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ABSTRACT

All vertebrates share the two fundamental skeletal muscle types, termed fast and
slow muscle, which have evolved distinct functions to meet different motor demands.
Fast muscle generates an action potential in response to neural input and contracts
rapidly. Slow tonic muscle is inexcitable, and depends on the depolarization derived
from synaptic input for contraction. For more than 50 years it has been known that slow
muscle exhibits synaptic currents that decay 5-fold slower than currents in fast muscle,
but the mechanism responsible for this difference is not known. Two hypotheses have
been proposed that could account for the difference in current decay; differences in
acetylcholine clearance rate in the synaptic cleft, or differences in acetylcholine receptor
kinetics. Zebrafish provides a tractable model system in which to test both hypotheses
and resolve this long-standing question.

Synaptic current recordings from an acetylcholinesterase mutant null line of
zebrafish established that transmitter clearance is not the mechanism by which
differences in current decay are conferred. Fast muscle currents are prolonged in mutant
fish, but not converted to resemble the kinetics of slow muscle. Instead, single-channel
recordings from both types of muscle indicated that the difference in synaptic decay is
established at the level of the acetylcholine receptor. Slow muscle expresses a receptor
type that exhibits a mean burst duration 6-fold greater than that of fast muscle. To

identify the structural correlates of fast and slow muscle receptors, each zebrafish



nicotinic acetylcholine receptor subunit gene was cloned and combinations of subunits
were heterologously expressed for functional analysis.

Comparison of the single-channel mean burst duration, conductance and voltage-
dependence of the burst duration indicated that the subunit combination a3d¢ could
account for the native receptor found on fast muscle. The only other type of
acetylcholine receptor known to express in muscle, the afdy isoform, was incompatible
in all aspects with the characteristics of the receptor type found on slow muscle.
However, the a3d receptor isoform was similar to the slow muscle receptor in single-
channel mean burst duration, voltage-dependence of the burst duration and conductance.
The afd receptor was the only channel isoform to exhibit the inward rectification of slow
muscle single-channel currents and synaptic currents. These results suggested that
incorporation of the € subunit represents the fundamental difference between the receptor
isoforms of fast and slow tonic muscle, and confers the functional distinctions between
them. Consistent with this idea, knockdown of the € subunit in vivo was sufficient to
convert the kinetics of fast muscle to resemble those of slow muscle, and resulted in
compromised motility in larval fish. This is the first report to identify a physiological
role for a muscle acetylcholine receptor lacking the y and € subunits, and a muscle
channel type that has functional characteristics similar to those of neuronal nicotinic

receptor types.
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CHAPTER 1

Introduction

Voluntary movements in all vertebrates are executed by the release of
acetylcholine from spinal motor neurons, leading to activation of cholinergic receptors on
skeletal muscle. The evolutionary pressure to excel at a variety of complex motor tasks
has brought about unique adaptations of the properties of skeletal muscle cells. The two
major categories of vertebrate skeletal muscle fibers are generally referred to as tonic and
twitch (for review see Hess, 1970, and Morgan and Proske, 1984). Twitch muscle cells
generate tension quickly in response to neuronal activity, but are unable to maintain
contraction for extended periods of time, and so relax even if neuronal activity persists.
Also referred to as fast muscle in zebrafish, the twitch type represents the majority of
vertebrate muscle and is responsible for movements requiring speed or force.

Refinement of twitch muscle function has produced subtypes based on the rate and force
of contraction that are broadly termed fast-twitch and slow-twitch. These subtypes are
familiarly known as those responsible for sprinting or long-distance type running,
respectively, and most muscle groups are comprised of mixtures of twitch subtypes.

Tonic muscle, also referred to as slow muscle, represents a fundamentally
different type of skeletal muscle that generates tension slowly in response to neuronal

activity, but is able to sustain contraction over long time periods. These muscles were



first described and remain best characterized in non-mammalian vertebrates, such as the
frog, where they are involved in maintenance of posture, such as back or leg position.
Mammalian tonic muscles have been primarily studied in the extraocular muscles
responsible for maintenance of eye position. Otherwise only identified in the ear, the
esophagus, and the larynx, the prevalence of tonic muscle is considered to be limited in
mammals compared to other vertebrates. Except in fish where the two muscle types are
segregated, tonic muscle cells are typically intermingled with twitch muscle cells
throughout vertebrate muscle groups (Hess, 1970, Morgan and Proske, 1984).

The first study of the electrical properties of individual twitch and tonic muscle
fibers was published by Kuffler and Vaughn Williams in 1953. They were following up
on a report that two distinct muscle contraction types were observed in response to
acetylcholine; sustained tension or rapid and reversible twitches (Sommerkamp, 1928°).
Similarly, other reports indicated there were two distinct types of end-plate structures in
frog skeletal muscle, (Kruger, 1949"; Hess, 1960), but there was not direct evidence
linking these morphological and functional differences. Kuffler and Vaughn Williams
used the newly improved microelectrode technique (Ling and Gerard, 1949) to record
from individual muscle cells of both types. They determined that tonic muscle cells were
distinct from twitch cells, and that the motor neurons innervating each type were also
unique. Importantly, tonic muscle cells were unable to generate action potentials, and so

are also distinct from fast muscle cells on the basis of membrane excitability. Finally, the

“Although these articles were originally published in German, the key results relevant to
their use here have been reported by numerous citing articles in English, and | have cited
them in accordance with the common interpretation.



synaptic potentials generated in tonic muscle by nerve stimulation were longer decaying
than those in twitch muscle (Kuffler and Vaughn Williams, 1953a,b).

The successful implementation of voltage-clamp technique (Hodgkin et al, 1952),
combined with the microelectrode recording setup, provided direct recordings of synaptic
currents from twitch skeletal muscle (Takeuchi and Takeuchi, 1958, 1959). Soon after,
currents were also recorded from tonic muscle (Oomura and Tomita, 1960), confirming

that tonic muscle currents were more slowly decaying than those of twitch muscle.

Relationship between synaptic current and muscle function

The differences in synaptic transmission between fast and slow muscle likely aids
each cell type in meeting its particular functional requirements. Fast muscle generally
obtains sufficient synaptic depolarization to bring the cell membrane potential to
threshold for firing an action potential. The action potential is responsible for inducing
release of the intracellular calcium needed for contraction, and thus coordinates the
twitch-like response to a single neuronal input. By contrast, slow muscle relies directly
on the depolarization generated by the synaptic current for contraction. In this way, the
degree and duration of slow muscle tension is in direct proportion to the intensity of the
synaptic drive from the motor neuron (Hess, 1970, Morgan and Proske, 1984). Where
examined, the synaptic events in slow muscle are more prolonged compared to those of
fast muscle (Dionne and Parsons, 1978, 1981; Chiarandini and Stefani, 1979; Miledi and
Uchitel, 1981; Fedorov et al, 1982; Fedorov, 1987; Uchitel and Miledi, 1987). Prolonged
synaptic currents are able to discharge the membrane capacitance to a greater extent than

brief currents, and therefore generate more depolarization. At developing fast muscle



synapses, prolonged synaptic currents are necessary to depolarize to levels sufficient to
generate action potentials, and this activity underlies the spontaneous contraction
essential for muscle maturation (Jaramillo et al, 1988). It has been proposed that the
prolonged currents of slow muscle synapses are able to efficiently promote depolarization

for longer periods of time and facilitate sustained contraction (Ruff and Spiegel, 1990).

Determinants of synaptic current kinetics

The electrophysiological studies of the neuromuscular synapse of fast muscle
have provided a paradigm for synaptic transmission throughout the nervous system. The
kinetics of synaptic currents had long been proposed to reflect the lifetime of the
elementary events of which it was formed (Katz and Miledi, 1972, Anderson and
Stevens, 1973). Analysis of the current fluctuations produced by application of ACh
(“noise” analysis) indicated the elementary events had a discrete lifetime that was similar
in duration to the decay of the synaptic current (Katz and Miledi, 1972). Of particular
interest was elucidating how the kinetics of synaptic currents of fast muscle were
regulated during development, where noise analysis indicated changes in the AChR event
lifetime were responsible (Sakman and Brenner, 1978; Fischbach and Scheutze, 1980).
With the development of the patch-clamp technique and single-channel recordings, it was
possible to directly observe the lifetime of a single acetylcholine receptor (AChR) on
muscle (Neher and Sakmann, 1976). Single-channel kinetics of developing muscle
indicated a change in open time that corresponded to the developmental alteration in
synaptic kinetics (Siegelbaum et al, 1984; Brehm et al, 1984a). The mechanism driving

the change in open time was suggested to be either post-transcriptional conversion of a



single AChR type (Sakmann and Brenner, 1978, Michler and Sakmann, 1980), or
expression of a new AChR type altogether (Brehm et al, 1984b).

The molecular nature of the nicotinic AChR was initially examined in channels
purified from the torpedo electric organ, where it was determined that each AChR was
composed of four distinct subunits termed o, 3, & and y in the stoichiometry o,dy
(Karlin, 2002). Cloning of the skeletal muscle AChR subunits revealed another subunit,
termed €, and study of the reconstituted AChR channels in heterologous expression
systems indicated that the basis for the changes in native AChR open time seen in
developing muscle corresponded to expression of two different types of AChRs (Mishina
et al, 1986). Early in development AChRs are composed of the o.,dy isoform whose
long open duration confer the course of synaptic current decay measured in developing
muscle. Later in development the y subunit is replaced by the € subunit, and this switch
in molecular composition underlies the decrease in open time of the channel, and the
results in a faster synaptic decay at mature neuromuscular junctions.

The developmental change in subunit composition was shown to be regulated at
the level of transcription, where increased electrical activity resulted in expression of
only the fast form of the receptor (Witzemann et al, 1987; Gu and Hall, 1988; Martinou
and Merlie, 1991; Missias et al, 1996). Together, these discoveries revealed a
fundamental mechanism by which cells alter synaptic transmission in response to
activity. Control of synaptic kinetics by changes in expression of channel subunits is
now an established theme in synaptic transmission throughout the central nervous system.

Although much was gained from our understanding of the mechanisms underlying

fast muscle synaptic currents, comparatively less is understood about the nature of the



slow muscle synaptic currents. In particular, the basis of the prolonged synaptic current
kinetics of slow muscle remains speculative. Some reports indicate that longer lifetime
channels may exist in slow muscle (Hendersen and Brehm, 1989; Dionne, 1989).
However, other evidence suggests that extrinsic factors, such as synaptic input and
transmitter clearance mechanisms, account for the prolonged decay in zebrafish muscle
(Nguyen et al, 1999). In my dissertation work, I have sought to understand the
determinants of synaptic current kinetics that might distinguish zebrafish slow muscle

from fast muscle types.

Zebrafish as a model system to examine fast and slow muscle

There are several reasons zebrafish present an excellent opportunity to examine
the synaptic properties of tonic and twitch muscle. First, unlike most vertebrates, slow
muscle fibers in teleost fish, such as the zebrafish, comprise layers distinct from fast
muscle cells (reviewed in Sanger and Stoiber, 2001). Slow muscle is segregated from
fast muscle even as early as 24 hours post fertilization (hpf), and forms a superficial
monolayer of cells along the entire length of the tail musculature. All deeper muscle
layers are comprised of fast muscle cells, excluding the layer of muscle precursor cells
lying just adjacent to the notochord (van Raamsdonk et al, 1978,1982).

The rapid development and transparency of embryos have made zebrafish a
tractable system in which to study early development. Neuromuscular contacts are
formed very early in development (Liu and Westerfield, 1992), and by 72 hpf,
neuromuscular junctions have morphological characteristics similar to those of mature

synapses (Mos et al, 1983; Westerfield et al, 1990; Drapeau et al, 2001). Immunological



studies of larval and adult neuromuscular junctions suggest the pattern of synaptic protein
localization established by 72 hpf is similar to that of mature synapses (Panzer et al,
2005), and also to that of other vertebrate synapses (Kummer et al, 2006). Zebrafish
lacking essential vertebrate neuromuscular synaptic components are structurally or
functionally compromised by 72 hpf (Sepich et al, 1998; Ono et al, 2001,2002; Downes
and Granato, 2004; Kim et al, 2007).

