorr + fsq;;:':)

. E h

(@)

When comparing fits containing one decay constant with those containing two decay

constants, for the latter, a single time constant was calculated according to the formula.

i )
ToFF = TofrF1 * |__]_ —w) + ToFFz ¥ W (3)

Rundown

A well known yet not understood phenomenon is the so called rundown. This
describes a loss off current over the same patch over time. To subtract the effect of
rundown from the analysis of experiments, experimental traces (application of drugs or
different agonist concentrations etc.) are always framed by traces taken under standard
conditions. Those framing traces are averaged. Assuming that a rundown happens
continually, one can compare the experimental trace now with the averaged framing
controls and assume that the rundown effect was subtracted. A threshold of 25 % for
excepted rundown was set. Meaning that whenever the loss of current (pA) between

framing control traces was more than 25 %, the experiment was not analyzed.
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Analysis of Single Channel Currents

Excised Outside Out Mode

When there are resolvable single channel events in the equilibrium phase of
macroscopic currents, first step to analyze their amplitudes is to determine a range of
the respective current that shall be analyzed. This should be a range that includes as
many events as possible, but as few multiple channel openings as possible.
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Figure 9: Six traces of one 5-HTug transfected patch, induced by 30 uM 5-HT at -100 mV.
Indicated by red lines (B1 and B2): area to determine baseline, by green lines: area that is plotted in an all
points histogram (Figure 10). The currently active trace is black, the mean of all six traces is blue.

The higher the fraction of still active channels that contribute to the recording, the
noisier the recording will be. High noise levels though will prevent distinct peaks in the
resulting all point histograms. Figure 9 shows an example of a series of six recordings
over 5-HT3ag and the area that was chosen for all points histogram analysis.

Figure 10 shows the respective all-points-histogram, which plots the frequencies of
current values and can be expected to show distinct peaks for different levels of multiple
channel openings. First such peaks are located, which then are fitted to a sum of n

Gaussian distributions to determine their means, using the formula

- [I - Il:'f J:
width,

counts(I) = Z Aexp
A = amplitude of i'"" peak, loi = mean current of i peak

(4)

i=1

width; = width of i"" peak (width = v2¢, o= standard deviation)
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These means provide estimates of the amplitude levels of one or multiple channel

openings and the differences between these levels represent a single channel current

amplitude.
step one: locate peaks
4000 —
3000 —
2000 —
o 1000 -
[
= p |
g step two: fit gaussian curves to the peaks
_‘g 4000 -
q:t p—
AEN = .2.37+/-0.25 pA
<08 = -1.19+/-002pA A21= -1.26
1000 =0.15+/-0.003pA A0/ = -1.33

recorded current (pA)

Figure 10: All points histogram by plotting traces shown above.
First, potential peaks are located, then the histogram is fitted by Gaussian curves (formula 4), respective
peaks represent the current of 0, 1 or 2 open ion channels.

Cell Attached Mode

Preparing Single Channel Data for Further Analysis

Single channel recordings were processed and analyzed with QuB and IGOR Pro.
QuB was used for the first evaluation of each recording. After subtracting the leak
current and adding a 3 kHz filter to the recording, single channel events were detected
by using a 50% threshold method (Colquhoun and Sigworth 1995 in Neher and
Sakmann 1995). A dead time of 60 us was applied to reduce false positive detection of
events. The resulting idealization of the recording into closed, one channel opening, two
channel opening and three channel opening stretches is then loaded into IGOR Pro and

aligned with the original recording.
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Processing Single Channel Data via Personalized IGOR Pro Procedures

The fraction of false positive detection was still too high, for example due to stretches
with high membrane noise that was detected as channel activity. This is why each
recording had to go through further processing before being analyzed. Stretches that are
too noisy to be analyzed are deleted, so are multiple channel openings.

To each stretch that was idealized as a single channel opening, IGOR Pro detects a
current amplitude. Those are plotted in a histogram, which is fitted by a Gaussian
distribution. The mean of resulting distribution is the mean single channel current of the
analyzed recording. Events within the recording that show a current below 50% of the
mean single channel current are deleted.

IGOR Pro procedures also detect the duration of each opening and closing event.
Those durations are then plotted in histograms. Duration histograms are fitted by a
number of exponential curves using a maximum likelihood procedure (Colquhoun and

Sakmann, 1985). Histograms are fitted with multi exponential curves of the equation

n

fo) = Z fr.amp. (e~
=1 (5)

n = number of components, fr.amp = fractional amplitude of each component and T = time constant for
each component.

Because we plot the histograms on a log binned scale, we actually use the formula

f(©) =) fr.amp. {elt ~In(r;) - e(t = In())])
i=1 (6)
see (Sigworth and Sine, 1987), equation 8 for details.

Exponential distributions depend only on amplitudes and time constants; there is no
other value that describes the distribution further (as the width of a distribution for
Gaussian curves for example). So for every exponential component that can be fitted
into the duration histogram, one obtains two values: its position on the duration scale T
(ms) and its amplitude fr.amp. (given as a fraction of all events of the analyzed
histogram).

When fitting individual experiments, often there aren’t enough events to resolve all

components. Or the lack of a sufficient number of events leads to superimposed



36 Materials and Methods

components. Therefore criteria are needed, to decide rather a component is to be kept
or not. One criterion is the ability of alignment. When pooling the dwell times of
recordings obtained at the same conditions, the resulting histogram was fit. The duration
histograms for the individual patches can show fewer components, but those
components that are found should represent the ones found in the combined histogram.
Another criterion is the fraction of one component. If a component makes up less than
10% of the analyzed cluster durations, the risk of it being a superimposed component is
very high. Open and cluster components with fractions less than 0.1 are therefore
ignored and the fit is repeated with one fewer component

Open probabilities of entire traces (%) are calculated including multiple channel
openings by counting double and triple opening durations times two or three

respectively:

Py = Z(H: « ;) /Ty

pr probability over total time, n; number of channels open, t; duration of opening, T total time

(7)

To calculate open probabilities within clusters T+ is the duration of the cluster and n;

equals one.

All procedures in IGOR Pro were written and kindly provided by James P. Dilger,
Ph.D. from Stony Brook University, Stony Brook, NY, USA.

Normalizing Combined Duration Histograms

Within a series of recordings at the same experimental conditions, individual patches
were found that differed significantly in one or more single channel characteristic. When
such an exceptional recording includes a large number of events it can shift results of

combined duration histograms towards exceptional values.
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Figure 11 shows this on the example of combined open durations of six 300 nM 5-HT
recordings: All patches of that series except patch 0.3_6 (bottom left) show two
components that are separated by a dip in their open duration histograms (bottom right).
Because the exceptional patch 0.3_6 includes many more events than the other
recordings do, the combined histogram resembles the one without the otherwise
characteristic dip (top left). This phenomenon is avoided by normalizing open event
durations in a way so that each patch is weighted equally (top right).

Cluster Determination

To determine a critical closed duration that represents the time between individual
clusters (where a cluster is assumed to arise from one single channel) (t.i), the closed
duration histograms were first fit to multiple exponential distributions (formula 6). The
results are shown in Figure 12. The two fastest components of closed duration
histograms (C1, C2) are very reproducible from patch to patch and are similar at all 5-HT
concentrations. Component C3 is consistent for 5-HT concentrations of 100 nM and
above. However, C3 is somewhat slower at 30 nM 5-HT. Components larger than C3

also show concentration dependence.
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Figure 12: Duration components (ms) resulting from multiple exponential fits (formula 6) of closed
duration histograms for individual patches at different serotonin concentrations.

There are several systematic ways to define the midpoint between two exponential
distributions, here the method by Colguhoun and Sakmann (Colguhoun and Sakmann,
1985) was used. In this method, the critical gap time (tyap) is chosen so that equal
proportions of short and long intervals are misclassified by the fit, as described by the

formula

Egap

. ._aa.:_.?c: —1_e P cs (8)

Figure 13 shows the gap times (tgyp) between each adjacent pair of closed
components. The two shortest gap times are very reproducible at all 5-HT
concentrations. The gap times between the third and the fourth closed components
(blue, C3-C4) show a distinct concentration dependence and patch-to-patch variability.

This suggests that the C3-C4 gap depends on the number of active channels.
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Figure 13: Critical gaps (tgap) between closed time components (C1-C7)
Gap times were obtained using the Colquhoun definition of critical times (Colquhoun and Sakmann, 1985)
(formula 8), after fitting closed duration histograms for several patches to up to seven components.

Closed duration components and critical gap times between these suggest that the
critical time between clusters is between the third and the forth closed component. One
approach would be to define a cluster based on the critical gap time for each patch.
However, because we wanted to combine results from different patches, we chose to
define a single critical gap time to be used for each experimental condition. Figure 13
suggests that we could also use the same critical gap time of 30 ms for all 5-HT
concentrations. The determination of critical gap time was assessed when studying the

effect of substances on the channel.

Statistics

Statistical tests were done via GraphPadPrism and included Student’s t tests and one
way ANOVA tests with statistical significance set at p = 0.05. Significant one way

ANOVA tests were followed by Tukey’s Multiple Comparison.
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Results

5-HT;, wt— Basic Characterization (Without Druq)

5-HT3a channels have been characterized and used for extensive pharmacological
studies for many years now (Barann et al., 2000b, 2008; Meiboom et al., 2013). As
one goal of the present study was to evaluate a single channel model to explain
macroscopic phenomena on 5-HT3a, a selective characterization of 5-HT3z5 was done
first, to confirm properties that were found before and to make sure experimenter and

setup bias will not alter values.

Excised Outside-Out Patches

If not mentioned otherwise, all following 5-HTs3s properties are based on
macroscopic currents induced by a 1.2 ms application of 30 uM 5-HT at -100 mV,
recorded from outside-out patches that were excised from HEK cells stably

transfected with 5-HT 3.

Typical Current Traces

30 uM 5-HT pulses induced expected typical currents with a fast onset and a
slower offset on stably 5-HT3a transfected patches, an example is shown in Figure
14.

30 pM 5-HT

-100 pA
500 ms

Figure 14: representative current trace over a stably 5-HTs, transfected cell patch, induced by
30 uM 5-HT at -100 mV

Macroscopic currents were fitted with formula 1 or formula 2, to evaluate their

peak amplitudes and their activation and decay time constants (ton and Togr).
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Current Amplitudes

Mean peak amplitudes were -174 + 459 pA (n = 42 patches = SD) for the first
recorded currents of each patch. No patch did show resolvable single channel
openings.

When recordings could be repeated, the peak current decreased over time. The
degree of this so called rundown is shown in Figure 15, where peak currents were

normalized, so that the first one of each patch equals 100 %.
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Figure 15: lpeak Of 5-HT induced currents over 5-HTz, expressing membrane patches (n=15).
30 uM 5-HT pulses were given at -100 mV with at least 60 s recovery time in between. Peaks are
normalized, so that the value of the first pulse equals 100 %. The decrease of Il Was fitted by
formula 9, resulting in a Half Life Time of 26.4 min.

The decrease of Ipeak was fitted by a single exponential decay
Iear (1) = (100% — 0.13%) = e~t/38min L g 1304 ©)
The relative peak amplitudes of macroscopic 5-HT3a currents decreased with a Half

Life Time of 26.4 min.
To evaluate the influence of rundown on onset and offset of macroscopic currents,

these where determined over longer time periods as well.
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Time Constants zo,and z o

Macroscopic currents did show fast onsets with an average ton of 7.6 + 3.7 ms
and a slower decay with an average torr of 157 £ 154 ms (n = 42 patches + SD) for
the first recorded traces of each patch. Along with the current amplitude reduction
sometimes came a change of kinetics. Figure 16 shows the changes of Ton and Tore

over time of 15 individual patches.
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Figure 16: Toy and Tore Of 5-HT induced currents over 5-HTs, expressing membrane patches
(n=15) over the time since the patch was formed.
30 uM 5-HT pulses were given at -100 mV with at least 60 s recovery time in between. Ts were
normalized, so that the value of the first pulse equals 100 %. The decrease of the onsets of currents
was fitted with formula 10, resulting in a Half Life Time (In(2)/2.8min) of 1.9 min.
The decrease of the offsets of currents was fitted with formula 11, resulting in a Half Life Time
(In(2)/24min) of 17 min.

The rundown effect on 1on was fitted with

Ty () = (1000 — 920p) = e /2E8Min L 9204 (10)
It only shows a decrease to a plateau at 92 %, so that the effect, which occurs with a
Half Life Time of only 1.9 min, is negligible.

Torr Was fitted with

Torr(t) = (1000 — 320p) = e "¢/2¥min L 3304 (11)

And decreases with a Half Life Time of 17 min down to a relative 1orr of 32 %.
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Recovery from Desensitization

Double-pulse experiments were performed as described (page 25: Double-Pulse
Experiments on Excised Patches), where currents after 60 second intervals did serve
as control and were conducted between test pulses after different shorter intervals
(3,10,30 seconds). Patches that did not show rundown exceeding 25 % were used to

determine recovery.

1504 100+ .

30uM 5-HT . : o 3UM 5-HT
g E 0 — Trecovery = 21s
g 100 93 * 10uM 5-HT
I e — Trecovery = 20s
2 X% 103
=% £ e 30uM 5-HT
= 501 s 8 — Trecovery = 23s
9 R e 100uM 5-HT
= ™ Trecovery = 23s
0 1 T T T 1
0 2'0 4'0 6'0 0 20 40 60 80
time since first pulse (s) time between sweeps (s)

Figure 17: Recovery of 5-HT3, from desensitization.

Stably 5-HTs;, transfected HEK293 cells. Responses to different interpulse lengths (time between
sweeps). First pulse equals 100 %. Left: current amplitudes (normalized to the first response) from
experiments with three patches, in which 30 uM 5-HT was applied for 1s (is this right?) every 10s.
Right: percentage of desensitization at different interpulse lengths (3, 10, 30 and 60 s between
sweeps). Symbols show the average for each concentration including SD, n (3, 10, 30, 100 uM
5-HT) = 4, 5, 3, 3 respectively, lines show the respective single exponential fits.

Figure 17 on the left shows the responses of three patches after a repeated 10 s
pulse interval. They keep reaching peak amplitudes (lpeak) Of around 25 % of the first
pulse at repeated 10 s interval pulses.

On the right different 5-HT concentrations are compared. The recovery time of
5-HT3a (20-23 s) does not change with 5-HT concentration, when fitting the four data

sets to a singular exponential

normalize 1., (£) = 100(1 — exp(—t/Trucovers ) (12)



44 Results

5-HT Concentration Response

Stable 5-HT3;a transfected HEK cells were patched and different serotonin
concentrations (3, 10, 30, 100 uM) applied. The resulting peak currents were
normalized, so that the amplitude induced by 30 uM 5-HT equals 100 %. The

resulting sigmoidal dose response curve was fitted to

100%p

I?!Dr!r::.':'zed (Cj = Nyl
1+ (ECa)™
T (13)
and reveals an ECs of 5-HT3a channels for 5-HT of 10.8 uM.
Figure 18 shows a comparison of these data with respective data collected by
several experimenters on the 5-HT3zs channel over several years as presented in

(Brunker, 2010).

o Groeneveld, n=9, ECgsp=10.8uM

107 | Briiker, n=67, ECgy=5 9uM

1001

504

0 % O T LA | L T T O 6 0 |
0.1 1 10

log [5-HT] (1M)

response
(% of 30puM induced response)

Figure 18: 5-HT concentration responses of stably 5-HT3, transfected cell patches.
Normalized to the response at 30 uM, bars show standard deviation. Used fit is shown in text above
(formula 13). Hill coefficient was 2.1 in both cases. Both data sets were obtained under standard
conditions (page 24:Standard Conditions for Control Currents), they differ only in the experimenters.
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5-HT;,g Wt— Basic Characterization (Without Druq)

The following sections will describe the basic electrophysiological characteristics
of stably 5-HT3ag transfected cell patches, in order to evaluate 5-HT3ag as a possible
model channel to explain single channel kinetics in 5-HT3a receptors.

Typical Current Traces from Excised Outside-Out Recordings

Cells were patched at least four days after seeding, to make sure they were
attached to the bottom. The rate for successful patches (forming a sealed patch of a
membrane area that produces typical 5-HT3ag currents) did not change with dish age
and was around 44% (71 patch trials resulted in 40 patches, 31 of which produced

currents).

Different types of traces could be distinguished. In Figure 19 a typical of a trace is
displayed which shows clearly distinguishable single channel events, identifiable by
large rectangular steps (about 1.3 pA) within the current trace. Those are best visible
after the decay phase, when the patch reaches a steady state and only one or a few
channels open and close at a time. Even the magnified trace displayed in Figure 20
does not show such obvious single channel events. One can see some membrane

noise, but no rectangular steps.

-1DpA|

100ms
Figure 19: representative trace of an outside out patch of stable 5-HT3,p transfected HEK cell
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\

100ms

Figure 20: representative trace of an outside out patch of stable 5-HT3,p transfected HEK cell

The individual patches were divided into two groups by their appearance. First a
group of traces that did show distinguishable single channel events of typical

rectangular shape and second, a group of traces that did not.

Current Amplitudes

In Figure 21 peak amplitudes (30 uM 5-HT) are plotted against the interval
between cell seeding and cell patching. The amplitudes did not significantly increase
with the cell age after seeding. The averaged (n patches =33) macroscopic peak
current was -65 pA and showed a wide range with a standard deviation of £ 69 pA.

As described above and shown in Figure 19 and Figure 20, single channel events
were not always visible within the macroscopic traces. When they were, their current
amplitudes could be evaluated by finding the peaks of all-points-histograms
(page 33: Analysis of Single Channel Currents). Single channel current amplitude
was 1.3+0.2pA (£SD) at -100 mV (n patches = 6), which corresponds to a
conductance of 13.4 + 1.6 pS (see Figure 22).
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Figure 21: 30 puM 5-HT induced peak currents (pA) at different dish ages (days).
Each data point represents the mean peak current of one patch (n = 33patches). The line represents a
linear regression with a slope of -5.7 pA per day (Ipeak = 5.7*cell age-21.4), which is not significant
(p =0.078).
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Figure 22: Current amplitudes (pA) of single channel (sc) openings induced by 30 uM 5-HT
at -100 mV.
n =7 patches.

Time Constants zo,and z o

Macroscopic currents of 5-HT3ap transfected cell patches showed a fast onset with
a ton Of 7.5 £ 45ms and a decay phase with a torr Of 61 £ 78 ms (n = 13

patches = SD).

Recovery from Desensitization

In order to measure recovery from desensitization, double-pulse experiments were
performed (page 25: Double-Pulse Experiments on Excised Patches). Figure 23 plots

the normalized peak amplitude of the current following the second pulse.
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Figure 23: Recovery from desensitization of 5-HT 3, transfected cell patches.

The recovery was fitted with formula (12), resulting with @ tecovery Of 8s.

Normalized peak amplitudes after different recovery times were fitted with formula

(12). The resulting recovery curve shows a recovery constant of 8 s.

Voltage Dependence

I-V curves were obtained as described (page 25: Current-Voltage Dependence (I-
V) on Excised Patches).Figure 24 shows |-V curves recorded between -100 mV and
100 mV for eleven individual 5-HT3ag patches. Although all |-V curves show a
reversal potential around zero, they show different I-V characteristics. Some patches
show a nearly linear voltage dependence (red), others are rectifying (blue). Two

individual patches are highlighted to emphasize these differences.
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Figure 24: Voltage dependence of currents of eleven 5-HTsg stably transfected cells induced by
30 uM 5-HT.
Peak currents normalized at -100 mV are shown. All different holding potentials (changed in 25 mV
steps) were given to the same patch. Two individual patches are highlighted, to emphasize the
different slopes.