Recordings from embryonic zebrafish indicate that both slow and fast muscle
already exhibit the characteristic electrophysiological differences found between adult
muscle types. Fast muscle is able to generate propagated action potentials while slow
muscle is inexcitable (Buckingham and Ali, 2004). Additionally, spontaneous synaptic
currents in slow muscle exhibit prolonged current decay compared to synaptic currents of
fast muscle (Luna and Brehm, 2006). A technical advantage of working with zebrafish
embryonic muscle cells is that they are relatively small and electrically compact
compared to muscle fibers in other preparations; it has been possible to examine synaptic
currents with the voltage-clamp technique using a single patch electrode (Nguyen et al,
1999; Wen and Brehm, 2005).

Finally, RNA knockdown is a molecular technique used extensively in embryonic
zebrafish to examine the role of proteins throughout development. The synaptic
characteristics of slow and fast muscle cells are established early enough in development
to provide excellent temporal overlap with RNA knockdown strategies (Sumanas and
Larson, 2002). Additionally, because zebrafish embryos are able to survive several days
without muscle function, they are well suited for experiments designed to reduce or alter

neuromuscular transmission (Westerfield et al, 1990; Ono et al, 2001). The combination



of these advantages provides an excellent opportunity to resolve the long-standing
question of what underlies the difference in synaptic current kinetics in slow and fast
muscle.
Significance

Although all vertebrates use both muscle types, mammalian slow muscle is best
characterized in the extraocular muscles that maintain eye position. The precocious loss
of extraocular slow muscle function in diseases such as myasthenia gravis has generated
much interest, but how this sensitivity is conferred remains unclear. It has been proposed
that differences in the acetylcholine receptor population of slow muscle cells may render
them more sensitive to autoimmune forms of myasthenia gravis, but functional evidence
supporting this hypothesis is lacking. Understanding the molecular nature of the
functional distinctions between these two muscle synapses may provide insight into the
mechanism underlying their different responses in the disease state and may ultimately

guide therapeutic design.



CHAPTER 2

Materials and Methods

Zebrafish animal care

All of the experiments utilized zebrafish (Danio rerio) as the animal model
system. The wild type (WT), and mutant lines were all maintained as adults in an OHSU
approved facility. The methods used were consistent with the Panel on Euthanasia of the
American Veterinary Medical Association, and were approved by the Institutional

Animal Care and Use Committee.

Whole-cell recordings from zebrafish muscle
Preparation

Zebrafish embryos between the ages of 72 and 80 hours post fertilization (hpf)
were prepared for all whole-cell voltage-clamp recording from muscle cells. Embryos
were decapitated just rostral to the pec-fin segment, and the tail portion was pinned to a
recording chamber with fine tungsten wire directly through the notochord. The skin on
the topside of the tail was removed between the two pins using fine forceps. To inhibit
muscle contraction, preparations were immersed in 1:10 V/V formamide in bath
recording solution for ~ 2 mins, and then rinsed extensively. Bath recording solution

contained, in mM: 135 NaCl, 10 mM Na-HEPES, 3 mM KCI, 2 mM CaCl2 and 1 mM



MgClI2, pH 7.4 and 278 mOsm. Unless otherwise noted, chemicals were purchased from
Sigma-Aldrich.
Recording and data acquisition

Glass recording pipettes (World Precision Instruments, 1.5 mm) were pulled to a
short taper and a tip inner diameter measuring approximately 3-4 um. For whole-cell
recordings, pipettes were filled with a solution containing in mM: 120 KCI, 10 KHEPES,
and 5 BAPTA, pH 7.4 and osmolarity was increased to ~278 mOsm with sorbitol.
Electrodes generally had tip resistances between 1.8-2.5 MOhms.

Whole-cell recordings were obtained using an EPC-10 patch-clamp amplifier, and
Pulse acquisition software (Heka Electronik). Data was acquired at 100 kHz, and
initially filtered at 8.3 kHz with an analog Bessel filter. Once in the whole-cell
configuration, series resistance estimates were generally between 3-6 MOhms. Series
resistance was not compensated, because the voltage error (estimated by I*R,) was < 5%.

Muscle cells recordings usually lasted 3-4 minutes after entering the whole-cell
configuration. As the recordings continued, both slow and fast muscle cell membranes
demonstrated a tendency to seal-over the tip of the patch pipette. This manifested as a
time dependent decrease in miniature amplitude, concurrent with a slowing of both rise
and decay times. Only synaptic events exhibiting stable and fast rise times were
considered for analysis, and recordings exhibiting time-dependent changes were not
included.
Synaptic event analysis

Raw data was exported from Pulse and individual spontaneous synaptic currents

were detected using the Mini Analysis software (Synaptosoft). After event detection,

10



current kinetics were extracted by fitting using either Mini Analysis software, or IGOR
software (Wavemetrics). In Mini Analysis, the rise time is estimated as 10-90% of the
time from baseline to peak amplitude, and the decay constant is determined by the
exponential fit over 10-90% of the total decay amplitude. In IGOR, decay constants were
determined by the exponential fit over the entire decay amplitude (peak to end fitting).
Data was reported as mean * standard deviation, and data sets were compared using a

two-tailed Student’s t-test to determine significance.

On-cell single-channel recordings from zebrafish muscle
Preparation

Preparation of the embryonic fish for on-cell muscle recordings was similar as
described for whole-cell recordings. Sometimes, when muscle cells failed to provide
high quality seals, tails were treated with 1X trypsin EDTA for ~1 min, to help clean the
muscle cell surface. This treatment helped produce high resistance seal formation. For
recordings from fast muscle, fish were prepared similarly, and then individual slow
muscle cells were removed from entire segments using a large bore pipette (~10 to 20
um) under gentle suction.
Recording and data acquisition

Single-channel recording electrodes were pulled to a tip diameter of ~1-3 um,
coated with Sylgard elastomer (Dow Corning), and lightly fire polished. Pipettes were
filled with bath solution and different concentrations of ACh as indicated. The Axopatch
200B amplifier (Molecular Devices;Axon Instruments) and Pulse software was used for

all single-channel data acquisition at a sampling rate of 100 kHz, and low-pass filtered at

11



10 kHz with a Bessel analog filter. Single-channel recordings were generally acquired in
thirty-second segments at every 10 mV over a range of applied potential between +150
and -100 mV.

Single-channel event analysis

Raw data were imported into TAC software (Bruxton) for event detection, and
digitally filtered at 5 kHz. Event detection was undertaken separately for each membrane
potential. Recordings often contained more than one amplitude class, but in all cases
event duration was measured at half amplitude. Detected events were exported to
TACEFIT software for analysis.

The minimum resolvable event duration cutoff was determined empirically by
inspecting the relationship between event amplitude and duration. The amplitude of
events with durations below ~150 us was decreased, reflecting the limitations of the
equipment in fully resolving the amplitude of very brief events. The value of 200 us was
used as the lower duration limit for all single channel analysis, representing the minimum
duration for which the event amplitude was fully resolved in all recordings. The event
amplitude was determined by the difference between the baseline (closed) and first level
(open) values, and multi-level events were not included in analysis. Amplitude
histograms were constructed and fit with a Gaussian function to determine the mean
amplitude of the events. Each amplitude class was fit individually with a single Gaussian
function.

The burst duration histograms were constructed and fit in TAC by the method
described in Sigworth and Sine, 1987. The burst duration histogram for each amplitude

class was analyzed separately by first separating the individual amplitude classes. The

12



peak of the transformed exponential fit of each duration histogram provided the mean as
determined by the method of maximum likelihood.

Analysis values determined by TACFIT were exported, and data plots were
constructed using either IGOR or Microsoft Excel software. Data plots were fit by
regression analysis in Excel or IGOR, and R* values were reported. Data values were
reported as mean = standard deviation, and data sets were compared using a two-tailed

Student’s t-test to determine significance.

Heterologous expression of reconstituted AChRs
ldentification of zebrafish AChR subunit complementary DNA (¢cDNA)

In collaboration with Dr. Fumihito Ono (NIAAA), zebrafish subunit cDNA were
identified by searching zebrafish sequence databases with murine subunit sequence.
Primer sequences were used based on database sequence, or in cases where putative
zebrafish subunits were not identified, murine sequences were used to design degenerate
primer sequences. PCR fragments representing full length cDNA sequences for each
subunit were identified from zebrafish embryo (3dpf) cDNA libraries. PCR fragments
representing full length cDNA sequences of each subunit were cloned into pTNT vectors
(Promega) for expression of the corresponding synthetic RNAs in Xenopus oocytes.
Zebrafish subunit sequences and alignments

The predicted primary protein sequence identified for each zebrafish AChR
subunit is indicated in the sequence alignments of Figures 5.1-5.8. Non-zebrafish protein
sequences used for the alignments, and for the phylogenetic tree shown in Figure 5.8,

were identified in the NCBI database and correspond to the indicated accession numbers:

13



Frog (Xenopus laevis): a P05377, 3 P49579, y NP_0011080915, € NP_001080916, 6
NP_001095267. Mouse (Mus musculus):o0 NP_031415, p NP_033731, y NP_033734, ¢
NP_033733, 6 NP_067611. Chicken (Gallus gallus): a NP_990147, 6 NP_001026488, y
NP_001026739. Pufferfish (Takifugu rubripes): a AAP51163, p AAP58383, Bla
AAP58382, y AAP49541, 6 AAP43507, € AAP49540. Human (Homo sapiens): o
NP_000070,  NP_000738, y NP_005190, 6 NP_000742, ¢ NP_000071. Cow (Bos

taurus): o NP_788837, B NP_776941, 6 NP_776696, y NP_776698, ¢ NP_776697

RNA preparation and injection

Stock of 1 ug/uL RNA were generated for each subunit (MMESSAGE machine,
Invitrogen). RNA stock aliquots were mixed in the combinations indicated for each
experiment just prior to injection. The Xenopus laevis oocytes were generously provided
by Dr. David Dawson. Oocytes were stored in OR3 solution (50% Leibowitz media, 15
mM Na-Hepes, 1 mg/mL gentamycin, pH 7.6) and stage VI and V oocytes were prepared
for injection by manual removal of the follicle cell layers. Finely tapered glass injection
pipettes were broken to a tip outer diameter of ~10-15 um, and filled with RNA
combinations. Individual oocytes were injected (Drummond Nanoject) with ~36 ng of
total RNA.
Two-electrode voltage clamp current analysis

Two to five days after RNA injection, oocytes were tested for responsiveness to
ACh using two-electrode voltage clamp measurements. Finely tapered glass recording
electrodes were filled with 3 M KCl, and current responses were obtained using the

TEV200 amplifier (Dagan Instruments) and recorded with Pulse acquisition software. A

14



specially designed chamber allowed measurements of ACh-activated current by
switching perfusion between bath solution and bath solution containing 30 uM ACh.
Three consecutive applications of ACh were examined to determine the amplitude of the
maximum current response.
Single-channel recordings from oocytes

Oocytes were prepared as described for macroscopic recordings, except that just
before use the vitelline membrane was removed manually in the manner described by
Mishina et al, 1986. A specially designed apparatus allowed the oocyte to rest in one
well, while a newly formed outside-out patch was brought to a separate well for perfusion
with bath solution containing different concentrations of ACh, as indicated.
Single-channel event acquisition and analysis

Single-channel data was acquired using an Axopatch 200B amplifier, and Pulse
software. Data analysis methods were the same as described for the on-cell single

channel recordings of muscle.

Quantitative real-time polymerase chain reaction (qPCR)
Whole-fish gPCR

Total RNA was extracted from pools of 20 zebrafish embryos/larvae (for each
time point, 1, 2, 3, 8, and 21 dpf) using RNeasy mini kit (Qiagen). Total RNA was
DNAse treated with TURBO DNAse (Ambion). Treated RNA was then reverse
transcribed using High Capacity cDNA Reverse Transcription kit (ABI). First strand was

used as a template for subsequent qPCR.

15



Transcript quantity was measured using the StepOnePlus system (ABI).
Amplification of transcripts was detected by the fluorescence of sequence-specific probes

(Tagman technology). The sequences of the primers and probes used for each transcript

are as follows:

SUBUNIT SENSE PRIMER PROBE ANTISENSE PRIMER
B ttcgtgcggagtgaaggtgacata agaagtggatcttcaacatgecctgg actctcgctaaagcetgtgtccaa
Bla aacttactgcctcgctacttgggt aggaaccagtggaggaagagccaaa | acagtgctctcgttatggcttect
d Dr03075552_gl ggaaaacaacaatgatgcccagttt
Y agtggcgcetctatgetaacacact aagctcctgegecatcaaagtcaact tgctgcaattctgecagtcaaagg
€ Dr03115283_gl gcacactggtcttcaggtctcagac
elfla ttgatgcccttgatgccattetge attggaactgtacctgtgggtcgtgt acaaccataccaggcttgaggaca

Whole Fish gPCR transcript quantification

Absolute transcript copy numbers were determined using the standard curve

method. Quantification of known amounts of target DNA was used to establish a

comparative for unknown transcript levels of specific subunits at various developmental

stages (1, 2, 3, 8, and 21 dpf). From the standard curve quantification of the transcript

number was determined. Numbers were normalized to the endogenous control

elongation factor1 1-alpha (elf1-a) to account for variations in concentration (quantity) of

starting template. E1f1-a has been previously characterized as a transcript expressed at

constant levels throughout the developing zebrafish embryos (Tang et al, 2007).

Normalized absolute numbers from multiple runs were plotted with SD.

Fast and slow muscle gPCR

Fish were prepared as described for single channel recordings in muscle. Under

400X magnification (Axioskop FS2, Carl Zeiss), small numbers (~10) of slow or fast

muscle cells were individually suctioned into large diameter (~15 uwm) patch pipettes, and

the contents of the pipette dispelled into RNAlater storage buffer (Ambion) until total
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RNA extraction. RNA was extracted from samples using RNeasy mini kit (Qiagen).
RNA samples were then treated with TurboDNAse (Ambion). Total RNA was reverse
transcribed using iScript cODNA Synthesis Kit (Bio-Rad).

QPCR was carried out using an ABI StepOnePlus (ABI) system. Amplification
of transcripts was detected by the fluorescence of sequence-specific probes (Tagman
technology). The sequences of the primers and probes used for each transcript were as
indicated for whole-fish qPCR.

Fast and Slow gPCR comparative analysis

In this analysis, each transcript was normalized to the measured levels of the
endogenous control elfl-a. This normalization generates a ACt value (Ctg,perimenta~Cleisra)
and controls for variations in quantity of input material. After normalization, transcript
levels were found using the following equation; copy number = 2", Experimental
variation was measured by calculating the standard deviation (SD) of copy number: SD =
(In2)(stdev . )(2°*“"). To adjust for the variability in overall signal between cell
collections, the copy number for each target was normalized to the total copy number of

all targets in each experiment and the relative copy number was reported.

Morpholino RNA knock-down in vivo
Morpholino preparation and design

Morpholinos (GeneTools) are modified antisense oligonucleotides designed to
anneal to mRNA and interfere with protein synthesis either by directly hindering
translation initiation or by causing splicing errors. Morpholinos (MOs) were designed for

each target in accordance with the manufacturer’s suggestions. The sequences of each
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MO used are indicated in Table 7.1. MOs were resuspended in 1 mM stock solutions in
water, and 0.5 to 1.5 nL volume droplets were pressure injected into newly fertilized
zebrafish eggs at the one-cell stage. Each MO resulted in slightly different
morphological or motility effects, and so the final amount injected (in ng) was
empirically determined for each MO as the maximum amount that still rendered fast and
slow muscle amenable for recordings. Final amounts ranged between 1 and 12 ng of MO
per embryo, for all MOs tested.

For knockdown experiments using splice MOs, it was possible to measure the
target transcript splicing errors using PCR. For these experiments, cDNA was prepared
from embryos injected with splice MO as previously described for qPCR analysis. The
target sequence was examined by end-point PCR over the region predicted to contain
splice errors (see Figure 7.5). PCR products excised and sequenced to verify they
represented the predicted splice error products.

Whole-cell recordings from MO injected fish

Fish were prepared for whole-cell muscle recordings as specified for WT fish.
Unless otherwise indicated, whole-cell recordings were performed on the fast and slow
muscle of fish between 72 and 80 hours post injection. Recording setup, acquisition
parameters and data analysis were all as previously described for WT whole-cell

recordings.
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CHAPTER 3

Synaptic physiology of fast and slow muscle in zebrafish

A key advantage of the zebrafish system for the comparison of fast and slow
skeletal muscle function is the anatomical segregation of the two cell types. Zebrafish
embryos require little manipulation to prepare them for slow muscle recordings; the skin
is simply peeled away, exposing the slow muscle cells. Fast and slow muscle cells are
easy to distinguish using differential-interference contrast (DIC) optics, based on
differences in location and orientation. Figure 3.1A shows a fish prepared for recordings
from slow muscle. The slow muscle cells form the most superficial layer and are

oriented parallel to the rostrocaudal axis of the fish.

Synaptic current properties of zebrafish slow muscle cells

Slow muscle cells can be effectively voltage-clamped using the whole-cell mode
of patch clamp. Two types of events are seen throughout a recording from slow muscle
cells; large amplitude events with a fast rise and decay (Figure 3.1B, arrowhead “a”), and
smaller events with a slow rise and decay (Figure 3.1B, arrowhead “b”). The smaller and
slower class of events are electrotonic reflections of synaptic events generated in
neighboring slow muscle cells (Luna and Brehm, 2006). The larger and faster class of

events represents miniature synaptic currents originating in the voltage-clamped cell.

19



Figure 3.1: Properties of zebrafish slow muscle synaptic currents. A) Live image of the
superficial slow muscle layer viewed with DIC illumination and 400X magnification.
The dashed line indicates the boundaries of a single slow muscle cell, and the scale bar
indicates 10 um. B) Example recording of synaptic currents from a slow muscle cell
voltage-clamped at -90 mV. Arrowhead “a” indicates synaptic event, arrowhead “b”
indicates electrotonic current originating in neighboring cell. C) The decay of a slow
muscle synaptic current is exponential (red overlay), and the peak-to-end fit indicates a
Tecay Was 2.9 ms, at -90 mV. D) Left: Example synaptic current from slow muscle fit
poorly by a single exponential fit (red) at -90 mV. Right: Same synaptic current fit peak-
to-end with two exponents. The fast component is indicated by the green fit, and
corresponds to a Ty, of 0.36 ms, and 24% of the overall amplitude. The slower
component is indicated in red, and corresponds to a T, of 3.4 ms. E) Scatter plot of the
Average Ty, values for all 15 slow muscle cells fit 10-90% with a single exponent (filled
circles), alongside the overall mean <., = SD (open circle). F) Frequency histogram of
the ..., values for all synaptic currents from slow muscle recorded at -90 mV. The

Gaussian fit (black) indicates a distribution mean of 3.1 ms.
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The difference in amplitude of these gap-junction currents makes them easy to separate
from synaptic events, and events smaller than 100 pA were excluded from analysis.

The time-course of the peak-to-end amplitude decay of an individual synaptic
event in slow muscle was generally well fit by a single exponential function, and the
average time constant of decay (T.,,) Was approximately 3.0 ms at -90 mV (Figure
3.1C). However, a single exponential fit did not fully describe the peak-to-end decay of
every event, and 65 of the 376 events (17%) from 15 slow muscle cells required two
exponential components to fully describe their decay (Figure 3.1D). The majority of the
current decay is still attributed to the slow component seen in all synaptic currents, but
these events also had a faster component (T;.,,= 0.43 = 0.1 ms) that contributed an
average of 20% to the total amplitude. Because at least 80% of the decay is still
represented by the slow component for all events examined, I fit all slow muscle synaptic
currents with a single exponential over 10-90% of the total decay amplitude to estimate
the overall decay time constant. For consistency, decay fitting was done over 10-90%
amplitude for all synaptic currents examined in both slow and fast muscle.

I estimated the overall average T, in slow muscle cells by two methods. First, I
fit the events from a single cell, and determined the average t,.,,. Then, I determined the
mean T, of all cells, yielding an overall T, of 3.0 = 0.7 ms (n=15 cells). The
individual cell averages, and the overall average are shown in the scatter plot of Figure
3.1E. As asecond means to determine the overall t,.,,, I plotted the T, of each
synaptic event from all cells (376 events) as a frequency distribution (Figure 3.1F). The
distribution was fit with a Gaussian function, and exhibited a mean T,,, of 3.1 = 1 ms.

Good agreement was found with both methods of estimation.
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Synaptic current properties of zebrafish fast muscle

The preparation for fast muscle recordings followed the same initial steps as the
preparation for slow muscle. Often, I first recorded from a few slow muscle cells in a
fish, and then prepared the fish for fast muscle recordings. To reveal the fast muscle, the
slow muscle cells were removed individually using a large diameter glass pipette under
gentle suction. With care, every slow muscle cell in several segments was suctioned
away, without damaging the underlying fast cells. In Figure 3.2A, the first layer of cells
has been removed by suction pipette, and the remaining cells are fast muscle cells.

The spontaneous miniature synaptic currents in fast muscle (Figure 3.2B) differ in
several ways from those of slow muscle. First, the small and slowly decaying event class
reflecting gap-junction currents was seen far less frequently. In the example trace of
Figure 3.2B, no currents arising from neighboring cells are present. This is thought to
reflect the limited electrical coupling of fast muscle cells (Luna and Brehm, 2006).
Second, the synaptic events in fast muscle were more frequent, and larger in amplitude
than in those of slow muscle. Finally, synaptic current decays were much briefer in fast
muscle.

Close inspection of an individual event shows that the peak-to-end amplitude
decay of synaptic events in fast muscle was exponential (Figure 3.2 C). For comparison
with slow muscle, the t,..,, values were also determined by fitting 10-90% of the decay,
and the average T, for fast muscle events was approximately 0.5 ms at -90 mV. The
average Ty, Was determined in two ways, as previously described for slow muscle

events. The average T,.,, of each cell (n=14 cells) is shown as a scatter plot in Figure

23



Figure 3.2: Properties of zebrafish fast muscle synaptic currents. A) Live image of the
fast muscle cell layers zebrafish tail, viewed with DIC illumination at 400X
magnification. The dashed line indicates the boundaries of a single fast muscle cell, and
the scale bar indicates 10 um. B) Example recording of synaptic currents from a fast
muscle cell voltage-clamped at -90 mV. C) The decay of a fast muscle current is
exponential, and the fit (red overlay) indicates a T, of 0.51 ms, at -90 mV. D) Scatter
plot of the average T,..,, values for 14 fast muscle cells (filled circles), alongside the mean
Thecay £ SD (0pen circle). E) Frequency histogram of the t,..,, values for all synaptic
currents in fast muscle recorded at -90 mV. The Gaussian fit (black) indicates a

distribution mean of 0.54 ms.

24



)

tdecay (ms)
=
o)
1

25

Events

0.2 0.4 0.6 0.8 1.0

tdecay (ms)



3.2D, and the overall average corresponded to 0.58 = 0.1 ms. The frequency distribution
Of T4,y foOr the individual synaptic events (894) is shown in Figure 3.2E. The Gaussian
fit to the distribution indicates a mean T, of 0.54 ms + 0.08 ms. Once again, the two
methods of estimation showed good agreement.