One factor correlating with those differences is the number of cell passages after
transfection. Patches from cells that were passaged more often tend to show
stronger rectifying characteristics. Figure 25 shows the average |-V curves recorded

after few passages and many passages, respectively. +100 mV currents of cells that
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were not passaged often (O) show a decrease to 56 + 9% of -100 mV currents. For

patches after many passages (O) currents reached 13 £ 5 % of currents at -100 mV
when the membrane is clamped to 100 mV (x SD).

50 g =

V {mV) ; . : :

I 50

HOH

o passage 32-37 (n = 5 patches)
a 00d © passage 4-5 (n = 6 patches)

| (% of current at -100mV)

Figure 25: Voltage dependence of 5-HTzag currents induced by 30 pM 5-HT compared to different
numbers of passages that cells went through before getting patched.

Averaged peak currents normalized at -100 mV are shown, bars represent SD. The complete voltage
range in 25 mV steps was given to each patch. Same patches as in Figure 24.

Another factor correlating with the rectification of 5-HT3ag transfected cell patches

was the presence of resolvable single channel openings.

¥ poipiranivin

Agpa 500 ms

-2 pAl
100 ms

Figure 26: 5-HT3ap transfected cell, traces of a patch at different voltages (-100 mV to +100 mV).
Red trace at -100 mV was enlarged, single channel openings directed downwards.

-10
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Figure 27: 5-HT3pp transfected cell, traces of a patch at different voltages (-100 mV — 100 mV).
Red trace at -100 mV was enlarged.
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Figure 26 shows overlay superposition of nine macroscopic currents recorded
from the same patch at nine voltages between -100 mV and +100 mV. The peak
amplitude at -100 mV is nearly as large as the peak amplitude at +100 mV. The
steady state current at -100 mV is magnified to show single channel openings, which
are clearly visible.

A different example can be seen in Figure 27, where a cell of the same passage
(but a different cell dish) was patched and the same voltage protocol as described
above was applied. The peak amplitudes at positive voltages are much smaller than
those at negative voltages, indicating a strongly outwardly rectifying voltage
dependence of the channels within the patch. The magnified steady state current of
the -100 mV trace does not show any distinguishable single channel openings.

Rectifying factor (rf)

To quantitate the voltage dependence of 5-HT3ag transfected cell patches without
having to apply the whole range of voltages to each patch, a rectifying factor (rf) was
introduced. This factor was defined by the absolute ratios of peak current response to
30 UM 5-HT at -100 mV and at +100 mV.

_ —I(—100mV)

1(100 ml7) (14)

An rf = 1 indicates a symmetric I-V relation, in other words no rectification. The

larger rf, the more outward rectification does the I-V curve of the respective patch
show.

Figure 28 shows rectifying factors of 36 patches of 5-HT3ag transfected cells. The
experiments were done on cell batches that were defrosted at two different time
points (A/A January 2010 and e/e Summer 2010), but origin from the same stable
transfection line. Before analyzing the rectifying factors, it was determined if the
traces did show resolvable single channel events like the trace in Figure 26.
Respective rectifying factors are depicted in red (A and e).

5-HT3ap transfected cell patches of the batch that was defrosted Summer 2010
(circles) show a range of current rectification (rf = 1.7 - 9). Those cells that indicate
resolvable single channel events (red) were clearly less rectifying than the ones that
didn’t (black).
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The batch that was defrosted January 2010 (triangles) started out with small
rectifying factors, but showed an increase of rectification with the number of
passages the cells went through. Because over time it became clear that 5-HT3as
expression in the cells was not stable over time, the second batch (circles) was not
passaged as often anymore. Thus there are no data points for this batch at higher

passages.

104 .

"rectifying factor”

0 10 20 30 40
PASSAGE
Figure 28: ‘rectifying factor’ as calculated by formula (14) at different passages of different cell
batches.
Every point represents one patch. They were determined between those patches that showed
rectangular single channel openings (red) and those that did not (black). Triangles: cell batch
defrosted January 2010. Dots: cell batch defrosted summer 2010.

All the patches that show distinguishable single channel openings show very
reduced rectification. Intermediate forms of rectification can be found too, though

none of those patches showed clearly resolvable single channel events.
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5-HT Concentration Response of Macroscopic Currents

Stable 5-HT3ag transfected HEK cells were patched and different serotonin
concentrations (3, 10, 30, 100 uM) applied to the same patch. The resulting peak
currents were normalized, so that the amplitude induced by 30 uM 5-HT equals
100 %. In Figure 29, the resulting dose response curves for 20 patches are shown.
The curves for two patches are highlighted to emphasize different slopes.

Many patches reach a response that is close to maximum when 30uM 5-HT is
applied (blue highlighted patch). But there are also several patches that seem to
have a shifted sensitivity for serotonin. Their current amplitude still increases under
higher concentrations (red highlighted patch). This leads to a wide variety of curve

shapes.
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Figure 29: Concentration response curves for 20 individual patches of 5-HT3,p Stably transfected

HEK293 cells.
Individual curves were normalized to peaks at 30 uM. Two individual patches are highlighted, to

emphasize the different slopes.

I-V characteristics and single channel occurrence are used in Figure 30 to
separate the pool of 20 patches into three populations. Black triangles represent the
averages of these patches that had a high rf (> 6.5) and no resolvable single channel
events (n =9). Grey diamonds represent the averages of the patches that showed
lesser rectification (rf up to 6.5) and no resolvable single channel events (n = 5). Red
squares represent the averages of the patches that did not show much rectification
(rf < 2), but resolvable single channel events (n =6). Those populations are then

fitted with formula 13. The resulting variables are listed in Figure 30.
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Figure 30: Concentration response curves for different populations of patches of 5-HTzap Stably
transfected HEK293 cells.

Slopes of the dose response curves of the first two populations look very similar
(1.4 and 1.8). Also the ECses don’t differ much (8.8 uM and 7.6 uM). The third
population though, the one that showed single channel events in the individual
traces, reveals a more shallow shape with a shifted ECsy for 5-HT to higher

concentrations (42 pM) in comparison to the other populations.
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5-HT;, ODA — Basic Characterization (Without Druq)

The following chapters will describe the electrophysiological characterization of 5-
HT3.QDA. All experiments were conducted patching 5-HT3aQDA transiently
transfected HEK cells. Most cells were co-transfected with CD8, to be able to identify

successfully transfected cells by binding CD8 beads to their surface.

Excised Outside-Out Patches

Outside-out patches of 5-HT3;aQDA transfected HEK cells were exposed to
different voltages and agonist concentrations.

Typical Current Traces

Serotonin induced currents from 5-HT3;aQDA transfected cell patches did show
typical currents with a fast activation and a slower decay phase. Within the steady-
state phase (enlarged window in Figure 31), between 2-3 pA large single channel

events were distinguishable.
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Figure 31: 30 uM 5-HT induced current in an excised outside-out patch of a 5-HT3; QDA transiently
transfected HEK 293 cell at -100 mV.
Blue frame: magnified steady-state phase of trace to emphasize distinguishable single channel
events. Pink: baseline (= no open channel), red: idealization of single channel levels by QuB.
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Current Amplitudes

The pulses (30 uM 5-HT, -100 mV) of 34 5-HT3.QDA transiently transfected
patches right after forming the patch did induce an average peak current amplitude
of -860 £ 923 (pA = SD). Many patches did show a rundown of currents.
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Figure 32: lpeak Of 5-HT induced currents over 5-HT3;aQDA expressing membrane patches (n=9).
30 uM 5-HT pulses were given at -100 mV with at least 60 s recovery time in between. Peaks are
normalized, so that the value of the first pulse equals 100 %. The decrease of Il Was fitted by
formula 15, resulting in a Half Life Time of 449 sec.

Figure 32 shows the normalized (max equals 100 %) peak amplitudes of
macroscopic currents of nine 5-HT3aQDA transfected patches that could be detected

over longer time periods. The decrease of l,ca Was fitted by

Lyear () = (100% — 220p) = e /848956 L 2204 (15)

The relative peak amplitudes of macroscopic 5-HT3aQDA currents decreased with
a Half Life Time of 449 sec (=7.5 min).
To evaluate the impact of this phenomenon on the channels kinetics, on- and

offset were watched over time as well (Figure 31).

Time Constants zo,and o

5-HT3,QDA transfected cell patches did show fast onsets of 30 uM serotonin
induced currents. 34 patches showed an average onset of 6.8 + 5.5 ms (x SD) and a
decay phase with an offset of 73 £ 56 ms (x SD). Figure 33 Shows an example of 5-
HT induced currents over a 5-HT3aQDA transfected cell patch at three different time
points after forming the outside-out patch. Not only did the peak amplitude decrease

over the duration of a patch, but with the time constants changed, too.
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Figure 33: Three 5-HT3,QDA traces recorded over a time period of 30 minutes.
30 uM 5-HT induced currents over an outside out patch of a 5-HT3,QDA transfected HEK cell. 1oy und

Tore iIN MS.
The macroscopic kinetics of nine patches could be detected over longer time
periods. Plotted on the left in Figure 34 are the onsets of the same nine patches that

are plotted above in Figure 32 over time.
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Figure 34: Toy and Torr Of 5-HT induced currents over 5-HT3, expressing membrane patches (n=9)
over the time since the patch was formed.
30 uM 5-HT pulses were given at -100 mV with at least 60 s recovery time in between. Ts were
normalized, so that the value of the first pulse equals 100 %. The decrease of the onsets of currents
was fitted with formula 16, resulting in a Half Life Time (In(2)/2.8min) of 2430 sec. The decrease of the
offsets of currents was fitted with formula 17, resulting in a Half Life Time (In(2)/24min) of 72 sec.

The left graph in Figure 34 shows onset time constants of nine patches over the
time that the patch did last, normalized to the onset of the first recording. The

rundown effect on 1oy was fitted with

Toy (t) = (100% — 9.9e 7 100g) = g7#/350555c 1 g go~1004 (16)
and shows a very slow decrease to a plateau close to 0 %, reaching its Half Life Time
after 2430 sec (40 min).

Torr Was fitted with

Tore(t) = (100% — 87%) = e ~*/10355¢ L 5704 (17)
And decreases with a Half Life Time of 72 sec (1.2 min) down to a relative torr Of

87 %.
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Figure 35 compares on- and offsets and peak amplitudes of previously described
native 5-HT3 channel variants with the ones of its high conductance mutant. While
the onset time constants are similar, the decay time constant of both 5-HT3ag and
5-HT3,QDA are faster by about 2fold. The average peak amplitude of macroscopic

5-HT3,QDA currents is larger than the one for the native channel currents.
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Figure 35: Comparing macroscopic current characteristics of 5-HT3s, 5-HT32aQDA and 5-HT3pp
channels.
Shown are means of all patches and their SD. One Way ANOVA tests with following Tukey Tests were
performed. Indicated statistical significance: * p < 0.05, ** p < 0.01, *** p < 0.001.

5-HT Concentration Response

At -100 mV, 5-HT3;aQDA transfected cell patches were exposed to different
serotonin concentrations.
Figure 36 shows an example of currents over the same patch, induced by 100, 30,

3 and 1 uM 5-HT. The peak current amplitudes depend on agonist concentration.

—_— —  AuM 5-HT
— 3uM5-HT
——  30pM5-HT
— 100pM 5-HT

1s

Figure 36: Example of currents over the same 5-HT3;,QDA transfected patch, induced by 100, 30,
3and 1 uM 5-HT at -100 mV

Figure 37 shows the dose response curve for 5-HT on 5-HT3aQDA channels
(blue), which has a slope of 1.6 and reaches its half maximal point (ECso) at 5.9 uM
5-HT. This is very similar to the ECsy for serotonin on 5-HT channels (4.49 uM),
which is plotted in red in the same figure. The wild type data are pooled data from

previous projects as published in (Brunker, 2010).
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Figure 37: Dose response curves for serotonin on 5-HTs, wt channels (from previous studies, as
published in Briinker 2010) and on 5-HT3,QDA channels.

They were fitted with formula 13, Hill slopes of 1.9 and 1.6 and ECsy of 4.4uM and 5.9 uM
respectively.

Voltage dependence

At 30 puM serotonin 5-HT3aQDA transfected cell patches were exposed to different
voltages.

Figure 38 shows an example of currents from the same patch, induced at a
voltage range of -100 mV to +100 mV, in steps of 25 mV.

1nA|

500 ms

Figure 38: Macroscopic currents from the same 5-HT3;,QDA transfected cell patch, induced by
30 pM 5-HT in a voltage range of -100 mV to +100 mV, in steps of 25 mV.

Figure 39 plots the peak current amplitudes of each trace against the respective
voltage. Four patches are shown, where the complete voltage range could be
applied.
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Figure 39: I-V curves for four individual patches.

Peak amplitudes of macroscopic currents evoked by 30 uM 5-HT on transiently 5-HT3,QDA
transfected HEK cells.

The reversal potentials of all curves are close to zero and show little rectification:
the rectification factors vary from 0.91 to 1.32.

As shown in Figure 39 and Table 3, 5-HT32QDA is not rectifying. Figure 40 shows
the average of the same four |-V curves for 5-HT34QDA (blue), in comparison with
the average of six wild type |-V curves (red).
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Figure 40: IV curves for 5-HTz;y and 5-HT3;.QDA transfected cell membrane patches in
comparison.

Red: wt 5-HT3, (n=6), rf = 7.8 £ 1.3 (SD, n=6)
Blue: 5-HT3, QDA (n=4), rf = 1.1 £ 0.2 (SD, n=4)

Both I-V curves show a reversal potential around zero, but when applying positive
voltages, the channels’ current responses differ. While 5-HT3a is clearly outward
rectifying with a rectification factor of 7.8 + 1.3, 5-HT3aQDA does not show such
rectification. The respective rectification factor is close to one (1.1 + 0.2). This
resembles more the |-V of heteromeric 5-HTzag channels (page 48: Voltage

Dependence).
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Rectifying factor

The rectifying factor is calculated with formula (14). It needs fewer experiments per
patch and therefore could be done at more patches than the complete I-V.

Table 3 lists rectifying factors of nine patches of 5-HT3 QDA transfected HEK
cells. All nine I-V relations show close to no rectification. The average rectifying factor
was -1.2 + 0.2 SD.

Table 3: Rectifying factors of nine individual patches and their average.
The larger rf (formula 14), the more outward rectification.

patch 1 2 3 4 5 6 7 8 9 avg SD

rf -098 | -091 | -1.08 | -1.32 | -1.31 | -1.29 | -1.17 | -1.22 | -1.26 -1.2 0.2
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5-HT3,ODA - Cell-attached Patches

To be able to analyze single channel properties, many single channel events per
patch are needed. As excised patches are more fragile, the less invasive cell-
attached conformation is chosen for single channel recordings. For the same reason,
the standard holding potential is reduced to -80 mV. The following chapters describe
amplitudes and kinetics of single channel events recorded with such patch
configurations. Control and substance or different agonist concentrations were

applied to different patches.

Typical Current Traces

Figure 41 shows one cell-attached recording of a 5-HT3aQDA transiently
transfected HEK cell. The recording pipette was filled with 0.1 uM 5-HT, channel
openings are indicated downwards.

Single channel events are identified by fast changes in the membrane current,
which gives them the rectangular appearance of steps or stair cases. A loss of
channel activity over time can be seen with nearly every patch. Despite the presence
of fewer events towards the end of the recording, these often seem to appear in
groups, even as multiple channel openings.

Stretches ‘A’ and ‘B’ are magnified and shown in Figure 42. Stretch ‘A’ shows a
series a quick channel openings, stretch ‘B’ shows a stretch of slower channel
openings that partially overlap.

The magnified stretch ‘C’ in Figure 43 marks a stretch in the recording that is too
noisy to be analyzed properly. The amplitudes of the here seen events don’t open to
certain level nor do they show a typical stair case shape. Such a stretch will be
deleted and its duration subtracted from the total duration of the recording before any

further analysis
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Figure 41: Representative recording of a cell attached patch transiently transfected with
5-HT3,QDA.
Conditions: 0.1 uM 5-HT, - 80 mV. Channel openings indicated downwards. Green and red marked
stretches are magnified in Figure 42 and Figure 43.
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Figure 42: Magnified stretches from the recording shown in Figure 41.
A: Series of quick channel openings. B: Longer channel openings, which partially overlap. The blue
dotted lines show amplitude levels of different channel numbers. The purple dotted lines show the
membrane noise level, which is calculated by a IGOR routine.
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Figure 43: Magnified stretches from the recording shown in Figure 41.
Brief events don’t show distinguished steps at one certain level. The blue dotted lines show amplitude
levels of different channel numbers. The purple dotted line shows the membrane noise level, which is
calculated by a IGOR routine.

Amplitudes

Each recording is first analyzed by the idealization tool in the program QuB before
those data, together with the original trace are uploaded into IGOR routines.
Personalized IGOR routines determine the amplitude and duration of each event that
was identified as channel opening by QuB and then plot respective durations into
histograms for further analysis. Figure 44 shows an enlarged segment of a recording
that includes three channel openings, the red superimposed line represents the

idealization into channel openings and closings by QuB.

2.5pA H : e
5ms idealization by QuB

Figure 44: Example of a trace recorded at -80 mV induced by 30 nM 5-HT that includes three
channel openings (indicated downwards).
The red lines represent the idealization by QuB.

The first opening in Figure 44 is very short and appears to have a smaller current
amplitude than the other two events. As it is very short, it may have become
truncated by filtering.

When event amplitudes are plotted against their duration (Figure 45, left), there
appears a shift of short events towards smaller amplitudes. This is a phenomenon
which can be explained by filtering: Due to recording limitation and filtering, short
events can appear smaller in their amplitudes than long events, the peak gets cut off.
This group of short events explains the second peak that the amplitude histogram
(Figure 45, right) of the same patch shows on the right. The amplitude histogram is

fitted by a Gaussian curve and the peak of this fit is used to assess the mean peak of
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single channel current amplitudes. Open times and amplitudes are shown of a patch
that was recorded at 30 nM 5-HT and shows a mean peak current of -2.58 pA for

single channel openings.

Channel Amplitude (pA)

-10 T T | T n I I |

T
0.01 0.1 1 10 100 1 10 -8 6 -4 -2

Open Time (ms) Channel Amplitude (pA)

Figure 45: Example of single channel amplitude analysis of one cell attached patch of a
5-HT3,QDA transiently transfected cell.
Conditions: -80 mV, 30 nM 5-HT. Left: Every green dot represents one single channel event (n=1334),
scattered blue lines mark resolution limits introduced by the used filter setting (3 kHz), red line
represents the half maximal amplitude used by QuB to identify events. Right: Histogram of individual
events and their amplitudes, blue line represents a Gaussian fit of the histogram (peak at -2.58 pA),
red line represents the half maximal amplitude used by QuB to identify events.

Truncated single channel amplitudes do appear as a right shoulder, sometimes
even as an additional peak within amplitude histograms, but by using the peak of the
Gaussian fit of those histograms, those truncated single channel amplitudes are not
taken in account.

Mean peaks of the Gaussian fits of amplitude histograms for 27 patches are listed
in Table 4. The patches were all clamped to -80 mV and exposed to different 5-HT
concentrations. The sum of 36,853 single channel openings showed a mean
amplitude of -2.63 £ 0.04 pA (x SD). This corresponds to a conductance of 33 pS.
The current amplitudes did not differ depending on agonist concentration (one way
ANOVA, p = 0.975), as shown in Table 4.

Table 4: Current amplitudes (pA) of single 5-HT:,QDA channel events.

Induced by different serotonin concentrations at -80 mV. The amplitudes are not concentration
dependent (one way ANOVA, p = 0.975).