Comparison of the average T, between fast and slow muscle indicated the 5-
fold difference at -90 mV noted by Luna and Brehm, 2006. In that study, the difference
in decay was confirmed by paired extracellular and whole-cell recordings of synaptic

events.

The role of transmitter clearance in synaptic decay kinetics

Generally, the time course of muscle synaptic currents has been assigned to the
intrinsic closing rate of the AChR (Katz and Miledi, 1971, 1972; Andersen and Stevens,
1973). However, altering transmitter clearance rate by inhibiting the enzyme
acetylcholinesterase (AChE) has been shown to prolong current decay (Takeuchi and
Takeuchi 1959, Kordas 1969). This prolongation was thought to reflect AChRs re-
binding ligand and re-opening multiple times (Katz and Miledi 1972, 1973). During
early development of Xenopus myocytes, acceleration of the synaptic current decay was
due, in part, to the onset of AChE activity (Kullberg et al, 1980). Furthermore, the extent
of AChE effect on decay also differed between muscle types during development
(Kullberg and Owens, 1986).

The extent to which AChE activity influences fast and slow synaptic decay in the
developing zebrafish embryo is not known. Therefore, it remained possible that

differences in AChE activity were responsible for the 5-fold difference in <, between
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fast and slow muscle synaptic currents. For example, if AChE was not active at slow
muscle synapses, then AChRs at slow muscle synapses would re-open multiple times in
response to transmitter release, resulting in prolonged synaptic current decays.
Conversely, if AChE activity was high at fast muscle synapses, re-opening would be
minimal resulting in a current decay that converged on the mean burst duration of the
AChRs (Colquhoun and Sakmann, 1981; Grosman and Auerbach, 2001). If AChE was
responsible for the difference in t,,.,, between fast and slow muscle, then inhibiting
AChE would be predicted to lengthen the synaptic duration in fast muscle to the extent
observed for slow muscle. Using a recently identified AChE null line of zebrafish, I was

able to directly test this hypothesis.

Fast muscle synaptic current decay in a zebrafish AChE null

The zebrafish mutant zieharmonika (zim™) was established as an AChE null
(Downes and Granato, 2004). The zim"™ line was previously generated in a
mutagenesis screen (Granato et al, 1996), and the line carried a recessive point mutation
that encodes a premature stop codon. This premature stop codon resulted in loss of the
catalytic domain of AChE (Figure 3.3A, left). Staining for AChE activity in zim"™"
mutants (zim ") indicated complete loss of esterase activity in muscle (Figure 3.3A,
right). In zebrafish, AChE was shown to be the only esterase active at the neuromuscular
junction (Bertrand et al, 2001). Therefore, the zim” mutants provided an opportunity to
determine decay times of fast and slow muscle, in the absence of AChE. These
experiments were undertaken in collaboration with a fellow lab member, Michael

Walogorsky, who was recording from these mutants in a separate set of studies.
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Figure 3.3: Properties of synaptic currents in zim” fast muscle. A) Left: Identification

(top) and location (bottom, transcript represented) of the of the zim™*"

point mutation.
Right: Stain of cholinesterase activity in the tail musculature of WT (left) and zim™
(right) embryos (Taken from Granato and Downes, 2004). Scale bar indicates 20 um. B)
Representative zim” synaptic current (red), and WT synaptic current (black), recorded in
fast muscle cells voltage-clamped at -90 mV. The T, corresponds to 0.95 ms for zim”
and 0.54 ms for WT. C) Scatter plot indicating the average T,..,, values for all 28 zim”
fast muscle cells (red filled circles), and the mean T, value = SD (red open circle). WT
Tyecay Values are included in black, for comparison. D) Frequency histogram of T,
values for all zim” synaptic currents in fast muscle, at -90 mV. The Gaussian fit (black)

indicates an average Ty, of 0.90 ms for the distribution. E) Frequency histogram of T;..,,

values for zim™ (no fill) and WT (grey fill) fast muscle cells.
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Synaptic currents were first examined in fast muscle (Figure 3.3B). The T,,.,, of
the example trace is 0.95 ms for zim™, and 0.51 ms for WT. The average Tyecay OF all the
events from a single fast muscle cell from zim” (n=28 cells) and WT is shown in Figure
3.3C. The overall average T .,y of zim” fast muscle currents, determined as previously
described for WT synaptic currents, was 1.0 = 0.3 ms. This indicated an average 1.7-fold
increase in the T, at fast muscle synapses lacking AChE activity.

The overall T,,.,, Was also determined by fitting a cumulative frequency histogram
constructed from the T, of each synaptic event (Figure 3.3D, 1608 events). The
Gaussian fit to the cumulative distribution indicated an average Ty, of 0.9 = 0.25 ms for
zim” fast muscle cells. For comparison, the cumulative distributions of zim” and WT
fast muscles T, are shown together, in Figure 3.3E. The cumulative data indicated fast
muscle synaptic current decays were approximately 1.7-fold prolonged at synapses

lacking AChE, in good agreement with the estimate determined by cell averages.

Slow muscle synaptic current decay in an AChE null

A representative synaptic current from zim” and WT slow muscle is shown in
Figure 3.4A. The T, of the example current was 3.7 ms for zim” and 2.9 ms for WT.
The average T, determined for each zim” slow muscle cell (n=15) is shown in Figure
3.4B. The overall average T .., of zim™ slow muscle cells was 3.7 = 0.6 ms. There was a
1.2-fold prolongation of synaptic current decay in the absence of AChE.

The overall T,,.,, Was also estimated by fitting a cumulative frequency histogram
constructed from the T, of each slow muscle event in zim” (Figure 3.4C, 440 events).

The Gaussian fit to the cumulative distribution indicated an average T, of 3.4 = 1 ms.
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Figure 3.4: Properties of synaptic currents in zim” slow muscle. A) Representative zim™
slow muscle synaptic current (red), and WT synaptic event (black) recorded from slow
muscle cells voltage-clamped at -90 mV. The T, corresponds to 3.7 ms for zim” , and
2.9 ms for WT. B) Scatter plot indicating the average T, values for all 14 zim” slow
muscle cells (red filled circles), and the mean <, value = SD (red open circle). WT
Tyecay Values are included in black, for comparison. C) Frequency histogram of T,
values for all zim” synaptic currents in slow muscle, at -90 mV. The Gaussian fit (black)
indicates an average Ty, of 3.4 ms for the distribution. D) Frequency histogram of ...,

values for zim™ (no fill) and WT (grey fill) slow muscle cells.
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The cumulative distributions of both zim-/- and WT slow muscle t,,.,, are shown in
Figure 3.4D, for comparison. The cumulative data estimated that slow muscle T;..,, Was
increased by 1.1-fold, in the absence of AChE.

A summary of t,,, values for WT and zim" is shown in Figure 3.5A. If the lack
of AChE activity alone was sufficient to explain the ,,, of slow muscle, then zim” fast
Tyecay Should have become indistinguishable from WT slow muscle ;... Comparison of
the cell averages indicated that without AChE activity, the average T,.,, in zim™” fast
muscle was still 3-fold faster than that of WT slow muscle. A similar result was obtained
by comparison of the cumulative T,..,, distributions of WT slow muscle, and zim” fast
muscle (Figure 3.5B). Gaussian fits to the cumulative data indicated the average zim”

fast muscle T, remained 3.7-fold faster than the average WT slow muscle T,y
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Figure 3.5: Summary of synaptic current properties in zim” and WT muscle. A) Scatter
plot of average T,..,, for individual cells (filled circles) and corresponding mean Ty,.,, *
SD (open circles). B) Frequency histogram of <,..,, values for all synaptic currents in

zim” fast muscle (grey fill) and WT slow muscle (no fill), recorded at -90 mV.
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CHAPTER 4

Fast and slow muscle single-channel AChR characteristics

In Chapter 3, I presented evidence that transmitter clearance rate cannot explain
the difference between the T,..,, of fast and slow muscle synaptic events. Even in the
absence of active clearance, there still remains an unaccounted for 3-4 fold difference.
As mentioned previously, many studies have shown synaptic decay time course depends
on the receptor burst duration. Therefore, I tested whether intrinsic differences in the
mean burst duration between AChRs on fast and slow muscle could account for the
differences in synaptic decay.

To determine the single channel characteristics of the native AChRs, I recorded
on-cell ACh-activated currents from both slow and fast muscle cells in the intact fish.
Typically, cells used for single-channel analysis have been dissociated to obtain high-
quality recordings with low noise. However, dissociated slow and fast muscle cells
would have lost the positional landmarks and orientation needed to discriminate between
them. I therefore prepared fish for either slow (skin removed) or fast muscle (skin and
slow muscle removed), in order to record using the on-cell configuration.

The on-cell configuration was the only mode in which I was able to record single-
channel currents from muscle. Attempts to record from the outside-out configuration

resulted in patches that required large holding currents and were very noisy, reflecting
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either a leaky membrane seal, or a very large patch. I also attempted to record from

inside-out patches, but they were unstable and noisy.

Characterization of the primary ACh-activated event class of fast muscle

Representative on-cell single-channel recordings from fast muscle are shown in
the top trace in Figure 4.1A. These ACh activated channel currents were elicited in
response to low concentrations of ACh (300 nM) in the recording electrode, representing
the foot of the dose response curve for muscle nicotinic AChRs. This minimized the
complications associated with both overlapping events and receptor desensitization.
Receptors seemed to be present at all positions along the cell surface, and no effort was
made to localize recordings to a specific region of the cell.

The single-channel events all represented openings of AChRs as evidenced by
their dependence upon ACh. With a low concentration of ACh, events occurred at a low
frequency throughout the recording (Figure 4.1A). These events reflect the transition of a
single AChR between single transition between the shut and open state. Occasionally,
the openings are interrupted by extremely brief closures termed ‘nachschlags’
(Colquhoun and Sakmann, 1981; 1985). Due to the frequency response of these
recordings, extremely brief closures (=< 80 us) were not resolved, and so two transitions
separated by nachschlags were counted as one. Because of this limitation, the
measurement of event duration represents the burst duration, rather than open duration.
When the concentration of ACh was raised to 10 uM, events occurred in extended
periods of bursting wherein channels transitioned repeatedly between open and shut

states. Each extended burst was separated by long quiescent periods. This prolonged
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bursting was a characteristic behavior of desensitized AChRs (Sakmann et al., 1980; Sine
and Steinbach, 1984; Auerbach and Lingle, 1986) and represented repeated openings by a
single AChR. Burst onset reflected the recovery of a single AChR from the desensitized
state, and then termination reflected re-entry into the desensitized shut state. Although
this behavior provides much kinetic information for AChRs, I was unable to use high
concentrations of ACh for single channel analysis of zebrafish AChRs. First,
desensitized channels remained silent for long periods of time and re-opened
infrequently, rendering bursts rare. Secondly, even at 10 uM ACh, it appeared that ACh
functioned as an open-channel blocker of the receptor. The mean burst duration of all
receptor types consistently decreased at 10 uM ACh (~1.5-fold), compared to 300 nM
(Appendix 1). At 100 uM ACh, the open-channel block became obvious as both the
mean burst duration and the amplitude of events decreased (Appendix 2). To avoid
possible errors in kinetic measurements due to block, I restricted single-channel analysis
to the data collected at low concentrations of ACh (=300 nM).

Single-channel events on fast muscle were consistent in amplitude throughout a
recording at a given applied potential, and most openings fell into a single amplitude
distribution (Figure 4.1B). However, in 7 of 12 recordings there was an additional class
of smaller amplitude events that contributed an average of 7% to the total number of
events. The properties of the secondary class will be considered following the
characterization of the primary amplitude class.