[5-HT] (uM) | n(patches) | n(events) 1{pA) sD
3 g 4469 -2.67 0.2
0.3 6 16291 -2.67 0.18
0.1 4 12687 -2.61 0.18
0.03 10 3406 -2.58 0.2
total / mean 27 36853 -2.63 0.04

As reported previously (Corradi et al., 2009), a low proportion of low conductance

events occurred in some recordings. Those were discarded for all analysis.
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Duration Histograms

The analysis program plots histograms of the duration of open, closed and cluster
events within a recording. These duration histograms are fitted with multiple
exponential functions (formula 6) to assess time constants of channel kinetics. Figure
46 shows examples of these histograms for the combined results of ten 30 nM 5-HT

patches.

30nM 5-HT
3450 openings/closings, 1776 clusters
300 300 200 5

150 — 150 —

Counts
Counts
Counts

O —r—T1 1T T 1T T T 1
2 1 0 1 2 3 4 5 8 -
Log Closed Time (ms) Log Open Time (ms) Log Cluster Duration (ms)

Figure 46: Duration histograms for combined events of ten patches from human 5-HT3; QDA
receptors, activated by 30 nM 5-HT, with superimposed fits (blue solid lines).
Closed duration histograms are fitted with seven, open and cluster duration histograms with three
exponential components (grey solid lines).

Data from duration histograms are used to quantify the channel activity and how
the activity changes with changes in recording conditions. To make this quantification
comparable between patches that include different numbers of channels, opening
and closing series of individual channels are extracted from the mixture of activity of
several channels. This is achieved by the selection of clusters. One cluster is
assumed to represent openings and closings by an individual channel protein (Figure

3 and Figure 4).

Clusters

Experimentally a series of transitions of one channel results in a cluster, a series
of single channel openings, interrupted by closings that do not exceed a certain

duration (= critical time t.i). Figure 47 shows an example for such a cluster.
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cluster

Figure 47: Current trace over a

5-HT3,QDA transfected cell patch to
depict a cluster.
Channel opening is indicated
upwards, recorded at -80 mV and
0.1 pM 5-HT. Red line: one cluster
duration.

50ms

Critical Time Between Clusters (tcrit)

The section on “Cluster Determination” (page 37) explains how we arrived at a
critical gap duration of 30 ms for standard conditions. At 30 nM 5-HT, the combined
closed duration histogram shows a dip between the third and fourth components (Fig
48). This supports the decision to choose a critical closed duration of 30 ms. The
histogram was fitted with formula 6 to seven components and values are listed in the
table under the figure. Durations for the third and the fourth components are
highlighted blue.

300 5 30nM 5-HT
34350 closings in ten complete patches
150 —
k-]
S
o
[&]
=717 T T T T
2 -1 0 1 2 3 4 5 6
Log Closed Time (ms)
11 framp 1 12 fr.amp 2 T3 framp 3 T4 fr.amp 4 ™5 framp 5 H framp 6 17 framp7
0.19 0.29 0.97 0.16 7.08 0.05 131.96 0.06 1309.30 0.30 6009.04 012 35404.60 0.02

Figure 48: Combined duration histogram for closings of 5-HT3;,QDA channels at 30 nM 5-HT.
Blue line: fit of the histogram (formula 6), grey lines: individual components of the fit, 10 patches). The
table below shows the according values for the individual components (time constants in ms, fractional
amplitude fr.amp..

Closed duration histograms after cluster selection can be fit to three components.
Figure 49 shows the resulting closed duration histogram for the data in Figure 48.
The time constants and their fractional amplitudes resemble the first three
components of the closed duration histogram before cluster selection. This further

supports the use of 30 ms as the critical time between clusters.
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300 30 nM 5-HT
1674 closings in 2+ clusters of ten patches
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Tl framp1 T2 fr.amp 2 T3 framp 3

0.19 0.55 0.95 0.31 8.32 0.13

Figure 49: Combined duration histogram for closings in 2+ clusters of 5-HT3,QDA channels at

30 nM 5-HT
Blue line: fit of the histogram (formula 6), grey lines: individual components of the fit, 10 patches). The
table below shows the according values for the individual components (time constants in ms, fractional

amplitude fr.amp.).

Fraction of individual events

Not all channel openings turn into clusters that include multiple events. Sometimes
individual channel openings are directly followed by a closure longer than t;; Figure

50 depicts the fractions of such individual openings at different agonist

concentrations.
[5-HT] (uM] 3 0.3 0.1 0.03
0.03 1 : D] : n patches 7 6 4 10
—_ median 0.08 0.15 0.15 | 0.34
3 041 H
T ol [H
a - %k %k %k
3 —| % % %
T T T 1
Q'Q Q‘} QP‘ Q'% Q"b

fraction of all events

Figure 50: Fraction of individual channel openings that do not turn into a 2+ cluster for events from
human 5-HT3;,QDA receptors at different 5-HT concentrations.
One way ANOVA test indicates significant differences of fractions between different [5-HT]
(p =0.0001), followed Tukey's Multiple Comparison Test shows significant difference of fractions at
0.03 uM 5-HT to all other concentrations, p values are indicated *** p < 0.0001, * p < 0.005.

Although a trend can be seen towards a higher fraction of individual events at
lower serotonin concentrations, at 3 uM to 0.1 uM 5-HT, the fractions of individual
events are statistically similar (12 % - 17 %, respectively). Only at the lowest agonist
concentration of 30 nM, does the fraction increase to a statistically significant value of
36 %.
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Distinguishing Different Types of Clusters

Clusters don’t always look alike. Those that do contain more than one opening can
be of different length and contain different numbers of openings. One question is
rather certain clusters are composed by certain openings and closings. Therefore
clusters can be distinguished by the following criteria:

Independent from how many components are used to fit a cluster duration
histogram, a critical time (tcrit 1ong) can be found, which marks the point of least overlap
between the second to shortest and the shortest cluster duration component.
Clusters that last longer than teit ong are defined long clusters, clusters that are
shorter are defined brief clusters. Later within this theses, this definition will be used
to form quasi macroscopic currents (page 75: Quasi Macroscopic Currents).

As shown above, not all clusters display multiple openings. If a cluster contains at
least two openings, it is called a 2+ cluster.

As the Corradi model (page 11: Kinetic Models for 5-HT3A QDA Receptor
Channels) is based on clusters that contain at least five openings, this group of
clusters will be worth looking at separately as well. If it contains at least five

openings, it is called a 5+ cluster.

Cluster Durations

Individual Patches

Cluster durations are exponentially distributed. Thus, the SD of the distribution is
equal to the mean value. Some patches have few clusters (as few as 20). One
sample may have predominantly very short or very long clusters. This makes a very
high number of long patches necessary to be able to provide proper statistics.

In addition to the comparison of the exponential fit components of cluster duration
histograms the medians of all cluster durations for each recording are compared. A
wide variation in cluster duration from patch-to-patch may be evidence for more than

one mode of cluster behavior.
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Variability between patches

To get a first overview over cluster durations, the duration distributions within the
individual recordings were determined. Table 5 shows the median cluster durations
for ten cell-attached recordings obtained at 30 nM 5-HT.

The cluster durations of all cluster types of patch 9 and patch 4 differ from the
ones of the other eight patches. These patches are not especially short or have
especially few clusters.

When comparing 2+ and 5+ cluster durations of the 30 nM patches, patches 1 and
8 patrticularly stick out. Although they were recorded under the exact same conditions
as the other patches, they seem dominated by short clusters, which leads to
significant differences in 2+ and 5+ cluster duration medians to several other
recordings. This difference probably does not turn out statistically significant for
patch 8, because it does contain very few events.

Some other significant differences in cluster durations between recordings were
found. Those differences are not only due to a wide variety of cluster durations, but
indicate a non-normal distribution of cluster durations, possible different groups of
distribution and thus different cluster modes.

Table 5: The medians of cluster durations within ten recordings at 30 nM 5-HT.
The medians are given for different groups of clusters. All clusters include all events in a recording,
including individual openings. Red arrows indicate significant differences between recordings as
results of non-parametric tests. The level of significance is determined by Dunn’s post tests and
indicated by red stars.

cluster durations at 30 nM 5-HT

patch 13-03-15 E3| 13-03-14 E2 | 13-02-18 E2 |13-03-01 E4|13-03-01 E5|13-03-07 E1|13-03-14 E1| 13-01-15E6 |13-03-18 E1|13-03-18 E3
patch # 1 2 3 4 & <] 7 8 9 10
# of all clusters (incl. indiv. events) 743 59 129 05 118 225 112 56 118 111
median all clusters (incl. indiv. 35 6.3 05 13 a4 53 46 39 126 35
events) (ms)
e — —kkk
ok
# of 2+ clusters 274 15 52 31 42 72 34 14 54 ar
median 2+ clusters (ms) 13.5 64.7 437 12.3 21.4 30.8 39.3 16.4 36.4 297
*
g ok
 — * %k .
= *
*k ¥
# of 5+ clusters 39 5 12 8 9 20 10 3 16 1
median 5+ clusters (ms) 30.1 329.3 67.5 30.8 62.7 152.4 84.3 35.8 77.6 147.9
2 ¥
***n <0.001 b s 2k ok ;
* p<0.01 i *

X ok ok

p< 0.05

patch duration (s) | 1000 | 1203 | 265 | 1327 | 1025 | 996 | 986 | 1893 | 970 | 825
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Variability over Time

Similarly to the rundown that is observed at macroscopic currents over time, single
channel activity does change over time within a patch as well. This is not a steady
process. Figure 51 shows the number of channel openings over time for five
individual patches. Stretches of very low activity can be followed by a sudden
increase of channel openings.
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Figure 51: The number of openings in five individual recordings over time.
5-HT3,QDA transfected cells were patched, clamped to -80 mV and their currents recorded in cell
attached configuration. The patch pipette was filled with 30 nM 5-HT. Time scales differ because of
different patch durations. Red marks represent stretches that were deleted because they were too
noisy to be analyzed and therefore include no events.

Stretches of very low activity can be followed by a sudden increase of channel
openings. Does the change of activity level also change cluster characteristics over
time? To investigate the differences in median durations of events within 2+ clusters,
all dwell times of the first halves of recordings of the same serotonin concentration
were pooled and compared with the pooled dwell times of the respecting second
halves. Table 6 shows the resulting medians of open, closed and cluster durations for
the used serotonin concentrations.
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When comparing the 1% with the 2" halves of recordings at 0.1 pM, 0.3 pM and
3 UM 5-HT, all event durations (openings, closings, clusters) within 2+ clusters differ.
Openings are longer during 2" halves, closings are shorter during 2" halves,
clusters are longer during 2™ halves. Often those differences are marginal (i.e. the
medians for closed durations at 0.3 uM), nevertheless does the multiple comparison
test result in statistical differences. Only at 30 nM, the recordings were consistent
over time. No event durations differ significantly between the 1% and 2™ halves of

30 nM recordings, suggesting that this should be the serotonin concentration of

choice for control experiments.

Table 6: Event durations in 2+ clusters for 1° halves, 2™ halves and complete cell attached
recordings of 5-HT3;,QDA channel activity induced by different serotonin concentrations.
Medians of 1% and 2™ halves were compared by Dunn’s Multiple Comparison Test (***p < 0.001,

**p < 0.01, *p < 0.05).

25% percentile open durations closed durations cluster durations
event duration median (ms)
75% percentile 1sthalf | 2nd half | complete | 1sthalf | 2Zndhalf | complete | 1sthalf | 2nd half complete
number of events 1860 438 2299 1369 304 1674 490 134 625
0.28 0.36 0.30 0.12 0.14 - 0.14 8.86 3.80 766
0.03uM 5-HT P2 e o 0 MR e T 0345042 [**0.34 20.25 J7315.81 |[***9.78
12.41 9.26 11.68 1.14 1.25 1.14 46.01 39.65 ]44.60
0.38 ***0.71 0.50 0.16 & 0.16 0.16 18.63 & 20.68 18.99
0. 1uM 5-HT 4.88 «——6.61 558 |ns| 0.42+«<—0.36 0.40|ns| 44.07 <—57.70 51.52 ns
16.97 18.68 18.04 1.59 1.06 1.36 103.80 128.10 121.90'
0.38 1.00 0.70 0.20 0.20 0.20 14.48 32.76 19.52 I
0.3uM 5-HT 1.60.i*_"’:2.58 2.22 1.20 H**1.14 116 38.74 }*783.90 54.60
12.30 6.72 7.84 5.28 3.69 4.14 107.70 164.70 140.70
0.50 ***1.04 0.568 0.12 i 0.10 0.12 15.20 ns10.38 14.34
3UM 5-HT 3.60——5.18 3.96 0.37 ——0.24 0.34 28.34 ——27.08 2816
11.31 15.85 12.10 1.33 0.80 1.16 61.28 57.74 60.96

Cluster Duration Components for Individual Patches

Cluster duration histograms of individual recordings for events in 2+ clusters were

fitted with two exponential components. Figure 52 shows one example of a 2+ cluster
duration histogram for an individual recording that was fitted with exponential

components with the time constants 1.96 ms and 73 ms.
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patch 6, 30nM 5-HT, 72 2+ clusters
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Figure 52: Example of a 2+ cluster duration histogram for one out of ten 30 nM 5-HT recordings.
Values of the two exponential fits (grey lines) are listed above. Red dotted line represents teit jong.-

Figure 53 shows the resulting time constants for the cluster duration components

at different serotonin concentrations. Histograms of some recordings could only be

fitted with one component. Respective time constants are depicted red. When two

cluster components could be fitted, they are separated by the according medians

(20 — 55 ms). Clusters of one component fits show intermediate time constants

(16 - 112 ms). They are very close to the median of the respective serotonin

concentration and probably represent a mixture of events of both components.
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Figure 53: Plotting time constants (ms) of fitting 2+ cluster duration histograms of individual

patches at different serotonin concentrations.

Fitting cluster duration histograms with one (red) or two (black and grey) components.
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Cluster Duration Components at Different Serotonin Concentrations

Cluster duration histograms for combined dwell times of one serotonin
concentration were fitted with three duration components, when all clusters were
included. Figure 54 shows fitted cluster duration histograms for ten combined 30 nM
5-HT recordings. When all clusters are plotted, the histogram can be fitted to three
exponential components with the time constants 0.19, 10 and 44 ms. The larger the
number of events in the selected clusters, the fewer components were used for fitting
the respective duration histograms.

30nM 5-HT
200 1776 clusters

100 —

Counts

Log Cluster Duration (ms)

Cs1(ms) | framp.1 Cs2(ms) | framp.2 | Cs3{(ms) | framp.3
0.19 0.42 10.08 0.31 44.34 0.27

200 — 200

625 2+ clusters 133 5+ clusters

100 — 100 —
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| 0 T T T T 1 |

4 -2 -1 0 1 2 3 4
Log Cluster Duration (ms) Log Cluster Duration (ms)
Cs1(ms) | framp.1 | Cs2(ms) | framp.2 Cs1(ms) [ framp .1
13.5 0.22 46.0 0.78 73.5 1

Figure 54: Cluster duration histograms for ten combined patches, events were recorded at 30 nM
5-HT and -80 mV.
Plotted are the counts of events and their durations including all clusters of the recording (top), 2+
clusters (bottom left) and 5+ clusters (bottom right).Tables list the values of the exponential fits (grey
lines). Events were normalized so that each recording gains the same weight.
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Table 21 - Table 23 in the attachment list time constants and fractional amplitudes
of cluster duration components for single channel events induced by different 5-HT
concentrations. These values are plotted in Figure 55, where fractional amplitudes
and time constants for the fit components are plotted for each of the applied
serotonin concentrations. The lines that cross the time line represent weighted
averages of cluster durations calculated by the formula
froamp. = Cs) + froamp.,* Cs, + froamp.g* Cs,

n (Cs) (18).

These weighted averages summarize all cluster components of one condition.

Cslavg) =

Figure 55: Cluster duration
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Cluster duration increased with serotonin concentration. At 0.3 uM the longest
clusters are evoked. They did last 24 ms in average, 73 ms when excluding one
opening clusters. Interestingly, application of the highest serotonin concentration
leads to the smallest fraction of longest clusters. Single channel activity here tends to
happen in intermediate cluster durations.

In recordings of the lowest agonist concentration the fraction of the Dbriefest
clusters is higher than in other recordings.

Quasi Macroscopic Currents

If each cluster represents the activity of a channel until it desensitizes, the
macroscopic decay should be shaped by the duration of clusters. Alignment of all
clusters of one recording and summing their amplitudes produces a quasi
macroscopic current (QMC). If cluster duration represents desensitization, one
expects to find the same number of decay constants as number of cluster
components. Figure 56 shows the alignment of all clusters in one 3 uM recording and
one 30 nM recording. Exponential decays predicted from the fit of the cluster
histogram are superimposed (red).
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D J—
QMC of all clusters
-100 —H predicted decay 50 -
g 200 T 100+
13 =
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5 300 g |
° 3 M 5-HT 8 " s0mmsHT
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Teet =0.17M8, Te,2=5.7ms, Tcus=77MS 200 . 20.12ms, 10,,=10.7ms, To,;=45ms
- — - Cs1 . 1 'Cs2 & 1 1083
s e =024, amp2n0,25 Tampa=0: fr.amp.1=0.46, fr.amp.2=0.27, fr.amp.3=0.27
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Figure 56: Predicted macroscopic decay based on cluster components.

Quasi macroscopic currents were formed by aligning and summing all clusters of one patch (blue).
Predicted decay was calculated by three exponential curve with the three cluster components of
respective patch (red).

Time constants of brief clusters are around 0.2 ms (Table 23), thus brief clusters
contribute only to the very first few milliseconds of the net current of the QMC. In an
actual macroscopic current, the contribution of brief clusters would be obscured by

the onset of the current. Figure 57 shows the same two patches in which only the
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clusters longer than tauci iong are used to form the QMC (blue). Respective one

exponential fits (tmacro) Of the QMC are superimposed (red).

0 - 04 .
50 - -20 A

=100 — 40 —
< <
£ 150 - 2 .60
§ -200 — 3 |.|M 5.HT E: -80 H 30 nM 5-HT
“ 154 long clusters (> 0.43ms) | 89long clusters (> 0.41ms)

250 — g -100 5

Tmacro=77.2MS Tmacio™36.9ms
-300 — -120 —
-350 — T T T T | 140 = T T | 1 |
0.0 0z 04 06 0.8 1.0 0.0 0.1 0.2 0.3 0.4 0.5
Tirme (s) Time (s)

Figure 57: Examples of macroscopic currents obtained by aligning and summing up clusters (blue)
and their exponential fits (red).

To evaluate whether QMCs resemble macroscopic currents recorded from
outside-out patches, the respective decay constants were compared. Table 7 shows
the median decay constants of QMCs based on single channel recordings of
5-HT32QDA currents induced by different serotonin concentrations. The far right
column shows the average decay constant of 37 macroscopic recorded patches

exposed to 30 uM serotonin.

Table 7: Decay time constants of quasi macroscopic currents built by aligning and summing long
clusters of single channel events in cell attached patches compared with decay time constants of
recorded macroscopic currents in outside-out patches.

QMCs of different [5-HT] were compared by Dunn’s Multiple Comparison tests (**p < 0.005). They
were pooled and compared to recorded macroscopic decay constants, which did not show significant
differences (t-test).

cell-attached patches outside-out patches
[5-HT](uM) 0.03 0.1 0.3 3 30
25%percentile median 75%percentile [16.5 33.04538(25.6 74.5107| 145 193 449 [26.3 47.277.2
Jok
ns
25%percentile median 75%psrcartile 288 47.2 108 20063.59053
n (patches) 10 | 4 [ 6 | 7 37

QMCs under 30 nM show the fastest (tmacro=33 ms), QMCs under 0.3uM the
slowest (tmacro=193 ms) decay, which results in a statistically significant difference
between the two. This correlates with the concentration dependent slowing of
weighted averages of cluster components (Figure 54).