The amplitude distribution of the primary class was fit with a Gaussian function
to determine the mean amplitude at each applied potential. The example patch shown has

a mean amplitude of 8.7 pA at +40 mV applied potential (Figure 4.1B). To estimate the
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Figure 4.1: Properties of ACh-activated single-channel events of fast muscle. A) Sample
events from an on-cell recording at an applied potential of +40 mV. B) Amplitude
distribution for single-channel currents at an applied potential of +40 mV, fit by a
Gaussian function (black). C) Current-voltage relationship for the patch recording from
B. The linear fit to the data corresponds to a slope conductance of 70 pS. Dashed line
indicates zero-current level. D) Current-voltage relations for all 12 recordings are fit by
linear regression (black lines). E) On the left, a scatter plot indicates the conductance
determined for each recording, (filled circles), along with the mean + SD for all
recordings (open circle). On the right, a scatter plot of estimated resting potential for
each recording (filled circles) with outlier cells indicated in red. The mean + SD (open
circle) estimated resting potential for all recordings indicated by black circles. F)
Cumulative current-voltage plot for all recordings, fit by linear regression. The slope

conductance corresponds to 67 pS.
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single-channel conductance, the mean amplitude was determined over a range of applied
potentials between +130 and -30 mV, in 10 mV increments. A current-voltage plot was
constructed from the mean amplitude at each applied potential (Figure 4.1C), and fit by
linear regression to determine the slope of the fitted line. The example plot in Figure
4.1C corresponds to a 70 pS single-channel conductance.

The linear fit to the current-voltage data also provided an estimate of the resting

membrane potential (V) of the cell. Because the AChR passes a mixed cation current,

rest.
the reversal potential of the channel is ~0 mV. Therefore, at the zero current level for
ACh-activated channels, the applied potential is equal to the membrane potential inside
the cell (0 mV net transmembrane potential). For the data in Figure 4.1C, the

extrapolated zero current point corresponded to an estimated V.., of -83 mV. The

rest
current-voltage relationship for each recording are shown in Figure 4.1D. The slope
values for all 12 recordings are shown in Figure 4.1E, in addition to the mean slope
conductance of 68 + 3.5 pS.

The x-intercept values, representing the estimated V., are shown in Figure 4.1E.

rests
Although most of the values centered around -80 mV, two cells indicated resting
potentials around 0 mV. These two cells are the two outliers seen in the current-voltage
plot in Figure 4.1D. It is possible that these two cells were damaged, obliterating the
resting potential. Alternatively, it is possible that I dislodged the patch and was recording
in the inside-out configuration. Regardless, the slope of the fit was similar to the other 10
cells shown (63 and 67 pS), indicating that conductance is independent of resting

potential. Excluding the two outlier cells, the average resting potentials for the remaining

10 fast muscle cells was -80 = 7.6 mV (Figure 4.1E).
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Additionally, I estimated the single-channel conductance by constructing a
cumulative current-voltage plot corresponding to the average amplitude of all recordings
at each potential. Excluding the two outliers, the average amplitude at a single applied
potential ranged between 7.9 and 9.4 pA at the applied potential of +50 mV. The
cumulative current-voltage plot (Figure 4.1F), was also well fit by linear regression, and
indicated an average single-channel conductance of 67 pS. The x-intercept corresponded

to an estimated V., of -82 mV. The cumulative data analysis agreed well with the

rests
averages of the individual recordings.

Of paramount interest were the kinetics of the primary AChR class on fast
muscle. Visual inspection of the example events from native fast muscle (Figure 4.1A)
revealed brief openings upon activation by ACh. To determine the mean burst time, a
frequency histogram of the burst duration was plotted at a given applied potential. On a
linear scale, the burst duration frequency histogram was distributed exponentially (Figure
4.2A). Fitting the distribution of burst durations for the sample recording shown in
Figure 4.1A yielded a mean burst duration of 0.52 ms (Figure 4.2A). Alternatively, the
burst duration histogram was plotted using a semi-logarithmic scale and fit with a
transformed exponential function (Sigworth and Sine, 1987). The peak of the fitted curve
corresponded to the mean of the distribution. Fitting the same event distribution in this
manner also yielded an average burst duration of 0.52 ms (Figure 4.2B). All single
channel data burst duration histograms were presented on a semi-log plot, and
distribution means were determined by fitting with the transformed exponential function.

The average burst duration of the primary AChR class on fast muscle was

determined at +50 mV applied potential for each recording. Five of 10 recordings
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Figure 4.2: Burst duration of the primary class of ACh-activated channels of fast muscle. A)
Burst duration distribution for events >200 us fit to a single exponential function. The mean
burst duration (t) corresponds to 0.52 ms and is indicated by the arrow. B) The burst
duration distribution plotted on a semi-log scale, and fit with a transformed exponential
function. The peak of the fitted curve (arrow) also indicates a mean burst duration of 0.52
ms. C) The scatter plot indicates the average burst duration of the primary event class at +50
mV applied potential for each recording (filled circles), alongside the overall mean burst

duration = SD (open circle).
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exhibited only the primary event class so it was straightforward to generate the burst
duration distribution (Figure 4.2B). For cells that had both event classes, the burst
duration analysis was restricted to one class at a time. For most patches the amplitude
distributions were easily separable, but in the cases where the primary and secondary
classes overlapped care was taken to exclude events within the region of overlap. The
average burst duration at +50 mV applied potential for each recording (n=10) yielded an
average burst time of 0.53 = 0.06 ms (n=10) for the primary class (Figure 4.2C).

The burst duration of AChRs has been shown to exhibit a weak voltage-
dependence. Due to variability in the resting potential of cells during on-cell recordings,
a possible concern was that I was comparing the burst duration of recordings at different
transmembrane potentials. My estimates indicated the standard deviation of V., was 8

mV, but the two most extreme V.., value were, -90 and -68 mV. I was therefore

rest
comparing the burst duration of channels that were experiencing an estimated 20 mV
difference in membrane potential. However, my analysis of the voltage-dependence of
the fast muscle AChR presented later in this chapter indicated that the expected change in

burst duration over a range of 20 mV was small (~10%), permitting burst duration data to

be grouped by applied potential.

Characterization of the secondary ACh-activated event class of fast muscle

In addition to the primary amplitude class of fast muscle single-channel events,
there were some events whose amplitude fell outside of the main distribution in 7 of 12
cells examined at +50 mV. These secondary events were always smaller than the

primary amplitude class, and contributed an average of 7 = 3% of the total number of
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Figure 4.3: Properties of the secondary class of ACh-activated channels of fast muscle.
A) Sample recording showing the two amplitude classes. Dashed lines indicate the open
level of primary (black) and secondary (red) events. B) Amplitude histogram with
Gaussian fit to primary event class (black) and secondary event class (red). Primary
event class peak corresponds to 8.6 pA, and secondary event class peak corresponds to
6.5 pA. C) Scatter plot of secondary class conductance values for each recording (red
filled circles), along with the overall mean + SD (open red circles). The primary class
conductance values are included for comparison, in black. D) Cumulative current-
voltage relations for secondary (red circles) and primary (black circles) event classes.
Linear fit corresponds to an average conductance of 68 pS for primary conductance
(black) and 51 pS for the secondary conductance (red). E) Representative burst duration
histogram for secondary class events. Single exponential fit indicates a mean burst
duration of 1.5 ms, at an applied potential of +50 mV. The average burst duration values
for 7 recordings (red filled circles) and overall mean burst duration + SD (open circle) are

indicated in the scatter plot below the histogram.
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openings. Figure 4.3A shows sample events from a recording where both event classes
were present. The amplitude distribution was fit with two Gaussian functions, one
corresponding to the primary class, and a second to the secondary amplitude class (Figure
4.3B). The contribution to the total number of events was determined by the weight of
the fits. For the histogram shown, the principal class represented 94% of the total, and
the secondary class represented 6%. Only five recordings provided enough secondary
events to measure the amplitude at multiple potentials. The conductance values,
determined by fitting the current-voltage relations of the secondary class in each
recording, are shown in Figure 4.3C. The average single-channel conductance of the
secondary event class was 51 = 3 pS. The cumulative current-voltage plot of the average
amplitude at each potential also indicated an average conductance of 53 pS (Figure
4.3D).

I also determined the burst duration of the secondary event class. The fit of the
burst duration frequency histogram for the recording shown in Figure 4.3A indicated a
mean burst duration of 1.5 ms (Figure 4.3E). The burst duration of the secondary class
was fit at 450 mV in each recording where it was present, and the mean burst duration for
each of the seven recordings is shown as a scatter plot below Figure 4.3E. The overall

average burst duration for all cells was 1.2 + 0.7 ms.

Characterization of the primary ACh-activated event class of slow muscle
The single channel properties of slow muscle AChRs were similarly examined.
An example record from an on-cell recording of slow muscle is shown in Figure 4.4A.

As seen in fast muscle, single channel events in slow muscle could be recorded at any
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Figure 4.4: Properties of ACh-activated single-channel events of slow muscle. A)
Sample single-channel openings from slow muscle at an applied potential of +50 mV. B)
Amplitude histogram of all events recorded from example cell in A, fit to a Gaussian
curve. C) Current-voltage relationship for the example recording in A and B, fit by linear
regression (black). The slope conductance corresponds to 65 pS. Dashed line indicates
zero current level. D) Current-voltage relationship for all 8 individual recordings, each
with linear fits (black). E) On the left, a scatter plot indicates the conductance values for
individual recordings (filled circles) alongside the mean conductance = SD (open circle).
On the right, a scatter plot indicates the estimated V., values for individual recordings
(filled circles), alongside the mean V ., + SD (open circle). F) Cumulative current-

voltage relationship with linear fit (black). The slope conductance corresponds to 66 pS.
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position along the muscle. At 300 nM ACh, qualitatively, the frequency of events
appeared similar to that seen in fast muscle.

Most events in slow muscle represented a single amplitude class at an applied
potential of +50 mV (Figure 4.4B). In 6 of 11 recordings at +50 mV there was an
additional larger event class that contributed an average of 12 + 9% to the total number of
events. This secondary class will be described following the characterization of the
primary event class.

The amplitude of the primary event class was determined as described for fast
muscle, and the fit in Figure 4.4B indicated a mean amplitude of 5.8 pA, at +50 mV
applied potential. Current-voltage plots constructed for the primary class were also fit by
linear regression (Figure 4.4C). The slope of the fit to the sample patch indicated a
conductance of 65 pS, and the x-intercept estimated the resting potential was -43 mV.
The current-voltage relationship and linear fit are shown for each cell (n=8), in Figure
4.4D. In Figure 4.4E, the values for the conductance and the estimated V., determined
for each recording are shown alongside their respective mean values. These values
indicated that the slow muscle primary AChR class had an average conductance of 66 + 2

pS, and the V

rest

was estimated to be -46 = 6.6 mV. The estimate of V., was considerably
depolarized compared to fast muscle cells.

The primary class single-channel conductance was also estimated by constructing
a cumulative current-voltage plot (Figure 4.4F). The cumulative data represented the
average event amplitude for all recordings (n=8) at each applied potential. The linear fit
to the cumulative data indicated that the slow muscle primary AChR class had an average

conductance of 66 pS, and estimated V of -45 mV.

rest
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The mean channel burst duration of the principal class on slow muscle was
determined in the same manner as for fast muscle. As with fast muscle, when both the
primary and secondary event classes were present, care was taken to construct duration
histograms containing only events from one class. I used the double Gaussian fit to the
amplitude histogram to estimate and exclude ambiguous events that could represent
either class distribution.

Figure 4.5A shows a burst duration frequency histogram of the primary event
class at +50 mV. The fit of the burst distribution required two exponents for all ten
recordings. The two components corresponded to the long duration openings that were
interlaced with extremely short duration openings (Figure 4.5A). On the semi-log plot,
this double exponential distribution appeared as two peaks. The fit to the brief
component indicated that the mean burst duration of these events was beyond my ability
to measure (<200 uS), due to the limited frequency response of the electronics.
Therefore, I could not be confident with the kinetic estimates or the contribution to the
overall distribution.

The second component of the burst duration histogram, however, was well
resolved. For the sample distribution shown, the fit indicated a mean burst duration of
4.3 ms at an applied potential of +50 mV. The overall mean duration of the second
component was 3.5 = 0.9 ms at an applied potential of +50 mV (Figure 4.5B, n=10

recordings).
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Figure 4.5: Burst duration of the primary class of ACh-activated channels of slow
muscle. A) Burst duration histogram for the example recording in Figure 4.4A, fit with a
double exponential. The mean burst duration value was 0.11 ms for the brief component,
and 4.3 ms for the slow component. B) The scatter plot indicates the mean burst duration
values for both the brief (filled triangles) and slow components (filled circles) of the
double exponential fit, for all 10 recordings. The overall mean burst duration + SD for

the slow component corresponds to 3.5 = 0.9 ms (open circle).
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Characterization of the secondary class of AChRs on slow muscle

The secondary class of events on slow muscle was present in 6 of 11 recordings at
an applied potential of +50 mV. A sample trace that contained events of both the
principal and secondary classes is shown in Figure 4.6A. Unlike fast muscle, the
secondary class of events in slow muscle was slightly larger in amplitude than the
principal class, and appeared as a right shoulder in the amplitude distribution (Figure
4.6B). A dual Gaussian fit to both distributions estimated the overlap and amplitude for
each class at each potential. Using the estimated peak amplitudes, current-voltage plots
were constructed and fit by linear regression for 5 recordings where the secondary class
was present at multiple applied potentials. The average single-channel conductance of
the secondary class was 70 + 4 pS (Figure 4.6C). A cumulative current-voltage plot was
constructed from the averaged amplitude at each potential (Figure 4.6D); the slope of the
cumulative data indicated a single-channel conductance of 72 pS for the secondary event
class.

In each recording, the secondary event class estimates of V., were more

rest
hyperpolarized than the primary class estimates (-49 + 4 mV primary, -61 + 6 mV
secondary). As shown in the cumulative current-voltage relationship (Figure 4.6D), the
two classes of AChRs on slow muscle do not extrapolate to the same x-intercept.
However, both events were recorded in the same patch, rendering differences in V
impossible. The answer lies in the non-linear current-voltage relations of the primary

class. This property of the primary AChR class of slow muscle will be fully addressed in

Chapter 6, which deals with rectification.
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Figure 4.6: Properties of the secondary class of ACh-activated events of slow muscle. A)
Sample recording showing the two amplitude classes. Dashed line indicates the open
level of primary (black) and secondary (red) events. B) Amplitude histogram with the
Gaussian fits to the primary event class (black) and secondary event class (red). Fit to
primary peak corresponds to 6.0 pA, and fit to secondary peak corresponds to 7.2 pA. C)
Scatter plot of secondary event class conductance values for each of 5 recordings (red
filled circles), and mean conductance value + SD (red open circle). Primary event class
conductance values (black) are included for comparison. D) Cumulative current-voltage
relations for secondary (red) and primary (black) event classes. Linear fit indicates an
average secondary class conductance of 72 pS. E) Example burst duration histogram for
secondary class events. Scatter plot below histogram indicates mean burst duration
determined for each recording (filled circles), and average burst duration + SD (open

circles).
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Burst duration histograms were also constructed for the secondary class of events
on slow muscle (Figure 4.6E). The fit of the secondary class burst duration distributions
only required a single exponent. Four of 6 recordings at + 50 mV had enough events to
estimate the mean burst duration, and the average burst duration for all recordings was
0.43 £ 0.1 ms. Overall, the characteristics of the secondary AChR class of slow muscle

are similar to those of the primary class of fast muscle.

Comparison of fast and slow muscle burst duration to synaptic current decay
Characterization of the single-channel properties of AChRs of slow and fast
muscle was undertaken to determine if differences in burst duration could account for the
differences in T,..,,. The average values for fast and slow muscle AChRs indicated a six-
fold difference in average burst duration (0.53 ms vs. 3.3 ms). Comparison of the T,
values of the synaptic currents, and the mean burst duration values of the AChRs for both
muscle types (Figure 4.7) indicated that the difference in <., between fast and slow

muscle synaptic current could be attributed to differences in the AChR burst duration.

Voltage-dependence of the mean burst duration of fast and slow primary AChRs

A further functional signature for AChRs is the weak dependence of the burst
duration on membrane voltage. Prior to the advent of single-channel recording, it was
determined that the decay of synaptic currents exhibited an exponential dependence on
membrane voltage (Takeuchi and Takeuchi, 1959; Kordas, 1969; Magleby and Stevens,
1972). Through noise analysis studies, this macroscopic current dependence on

membrane voltage was assigned to the voltage influence on the burst duration of the
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Figure 4.7: Comparison of synaptic current and single-channel kinetics of slow and fast
muscle. T, values of muscle synaptic events at -90 mV, compared to burst duration
values of muscle AChRs at +50 mV applied potential. Individual cell (t,,.,y) or patch
(AChR burst duration) values are indicated with filled circles, alongside mean values +

SD indicated with open circles.
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AChR (Magleby and Stevens, 1972). Studies comparing fast and slow muscle indicated
differences in the voltage-dependence of the synaptic currents between cell types
(Federov et al, 1982; Dionne and Parsons, 1981), but not in every preparation (Miledi and
Uchitel 1981; Uchitel and Miledi, 1987). Thus, it seemed worthwhile to examine both
the fast and slow muscle AChR burst duration dependence on membrane voltage.

I analyzed the average burst duration of the primary event class of slow and fast
muscle over a range of applied potentials between +130 and -30. A plot of the mean
burst duration vs. the applied potential for all fast muscle recordings is shown in Figure
4.8A. For fast AChRs, the plot of the burst duration versus applied voltage was generally
better fit by an exponential function than a linear function. This was apparent in both
visual inspection of the fits and in the R* value. The average R* value associated with an
exponential fit was 0.85; the same data fit by linear regression had an average R* value of
0.80. This relationship predicted an e-fold increase in burst duration occurred with every
108 = 30 mV of hyperpolarization.

A cumulative plot was constructed from the average burst duration of all
recordings ( Figure 4.8B). The exponential fit to the cumulative data indicated an e-fold
increase in burst duration with every 122 mV hyperpolarization. The cumulative data
plot was also best described by an exponential function (R*=0.97 for exponential;
R?=0.90 for linear).

Similar analysis was performed for the primary event class on slow muscle. The
scatter plot in Figure 4.8C indicates the burst duration at each applied potential, for all
slow muscle recordings (n=9). Unlike fast muscle, the individual plots were equally

described by linear (R*=0.51) and exponential fits (R?>=0.50). A cumulative burst
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Figure 4.8. Voltage-dependence of muscle AChR burst duration. A) Mean burst
duration for each recording of fast muscle primary events (filled circles, n=7 recordings)
at each potential, shown with their respective exponential fits. B) Cumulative burst
duration-voltage plot constructed from cells in A. Exponential fit (black) indicates e-fold
change in burst duration per 122 mV. Linear fit shown in red, for comparison. C) Mean
burst duration for each recording of slow muscle primary events (filled circles, n=9
recordings), shown with their respective exponential fits. D) Cumulative plot constructed
from recordings in C. E) Cumulative plot from D, restricted to positive applied potentials
between +130 and +10 mV. Exponential fit indicates e-fold change in burst duration per

263 mV. Linear fit shown in red, for comparison.
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duration versus applied voltage plot was also constructed (Figure 4.8D), and was better
described by a linear (R*=0.8) rather than an exponential fit (R*=0.68).

Qualitative inspection of the cumulative plot in Figure 4.8D suggested that the
burst duration remained relatively constant over hyperpolarizing applied potentials, then
decreased rapidly over the three most depolarized potentials. To determine if a better fit
could be obtained, I excluded the most depolarized holding potentials. An exponential fit
to the range of potentials between -150 and -10 mV was improved visually, and provided
an R* value of 0.9 (Figure 4.8E). However, both exponential and linear trend lines still
described the cumulative data equally well over the hyperpolarized range (R*=0.9, both
fits). The fit in Figure 4.8E indicated that an average e-fold increase in burst duration of
the slow muscle occurred with every 263 mV hyperpolarization.

For consistency, I also examined the fast muscle cumulative burst duration plot
over the restricted range of applied potentials (-150 to -10). The fit over the
hyperpolarized range was similar to the entire range: the data was still best described by
an exponential fit (R>=0.96), and the e-fold change in burst duration was 109 mV. These
results suggested that, compared to the fast muscle AChR, the burst duration of the slow

muscle AChR is only weakly dependent on voltage.

Summary of results from Chapter 3 and Chapter 4

Table 4.1 summarizes the characteristics of the single-channel events on both
slow and fast muscle. The characteristics of the synaptic events determined in Chapter 3
are included for reference. Blank areas represent characteristics that will be determined

in the remaining Chapters.
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Table 4.1: Summary of results from Chapters 3 through 4.
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CHAPTER 5

Reconstituted zebrafish AChR characteristics

Zebrafish AChR subunit identification

I have established that the difference in the decay time of slow and fast muscle
cells is due to differences in the AChR burst duration. The burst duration of AChRs is
determined, in part, by the subunit composition; regulation of receptor subunit
composition is a mechanism by which synaptic current decay is modulated in developing
fast muscle synapses (Mishina et al, 1986). To determine if differences in subunit
composition accounted for the burst duration difference between fast and slow muscle
AChRs, it was necessary to identify and reconstitute the zebrafish muscle AChR subunits
for single-channel analysis.

In zebrafish, only the o and 0 subunit mRNA sequences have been reported
(Sepich et al, 1998; Ono et al, 2004). Our collaborators, Drs. Fumihito Ono and Jason
Urban (NIAAA) cloned the remaining subunit cDNAs. Zebrafish also express a homolog
of the (B subunit termed Pla. This subunit is also encoded in the genome of two other
teleost fish, and likely represents a gene duplication event (Jones et al, 2003).

Because this is the first report identifying the muscle AChR subunits in zebrafish,
I have included the predicted protein sequences of each subunit aligned with the

sequences of other vertebrate species (Figure 5.1 — Figure 5.7).
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Figure 5.1: Primary amino acid sequence alignment of the zebrafish o subunit. Identical

residues unshaded, conserved residues in light grey, and different residues in dark grey.
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Figure 5.2: Primary amino acid sequence alignment of the zebrafish 3 subunit. Identical

residues unshaded, conserved residues in light grey, and different residues in dark grey.
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GALLWPL=-IWGFLLEIGTOALDKEAQLRDKVFENYNENVRPARTPD
A III LCG==LGAMTGATEMEDKLMKKLF SAYNSKVRPARNPE
1

--a-galll-1-v-G--La-gt-ase-EgqLikKlFsn¥ns-VRPAR-pd

ORVVVQVGMTLAHVISVSEKDEELKTKVYLEMAWNDPRLSWDPKQY GG IE
ERVVVRIGMIL VS LNMKDEEMNTEVMMNLEWND YRLSWNPKDY GGVD
dRVvVV-iGmtLa-1iS1lneKDEEm-TkVyldleWnDyRLSWdPkeygGid

SLRIT VWLPDVVLLNNNDGNF VALII VVVS G V.W PPGLYRS
SLRISS VW.PD IVLMNNNDGNFNEALQVDVLVSPNGNVTW PPGLY.S
.LRISS VWLPDIVLINNNDG.F VALQVHV NGRVTWEPPALYKS
SLRIss--VW1PDiVLINNNDGnF-vALQVv-Vvvs-nG-VtW-PPgLYrS

DRV.VII GLTLAILI SLNEKD EEMIT KVYLDLEWED YRLSWDPEEHBG ID

SCSIPVTYFPFDWONCTMVFEISYSYDSSEVSLKEGL DPEGEERGEVEI
SCSIEV@YYPFDWONCSMVFRSY TYGADEVT LVHPKDANGKEYV VI
SCEVKVTYFPFDWONCTMVFRSYTYDSSEVDLOQHALDKRGKEIKEIIL