Decay constants of the one exponential fits of quasi macroscopic currents are

similar to real macroscopic currents of 5-HT3aQDA transfected outside out patches.
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This supports the applied method to select clusters ( page 37: Cluster ) because it

allows us to generate macroscopic currents from single channel properties.

Openings in Clusters

Variability between patches

Median open durations for individual recordings were determined. Resulting

medians for ten patches that were exposed to 30 nM 5-HT are listed in Table 8.

Statistical tests reveal several significant differences between patches, which

indicates that the channel can open in more then one open mode.

Table 8: Median open durations (ms) of 10 individual patches, exposed to 30 nM 5-HT.
Statistical significance tested by one way ANOVA, Kruskal-Wallis (nonparametric test), post test:
Dunns. Significance level: p < 0.05, indicated by red arrows

opendurations at30 nM5-HT
patch 13-03-15 E3| 13-02-14 E2 | 13-02-18 E2 |13-03-01 E4|13-03-01 E5|13-03-07 £1[13-03-14 E1| 13-01-15 E6 |12-03-18 E1|13-03-18 E3
patch # 1 2 3 4 5 6 7 8 9 10
# of all openings 1334 116 263 167 225 457 232 94 320 242
patch duration (s) 1090 1203 265 1327 1025 996 986 1893 970 825
median all clusters (ms) 0.98 7.40 4.22 0.60 2.40 2.50 3.63 3.04 1.60 4.42
# of 2+ clusters 865 72 186 103 149 304 154 42 256 168
median 2+ clusters (ms) 1.12 11.24 5.93 2.04 3.72 5.58 5.76 5.32 1.64 7.79
— 3
 —————
———F N
# of 5+ clusters 252 46 76 46 65 180 81 17 153 102
median 5+ clusters (ms) 6.64 50.28 16.02 5.67 10.48 22,73 21.35 15.04 7.32 21.81
—F i3
< >
***p £ 0.001 b
* ps0.01 > >
p=0.05 4

Especially for open durations in 2+ clusters, many significant differences are

found. Just like when comparing median cluster durations patch 1 sticks out. But also

patch 4 appears to be different to other patches.
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Median open durations are always longer in 2+ clusters than in all clusters, which
could be a hint that individual openings are mainly brief openings. Open durations in
5+ clusters are even longer.

Figure 58 plots the relation of the number of openings in all clusters to the 2+
cluster duration under 30 nM 5-HT. Each point resembles one patch.

The Spearmann correlation test results in a correlation coefficient r of 0.68, which
indicates a positive correlation of cluster and open durations in a patch. The p value
of 0.035 is significant (*), which rejects the hypothesis that random sampling could
result in seemingly correlating data sets. The linear regression shows a significant

slope of 0.14 ms open duration per ms cluster duration.
154

104

T T
0 20 40 60 80
2+ cluster duration (ms)

open duration in 2+ clusters (ms)

Figure 58: Cluster durations of ten 30 nM recordings in relation to open durations.
Blue line shows the linear regression with a slope of 0.14. Each number represents one patch.

Open Duration Components in 2+ Clusters for Individual Patches

Open duration histograms of individual recordings were fitted with two exponential
components (formula 6). Figure 59 shows one example of an open duration
histogram for 2+ clusters of an individual recording that was fitted with exponential
components with the time constants 0.26 ms and 19 ms.

patch 6, 30nM 5-HT, 304 openings in 2+ clusters

40

O1(ms) | framp.1 02(ms) | framp.2
0.28 0.37 18.97 0.83

Counts

Log Open Time (ms)

Figure 59: An example of an open duration histogram for one out of ten 30 nM 5-HT recordings.
Values of the two exponential fits (grey lines) are listed above the figure.
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Figure 60 shows the resulting time constants for two component fits of open
duration histograms of individual recordings at different serotonin concentrations. For
all recordings, the two open duration components were clearly separated.

There are only two open states for one channel, and only two open components
for histograms of individual patches. Open components are variable between
patches. When pooling open durations of several patches into one histogram, the

varieties get pooled as well, and more components are necessary to fit the according
histogram (Figure 61).

100+

104
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Figure 60: Resulting time constants (ms) of individual patches at different serotonin
concentrations.

Duration histograms for openings in individual patches were fitted with two exponential components
(formula 6).

Open Duration Components at Different Serotonin Concentrations

Combined open time histograms of experiments under different 5-HT
concentrations suggest three open components with the time constants. Figure 61
demonstrates on the example of 10 combined 30 nM recordings, that by introducing

a third exponential component as well the left as the right shoulder of the right peak
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of the histogram are captured better. This improvement can also be quantified by a

smaller chi?.
3405 openings of 10 patches, recorded at 30 nM
2 open components fit, chi* = 0.00552 3 open components fit, chi* = 0.00518
200 — 200 —
100 — 100 —
£ £
3 3
Qo O
0 | | 0 T | T T |
2 -1 3 -2 - 0 1 2 3
Log Open Time (ms) Log Open Time (ms)
O1(ms) | framp.1 | O2(ms) | framp.2 Ot1{ms) | framp.1 | O2(ms) | framp.2 | O3(ms) | framp.3
0.20 0.44 11.65 0.56 0.19 0.41 4.98 0.21 17.19 0.38

Figure 61: Open duration histograms and their fits (formula 6) for ten combined patches
Events were recorded at 30 nM 5-HT and -80 mV. Plotted are the counts of openings and their
durations all clusters. Left: Fit with two exponential components. Right: Fit with three exponential
components. Chi2 improves slightly when applying three components and the left as well as the right
shoulder of the right peak of the histogram are covered better. Events were normalized so that each
recording has the same weight.

Figure 62 and Figure 61 show fitted open duration histograms for ten combined
30 nM 5-HT recordings. When openings of 2+ clusters are included, the histogram
can be fitted to three exponential components with the time constants 0.21, 4.3 and
16 ms. The duration histogram for events in 5+ clusters was fitted with only two
components of 0.26 and 12 ms. Values and Duration histograms for the other applied

serotonin concentrations can be found in the supporting material (Table 21 - Table

23).

300 ; i 300 — ; ;
2299 openings in 2+ clusters 1018 openings in 5+ clusters
150 — 150 —
b2} 2
[ =of c
= b |
o o
o o
0 L I | | | 0 | | | \ |
-2 -1 0 1 2 3 -2 -1 0 1 2 3
Log Open Time (ms) Log Open Time (ms)
01 (ms) framp .1 02 (ms) framp.2 03 (ms) fr.amp.3 01 (ms) fr.amp .1 02 (ms) fr.amp.2
0.21 037 4.29 0.23 15.62 0.40 0.26 0.32 12.22 0.68

Figure 62: Open duration histograms for different types of clusters of ten combined patches.
Events were recorded at 30 nM 5-HT and -80 mV. Plotted are the counts of openings and their
durations in 2+ clusters (left) and in 5+ clusters (right).Tables list the values of the exponential fits
(grey lines). Events were normalized so that each recording has the same weight.
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Figure 63 plots the fractions of the three open components at different 5-HT
concentrations to their durations. The tables under each plot list weighted averages
of duration components for each applied serotonin concentration, which were

calculated with the formula

froamp.* O, + framp.,* 0, + fr.amp.;* Og

Olavg) = — 0
n(0) (19).
069 OPENINGS IN ALL CLUSTERS Figure 63: Open durations and their
8 relative amplitudes for different types
2 of clusters at different 5-HT
E- 041 A A concentrations.
(5 a Circles mark the different
- components, symbols connected to
g 021 the time axis represent the weighted
Q .
& average durations (ms) of clusters,
f ¢ which are listed under each figure.
0'00.1 1 1o 100 Lerit = .30 ms .
Fractional amplitudes and cluster
O (ms) .
components can be found in Table
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The fraction of short openings with 30 nM 5-HT decreases when individual

openings are excluded. With 100 nM 5-HT the fraction of intermediate openings
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decreases. Thus one can assume that at the lowest serotonin concentration
individual openings are mostly short, at 100 nM serotonin they are mostly of the
intermediate component. For higher concentrations there doesn't seem to be a
certain component that is represented in individual openings.

Interestingly, at the low serotonin concentrations intermediate open durations
within 5+ clusters became so sparse, that the respective component is not included
into the istogram fits anymore. Open duration histograms for combined patches of
30 nM and 100 nM recordings are fit with only two exponential components.

Weighted averages of open durations are very similar between different serotonin
concentrations. Only at 0.3 uM, the overall open duration is longer (6.4 ms for all
openings). Between the different types of clusters a tendency can be seen that

clusters with more openings contain slightly longer openings.

Open Probability and Number of Openings within Clusters

The number of openings before a channel closes and leaves the flickering mode
into a more stable closed mode was also determined. Table 9 lists the number of
openings in all clusters and in clusters longer then teit 1ong Under different serotonin
concentrations.

The number of openings within clusters induced by 0.03 uM 5-HT is significantly
lower (1.96 + 0.39) than at higher concentrations. In clusters longer than critical time
between the shortest and the second to shortest component a median of 3.17 £ 1.13
clusters are found under 30 nM 5-HT, which is not statistically significant, but shows
a clear tendency towards fewer openings as well. This is due to the appearance of a
very short cluster component at 30 nM 5-HT. Because tgit 1ong IS NOt a fixed number,
but is adjusted with every recording, the long cluster component in 30 nM recordings
corresponds to the brief cluster component in recordings of higher serotonin

concentrations.
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Table 9: Number of openings within clusters for the human 5-HT3; QDA channels at different 5-HT
concentrations.
Listed are medians with their standard deviations. One way ANOVA test implies significant differences
(p = 0.0004), following Tukey’'s Multiple Comparison Test implies significant differences, which are
indicated ** p < 0.005.

[5-HT] (nMm) 3 0.3 0.1 0.03 mean sD
n patches (n events) 7(4469) | 6(16291) | 4(12687) |9 (3406)

# openingsin all clusters 4.0 4.1 3.3 2.0 3.3 1.0
SD 14 1.7 0.6 04

openingsin clusters>t_. ... 7.5 6.9 5.9 3.2 5.8 1.9
SD 4.6 34 2.0 1.1

Figure 64 plots the relation of the number of openings in clusters to the median
cluster duration under 30 nM 5-HT. Each point resembles one patch.

The Spearman correlation test indicates weak correlation between number of
openings in a cluster and cluster duration (r = 0.32) and the linear regression shows
no significant slope.
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Figure 64: Cluster durations of ten 30 nM recordings in relation to the number of openings in all
clusters.
Blue line shows the linear regression, with a non significant slope of 0.006. Spearman correlation
coefficient r=0.32.

Do changes in open and closed durations in clusters result in changes in open
probability in these clusters? The open probability (popen) Was determined by
calculating the mean fraction of time that the channel is open within a cluster. As can
be seen in the plots of the frequency of open probabilities in clusters for eight
individual 30 nM recordings in Figure 65, brief clusters as well as long clusters mostly
had a high open probability >80 %. Only in one out of the shown eight patches,

frequent clusters of lower open probabilities were recorded.
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Figure 65: Fractional open probabilities within clusters for eight individual patches of 5-HT3;,QDA
transfected cells.
Patch pipettes were filled with 30 nM 5-HT. Long cluster components were longer than tgi; iong., brief
cluster components shorter than teit jong.

Table 10 lists the median open probabilities and median number of openings in
clusters at different serotonin concentrations including their 25% and 75 %
percentiles. Indicated statistically significant differences are results of Dunn’s Multiple

Comparison Tests.

Table 10: Medians of open probabilities and number of openings in clusters under different
serotonin concentrations.
Smaller numbers before and after the median are 25% and 75% percentiles.
*n=6 patches, * p < 0.05, ** p < 0.01 (Dunn’s Multiple Comparison Tests)

[5-HT] 30nM 100nM 300nM 3uM

n patches 10 4 6 7

Popen total (%) 0.1700.257 0.555 | 0.5502.2255.006 | 05710.844 3.250 [0.3800.675 * 0.924
Popen all clusters 0.9080.9400.g50 | 0.8780.9070.925 | 0.8220.902 0.949 |,0.8600.876 0.907
# openings in all clusters 182.0 21 272938 313748 4l ,294552
Popen long clusters 0.8700.930 0.950 | 0.8360.882 0.906 | 05970.918 0.964 | 0.8090.873 0.894
# openings in long clusters 2941 53, 557986 51112114 B2 8.9110

Open probabilities in complete recordings (popen total) tend to be lower with lower
serotonin concentrations, but due to wide ranges of 25% and 75% percentiles do not

result in statistical significance. Interestingly open probability within clusters shows
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opposite tendencies: it becomes larger with lower serotonin concentrations. For
clusters obtained at 30 nM and 3 uM serotonin, this results in a statistical difference.

The number of openings in clusters increases with concentration, although only
the lowest number of openings at 30 nM is statistically significant. The 25%
percentiles for the number of openings show a small range (2.7-3.1 in all clusters),
but the high percentile increases with concentration. At higher 5-HT concentrations,
more events per cluster are possible. Clusters with only a few — or even one —
opening become rare, but still infrequently occur.

The significant differences between serotonin concentrations that can be found for
the number of openings and the open probability in all clusters can be explained by
the high fraction of individual openings at 30nM (Figure 50). Many individual
openings decrease the median numbers of openings in clusters. Since the open
probability for each individual openings cluster is 100 %, the open probability in
clusters at 30 nM 5-HT is even higher (94 %) than at the other concentrations (88-
91%).
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Figure 66: Cluster durations of ten 30 nM recordings in relation to the fractional open probability in
clusters.

Blue line shows the linear regression with a slope of 0.007. Spearman correlation coefficient r=0.52.
Each number represents one patch.

Figure 66 plots the relation of open probability in 2+ clusters to the cluster duration
under 30 nM 5-HT. Each point resembles one patch. The Spearman correlation test
results in a tendency towards positive correlation (r = 0.52) and the linear regression

shows a non significant slope of 0.7% per ms cluster duration.
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Beginning and Ending of a Cluster

To evaluate if clusters are preferably started or ended by a certain component of
open durations, the fractions of the first and last openings in clusters were compared
with the fractions of all events of clusters. Figure 67 displays the composition of
clusters by the fractions of the three different open components. Grey bars represent
1% and last openings in clusters, black bars represent all openings in clusters. The
fractions for none of the three components did differ between the positions of
openings. Complete clusters as well as the first and last events in clusters are
composed by 41 % to 58 % long openings.
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Figure 67: Fractions of the three open components that start or end clusters (first + last) vs.
fractions of longest open components of all events in all clusters at different 5-HT concentrations.
5-HT3,QDA transfected HEK293 cells were patched and clamped to -80 mV. n patches = 4-10 per
concentration. The fractions were evaluated for each patch and then averaged. Bars represent SD.
There were no significant differences found between any fractions of 1% + last openings of a cluster
and all openings of clusters.



Closings within Clusters

Combined closed

87

time histograms of experiments under

Results

different 5-HT

concentrations suggest three closed components within clusters. Figure 68 shows

fitted closed duration histograms for ten combined 30 nM 5-HT recordings. When all

clusters are plotted, the histogram can be fitted to seven exponential components,
the first three with the time constants 0.17, 0.99 and 5.80 ms. The three components
within 2+ and 5+ clusters had similar time constants. Values and Duration histograms

for the other applied serotonin concentrations can be found in the attachment (Table
21 - Table 23).
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Figure 68: Closed duration histograms for ten combined patches
Events were recorded at 30 nM 5-HT and -80 mV. Plotted are the counts of events and their durations
including all clusters of the recording (top), 2+ clusters (bottom left) and 5+ clusters (bottom
right).Tables list the values of the exponential fits (grey lines). Events were normalized so that each
recording has the same weight.
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Figure 69 plots the fractions of the three closed components at different 5-HT
concentrations against their durations. The tables under each plot list weighted
averages of duration components for each applied serotonin concentration, which

were calculated with the formula

roamp. = Oy + fr.oamp..= O, + fr.amp.g= O
! 2¥ Ly 3

Clavg) = =
n (C) (20).
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Averaged closed time durations at most different 5-HT concentrations did not
differ. Only for 0.3 uM 5-HT, closings are longer with a weighted average for closed

durations of 0.4 ms in the complete recording and 0.66 and 0.64 ms in 2+ and 5+
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clusters. Also between different types of clusters neither time constants nor fractions
of components do change. Different cluster types at different agonist concentrations
are composed of similar closings.

To evaluate how strongly closed duration in clusters influences the overall ion flux
during a cluster, fractional open probabilities in 2+ clusters of individual 30 nM

recordings were plotted to the respective closed durations (Figure 70).
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Figure 70: Fractional open probabilities in 2+ clusters of ten 30 nM recordings in relation to the
closed durations (ms) in 2+ clusters.
Blue line shows the linear regression with a slope of -0.22, which is not significant. Spearman
correlation coefficient r=-0.61. Each number represents one patch.

A tendency towards lower open probabilities at longer closed durations is notable,
which results in a negative correlation and a Spearman correlation coefficient r

of -0.61. The linear regression is not significant.

Closings Out of Clusters

When closings out of clusters depend only on serotonin concentration and on the
number of channels in the patch, the distribution of the closings longer than the ones
in the third component should be random. Surprisingly, these long closing
components are very reproducible between the combined histograms for different
serotonin concentrations. Table 11 lists the closed components and their amplitudes
for combined closed-duration histograms at 30nM — 3uM serotonin.

The combined histogram for 300 nM seems to miss the 5" component. But
components six and seven can be aligned with respective components for the other

concentrations again.
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Table 11: Closed components (ms) and their fractions for different serotonin concentrations.
Components and fractions result from combined closed duration histograms and their fits for each serotonin
concentration before selecting clusters.

fr.amp fr.amp fr.amp fr.amp fr.amp fr.amp fr.amp #
tau [framp| tau tau tau tau tau tau tau
compl fcompl] comp2 sz“p comp3 cog]p compd cogm comph 00|5n|) compb cmﬁnp comp? co;]p comp8 cogm Reonts
3onM | 017 0.31 0.99 0.14 58 0.05 57 0.03 456 007 | 2802 |0.27)] 18338 |0.12 3450
100nM| 0.20 0.30 0.73 0.25 34 0.11 25 0.04 276 009 1674 |0.14 ] 14162 | 0.07 12627
300.1ml 0.15 0.39 1.0 0.14 5ish 0.19 74 0.08 1638 | 0.08 ] 14214 | 0.08 [109826] 0.02 | 16294
3uM | 0.14 0.38 0.79 0.21 27 0.13 44 0.05 252 007 | 1991 0.09| 10529 | 0.14 4644
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5-HT;, ODA — With Propofol

Propofol (2,6-diisopropylphenol) is the most commonly used intravenous
anesthetic. Because of its simple symmetric structure (Figure 71), it is a good model
molecule to study mechanisms on ligand gated ion channels. Propofol has been
used in extended previous macroscopic studies on 5-HT3za (Barann et al., 2008), so
that its effects on the wild type channel are well known. This makes propofol an
appropriate substance for a first pharmacological study with 5-HT3aQDA. When
applied using the equilibrium application (++) protocol, 18uM propofol inhibited peak
5-HT3a currents by 50% and accelerated current decay. Propofol was less effective at
inhibiting current in the open channel application (-+) protocol. We used 18uM

propofol throughout this thesis.
CH; OH CHs

HaC CH,

Figure 71: chemical structure of propofol

Excised Outside-Out Patches

Figure 72 shows current traces obtained using two different propofol application
protocols on two patches with 5-HT3aQDA receptors. During open channel (-+)
experiments, 18uM propofol was applied simultaneously with 5-HT. Equilibrium (++)
experiments were conducted by exposing the patch to propofol for one minute before
a 5-HT pulse is added. Average values from control and wash out trace were used as

control reference to compensate for rundown.

-+ + +

—— control —— contral

—  18uMpropofol — 18uM propofol
—— wash out 2min —— wash out 2min

s Sl Y

100 pA 100 pA

500 ms 500 ms

Figure 72: Example of macroscopic 5-HT3,QDA currents exposed to 18 uM propofol.
Left: open channel application. Right: equilibrium application. V=-100 mV.
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Equilibrium and open channel propofol application was performed on four
individual patches. Averaged effects on peak amplitude and kinetics £ SD are listed
in Table 12. The effects are similar to those seen with 5-HT3a receptors. There was a
significant reduction in the peak current in both the -+ (to 84.3%, p=0.004) and ++ (to
45.4%, p=0.001) application protocols. Inhibition was significantly greater in the ++
application protocol (p=0.004). The decay phase of 5-HT induced currents gets faster
when propofol is applied, torr is reduced by 56 % (-+, p=0.02) or 50.5 % (++,
p=0.02). The onset phase does not change significantly, although a trend to longer
onsets can be seen. These changes in macroscopic kinetics correlate with a
prolongation of the onset currents and a speeding up of decay of macroscopic 5-HTza
currents that was reported previously (Barann et al., 2008).

Table 12: effects of open channel (-+) and equilibrium (++) application of 18 uM propofol on
macroscopic currents of 5-HT3;,QDA channels.
Paired two tailed t-tests. Indicated significance: ** p < 0.001, * p < 0.005

condition % of control SD n (=patches)
-+ 8di3** 3.8 4
Realclpn) ++ 455 * 8.7 4
. -+ 130.3 51.8 4
ON ++ 111.8 19.4 4
Tore -+ 56.0" 19.6 4
++ 50.5* 21.0 4

While the effect of 18 uM propofol on the kinetics 5-HT3aQDA currents is similarly
strong for both application protocols, equilibrium application induced a stronger peak
amplitude reduction than open channel application did.

Cell-Attached Patches

Cell attached patches of 5-HT3aQDA transfected cells were made with patch
pipettes filled with 18 uM propofol and 100 nM 5-HT and were clamped to -80 mV.
The concentration of propofol used here resembles the ICsy of propofol at equilibrium
application to outside out patches of expressing 5-HTsa receptors (Barann et al.,
2008) and to outside out patches of expressing 5-HT3;aQDA receptors (above).

The total open probability in complete recordings did not differ significantly, but did

show tendencies towards lower open probabiloities when propofol was applied.
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Table 13: Total open probability in cell attached recordings with 100 nM 5-HT with and without
18 uM propofol.
Student’s t-test does show no statistical significance.

25%percentileMedian7sipercertile Popen total % n (patches)
100nM 5-HT 0552250 4
100nM 5-HT + 18uM propofol 0121.8 338 4

Durations of single channel events were analyzed by fitting duration histograms as
described before. The resulting time constants and frequencies are summarized in
the following sections. Table 21 to Table 23 with the results can be found in the

Supporting Material.

Current Amplitudes

The mean single channel current amplitude when both 18 uM propofol and 100 nM
5-HT were present in the patch pipettes was -2.68 pA £ 0.21 pA (SD). This is not
significantly different from that found for 100 nM 5-HT alone (Table 12). This

corresponds to a conductance of 33.5 pS.

Table 14: mean single channel amplitudes (pA) of channel openings in 5-HT3,QDA transfected cell

patches.
Patch pipettes were filled with 100 nM 5-HT £ 18 uM propofol. Patches were clamped to -80 mV.

condition 10nM +AB M

5-HT propofol

n patches (n events) 4(12687) | 4(8390)
channel amplitude (pA) -2.58 -2.82
-2.70 -2.81
-2.79 -2.68
. -2.38 -2.38
average -2.61 -2.68
+SD 0.18 0.21

Duration Histograms

Closed duration histograms for all events in the combined four patches with
propofol were fitted with five components, open and cluster duration histograms
(selected by tgir 30ms) with three components. Figure 73 shows the respective
histograms, time constants (ms) and their fractional amplitudes are listed for each

component under the figure.
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Figure 73 : Closed, open and cluster duration histograms of complete recordings with 100 nM 5-HT
and 18 pM propofol.

terit Was 30 ms, time constants and fractional amplitudes of component fits (formula 6) are listed in the
table under the figure.

Closed time histograms for propofol differed from controls in several ways. With
propfofol, there were only five closed components compared to seven under control
conditions. The time constants of these components are further apart than in the
controls (Figure 46). These changes, especially in the third closed component,
suggest that the critical closed time for cluster selection may differ from the control

value.

Critical Time Between Clusters

Figure 74 shows the aligned time constants of the closed components for
individual patches with and without propofol along the averaged closed components
of all combined control histograms (colored dotted lines). The time constant of the
fastest component is nearly the same as the control average of 0.17 ms (black). The
second component has a somewhat longer duration than the one under control
conditions (green). With propofol, there is no component that corresponds to the
5 ms control closed time (blue). The time constant of the next component seen with
propofol resembles the fourth one in control experiments (pink, average 50 ms) and

therefore will be classified as ‘fourth’ component in the following discussion.
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Figure 74: Aligning closed components (ms) for complete individual patches with and without
propofol.
Closed components for individual patches under 100 nM control and under 100 nM 5-HT + 18 uM
propofol were aligned along the averaged closed components of all combined control histograms
(colored dotted lines).

In the absence of additional data, the most parsimonious choice for critical time is
30 ms, the same as with control. This choice does not truncate the two fastest closed
components and it produces QMCs that are consistent with the effect of propofol on

the desensitization of macroscopic currents (page 98: Quasi Macroscopic Currents).

Event Durations

Figure 75 shows scattergram displays of the results of fitting event duration
histograms. Each point shows the amplitude (y-axis) and time constant (x-axis) of
each histogram component. The blue squares correspond to patches with 100 nM
5-HT alone; the red squares correspond to patches with 100 nM 5-HT and 18 uM
propofol. A line is drawn between the corresponding blue and red squares to indicate
clearly the effects of propofol. The symbols at the bottom of each scattergram
indicate the weighted averages and the table below each scattergram presents these
averages. The weighted average durations were compared using Dunn’s Multiple
Comparison Tests, which always resulted in highly (*** P <0.001) significant

differences between control and propofol.
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Closed time duration histograms within 2+ clusters of channels exposed to 18 pM
propofol were fitted with two components, the second one having an intermediate
duration between the second and third control components. Propofol increased the
fraction of short closings. Overall, this results in a small decrease in the weighted
average of closed durations. This effect is more pronounced within 2+ and 5+
clusters.

Propofol did not significantly change the fraction or duration of the briefest open
component. Propofol reduced the intermediate and long open durations by a factor of
2.9 and 2.0 respectively and increased the fraction of long openings. The net result
was to decrease the weighted average of open components to 57 %. Changes in
open kinetics result in a decrease of the weighted average open durations to 60 % of
control in 2+ clusters and to 39 % of control in 5+ clusters.

Cluster duration histograms of patches exposed to 100 nM 5-HT and 18 uM
propofol were fitted with three components, just as histograms of patches without any
propofol. Median cluster durations are significantly reduced to about a third.
Additionally, the fraction of the intermediate cluster component is reduced to less
than 0.1, and thus is below the threshold we set for considering a component to be

significant.

Figure 75: Event durations and their fractional amplitudes at different [5-HT] + 18 uM propofol.
The symbols connected to the time axis indicate the weighted averages and the table below each
scattergram presents these averages. Comparing the control with the respective propofol duration
medians by Dunn’s Multiple Comparison test always resulted in highly significant differences
(*** p < 0.001). Time constants and their fractions that the plots are based on can be found in Table 21
- Table 23 in the attachment. t;; was 30 ms.
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Number of Openings and Open Probability within Clusters

Neither the open probabilities nor the number of openings within clusters were
influenced significantly by adding 18 uM propofol to patch pipettes. Clusters recorded
including propofol in the recording pipette contain 2.9 openings on average; the
longest ones contain 4.4 openings on average. The open probability within clusters

remains high with an average of 0.87 in all and 0.82 in the longest clusters.

Table 15: number of openings and open probabilities within clusters of 5-HT;,QDA single channel
recordings with and without 18 uM propofol.
Student’s t-tests showed no significant differences. ‘Clusters’ excludes individual openings. ‘Long
clusters’ are longer than the critical time between the second and the third cluster component.

openings per clusterlonger thant,; to

openings per cluster longest comp
0.1 pM 5-HT + 18 pM propofol 0.1 uM 5-HT + 18 pM propofol
n patches 4 3 4 3
mean 2.3 29 58 4.4
SD 0.6 1.1 2.0 1.9

open probability in clusters longer thant,;,

open probability in clusters to longest comp
0.1 JM 5-HT + 18 pM propofol 0.1 pM 5-HT + 18 pM propofol
n patches 4 3 4 3
mean 0.90 0.87 0.87 0.82
SD 0.03 0.01 0.04 0.01

This means that dispite the many effects of propofol on single channel kinetics

(Figure 75), the net ion flux does within clusters not seem to change.

Quasi Macroscopic Currents

Quasi macroscopic currents show how the changes in single channel kinetics (Figure
75) are predicted to effect macroscopic current. Figure 76 shows the QMC formed by
summing and aligning all clusters longer than tcrit long (left) and the QMC formed by
summing and aligning all clusters (right) of one measurement recorded with 100 nM
5-HT and 18 uM propofol in the recording pipette. The predicted decay (red), which is
superimposed to the QMC of all clusters, is calculated from a three exponential
decay function, using the three cluster components that result from the corresponding
cluster histogram fit. In this case these components were 0.15, 4.8 and 26 ms.
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Figure 76: Quasi Macroscopic Currents of recordings at 100 nM 5-HT + 18 uM propofol.
Left figure: Aligning and summing clusters of one recording longer than the critical time between the
first and the second cluster component (blue) results in a QMC that can be fitted by a single
exponential with a time constant of 29.2 ms (red). Right figure: Aligning and summing up all clusters
(blue) resembles the predicted decay (red).

The table beneath the figure compares the median of fited QMC decays of three
propofol recordings with the median of fitted QMC decays of four control recordings.
The magnitude of the effect of propofol on the QMC decay is similar to the magnitude
of the effect on 5+ cluster durations. In both cases time constants shorten to 39 % of
control. This correlates with the shortening of the decay of macroscopic currents of
5-HT3,QDA channels to half, shown in Table 12.

Being able to reproduce macroscopic currents supports the choice of critical time of

30 ms between clusters.
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5-HT3,ODA - With Phenol

Phenol (Figure 77) has the structure of propofol with the two isopropyl groups
removed. Thus, it might be expected to exhibit some, but not all, of the effects of
propofol itself on 5-HT3a receptors. Previous studies on wild type human 5-HTgza
receptors showed that the effects of phenol on macroscopic currents were dependent
on the agonist concentration (Barann et al., 2008). Phenol applied at equilibrium,
inhibited the peak currents elicited by 30 uM 5-HT with an ICso of 1.6 mM. However,
when phenol and 5-HT were applied simultaneously, 1 mM phenol enhanced
currents elicited by application of 3 uM 5-HT but did not affect the amplitude of
currents elicited by 30 uM 5-HT. 3 mM phenol also slowed current decay. Therefore,
different 5-HT concentrations were used in this study as well. Based on the previous
studies, the concentration of phenol used here, 3 mM, might be expected to show
evidence for both the inhibitory and potentiating effects of phenol.

@,m

Figure 77: chemical structure of phenol

Cell Attached Patches

Cell attached patches were formed of 5-HT3aQDA transfected cells with patch
pipettes containing either 30 nM 5-HT (4 patches) or 3 uM 5-HT (6 patches) with
3 mM phenol. These data were compared to the data previously obtained for 30 nM
and 3 uM 5-HT in the absence of any substances.

It was immediately apparent that phenol had a potentiating effect on the channel.
Table 16 lists open probabilities for combined recordings with and without phenol.
Recordings obtained in the presence of 3 mM phenol showed higher activity levels.
Compared to control recordings, the total open probability increased 9 fold (30 nM
5-HT) and 15 fold (3 uM 5-HT).
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Table 16: Open probabilities of complete recordings including their 25 % and 75 % percentiles for
combined recordings with 30 nM and 3 uM with and without 3 mM phenol.
Student’s t-tests result in statistically significant differences between phenol recordings and their
respective controls. * p < 0.05, *** p < 0.001.

. 3uM5-HT + 30 nM 5-HT +
condition 3 uM 5-HT 3mM phenol 3 M phenol 30 nM 5-HT
n patches (n events) 7 (4469) 6(23059) 4 (2349) 10(3406)
5% percertile median 75% percertile | 0380.68092 | 1910.4205% 152.443%*F* 0170.26 056

As a result of this high activity, many segments of single channel recordings had to
be deleted due to the presence of double and triple events. Figure 78 illustrates the
high activity level of one representative phenol recording by plotting open times,
amplitudes and occurrence of all events over time. Before clusters with multiple
channel openings were deleted for further analysis (top row), the recording contained
22101 single channel openings and 27488 multiple (double + triple) channel
openings. Most of them occurred during the first 400 s of the 1400 s recording. The
peaks that indicate different number of open channel levels are clearly separated in
the amplitude versus duration plot as well as in the amplitude histogram.
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Figure 78: Activity of one complete cell attached recording with 3 uM 5-HT + 3 mM phenol in the
recording pipette.
Graphs as they are depicted by different IGOR routines. Top: before, Bottom: after deleting clusters
with multiple channel openings. Plotted are (from left to right) open durations and amplitudes for every
individual opening with indicated resolution threshold (red line) and amplitude distortion (blue dotted
line) due to filtering, amplitude histogram with resolution threshold (red line) and Gaussian fit (blue
line), number of single, double and triple events in the patch, number of events over complete duration
of the recording including indication of deleted noisy stretches (red lines).



102 Results

The lower row of Figure 78 shows the data after clusters containing multiple
conductance levels are deleted. Deleting these multiple events, however, biases the
data towards shorter open and cluster durations. In addition, the high frequency of
channel openings increases the risk that the activity of more than one channel is
included in a cluster. Thus, the resulting histograms should be considered to be first
approximations to the distributions of events that would be seen with patches

containing fewer active channels.

Current Amplitudes

In the presence of 3 mM phenol the single channel amplitude of 5-HT3;aQDA
receptors is increased. At 3 uM 5-HT, a tendency is visible (increase from -2.67
+0.19 pA to -2.80 £0.12 pA), but at lower agonist concentrations this effect is
significant (increase from -2.59 + 0.19 pA to -2.90 + 0.19 pA). Thus, with 30 nM 5-HT,
single channel amplitudes increase by 12 % when 3 mM phenol is present.

Table 17: Single channel amplitudes in recordings with and without 3 mM phenol.
Mean of fits of Gaussian amplitude distributions. Unpaired Student’s t-tests show significant
differences in single channel amplitudes at 30 nM 5-HT + 3 mM phenol, * p < 0.05.

condition 3 UM 5-HT ;r:m ith;l :(:‘:’n':l”:h:;;l 30 nM 5-HT
n patches (n events) 7 (4469) 6(23059) 4(2349) 10 (3406)
avg channel amplitude (pA) -2.67 -2.80 -2.90 -2.59
sSD 0.19 0.12 0.19 0.19
‘_Y_'

*

Critical Time Between Clusters

Closed duration histograms of phenol experiments revealed a shift towards shorter
events. Figure 79 shows the closed duration histograms for the combined patches of
measurements with 3 puM 5-HT plus 3 mM phenol (left) and for those with 30 nM 5-
HT plus 3 mM phenol (right). The corresponding time constants and their fractional

amplitudes of the closed components are listed in the table under the figure.
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Figure 79: Closed duration histograms for complete combined patches under 3 uM and 30 nM
5-HT + 3 mM phenol and their fits (formula 6, black line).

Individual exponential components are indicated (grey lines) and their time constants and fractions are
given in the table under the figure.

Closings of the shortest component comprised the majority of closed events. The
time constants of the second and third components were prolonged. At 3 uM 5-HT
with phenol, the third time constant was 84.94 ms, under 30 nM 5-HT + 3 mM phenol
the third time constant was 44.53 ms (Figure 79).

Alignment of the closed duration components indicate a possible difference in the
critical closed time between clusters between control and phenol. To determine an
adjusted critical time between clusters for single channel activity induced by 5-HT
and phenol, the closed components were compared to the ones at control conditions.
Figure 80 shows the closed components for individual patches recorded with 3 uM
and 30 nM 5-HT with and without phenol. The colored dotted lines indicate the
averaged closed components of all combined histograms for different serotonin

concentrations.



104 Results

108 durations for following C1
closed components: e
3 C3
1098 PR gl ol m Wt o oo o oo o oo, o] v ool o s oo oo o o e o o e o
10 P v v C4
) ® A, b
£ 14311 i 2 T e s mm R m s G wouzal C6
s L b * . RER S A SRR RS c7
o . * - v
c i e AREEEEEES X v C8
o 2026.. 103 p & A 7t v B : s v
= ¥
o
5 102
¥
O e L L] A »
- i AR CERREe R ---.-.---‘--. ------- ;-‘ ------- s ol ‘-—“--‘—-
@ " Y . v °
o 1014 . » .
o 3 — LA L - Y.x T B e é L A
®e , . A A + * *
088 100 L SN - ‘----q-—-‘ ....................... > #ap s
+ * *
L ] [ L B
B ST S Sl S S bl U W Sl 20 A2 22 NS PO Ak S 3
3pM 5-HT JpM 5-HT 30nh 5-HT 30nM 5-HT

+3mM phenol  +3mM phenol

Figure 80: Aligning closed components (ms) for complete individual patches with and without
phenol at different [5-HT].
Closed components for individual patches at 3 uM and 30 nM control and at 3 uM and 30 nM 5-HT +
3 mM phenol were aligned along the averaged closed components of all combined control histograms
(colored dotted lines).

In phenol experiments, the first closed component is faster (0.12 and 0.13 ms)
than in control measurements (black). The second closed component is larger and
can possibly be classified together with the third component in control measurements
(blue). This might suggest that as with propofol, the same t.i as for control
recordings (30 ms) can be used. However, with 30 nM 5-HT and 3 mM phenol, the
second closed component tends to be even longer than the third control component.
So in order to introduce a critical time for clusters comparable to the one at control
and at the same time prevent a distortion of the second closed component in phenol
measurements, a slightly longer (100 ms) t.i might be needed.

The time constant of the third closed component for phenol experiments
resembles the fourth closed components for control measurements (purple). If one
wants to include the same number of closed states within clusters as we did for
control analysis, tcit must be between this fourth and the fifth component (300 ms).

Figure 81 shows closed duration histograms and respective fit components (table
under the figure) for combined phenol experiments at different 5-HT concentrations.
The histograms were plotted after selecting 2+ clusters with the three possible critical

times 30, 100 and 300 ms that were described above. Only the choice of tg; =
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300 ms avoids distortion or even omission the third closed components (bold values
in the table under the figure). The reproducibility of the three closed components
before and after cluster selection suggests that this closed duration is appropriate as
terit for clusters. Thus the following analysis of single channel events under phenol

was performed with clusters separated by a critical closed time of 300 ms.
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Figure 81: Closed duration histograms for different 2+ clusters of combined patches under 3 uM
and 30 nM 5-HT + 3 mM phenol and their fits (black line).
Individual exponential components are indicated (grey lines) and their values given in the table
beneath.