SCsi-VtYfPFDWONCtMVFrSYtYdssEVsL-hglD--GkEv-evvi--

GTFEENGOWEIEHKESR PED EEVEFYLI IRRKPLFYL
NTFEENGOWVIRHRSSRKNSSPND LYEDITFYLVIQRKPLFYI
GEFSESGEWHI RHKMSRKN LYEDITFYLIIERKPMF YV
gtF-EnGgW-IrHk-SRkn--p-d------- lyEditFYLiI-RKP1FYl

VNV I.PCI LITLLAIFVFYLPPDAGEKMGLSIFALLTLTVFLLLLADKVP
VNVIVPCILITILAIFVFYLPPDAGE KM.LS IFALLTLTVFLLLLADKVP
VNIVLPCILITII AIF.F YLPPDAGEKMGLS I-LLTLTVF LLLLA.K IP
VNvivPCILITilAIFVFYLPPDAGEKMgLSIfaLLTLTVFLLLLAJKVP

ETSLGVPIIVNYL IFTM.LVTFSVI.SVVVLNLHHRSPNTH.MP VKOI
ETSLGVPI IVNYLM.TMI LVTFSVILSVVVLNLHHRSPNTHQMP VR.I
ETSLgVPIIvnYLmfTMVvLVTFSVI1SVVVLNLHHRSPnTHQMP-WVrqlI

FIHKLPPYLGLKRPKPE PEP GWEGREEDEY FIRKPPSD
FIHYLPRYLEIRRPKPE PHP RHADEYFIRRPEND
FIHMLPPYLGMERPKWE E RVADEYFIRKPSN

FIH-LPpYLglkRPKpE----pep-a------ g--R-aDEYFIRkP-nd-

FLFPKENRFQPE DLRRF IDGPTRAVELPPELREVISS IS YMAROLQ
FEEPKQER YHAD DMKWFLEGPSLGLVLPRDLOSAVTAIRYLAQOLQ
FLFPKPHRYQPD DLRKFIDGPSHYLELPPELKTAVEAITYIAEQLQ
FlfPK--Ryqpd----DlrrFidGPs-al-LP-eLrsavsaIsYmA-QLQ

ETSLAVPIII.YLMFTMVLVTFSVILSVVVLNLHHRSP.THQMPI%VRQI

EQEDYDELKEDWQYVAMVVDRLFLWTFIAFTSLGTLSIFLDANFNLPP
BEERDYEALKEDWQYVAMVEDRLFLWEFVIFTTLGTLGI FEDASFNEEPTD
eqeDydaLKEDWQYVAMVVDRLFLWtFivFTs1GTL-IF1DAtfnlpP-e

EQEDIDALKEDWQFVAMVVDRLFLWTFIVFTSVGTLIIFLDATY.LPPIi

PFP
PFP
PFP
PFP
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Figure 5.3: Primary amino acid sequence alignment of the zebrafish f1la subunit.
Identical residues unshaded, conserved residues in light grey, and different residues in

dark grey.
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mouse f3
frog
zebrafish fla

consensus

mouse f3
frog p
zebrafish fla

consensus

mouse f3
frog p
zebrafish fla

consensus

mouse 3

frog
zebrafish fla
consensus

mouse 3

frog
zebrafish fla
consensus

mouse 3

frog
zebrafish fla
consensus

mouse 3

frog
zebrafish fla
consensus

mouse f3

frog p
zebrafish fla
consensus

mouse f3
frog p
zebrafish fla

consensus

mouse f3
frog p
zebrafish fla

consensus

mouse f3
frog p
zebrafish fla

consensus

101

100
101

151
148
150
151

201
198
200
201

251
242
242
251

301
292
292
301

351
342
342
351

399
387
392
401

449
437
440
451

499
487
490
501

MAEGALLLELEGVEGEPLAPGARGSEAEGQLIRKLFSINY VRPAR D
GALLWPL=IWGFLILEIG EDRKEAQLRDKVFENYNINVRPART

M LKI I KASEAERRLLEDLFQBYNLKVRPARTHNE

m--galll-L-i-g--l--g-raseaEgqLidklF-nY¥ni-VRPARt--d

RVVVQVGMTLAHV ISVSEKDEELKTKVY LEMEAWND@RL SWDP BGIES

RVMVRVGMTLWQOL ISLNGKNEEMTTRNVFMNMEWTDY RL SWNPEDYDKI D§
RVvV-vGmTLaqlISlneKdeEmsTkVyldmeWtDyRLSWdP-eydgIds

LRIT WEPDVVLLNNNDGNFDVALBINVVVSEEGSVRWBPPGLYRSS
LRIS WEPDIVLMNNNDGNFNEALQVBVLVSPNGNVTIWHP PGLYfSS
VRI WRPDIELINNNDGQFDVALEVNVLV GTVSWHPPAIYRSS
1RIt---VW-PDivL1INNNDGnFdvAL-vnV1Vs-eGsVtW-PPgl¥rSS

CSIQVEYFPFDWONCTMVFSSYSYDSSEVSLREGLDPEGEEROEVE IHEG
CSIEVQYYPFDWONCSMVFRSYTYGABEVTL DANGKE V IFBN
CSIEVAYFPFDWOQNCSMVFRSYTYDSSEVDLQ¥GLDEDGNELHEIVIDEN
CSIeV-YfPFDWONCsSMVFrSYtYdssEVsL--glD-eG-Ev-evvI-en

RKPLFYIV

TFEENGOWEIEHKPSR LP@D EEVEFYLIIRRKPLFYLV
TFEENGOWWVMIRHRESRKNSSPND Y
BFEENGEWQICHKPSRKNEI@DD YEDITFYLIIERKPLFYVI

EDITFYLVI
tF-ENGQW-I-HkpSRkn-1lp-D-—-———- 1yEditFYLiI-RKPLFY1lv

RV.VI§GLTLAQLISLNEKDEEMSTKVYLDLEWTDYRLSWDPIiFDGIDS
Y

NVIBPCILITLLAIFVFYLPPDAGEKMBLSIFALLTLTVFLLLLADKVPE
NVIVPCILITILAIFVFYLPPDAGEKMTLSIFALLTLTVFLLLLADKVPE
NIIVPCILESVLAIFVFYLPPBAGEKMTLSISVLIALTVFMLLLADKVPE
NvIVPCILitlLAIFVFYLPPdAGEKMtLSIfaLltLTVF1LLLADKVPE

TSLGVPIIVNYLI FTM.LVTF SVIESVVVLNLHHRSPNTHHMPOWVKQIF
TSLAIPIIVNYVMFTMILVTFSVILSVVVLNLHHRTPSTHHMPGWVREVF
TSLavPIIvnYImFTMVLVTFSVI1SVVVLNLHHRSP-THhMP-WVrqiF

IHRLPBYLGLKRPKPE PEP L REEDE YF IRKPPSD
IHYLPKYLE@IRRPKPE PEP P SERHADE YF IRRPEND
INLLPRYLGVERPEPE EP VP SERPGEE YF IRK E

Ih-LPkYLglkRPKPE-~---peP---lp-=-=---- s-R-adEYFIRkp--d

FLEPKENRFOPESSAPDLRRFIDGPTRAVEGLPOELREVISSISYMARQLO
FELPKQERYHADPESRDMKHWFLEGPSLGLVLPRDLOSAVTAIRYLAQOLO
BvMp N ST RF LILPENLKSAIBAITYM LK

fllPk--rfgq-e-ss-dlrrFidgpt-alvLP-eLrsaisaIsYma-QLg

TSLAVPIIIIYLMFTMVLVTFSVILSVVVLNLHHRSPITH.MPI§VRQIF

EQED¥DTLKEDWQYVAMVVDRLFLWTFIBFTSLGTLSIFLDANFNLPP
KoD¥DD TMEDDWQ YTIAVVLDRLF LWEFVVETTLGTLTMFLDAS FNEEP D
eQed-DtlkeDWQyvAmVVDRLFLWtFivfTsl1GTLsiFLDAtfnlpPd-

E QE]D.L KEDWQFVAMVVDRLFLWTFIVFTSVGTLWIFLDATYHL 991
D

PFP
PFP
PFP
PFP
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Figure 5.4: Primary amino acid sequence alignment of the zebrafish  and 31a subunits.
Identical residues unshaded, conserved residues in light grey, and different residues in

dark grey.
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zebrafish
zebrafish pla
consensus

zebrafish B
zebrafish pla
consensus

zebrafish B
zebrafish pla
consensus

zebrafish B
zebrafish pla
consensus

zebrafish B
zebrafish pla
consensus

zebrafish B
zebrafish pla
consensus

zebrafish B
zebrafish pla
consensus

zebrafish B
zebrafish pla
consensus

zebrafish B
zebrafish pla
consensus

zebrafish B
zebrafish pla
consensus

1
1
1

51
51
51

101
101
101

151
151
151

200
201
201

250
251
251

300
301
301

350
351
351

397
397
401

447
4417
451

M Q II E KL LF YN KVRPAR ER
LL KVRPAR ER

M—— ——iji--—-——- —a———AtE E kLm——LF——YN KVRPAR---ER
VVVRIGM VSLN MNLEWND YRLSWNP DY DVL
VMVRVGM ISLN MNMEWED YRLSWNP IDVV
VVVRiGM- L———V —K——E —V MN1EW-DYRLSWNP- DY——VDVl

RI KVWEPDIWL INNNDGNFEVALOVHV sNeRvTwEPPALYKSSC
I KVWRPDIYLINNNDGOFDVALE VNV SDGEVSWLPPAIYRSSC
RI---KVW-PDI-LINNNDG-F-VAL-V-V---S-G-VtW-PPAlYkSSC
VEYFPFDWONCTMVFRSYTYDSSEVDLOHALDKRG EIILD

IEVAYFPFDWONCSMVFRSYTYDSSEVDLO¥GLDED|G EIVID
—v—V—YFPFDWQNCtMVFRSYTYDSSEVDLQ—aLD——G—E1 EIilD- ng
FSESGEWHIRHKW S RKNVREDLYEDITFYLIIERKPMFYVUNIVLPCIL
FTENGEW SRKNIQDDLYEDITFYLIIERKPLFYVINIIVPCIL
FSE-GEW-I-HK-SRKNv-eDLYEDITFYLIIERKPMFYVVNIV1PCIL-
TIIAIFIFYLPPIAGEKMILSIIVLLILTVFLLLLAIKIPETSLGVPIIV

SVLAIFVFYLPPGAGEKMELSISVLIALTVFMLLLADKVPETSLAIPIIV
tiiAIF-FYLPP-AGEKM-LSI-VLlI-LTVF1LLLA-KiPETSLgQVPIIV

NYLMITMILVTFSVILSVVVLNLHHRSPNTHOMPEWVRKIFI LPPYLG
NYVMETMILVTFSVILSVVVLNLHHRTPSTHHMPGWVRKVFINLLPRYLG
NY1M-TMILVTFSVILSVVVLNLHHRSP-TH-MP-WVRKiFI-mLP-YLG