The fits of the closed duration histograms (before as well as after cluster selection)
are not ideal. For example, the fits underestimate the number of closings around
1 ms duration. This together with the fact that all components longer than the first one
have extremely low fractions (down to 0.003, Figure 79) make any quantitative
interpretation of the fits and their respective time constants and fractions very
speculative. This may be due to the need to exclude the large number of multiple

openings from the analysis.
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Event Durations

Duration histograms of single channel events were fitted as described previously
with formula 6. The resulting time constants and fractions of the components are
plotted in Figure 82 . Results for individual patches can be found in Table 21 - Table
23 in the attachment. The symbols at the bottom of each scattergram indicate the
weighted averages and the table below each scattergram presents these averages.

When 3 mM phenol is present, most of the closings are very short (0.12 and
0.13 ms). Nearly all closed events (about 96%) belong to the shortest component for
both agonist concentrations. Weighted averages for closed durations are not given in
Figure 82, because a quantitative description of any closed component longer than
the first one is not reliable.

Open duration histograms were fit with three components. The duration of the
shortest openings increases and the respective fraction of openings decreases in the
presence of phenol. Additionally, the fraction of longest open components increase.
In 5+ clusters, open duration histograms for phenol measurements at both serotonin
concentrations were fit with three components, whereas at 30 nM control the
intermediate component is missing. This results in a reduction of the second and the
third fractional amplitude in comparison to the fraction of the long openings in 30 nM
control recordings. All weighted averages of open durations are longer when 3 mM
phenol is applied in addition to 5-HT. At the lower serotonin concentration (30 nM),
open duration increases by 4.8 fold. At the higher concentration (3 uM) the effect is
smaller — open duration only increase by 1.8 fold. Within clusters, the prolongation of
openings is less apparent. Adding phenol to 30 nM and 3 uM 5-HT increases the
open durations by 2.9 and 1.5 fold, respectively.
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Figure 82: Event durations and their fractional amplitudes at different [5-HT] £ 3 mM phenol.
The symbols at the bottom connected to the time axis (lollypops © ) of each scattergram indicate the
weighted averages and the table below each scattergram presents these averages. Comparing the
control with the respective phenol duration medians by Dunn’s Multiple Comparison test always
resulted in highly significant differences (*** p < 0.001). Values of time constants and their fractions
that the plots are based on can be found in Table 21 - Table 23 in the attachment. t.; for phenol
durations is 300 ms, t;; for control durations 30 ms.

Number of Openings and Open Probability within Clusters

The open probabilities (popen) in all and in long clusters (formula 7) at different
serotonin concentrations with and without phenol are listed in Table 18.

Despite the multitudes of effects of phenol on closed and open durations within
clusters (Figure 82), the open probabilities within clusters did not change. However,
clusters include more open events when phenol is added to 3 uM or 30 nM 5-HT in
the recording pipette. The number of openings in all clusters is increased by 9 fold,

the number of openings in long clusters is increased by 5 fold.

Table 18: Open probabilities (%) and number of openings within clusters for the human
5-HT3,QDA channels at different 5-HT concentrations + 3 mM phenol.
Indicated significances by Mann-Whitney tests: ** p < 0.01. For this table, long clusters are defined as
all clusters longer than the critical gap time between the second and the third cluster component. All
clusters excludes individual openings.

25% percentile medlian 75% percentile 3}JM 5-HT + 33#1““1 Sp-:e-lr-'nol +g?1:th5l;|::0| 30nM 5-HT
H# patches 7 i 4 10

p open (all clusters) a8 86 g0 56 88 01 56 93 g4 919595

p open (long clusters) 6287 53 5085 g1 5287 g9 5085 a1

H# openingsin all clusters 304.348 220404131 *k* 739.2180 *H 1582.021
HE openings in long clusters 536.2749 35959.7218 ¥ 109 154334 *¥H 253.039

Quasi Macroscopic Currents

The strong prolongation of cluster duration that is demonstrated in Figure 82
indicates a longer decay phase for 5-HT3aQDA channels with phenol than in control
recordings. To further investigate this, quasi macroscopic currents (QMCs) were
formed by aligning and summing up all long clusters of a recording. With phenol,
QMCs were calculated with a teit 10ng defined as the critical gap time between the
second and third cluster components. The QMCs were fitted with one exponential

curves, as shown in Figure 83 on the left for two recording. Resulting decay
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constants and the number of clusters that were summed up are listed in the table on
the right.

Control QMCs with 3 uM or 30 nM 5-HT showed decay constants of 82 + 87 ms
and 123 + 247 ms respectively (Figure 57). When phenol was applied simultaneously
with 3 uM or 30 nM 5-HT, the decay constants were 1691 + 1069 ms and 863 *
622 ms respectively. The decay of QMCs with 3 mM phenol are prolonged by 7fold at
lower and by 20fold at higher 5-HT concentration.

30 5-HT 05 e stk Becluster] ton terelong #all #long decay
+3mh phenol T P comp | (ms) (ms) clusters | clusters |QMC (ms)
g 30+ph_1 3 300 69.16 41 23 380
90 T = 30+ph_2 3 300 249.4 64 20 1138
% 30+ph_3 Z 300 0.82 36 26 322
g - 30+ph 4| 3 300 | 255.29 77 14 1611
3 o4 avg 863
std 622
-50 —
80— T T T 1
0 1 2 3 4
Time (s)
UM 5-HT B 4tk Bcluster| teri tentlong #all #long decay
+3 mM phenal P comp | (ms) (ms) clusters | clusters |QMC (ms)
S04 3+ph_1 4 300 6.2 27 15 2006
% 3+ph_2 3 300 188.4 134 93 1990
2 Hb= 3+ph 3| 3 | 300 8.6 49 32 774
z e 3+ph_4 3 300 164.7 139 69 1441
o 3+ph_5 3 300 401.8 16 8 3461
il 3+ph 6| 2 | 300 | 143 70 65 471
avg 1691
20— lsd 1069
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Time (=)

Figure 83: Quasi macroscopic currents for individual phenol experiments at different serotonin
concentrations.

For QMCs with phenol, t.i 10ng iS defined as the critical time between the second and the third
cluster component. Tables give the types of clusters that are found in the recording and the resulting
decay constants when fitting QMCs with one exponential curves. Left: Two examples of QMCs of
individual phenol recordings at different serotonin concentrations (blue) and their respective fits (red).
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Discussion

Previous macroscopic studies on 5-HT3a receptor channels have shown that
actions of anesthetics on excitatory ligand gated channels are diverse and complex
(Belelli et al., 1996; Stevens, 2005; Urban et al., 2006; Barann et al., 2008). To gain a
more detailed insight into molecular mechanisms responsible for anesthetic actions,
these effects need to be interpreted in terms of single channel kinetics.

First, the search for a single channel model will be discussed. After a brief
characterization of the 5-HT3a receptor channel, two high conductance variants of the
receptor — a native one and a mutant one — were characterized and evaluated with
the aim of finding a suitable model for single channel studies (see: Comparing Three
5-HT3R Variants to Find a Model for Single Channel Studies).

Next, having found such a model in the human 5-HT3aQDA receptor, its kinetics
will be discussed. A detailed analysis of its single channel kinetics was necessary to
serve as control for future substance studies (see: h5-HT3;aQDA as a Model for
Studying Single Channel Kinetics in wt h5-HT3a).

Lastly, substance studies with this kinetic model will be discussed, starting with the
widely-used intravenous anesthetic propofol. In order to associate substance effects
with functional groups, additional studies were begun with phenol (and n-hexanol,
see supporting material). These studies confirmed the suitability of the human
5-HT3aQDA receptor channel as a model for single channel substance studies (see:
Effects of Substances on 5-HT3;,QDA Channels).

Comparing Three 5-HT;R Variants to Find a Model for Single
Channel Studies

The major aim of this study was to find and evaluate a single channel kinetic
model for 5-HT3; receptor channels, which can be used to study the effects of
anesthetic related substances on these channels.

The effects of anesthetics on the homomeric 5-HT3s channel have been well
characterized. Some experiments were performed to confirm the stability of the
properties of wild-type 5-HT3a receptors. However, this channel has a single channel

conductance too small to be resolved (M. Barann, Meder, et al. 2000; M. Barann,



111 Discussion

Dilger, et al. 2000; Urban, Bleckwenn, and Barann 2006; Martin Barann et al. 2008).
(see: 5-HT3a).

The native 5-HT3ag channel (Niesler et al. 2007) could be a potential alternative,
as the introduction of B subunits increases the single channel conductance
significantly (Hapfelmeier et al., 2003; Stewart et al., 2003). | found that expression of
receptors with both A and B subunits was too inconsistent to be used as a model
system for single channel 5-HT3 kinetics (see: 5-HT3ag).

Thus, another homomeric 5-HT3a version was considered. Mutation of three
arginine residues in the A subunit of 5-HT3a receptor channels to the corresponding
amino acids of the B subunit have been shown to create a high conductance mutant,
5-HT3aQDA (Livesey et al. 2011). 5-HT3,QDA channels do not occur naturally, but
are the least modified homomeric channels that show single channel conductances
large enough to be resolved. These channels had reproducible kinetic and
conductance properties. However, there were some differences in macroscopic
kinetics between wild-type 5-HT3a and 5-HT3aQDA channels in the absence and
presence of substances. Thus, we conclude that 5-HT3aQDA channels are suitable
for studying the effects of substances on single channels provided that macroscopic

current measurements are also performed on this mutant channel (see: 5-HT3aQDA).

5-HT3a

Representative samples of macroscopic currents through 5-HT3a channels have
been characterized to serve as controls. Having obtained the expected results they
ensure that experimenter and setup can be excluded as being responsible for several
unexpected findings when other 5-HT3; subunit compositions were used in
subsequent experiments. These included differences in channel parameters that had
not been previously reported and unexpected variabilities in the results that were
obtained with heteromeric 5-HT3ag receptors.

In these control experiments, macroscopic currents induced by applying 30 uM
5-HT to outside out patches from 5-HT3, stably transfected cells showed a fast onset
of 7.6 £ 3.7 ms and a slower offset of 156.6 = 154.1 ms (Figure 16). They reached
50 % recovery from desensitization after 17.4 £ 1.7 ms (Figure 17). Applying different
concentrations of 5-HT revealed an ECsy of 6.8 uM (Figure 18), applying different

voltages revealed an inward rectification. These values are in line with those
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previously found (M. Barann, Meder, et al. 2000; M. Barann, Dilger, et al. 2000) and
did not reveal any unexpected surprises.

A first evaluation of the occurrence of single channel events in currents from
5-HT3ap Stably transfected cell patches could be obtained just by looking at the noise
level of individual macroscopic traces during the current offset phase. At one
extreme, the noise level of 5-HT evoked current traces did not differ much from that
of background current without 5-HT (Figure 20), at the other extreme single channel
events could be detected either singly or in staircases (Figure 19). As patches
without resolvable single channel openings still did show a typical macroscopic 5-HT3
channel response to 5-HT, there still are functional serotonin gated channels present.

Detecting single channel events was not always as clear as shown in Figure 19,
although the traces would often be nosier and spikier (Figure 84, C) than is
characteristic for a patch expressing purely 5-HT3a homomers. However, traces that
looked like pure 5-HT3a were also seen (Figure 20).

When characterizing stably transfected 5-HT3ag cells that had been passaged only
a few times after clone selection, many patches showed channels with properties that
were distinct from those of pure 5-HT3a as previously described (Davies et al., 1999;
Brady et al.,, 2001). They were less sensitive to serotonin (ECso = 42 uM), had a
close to linear instead of a strongly rectifying current-voltage characteristic (rf around
2), recovered faster from desensitization (trecovery = 5.5 S, see Figure 20) and showed
large single channel conductances (13.4 £ 1.6 pS, page 46: Current Amplitudes).

Macroscopic currents from these patches showed a fast onset with a 1oy of 7.5 £
4.5 ms and a decay phase with a Torg 0f 61.2 £ 78 ms (n=13 patches +SD).

Although the reversal potential for all patches was close to zero mV, some patches
of stably transfected 5-HT3sag cells showed macroscopic currents that varied in their
voltage dependence. Patches with clearly distinguishable single channel events
showed very little rectification (rf close to 2, Figure 28). Others showed higher values
of rectification 4 < rf < 9. As rectification is a characteristic of homopentameric 5-HT3a
channels (Barann et al., 2000b), this heterogenic group may contain a mixture of
5-HT3as heteromers and 5-HT3a homomers, which is more (higher rf, closer to 9) or

less (smaller rf, closer to 4) dominated by homomers.
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Figure 84: Representative trace of an outside out patch of a stable 5-HT3,g transfected HEK cell.
A: Magnification of a baseline section, B: Complete trace, C: Magnification of steady state current,
to emphasize irregular noise with events/spikes emerging from the background.

Concentration response curves based on outside out patch recordings from
5-HT3as transfected cells exhibited a range of ECsy values as well. These can be
grouped into two populations. The concentration response of a patch resembles
either the response one would expect of 5-HT3a channels, or has a lower slope and a
higher ECs (Figure 30). The latter population had resolvable single channel events.
Our data suggests that both 5-HT3a and 5-HT3ag receptors are formed when both
subunits are present and that the relative number of 5-HT3ag receptors is highly
variable.

This may be a common situation. Different ECsy values for activation of 5-HT3
receptors by 5-HT have been reported in the literature (Table 19). Due to
experimental differences, variations in the ECsy can be expected. But the shift of
ECso towards higher concentrations that is induced by introducing B subunits should
be similar between publications. The last column in Table 19 shows the ratio of ECsg
values for 5-HT3ag receptors compared to 5-HT3a receptors in each study. The ECsg
ratios that were determined by electrophysiological methods varied considerably:

2.07 —11.11 fold. Variability in the relative expression of 5-HT3ag receptors is a
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plausible explanation for inconsistency in published results. In addition, almost all of
the published ECsps for 5-HTsag receptors are lower than those found for the
supposedly heteromeric group in the present study (Table 19, ECso = 42 uM). The
exception to this is the study of Walstab et al. 2008 in which the presence of two
populations was noted and the concentration-response curves were fit to two
components. They deduced that the 5-HT3ag population had an ECsg of 83 uM when
HEK cells were transfected with cDNA at an A:B ratio of 1:4. Furthermore, Cheng
and group showed that the chaperone hRIC-3 promotes expression of
homopentameric 5-HT3a receptors and suppresses heteromeric 5-HT3ag receptors in
Simian COS7 cells (Cheng et al., 2007). Similar effects were reported by Walstab et
al, who reported that RIC-3 can interact with 5-HT3A, -C, -D, and -E subunits and
predominantly enhances the surface expression of homomeric 5-HT3a receptors in
HEK293 cells (Walstab et al., 2008). Although it has not been reported that HEK cells
express RIC-3 naturally, it is conceivable that other chaperon proteins fulfill similar
functions in HEK cells and thus influence the expression rate of individual channel
subunits on the cell surface.

The fact that groups tend to stop working on the heteromeric 5-HT3ag after
publishing only a few results might be a hint, that they have problems keeping a
stable subunit expression as well.

Table 19: Concentration response characteristics of homomeric and heteromeric 5-HT; channels
found by different groups.
A:B transfection ratio 1:4; fit to 2 populations, *A:B transfection ratio 4:1; fit to 2 populations.

ECsq (M) ratio
reference prep./method
5-HT s 5-HT 5 5-HT gae/5-HT ga

Brady et al. 2001 oocytes/V-clamp 1.3 5.2 4.00
Stevens 2005 oocytes/V-clamp 1.8 20 11.11
Davies etal. 1999 HEK/whole cell 29 6 2.07
Baptista-Hon et al. 2012 HEK/whole cell 5.1 16 3.14
Hapfelmeier et al. 2003 HEK/ whole cell 3 25 8.33

3.4,85.31 2.00,50.12
Walstab et al. 2008 HEK/ CaZ*influx 1.7

2.4,29.52 2.00,18.35
present study HEK!/ outside-out 6.8 42 6.18

When evaluating existing studies of 5-HT3ag channels, one has to be aware of the

possibility that results are contaminated by coexisting 5-HT3a homomeric channels. If
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heteromeric channels dominated the expression pattern at the beginning of a study
of a new clone, they would not have necessarily done so after many cell passages.
Also, when a filter setting is used that does not allow resolution of 5-HT3ag Single
channel events — as is often done in macroscopic recordings — 5-HT induced currents
over heteromeric and homomeric channels can hardly be distinguished without a
more detailed electrophysiological characterization. This is very likely for studies in
whole cell patch clamp conformation, as those usually provide larger current peak
amplitudes, so that a low resolution is chosen. If I-V curves are conducted by
applying a voltage range up to only + 40 mV (Brady et al., 2001), differences in the
channel conductance at positive voltages might not be as distinct as seen in the
present study, where larger positive voltages (up to + 100 mV) were applied.

The idea of the importance of subunit expression levels is not new. Krzywkowski
and group found that diversity within the human 5-HT3a and 5-HT3g subunit structure
occurs through alternative splicing and polymorphisms, some of which impact upon
receptor expression and function. They found that the expression of B subunits was
suppressed more by small mutations in the respective DNA (Krzywkowski et al.,
2008a, 2008b).

Heteromeric 5-HT3ag channels might differ more from homomeric 5-HT35 channels
than thought, because previous results were confounded by unknowingly mixing
HTsas characteristics with 5-HT35 ones. This may be due to a mixture of different
channels differing in stoichiometry of subunits, e.g. A2B3 (Barrera et al., 2005) or
A3B2 (Miles et al., 2013) or any other combination, or due to different fractions of
homomeric 5-HT3a channels.

The appearance of homomeric 5-HT3a like characteristics correlates with the
absence of distinguishable single channel events (Figure 30) and with an increased
number of cell passages (Figure 25, Figure 28). This leads to the conclusion that B
subunit expression on the cell surfaces decreases and maybe even disappears from
stably transfected 5-HTszag cells. The composition of expressed subunits after
transient transfections cannot be verified either and could differ from transfection to
transfection. The 5-HT3a stably transfected HEK cell line used in the present study
has been used for more than 15 years and has shown a stable protein expression as
well as reproducible channel activity (Barann et al., 2000a, 2008; Decker, 2010;
Meiboom et al., 2013). Finding that the stable transfection with 5-HT3x and 5-HT3g

subunits is not stable over time was surprising, especially because heteromeric forms
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of 5-HT3 receptor channels are thought to be the dominant native species
(Hapfelmeier et al. 2003; Niesler et al. 2003).

This lack of stability means that none of the currently available 5-HT3g containing
model systems are suitable for determining the effects of drugs on 5-HT receptors.

In summary the co-transfection of 5-HT3a and 5-HTss subunits had to be
discontinued and an alternative 5-HT3 model for single channel kinetics and the
effects of anesthetics related substances on them had to be found.

5-HT 3, QDA

In looking for an alternative model channel, a homomeric version is preferred to
avoid any uncertainty in subunit composition. Mutating three arginine residues in the
intracellular MA stretch of the A subunit of the 5-HT3 receptor to the correlating amino
acids of the B subunit creates a high conductance mutant, the 5-HT3.aQDA (Kelley et
al., 2003a), (Peters et al., 2010). Just like the wild type, 5-HT3aQDA forms functional
homo pentameric ion channels. Transfections with this mutant will therefore not be
receptive for eventual heterogeneous expression patterns. This and the fact that it is
the least modulated mutant of 5-HT3a that shows a high single channel conductance
(Livesey et al., 2011) make 5-HT3aQDA a good candidate for single channel studies.

One unanswered question is whether the QDA mutation changes the properties of
the 5-HT3a receptor macroscopic currents, suggesting perhaps that the single
channel kinetics have been altered as well. To address this, the characteristics of
macroscopic currents from the mutant channel were compared to those of the wild
type (Barann, Dilger, et al. 2000; Barann et al. 2008; Meiboom et al. 2013; Decker
2010). Some significant differences were found (Figure 35).

Macroscopic currents from 5-HT3aQDA had a similar onset, but a faster offset
(Figure 35). Their peak amplitudes tend to be larger (Figure 35), which is influenced
by the higher single channel conductance as well as by the number of channels and
therewith by the expression rate on the cell surface.

The two concentration response curves of wild type and high conductance 5-HTzga
were similar (Figure 37). Previous studies reported similar ECsgs for serotonin for the
two channels as well (Hussy et al., 1994). Although the data is sparse, there is a
suggestion that 5-HT3aQDA seems to reach the point of agonist block at slightly

lower concentrations than 5-HTza.
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5-HT3,QDA has been used in several previous single channel studies and was
assumed to be kinetically and pharmacologically similar to the wild type 5-HT3a
(Corradi et al., 2009, 2011) 5-HT3aQDA channels show macroscopic currents with
5-HT3;a-like (agonist concentration dependence) as well as 5-HT3zag-like (voltage
dependence and kinetics) features.

Changing three arginine residues within the MA stretch of 5-HT3s channels
introduces additional electrophysiological changes other than just a higher single
channel conductance. This has to be kept in mind when using 5-HT3aQDA to build
single channel kinetic models to interpret the behavior of wt 5-HT3 channels. Thus, it
is necessary to study the effects of subtances on macroscopic currents from
5-HT3aQDA receptor channels.

h5-HT;,QDA as a Model for Studying Single Channel Kinetics in wt
h5-HT3a

A detailed characterization of control single channel kinetics of 5-HT3aQDA was
necessary before single channel substance studies could be performed on human
5-HT3aQDA receptor channels. To this aim, cell attached patches of 5-HT3aQDA
transiently transfected HEK cells were formed with pipettes containing 30, 100, 300
or 3000 nM 5-HT.

A crucial step when analyzing single channel activity is to define clusters. Clusters
are assumed to represent the activity of one channel between long-lived non-
conducting (either resting or desensitized) periods. Analysis of events within clusters
provide information about the kinetics of single channels. The time between clusters
depends on the unknown number of active channels in the patch and is difficult to
interpret. (see: Determination of Clusters is a Crucial Step in Single Channel
Analysis).

Patch-to-patch and time-dependent variability of 5-HT3aQDA channel activity is
observed. Different approaches are employed to analyze and interpret these
variabilities. (see: Activity of h5-HT3aQDA Channels Varies Between Patches and
Over Time).

Macroscopic current kinetics depend on 5-HT concentration. The Kkinetics of
5-HT3aQDA channels are more complex on single channel level then on macroscopic

level. Therefore, single channel experiments must also be performed to determine
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which single channel parameters depend on 5-HT concentration (see: Single
Channel Kinetics Are 5-HT Concentration).

A comparison of human single 5-HT3aQDA receptor channel data with a previous
study on the mouse isoform will establish whether the complex kinetic model
proposed by (Corradi et al., 2009) is applicable across species (see: Comparing the
Kinetics of Human and Mouse 5-HT3,QDA ).

Quasi macroscopic currents were constructed from single channel data in order to
compare macroscopic and single channel data (see: Quasi Macroscopic Currents
Resemble Recorded Macroscopic Currents).

Finally, macroscopic and microscopic substance studies are performed, starting
with the clinically most frequently used intravenous anesthetic propofol (see: Effects
of Substances on 5-HT34aQDA Channels).

Determination of Clusters is a Crucial Step in Single Channel Analysis

5-HT3aQDA activity occurs in clusters (Figure 47). A cluster is considered to be
formed from a series of openings and closings of one individual channel, while the
time between clusters depends on the number of active channels that are present in
the patch. Determination of clusters requires the introduction of a critical time t; that
separates them. The closed time histograms for 5-HT3aQDA channel activity contains
multiple components, so determination of t.i can be difficult. Closed components
between clusters turned out to be more consistent from patch to patch than expected.
Long closings were very reproducible even between different 5-HT concentrations.

Figure 85 illustrates this suprising consistency. In this figure, the time constants of
the components were grouped according to their proximity to the components found
in the combined, weighted average closed duration histograms. There is no obvious
choice for the definition of a cluster. However, most of the patches studied contained
more than one channel; the results may be distorted by the need to delete stretches
of data containing multiple openings. In the future, an experimental protocol is
needed to screen many patches. Only those patches with no multiple openings would
form the basis for a consistent kinetic model. For now, we must compromise by
choosing critical gap durations that produce QMCs that are consistent with measured

macroscopic currents.
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Figure 85: Duration components (ms) resulting from multiple exponential fits (formula 6) of closed
duration histograms for individual patches at different serotonin concentrations.
Vertical grid lines: each line one patch. Horizontal grid lines: average components of all combined
histograms at different [5-HT] (ms).

In the present study, we found that a critical time of 30 ms produced QMCs that
resembled the macroscopic desensitization constant of control recordings (Table 7).
In studies of single mouse 5-HT3aQDA receptor channels, the critical time was
chosen to be between 5 and 10 ms (Corradi et al., 2009, 2011).

Critical gap times over a range of serotonin concentrations were sufficiently
reproducible (Figure 13) to assign one critical time for all control experiments. When
substances are investigated, critical gap times between closed components can
change (Figure 74 and Figure 80) and a new critical time may need to be determined.
Based on these considerations, we chose a critical time of 30 ms for propofol
experiments and 300 ms for phenol experiments.

Activity of h5-HT3,QDA Channels Varies Between Patches and Over Time

Surprisingly, within a series of recordings at the same experimental conditions,
individual patches were found that differed significantly in one or more single channel
characteristic (30 nM 5-HT, -80 mV, Table 5). Such variability makes it difficult to
compare substance influenced channel activity with control activity, when they are
not recorded from the same patch. In the sum of patches, including or excluding
exceptional recordings does not alter resulting kinetic values (Figure 12), as long as

the histograms are normalized so that each patch is given the same weight.
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Macroscopic currents from 5-HT3 and other ligand-gated channels are known to
undergo changes during the recording session. These include rundown, a decrease
in the number of active channels (Figure 32); and acceleration, a speeding up of the
onset (Figure 34) and/or offset of the current. The origins of these effects are not
known but may be related to stress caused by the formation of a giga-ohm seal on
the cell membrane (Suchyna et al., 2009).

Single channel recordings exhibited rundown: often the channel activity decreased
over time (Table 6). In addition, for all except the lowest (30 nM) 5-HT concentration,
event durations within clusters changed as well (Table 6). Open and cluster durations
increased and closed durations decreased. This could be explained by the necessity
to exclude clusters from the analysis that include multiple channel events. Long
clusters and openings are more likely to overlap and create multiple channel events.
Excluding these clusters and openings biases the data towards shorter events. Over
time the channels open less frequently and therefore overlap less frequently. Fewer
long events have to be excluded. When a minimum 5-HT concentration of 30 nM is
applied, channel activity is very low over the complete recording time. Thus data are
not biased and resulting event durations are more reproducible over time.

Due to the stability of channel activity over time and a reliable level of individual
channel openings under 30 nM serotonin, the control analysis here focuses on 30 nM
serotonin data. | was able to collect and pool 3450 individual channel openings in 10
patches. Other studies are based on data obtained at higher concentrations and
usually pool fewer patches, the number of individual openings usually not given.
Working at very low serotonin concentrations is very time consuming, because
naturally respective patches have to last very long (here usually about 30 min) to
provide a number of events that is high enough to be analyzed statistically. But it is
needed in order to provide a solid control pool of data and analysis for future
substance studies on single channel data.

Single Channel Kinetics Are 5-HT Concentration Dependent

The single channel conductance of 33 pS reported here (Table 4) agrees with the
range of 22 — 36 pS for human 5-HT3aQDA channels that was reported previously
(Kelley et al., 2003; Deeb et al., 2006; Hales et al., 2006) and as expected does not

change with agonist concentration.
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One aim of this study was to relate single channel data to macroscopic data. Thus
experiments encompassing a range of serotonin concentrations have to be
performed that can produce sufficient macroscopic currents. On the other hand, in
order to record individual channel activity, experiments at very low serotonin
concentrations have to be performed. To meet these demands a range of 30 nM —
3 UM serotonin was used.

In microscopic currents, the fraction of open channels during the recorded steady
state depends on the balance between activation and desensitization (Auerbach and
Akk, 1998). Might the differences that one sees in microscopic recordings at different
serotonin concentrations reveal changes in activation and desensitization rates?
Duration components within clusters determined at different serotonin concentrations
can still be grouped by their fractions and amplitudes. One can assume that the basic
kinetic pattern of 5-HT3aQDA doesn’t change with serotonin concentration. This
suggests that the multiple open and cluster components all arise from receptors of
the same activatable closed state. Despite wide percentile ranges, Dunn’s Multiple
Comparison Tests mostly result in statistically significant differences within those
clusters between open durations (Figure 63), closed durations (Figure 69) and cluster
durations (Figure 55) at different serotonin concentrations. At serotonin
concentrations between 30 nM and 300 nM, for 2+ clusters the duration of the
longest open component (12 ms — 33 ms) as well as the duration of the longest
cluster component (46 ms — 196 ms) increase with 5-HT concentration (values for the
combined histograms of all recordings of respective serotonin concentrations, Table
22). The fraction of longest closings (12 % - 27 %) also does this. For the highest
serotonin concentration of 3 uM though, these effects show reverse tendencies. The
durations of the longest open (20 ms) and cluster (156 ms) components as well as
the fraction of longest closings (12 %) decrease again. Block of the channel pore by
serotonin at concentrations >5 UM has been described before (Bouzat et al., 2008;
Corradi et al., 2009) and is a possible explanation for the cutoff of the increasing
effects of serotonin on open duration. More long closings within clusters might not
contribute to higher open probabilities, but they prolong a cluster and therewith the
time that a channel spends in an activatable state; the duration until desensitization is
prolonged. 5-HT3aQDA channels are blocked by higher 5-HT concentrations (>
0.3 uM) but quantifying the blocking effect is difficult, because the above described

bias towards shorter events at high agonist concentration and therewith high channel
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activity can take part in the increasing effects as well. Channel desensitization also
seems 5-HT concentration dependent and becomes faster at concentrations larger
than 0.3 uM.

The probability to enter a 2+ cluster decreases at very low serotonin
concentrations of 30 nM (Figure 50). This results in a high fraction of isolated
openings and could be a hint that more than one bound agonist molecule is needed
for the channel protein to undergo the conformational changes that are necessary to

switch into the 2+ cluster mode.

Comparing the Kinetics of Human and Mouse 5-HT;,QDA

A previous single channel study on the mouse 5-HT3aQDA isoform proposed a
kinetic model. This served as a guideline for considering an appropriate kinetic
scheme for single channel activity of the human high conductance form. Like mouse
5-HT3aQDA channels (Corradi et al.,, 2009), the human isoform shows complex
channel kinetics. Table 20 lists the main results of the study conducted by Corradi
and group and the corresponding results from the present study.

Despite some experimental differences between the studies, the numbers of
components within clusters were the same. Corradi et al do not mention the
possibility to fit open duration histograms of individual patches with only two
components. We found briefer long open durations and cluster durations and smaller
conductances, but these probably arise from the higher external calcium
concentration in ECS that was used here. Calcium is known to inhibit 5-HT34 channel
activity (Livesey et al., 2008; Noam et al., 2008).

Closed components for mouse 5-HT3aQDA channels were shorter, with the
briefest component having the largest frequency. This very short closed component
(0.02 ms) would be too short to be resolved by recording and filter frequencies that
were used during the present study. Our results show similar tendencies with the
briefest closures having the highest frequency.

At low concentrations, the fractions of the three open components are comparable
for both studies, but the two longer components have briefer time constants for the

human channel (Table 20).
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Table 20: Comparing the present with a previous study (Corradi et al., 2009).
All results are shown as values within clusters. Corradi et al did choose 0.5 uM, the present study did
use 0.3 uM 5-HT as low agonist concentration. O = open duration, C = closed duration, Cs = cluster

duration.
Corradi et al. present study
digitizationinterval 5us 20 us
filter frequency 9 kHz 3 kHz
[Ca]in ECS 0.2 mM 1.8 mM
crit.gap between 3r/4th crit.gap between 3rd/4th

t.it between clusters

closed component(flexible)

closed component (30 ms)

# of openings in analyzed clusters 5+ 5+
single channel conductance 67 pS 32pS
Q(ms)0.503uM | 020,21, 10 | 031229 3352
respective fractions 0.31,0.14, 0.55 0.24,0.13, 0.63
. O(ms)3pym | 019,714,110 | 026,745 2633
respective fractions 0.21,0.16, 0.63 0.29,0.49, 0.22
_ C(ms)0503pM | 00201915 | 016115636
respective fractions 0.78,0.18, 0.04 0.54,0.21,0.25
___Cms)3pMm ] 0.02,018,17 | 015106583
respective fractions 0.86,0.10, 0.04 0.57,0.32, 012
Cs (ms) 0.5/0.3 uM 1,420 254
Cs (ms) 3 uM 1,290 94

The table lists the values we obtain from combining all recordings on patches with
the same serotonin concentration, thus three open components are assumed. But
the fact that open duration histograms of individual recordings can be fitted with only
two exponential components raises the question of where the third component
originates. One possible interpretation would be a variability in the second
component from patch to patch. This interpretation would require fewer open states
in the predicted kinetic scheme, but different possible variations of the second open
state. The appearance of an additional component when pooling data can also be
interpreted as a statistical effect. The individual histograms are based on too few data
points to resolve three components, instead this component shows a wide patch-to-
patch range. Figure 86 shows a two component and a three component fit of the

open duration histogram of one patch.
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Figure 86: Open duration histograms for an individual recording of 30 nM induced single channel
openings over human 5-HT3,QDA, fitted with two (left) and three (right) exponential components.

Introducing a third component is possible, but does not improve the over all fit (chi?
only decreases by 0.00021). The fact that median open durations in 2+ clusters of
individual recordings can differ significantly from each other (Table 8) also supports
the idea of one stable and one variable open state. A study on 5-HT3zs channels
which contain different ratios of a subunit with a mutation that disables the agonist
binding sites concludes that two binding sites at consecutive subunit interfaces
enable brief individual openings, but two binding sites at nonconsecutive subunits are
necessary to enable bursts of openings and longer open durations (Rayes et al.,
2009). Different stochiometries of bound sites could be a possible explanation for
different channel modes that lead to different open durations of longer openings.

When building a kinetic single channel model for the mouse 5-HT3aQDA channel,
Corradi and group assume that in the steady state, clusters are entered and ended
by openings of the longest open component. This study could not confirm this finding
in the human isoform. The fractions of open components are similar for all events
within clusters and for the first and last events in clusters (Figure 67). In respect to
the kinetic scheme this would mean that, in contrast to the Corradi model, a cluster
can terminate via any of the three open states. Thus an additional transition is
needed between the states C, and A3D, as indicated in the kinetic scheme in Figure
87.

The Corradi model predicts a very high open probability within clusters and thus
does not allow for the possibility that substances such as phenol may increase the
peak macroscopic currents obtained with high 5-HT concentrations. Inclusion of one

or more additional closed states to the definition of a cluster may be necessary.
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one of three possible clusters
two or three open states

D = AD =2 A2D =2 A3D

Figure 87: Extended kinetic scheme for human 5-HT3;,QDA receptor channel activity.
Based on the kinetic scheme for mouse 5-HT3,QDA receptor channel activity predicted by Corradi et
al, changed by introducing a transition between C2 and A3D. The number of open states is
guestionable. Data also suggest the possibility of three different clusters, which is not included here.
Changes are indicated by bold font.

Corradi et al focused on 5+ clusters and thus include only one cluster component
into their kinetic model. This might be a practical because less complicated way to
present 5-HT3,QDA channel kinetics, but probably does not account for all of the
data. When cluster analysis includes all occurring clusters, the present study shows
the presence of three cluster components. The longest component, which would be
the one mainly composed of 5+ clusters, provides only 21-27% of them (at 30 nM-
3 UM 5-HT, Table 21) Three pathways for terminating clusters would have to be
included into the kinetic model to account for three cluster duration components.
This increases the complexity of the kinetic scheme for single channel human
5-HT3aQDA receptor channel activity even more.

To be able to predict a detailed kinetic single channel model for human
5-HT3,QDA receptor channels, much more data - especially out of clusters - are
needed. But | was able to confirm the high complexity of such model that was
predicted based on data for another species variant. Data for the human variant even

ask for additional transitions to be introduced into the model.

Quasi Macroscopic Currents Resemble Recorded Macroscopic Currents

Quasi macroscopic currents are similar to real macroscopic currents of
5-HT3aQDA transfected outside out patches, which was quantified by comparing
respective decay time constants (Table 7). Changes in cluster duration result in
changes of decay constants of macroscopic currents (Figure 56).

Quasi macroscopic currents show that decay constants depend on cluster

duration. Cluster duration depends on open duration and is influenced by closed
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duration and the number of openings per cluster. Thus a change of the macroscopic
decay constant can be due to many single channel effects.
Because QMCs resemble so well recorded macroscopic currents, they also serve

as a confirmation for the determination of correct clusters.

Effects of Substances on 5-HT;,ODA Channels

To verify the possibility to use 5-HT3,QDA as a single channel model for 5-HT;
receptor channels within future substance studies, representative anesthetic related
drugs were applied and their effects on macroscopic as well as microscopic channel
currents were observed. A comparison to former macroscopic studies on 5-HTza will

evaluate the reproducibility of these effects.

5-HT3, QDA — With Propofol

Macroscopic serotonin plus propofol induced currents were recorded. Propofol
was applied in open channel (-+) and in equilibrium (++) mode. Figure 88 compares
the results of those experiments with previous propofol studies on wt 5-HT3za
channels (Witten, 2009). Witten found a reduction as well of peak amplitudes as of
Tore When applying propofol in either experimental mode, but no effects on ton.
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Figure 88: Comparing macroscopic effects of propofol on 5-HT3;,QDA and effects of propofol on
5-HTas4 as found in (Witten, 2009).

* shows significant differences of present propofol study to its control. 5-HT;,QDA data: Peak
reduction by -+ application to 84.3 % and the peak reduction by ++ application to only 45.4 % was
significant (P values of 0.004 and 0.001 respectively). Values of the inhibiting effects on peak
amplitudes differed significantly between the application modes (P value 0.004). torr is reduced to
56 % (-+, P 0.02) or 50.5 % (++, P 0.02). The onset does not change significantly. Paired two tailed t-
tests.
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Propofol had similar effects on both channel variants. The peak amplitudes are
reduced and the decay phase gets faster for 5-HT3aQDA channels as well. In both
application modes, the decay only takes half as long as under control condition,
which can partially explain the peak reduction. Propofol effects on the current peak
are significantly stronger in ++ application, thus there has to be an additional effect to
the accelerated current decay. Possibly channels are already desensitized by
propofol before the are opened by 5-HT application.

The only difference to the wild type is the less inhibiting effect on the 5-HT induced
peak amplitude when applying propofol simultaneously with 5-HT (-+). The effect of
propofol might be smaller on 5-HT3aQDA channels because those desensitize faster
and thus reach the equilibrium current faster than the wild type channels. The
inhibiting effect can’'t reach the same impact as on slower wild type channels,
because by the time the current peak is reached, desensitization already masks
inhibiting effects of propofol.

Additionally the pharmacological similarity of the two channel variants could be
confirmed by macroscopic outside-out recordings on 5-HT3aQDA with n-hexanol. The
according comparison with 5-HT3a can be found in the supporting material (Figure 91
an Figure 90).

Single channel recordings were recorded with 100 nM 5-HT + 18 uM propofol filled
patch pipettes and the resulting channel events were analyzed (Figure 75). Single
channel amplitudes did not change and thus can be excluded as source for the
reduction of macroscopic peak currents (Table 14). Propofol shows a high diversity of
effects on 5-HT3.QDA receptor channel activity. Except for the briefest open and the
briefest cluster component, all event components, meaning their durations and their
fractions are changed (Figure 89). This supports the previously predicted complexity
of anesthetic induced effects, which superimpose in macroscopic recordings and thus

mask each other and are not resolvable in macroscopic recordings.
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Figure 89: Event durations and their fractional amplitudes at 100 nM 5-HT + 18 uM propofol.
Lines that cross the time line represent the according weighted averages. Time constants and their
fractions that the plots are based on can be found in Table 21 - Table 23 in the attachment.

Reduced cluster durations to about a third of their control reflect the reduced
decay phase of macroscopic currents. The fractions of long open and cluster
durations increased. This may reveal enhancing effects of propofol, which are
masked in macroscopic experiments. Current enhancing and current inhibiting effects
cancel out, so that over all the open probability within clusters and number of events
within a cluster do not change (Table 18). This may indicate that more events are
needed to enhance statistical differences. However, the main effects of propofol are
to decrease cluster duration and possibly to increase the time between clusters. A
reduced probability to enter a cluster, for example, can explain the larger effect of
propofol on recorded macroscopic current peaks in ++ application mode compared to
the -+ mode.

Overall, propofol seems to destabilize the channel protein. It tends to fluctuate
faster between open and closed states, which results in shorter closings and
openings. The number of openings in a cluster is unchanged. Thus the probability to
end a cluster after an opening does not change, but shorter events sum up to shorter
clusters. Shorter clusters sum up to shorter QMC decays, which resembles the

acceleration of current decay in recorded macroscopic currents.

5-HT34 QDA — With Phenol

Applying 3 mM phenol to cell attached patches of 5-HT3,aQDA transfected cells
caused a predominance of short closures and long openings in single channel
recordings (Figure 82). Despite these enhancing effects of phenol on closed and
open durations within clusters (Figure 82), the open probabilities within clusters did

not change. However, clusters include more of the prolonged openings which results
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in a strong prolongation of cluster duration. When aligning and summing up all long
clusters of individual recordings, QMCs of patches exposed to 3 mM phenol showed
much longer decay phases than QMCs of patches without phenol (Figure 83), similar
to the prolongation of macroscopic decay time constants of excised patch recordings
over 5-HTsa (Barann et al., 2008; Witten, 2009).

The serotonin concentration dependence of phenol effects that have been shown
by Witten for 5-HT3a are visible on single channel level for the high conductance
variant as well. The less serotonin is applied together with phenol, the stronger the
effects on single channel kinetics (Figure 82). This suggests that one action of phenol
is to interact with serotonin at the agonist binding site.

Surprisingly, phenol did not only influence kinetic values of single channel
behavior of 5-HT3,QDA channels, but also increased the single channel conductance
(Figure 16). This can only be a partial explanation for the current increasing effect of
phenol on macroscopic 5-HT3a currents, which is only present at open channel and
equilibrium application (Barann et al., 2008). First macroscopic recordings of
5-HT3,QDA with phenol application (data not shown) even indicate much stronger
enhancing effects of phenol on current peak amplitudes of the high conductance
variant. Partly this can be due to the continuous presence of both phenol and
serotonin during single channel recordings. Enhancing effects of phenol are masked
by the increased equilibrium fraction of desensitized channels in the patch.

Overall, in contrast to propofol, phenol seems to stabilize the open state of the
5-HT3aQDA channel and the channel stays activated longer. Neither a 12 % single
channel current increase nor changes in open probabilities within clusters are
sufficient to explain the strong enhancing effects of phenol on macroscopic peak
currents. Similarly to the effects of propofol, the multitude of effects on open and
closed durations does not sum up to significant changes in open probability within
clusters. This indicates that the main effects of anesthetics on 5-HT3,QDA kinetics
can be found in cluster characteristics, such as the probabilities to enter and exit a

cluster.
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Implications for Future Substance Studies on Single Channel Level

Propofol and phenol introduced many changes to the single channel kinetics of the
human 5-HT3,QDA receptor. Inhibitory effects correlate with previously described
inhibitory effects on macroscopic currents. For propofol, additional potentiating
effects were revealed, which were suggested but could not be discriminated in
macroscopic experiments.

Open probabilities within control clusters are very high (88 % — 94 % at 5-HT
concentrations 30 nM — 3 uM). This raises the question, how substances increase
macroscopic peak amplitudes, if within single channel clusters the maximum of
activity seems to be reached just by binding the agonist. Some substances might
increase single channel conductance. Another possible explanation would be that a
substance increases the probability of a channel to start a cluster or decrease the
probability to end a cluster. The latter option would mainly prolong the decay phase
of macroscopic currents and lead to an increase of over all ion flux, the peak
amplitude would not be much higher though. Indications for both can be found in the
increased total open probability in recordings when phenol is present.

In order to not be limited to single channel activity within clusters, a way to
determine the number of channels in a patch would have to be introduced. This could
be done by recording macroscopic and microscopic currents from the same patch.
Such a protocol will have to make sure that as well the large macroscopic as the tiny
microscopic events are resolved properly.

A high number of recordings is needed due to high variability of channel activity
(from patch to patch as well as over time) to be able to perform proper statistics.
Thus future substance studies will be very time consuming, unless a way to record
control and substance applications from the same patch is found.

As well the combination of macroscopic and microscopic current recordings as the
combination of control and substance recordings on one patch require very stable
excised patches that last over long time periods. To avoid channel activity rundown
and effects and methodical artifacts that can come with it, it is essential to work with
the lowest channel activity level possible, either by using low agonist concentrations

or by using low transfection rates.
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Conclusions

In the human 5HT3,QDA receptor channel a tentative/promising model for studies
on single channel kinetics of ligand gated ion channels was found. Its control
characterization requires a complex kinetic scheme for 5-HT3; channel activity that
includes at least two open states and three closed states within three types of
clusters. The kinetics of human 5-HT3,QDA are serotonin concentration dependent.

While there is considerable agreement between the macroscopic behavior of
5-HT3,QDA channels and wild type receptors, there are some differences. Thus it is
necessary to determine the effects of substances on the macroscopic currents of the
mutant channel before one can proceed to single channel level.

The study of propofol (and its parent compound phenol) on both the macroscopic
and single channel levels of human 5-HT3, QDA receptors confirmed the complexity
of anesthetic actions of these compounds. Complex actions of anesthetics on
macroscopic kinetics of the receptor are composed of many actions on single
channel kinetic properties such as open, closed and cluster durations and
frequencies. In order to fully understand the effects of anesthetics, however, single
channel studies are needed with related compounds to correlate the effects of
functional groups on an anesthetic molecule with specific kinetic actions on single

channels.
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Abstract

5-HT3a receptor channels have served in extensive macroscopic
electrophysiological studies as a model to study effects of anesthetics and their
related compounds on ligand-gated ion channels. Here, studies on the single channel
level are pursued in order to provide a more detailed understanding of anesthetic
induced effects on ion channels. Two high conductance forms of 5-HT3 receptors are
characterized and evaluated for their usefulness for single channel kinetic analysis of
anesthetic interactions with ion channels.

Expression of human heteromeric 5-HT3ag receptor channels was possible but
problematic. There was evidence for functional co-existing 5-HT3a homomers in cells
transfected with both A and B subunits so that their individual properties could not be
isolated. In addition, the proportion of functional heteromers decreased with the
number of cell passages until none could be detected.

5-HT3,QDA is the least modified high conductance mutant of homomeric 5-HT3a
receptor channels. Single channel data for human 5-HT3aQDA receptor channels as
a function of serotonin concentration confirm, in principle, the need for a complex
kinetic model such as that proposed by Corradi et al. for mouse 5-HT3,QDA receptor
channels. The data also indicate the need for adjusting this model for the human
5-HT3,QDA receptor.

The macroscopic characterization showed that 5-HT3,QDA receptors are similar to
wild-type 5-HT3a receptors in their sensitivity to 5-HT and in their onset and offset
kinetics, although the latter are accelerated and the rectification properties are
changed. Thus, it is important to characterize the macroscopic effects of each
substance on 5-HT3aQDA receptors before proceeding to single channel
measurements. Macroscopic studies with propofol and hexanol show mostly a high
level of similarity between 5-HT3a and 5-HT3aQDA receptor channel behavior.

Propofol and phenol affected not just one but many aspects of 5-HT3aQDA single
channel kinetics. For propofol, the results confirmed not only the well-described
inhibitory effects, but also provided direct evidence for an additional potentiating
effect that had previously been indirectly inferred from macroscopic experiments.

Human 5-HT3,QDA receptor channels are a suitable model for future substance
studies at single channel level and provide additional insights into the diverse and
complex effects of anesthetics on ligand-gated ion channels.
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Time Constants and their Fractions for Combined Histograms

Table 21: Exponential duration histogram components of combined dwell times of all events,
normalized so that each patch gains the same weight.
C = closed components, O = open components ,Cs = cluster components ,t = time constant (ms),
fr.amp = fractional amplitude
Control and propofol data based on t;; 30ms, phenol data based on t.;; 300ms

30 NnM 5-HT (10 patches)
framp framp|_, |framp|  |framp fr.amp framp fr.amp fr.amp [#events
Tl 1 12 2 T3 3 4 3 5 5 16 6 w7 7 T8 3
c |07 0.31 [0.99f 014 |5.8| 0.05 |&7| 0.03 J456| 0.07 |2802) 0.27 |18338] 0.12 X X 34450
019 041 |50 021 |17 0.38 3450
Cs |019] 042 | 10| 0.31 |44 0.27 1776
100 nM 5-HT (4 patches)
framp framp framp framp fr.amp fr.amp fr.amp framp |#events
11 1 12 3 3 3 4 4 15 5 16 6 7 7 18 g
C |0.20] 030 |0.73) 025 |3.4) 011 [25]) 0.04 |276] 0.09 1674 0.14 |14162| 0.07 X X 12627
O |026] 037 |79 030 |18] 0.33 12627
Cs  [0.20] 031 |13 | 0.38 |77 | 0.31 3525
300 nM 5-HT (6 patches)
fr.am
fr.amp framp framp fr.amp fr.amp framp framp |#events
11 1 12 2 13 3 4 1 ™5 |; 16 6 17 7 18 g
Cc |015] 039 (10Of 014 1531 019 [ 74| 008 | x ¥ |1638] 0.09 | 14214 | 0.08 [109826] 0.02 | 16294
0.24] 029 22| 014 |33 057 16294
Cs (07 030 [1.4] 0.08 |31 0.28 [182] 0.34 2651
3 UM 5-HT (7 patches)
fr.amp framp| _ |framp|  lframp fr.amp framp fr.amp framp | #events
11 1 12 2 3 3 4 1 L&) 5 0 6 w7 7 38 g
C [014) 038 |0.79] 0.21 |27 013 |4 0.05 |252] 0.07 [1991] 0.09 [10529] 0.14 X X 4644
0211 034 |57 035 |20 0.31 4644
Cs (017 032 | 25| 047 [128] 0.21 1251
30 nM 5-HT + 3 mM phenol (4 patches)
framp framp . |framp| __ [framp fr.amp
11 1 12 5 13 B 4 A 15 5 #events
Cc |012] 088 [2.2] 003 42 | 0.02 |2614] 0.03 |24188| 0.05 2349
O (0250 013 15 0186 18 | 027 | 7O | 0.45 2349
Cs |04 024 11 0.09 67 | 0.23 1389 | 043 260
3 UM 5-HT + 3 mM phenaol (6 patches)
e fr.a;np 0 fl'.a2|n|) B fr.e;mp . fr.a;np 5 fr.a;np g
Cc |013] 093 |58 003 85 001 j2044| 0.01 |11887| 0.01 | 23059
032 014 |51 0.28 22 060 23059
Cs (020 024 1300 008 | 364 | 033 [1996| 0.35 480
100 nM 5-HT + 18 UM propofol (4 patches)
- fr.a;np 0 fr.azmp 3 fr.a::np i fr.a;11|) 5 fr.a;np # events
c |018] 047 [1.9] 013 59 | 013 | 344 | 0.04 |5927| 0.03 83390
07 037 1.7 011 85 | 052 83390
cs [018] 034 |23] 008 26 | 058 4410
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Table 22: Exponential duration histogram components of combined dwell times of events in
2+ clusters, normalized so that each patch gains the same weight.
C = closed components, O = open components ,Cs = cluster components, t = time constant (ms),
fr.amp = fractional amplitude
Control and propofol data based on t; 30ms, phenol data based on t.;; 300ms

30 nM 5-HT (10 patches)

1 framp 1 12 fr.amp 2 3 fr.amp 3 #events
C 017 0.61 0.98 0.27 8 012 1674
0] 0.23 0.34 12 0.66 2299
Cs 14 0.22 46 078 625

100 nM 5-HT (4 patches)

1 framp 1 12 fr.amp 2 3 fr.amp 3 #events
C 021 0.45 0.83 0.39 B 0.16 9102
0] 0.31 0.35 130 0.65 10806
Cs 22 0.40 86 0.60 1704

300 nM 5-HT (6 patches)

Tl framp 1 12 fr.amp 2 3 framp 3 # events
C 015 0.54 1.0 019 6.4 027 13643

028 024 24 013 33 062 15234
Cs 35 0.31 196 0.69 1591

3 UM 5-HT (7 patches)

Tl framp 1 12 fr.amp 2 3 fr.amp 3 #events
C 015 052 1.0 0.36 T4 012 3393
o] 023 0.30 6.0 0.38 20 032 4078
Cs 31 0.70 156 0.30 685

30 nM 5-HT + 3 mM phenol (4 patches)

Tl framp 1 12 fr.amp 2 3 fr.amp 3 #events
G 012 0.97 25 0.03 2089
0 070 022 14 027 66 051 2244
Cs 1:5 0.07 86 017 400 075 155

3 UM 5-HT + 3 mM phenol (€ patches)

Tl framp 1 12 fr.amp 2 3 fr.amp 3 #events
C 013 0.95 56 0.03 83 0.01 22316
o] 0.33 0.14 5.1 0.27 22 0.60 225885
Cs 59 0.06 361 0.45 1986 0.50 569

100 nM 5-HT + 18 pM propofol (4 patches)

Tl framp 1 12 fr.amp 2 3 framp 3 # events
C 0.16 0.81 16 019 3980
] 0.16 028 15 012 84 0.60 5791

Cs 29 1.00 181
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Table 23: Exponential duration histogram components of combined dwell times of events in
5+ clusters, normalized so that each patch gains the same weight.
C = closed components, O = open components ,Cs = cluster components, t = time constant (ms),
fr.amp = fractional amplitude
Control and propofol data based on t; 30ms, phenol data based on t;; 300ms

30 nM 5-HT (10 patches)

1 framp 1 12 fr.amp 2 3 fr.amp 3 #events
C 016 0.58 0.95 0.32 s 0.10 885
0] 0.26 0.32 12 0.68 1018
Cs 73 1.00 133

100 nM 5-HT (4 patches)

1 framp 1 12 fr.amp 2 3 fr.amp 3 #events
C 0.23 0.48 0.90 0.38 6.2 014 7536
0] 0.32 0.35 13 0.65 8304
Cs 113 1.00 768

300 nM 5-HT (6 patches)

Tl framp 1 12 fr.amp 2 3 framp 3 #events
C 0.16 0.54 1.2 0.21 6.4 025 12415

0.31 024 23 013 34 063 13296
Cs 254 1.00 881

3 UM 5-HT (7 patches)

Tl framp 1 12 fr.amp 2 3 fr.amp 3 #events
C 015 0.57 1.1 032 6.0 012 2657
o] 0.26 0.29 75 049 26 022 2916
Cs 94 1.00 259

30 nM 5-HT + 3 mM phenol (4 patches)

Tl framp 1 12 fr.amp 2 3 fr.amp 3 #events
G 012 0.97 23 0.03 1947
0 083 023 134 0.28 66 0.49 2021
Cs 595 1.00 74

3 UM 5-HT + 3 mM phenol (€ patches)

Tl framp 1 12 fr.amp 2 3 fr.amp 3 #events
C 013 0.95 58 0.03 81 0.01 22469
o] 0.33 013 G 027 22 0.60 22777
Cs 623 0.61 2629 0.39 308

100 nM 5-HT + 18 pM propofol (4 patches)

Tl framp 1 12 fr.amp 2 3 framp 3 # events
C 0.16 0.84 15 0.16 1611
] 015 027 049 011 8.0 063 1872

Cs 44 1.00 261




148 Supporting Material

5-HT3;, ODA — With n-Hexanol

Excised Outside-Out Patches

-+ + +
— control —— control
—  1.5mMn-hexanol — 1.5mM n-hexanol
—— wash out Tmin —— wash out 3min
oy |
. it
100 pA
500 ms
100 pA

500 ms

Figure 90: Example of macroscopic 5-HT3;,QDA currents exposed to 1.5 mM n-hexanol.
Left: open channel application. Right: equilibrium application.

During open channel (-+) experiments, 1.5 mM n-hexanol was applied simultaneously with 5-HT.
Equilibrium (++) experiments were conducted by exposing the patch to n-hexanol for a minute before
a 5-HT pulse is added. Average values from control and wash out trace were used as control
reference to take eventual rundown in account. Open channel and equilibrium application of 1.5 mM n-

hexanol did not differ significantly from each other. Peak current amplitudes were suppressed to

67.7 % and 81 % of control respectively. As well as Toy as Torr get faster when n-hexanol is applied,

although for open channel application the reduction of Toy is not significant.

Table 24: Effects of equilibrium (-+) and open channel (++) application of 1.5 mM n-hexanol on
macroscopic currents of 5-HT3;,QDA channels.
Peak reduction by -+ application to 67.7 % and the peak reduction by ++ application to 81 % was
significant (P values of 0.0007 and 0.03 respectively). Torr is reduced to 50 % (-+, P 0.0049) or 49.3 %
(++, P 0.04). The onset did only change significantly at ++application (P 0.02). Paired two tailed t-
tests.

condition % of control SD n (=patches)
K(oA) —+ 677 1.5 3
peak (p

Hif 381.0" 6.2 3
. -+ 725 26.2 2
ON ++ 64.0* 9.0 3
Torr -+ 50.0** 6.1 3

++ 49 3" 18.0 3

Effects of n-hexanol on 5-HT3, channels are similar for both experimental modes. As well the peak
current amplitudes as onset and decay phase of macroscopic currents are reduced by about half.

5-HT3;.QDA channels seem a little less sensitive to n-hexanol, but the tendencies are the same.
Decker describes a time constant for the inhibiting effect of 21 ms and a partial recovery after 11.6 s
(Decker, 2010), which explains that in the case of -+ application, hexanol is more inhibiting and causes
a stronger reduction of the peak current. A similar effect can be seen here for the high conductance
form.

Here gained macroscopic data of human 5-HT3;,QDA receptors under n-hexanol support again the

high level of pharmacological similarity between the high conductance channel and its wild type.
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Figure 91: comparing the macroscopic effects of 1.5 mM n-hexanol on 5-HT3;,QDA and 5-HTzp
channels as found in (Decker, 2010).

* shows significant differences of present n-hexanol study to its control. 5-HT;,QDA data: Peak
reduction by -+ application to 67.7 % and the peak reduction by ++ application to 81 % was significant
(P values of 0.0007 and 0.03 respectively). Torr is reduced to 50 % (-+, P 0.0049) and 49.3 % (++, P

0.04). The onset did only change significantly at ++application (P 0.02). Paired two tailed t-tests. 5-
HT 3, data: taken from concentration response curves in (Decker, 2010).
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