MLRP EYFIRKP SNMN
VLRP NSL GGEYFIRKEEEIN

P——E P ————— i--i-nslR-a-EYFIRKpsnmN-----

LPPELKTAVEAITYIAEQL
LPPNLKSAIAAITYMSEQL

---------------- —LPP LKtAv-AITYi- EQL——————

LKEDWOYVAMVADRLFLWIFVIFTTLGTLGIFTDASFNATP PFP
MEDDWOYIAVVEDRLFLWLFVVITTLGTLEMFLDASFNYTP PFP

1-eDWQYVAMV-DRLFLWiFVi-TTLGTL-iF-DASFN-TP--PFP
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Figure 5.5: Primary amino acid sequence alignment of the zebrafish 6 subunit. Identical

residues unshaded, conserved residues in light grey, and different residues in dark grey.
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frog &
zebrafish
mouse O
consensus

frog &
zebrafish
mouse
consensus

frog &
zebrafish
mouse
consensus

frog &
zebrafish
mouse
consensus

frog &
zebrafish
mouse O
consensus

frog &
zebrafish
mouse O
consensus

frog &
zebrafish
mouse O
consensus

frog &
zebrafish O
mouse O
consensus

frog &
zebrafish O
mouse O
consensus

frog &
zebrafish
mouse O
consensus

frog &
zebrafish &
mouse O
consensus

151

198
194
199
201

248
244
249
251

298

299
301

348
344
349
351

398
393
397
401

447
443
446
451

4917
493
496
501

MAWIWISLEL 1 FPGCF EEERLLNHIFWERGYRKELRPV
METVLLTASLLCF I FOECEGRNEEERL IN¥LFKERGYNKELRPV
MAGPVLTLGLLAAL PGSWGLNEEQRLIQHLFNEKGYDKDLRPV

Ma-illtl-Ll--i----fpgcfg-nEEeRLinhlF-ErGY-KeLRPV--

BEGE TVNVSLALTLSNLISLKEEDETLTTNVWVEEAWEDKRLEWD YHN
KDETVDI¥LALTLSNLISLKEVDETLETNVWME HGWKDHRL EY
KEDRKVDVALSLTLSNLISLKEVEETLTTNVWIDHAWVDSRLQWDANDFGN
kdetVdv-LaLTLSNLISLKEVAETLtTNVWvehaW-D-RL-Wd--ey-n

IPVLRLPPSMVWLPEIVLENNNDAQFQVAYYCNVLIYSSGDMYWLPPAIF
IEVLRLPPDMVWLPEIVLENNNDGSFQISYBECNVLVYDSGYVEWLPPAIF
I-vLRIPPAMVW1PeivLENNNdg-FqvaYycNVLiyssGfmyWLPPAIF
@ TSCSINVNYFPFDWONCSLKFSSLT YNAKE INLOLROBDLDERSQRYYPV
RSSCSINVNYFPFDWONCSLKFSSLTYNAKEISLNLK==MEQENEHYYRV

RSSCEISVEYFPFDWONCSLKFSSLEYBAKEITLSLK EEENNRSYPI
rsSCsInVnYFPFDWONCSLKFSSLtYnAKEIsLqLk--leeenqryYpv

IIILRVPPDMVW.P.LILENNN.GIF.VAYY.NVLI.S.GFMYWLPPAIF

EWIIIDPEGFTENGEWEIVHKPARRNIBKSIPRKESNKHODITFYLIIKRK
EWIIIDPEGFTENGEWEIVHREAKENVDESVPMDSTNHQDVTFYLI IRRK
EWIIIDPEGFTENGEWEIVHkpAkkNidrSlp-eStkhQDiTFYLIIkRK

EWIIIDPEGFTENGEWEI VHEPAKKN IDRSL1ESTK.QDI TF YLI IERK

PLFYIINILAPCVLIBEMANLVFYLPADSGEKMTLAISVLLAQSVFLLLI
PLFYIVNIIIPCVLISFLASLVYYLPADSGEKMTLSIISVLLAQSVFLLLI
PLFYIINILVPCVLISFMENLVFYLPGDEGEKESVAISVLLAQSVFLLLI
PLFYIiNI1liPCVLIsfmanLVfYLPaDSGEKmtlaISVLLAQSVFLLLI

SQRLPETSMAVPLIVKYLMFIMVLVTVVVLNCVIVLNLHFRTPSTHVMTE
SKRLPETSMAI PLVEGKFLLFEMVLVTMVVVECVIVLNIHFRTPSTHVLSE
SQRLPeTSMAiPLi-KyLmFiMVLVTiVVv-CVIVLNLHFRTPSTHVisSE

IgKE.FL.KLPRILHMSIPAE.EPIP S LLRRSSSVGYIIﬁAEEYYSV

SQRLPETSIAIPLIIKYLMFIMVLVTIVVVICVIVLNLHFRTPSTH.ISE

KEFFLERLPRLLHMSLPWEDQPVPES-ALPRRSSSLGYIAGAEEYYSV
VKRFFLEELPKLLHMSRPAEEDPGP ALIRRSSSLGYICKAEEYFSL
-mKefFLekLPrlLHMS-PaEdeP-P-s-aLl1RRSSS1GYI-kAEEYySv

KSRSELMFEKQSERHGL RATP=AR PLIN N.QDQLY.EI KPAIDGA
KSRSELMFEKQSERHGLAARPTPKA N V.EQLYNEMKPAVEGA
KSRSDLMFEKQSERHGLARRET AR P QVQ-LFNEMKPAVDGA
KSRSeLMFEKQSERHGLa-R-Tp-Ar--p-n--nvqdqLynEmKPAvdGA

NYIVKHMADKNDYNEEKDNWSGIARTVDRLCEYVVTPVMMIGT IGI FLMA
NFIVEHMRD@NSYNEEKDNWNOQVARTVDRLCLFVVTPVMVVGTAWIFLQG
NfIVkHmr DKNdYNEEKDNW--iARTVDRLC1fvVTPVMiiGTlwIFL-g

IYN.PPI:PFPGDPF.YT.E RREI

NFIVKHIRDKNDYNEEKD NWII ARTVDRLCLFLVTPVMIIGTLWI FLIG

YNQPP LPF.GDPFSYTEE RRYL
YNQPP PFPGDPFSYSE KRFI
-YNqQPP-1PFpGDPFsYtee-rRyi
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Figure 5.6: Primary amino acid sequence alignment of the zebrafish y subunit. Identical

residues unshaded, conserved residues in light grey, and different residues in dark grey.
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frog y
zebrafish y
mouse y
consensus

frog y
zebrafish y
mouse y
consensus

frog y
zebrafish y
mouse y
consensus

frog y
zebrafish y
mouse y
consensus

frog y
zebrafish y
mouse y
consensus

frog y
zebrafish y
mouse y
consensus

frog y
zebrafish y
mouse y
consensus

frog y
zebrafish y
mouse y
consensus

frog y
zebrafish y
mouse y
consensus

frog y
zebrafish y
mouse y
consensus

frogy
zebrafish y
mouse y
consensus

151
189

195
201

239
250
245
251

289
300
295
301

339
350
345
351

376
399

401

426
449
434
451

476
499
484
501

MD LLLV SAABCNNEEERLLNDLMKN YNKNLRPVEKDG
MD LWILL SGALCNBLEEGSLERDLMUEYNKNIRPVESHG
M LLLLL A EERLLADLMRN YBBHLRPEERDS
Md

———————— vL11lll---sgA-cnn-EerLl1-DLMknYnknlRPvekdg

DIISVSIKLTLTNLISLNEKEEALTTNVWVEMQWKD YRLEWDPHD Y
DIIDVRIKMTLTNLISLNEKEEELTTEVWIEMQWRD YRLRWHAN Y
DVVNVSLKLTLTNLISLNEREEALTTNVWIEMQWED YRLRWDPKD Y
Dii-VSiK1TLTNLISLNEKEEaLTTnVWiEMQWkDYRLrWdprd----¥

ENITRMRLPSKTIWLPDIGLENNVDGRFEVALYANTLIBPDGSVYWLPPA
EGLWILRVPSTMVWRPDIWLENNVDGUMFEVALYENfLVSPDGEIYWLPPA
egismmRiPStsvWlIPDigLENNVDG-FevALY-NtLvspDGsmYWLPPA

IYRSSC VT YFPFDWONCSIVFQSQTYSEANEIELLLTEUDEQTIEWIE
IYRSSCAIRVNYFPFDWONCSMVFRSQTYNSNE ITLML SDEDNUTMEWIE
IFRSSCSISVTYFPFDWONCSLVFQSQOTYSTSE INLOLSQEDEORAIEWIE
IYyRSSC-i-VtYFPFDWONCSiVFgSQTYssnEI-Ll1Ls-eD-qtiEWIe

IDPEAFTENGEWAIKH.PAKRIIN REPRDDVNY¥OODIVFYLIIQRKPLFY
IDPEAFTENGEW.IKHRPAKKVIN R DELEHQEIIFFLIIQRKPLFY
IDPEAFTENGEWAIRHRPAKILL PAEE HOKVVFYLLIQRKPLFY
IDPEAFTENGEWaIkHrPAKriin-r-p-dev-hQ-ivFyLiIQRKPLFY

.GISMMRIPSTSVWLPDVGLENNVDGIFDIALYINTLVS.DGSM!WLPPA

IINIIVPCVLI S.V.I LVYFLPAKAGGQKCTVSINILLAQTVF LFLVA.K
VINI IVPCVL.SSLGLLVYFL PAKAGGQKCTMT I.I LLGQTVFLFLIAKK
VINI I.PCVLI SSVAILIYFL PAKAGGQKCTV-NVLLAQTVF LFLVAKK
VINIIVPCVLiSsSvgiLvYFLPAKAGGQKCTvsiniLLaQTVFLFLvVAkKK

VPETSQAVPLIGKYLMFVMSVTHEIBVMNEVVVLNVSLRTPNTHEMSNT IR
VPETSQAVPLISKYLTFLMVVTILIVVNSVVVLNVSLRSPHTHS VR
VPETSqaVPLI-KYLtF1IMvVTiiiVmN-VvVLNVSLRtPnTHsMs-tVvR

ELE@LREVPRLLRMHLR P A PLMRRSEESssSLGELM
KVELNILPRVLRM P PLRRRRRSSLGHLI
KVELRLLP@LLRMHVR P AV ODARER ssSGWEI

kv-LrilPrlLRMhlr---P--ececeeea-- Aa-n-aplrrr--SS1G-1i

MKADEYMLREPRS@LMFEKQOKERDGLMK¥VLDK IGRGMENNTSBDLUHSL
BXADEYMERTARS ELMFSREKERKGLLK EKIQNGL THODLEESL
MAREEEDLELP RSELLFEROQRGRNGLVEAVLEKLENGBE SQE SL
mkadEymlr-pRSeLmF-rgqkeR-GLmk-vLeKi-nGme-ntsqdl--SL

IPE TS-VPLIIKYLTFLMVVTI.IV.NIVI VLNISLRTPNTHSMSSTVR

BreI1RECVEACEH IASATRERND FRSENEEWILMGRVIDRVCFLV

SPEVQQCVSS/CKHIA KHONDFQ SKNEEWELVARVIDRMCF Ev

sPHIQACVDAC ARARRQOSHFDSENEEWLLVGRVLDRVCFLE
--AsPeig-CVeaC-hiA-atr-gqndF-S-NEEWiLvgRViDRVCF1lvM-

VFELGTIGEFLEAGHFNQAPEHPFPGDSKEYQP
LFILGTIGIFLEGHFNQAPSQOPFPGDPKKYLP
LFIGGTEGIFLMAHYNOWPDEP FPGDPRRBYLP

-lFilGTiGiFL-gHfNQaP--PFPGDpk-Y1lP-------—--
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Figure 5.7: Primary amino acid sequence alignment of the zebrafish € subunit. Identical

residues unshaded, conserved residues in light grey, and different residues in dark grey.
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zebrafish ¢
frog ¢
mouse €
consensus

zebrafish ¢
frog ¢
mouse €
consensus

zebrafish ¢
frog ¢
mouse €
consensus

zebrafish ¢
frog ¢
mouse €
consensus

zebrafish ¢
frog ¢
mouse €
consensus

zebrafish ¢
frog ¢
mouse €
consensus

zebrafish ¢
frog ¢
mouse €
consensus

zebrafish ¢
frog ¢
mouse €
consensus

zebrafish ¢
frog ¢
mouse €
consensus

zebrafish ¢
frog ¢
mouse €
consensus

zebrafish ¢
frog ¢
mouse €
consensus

MAf AER IVLL HoWTENEESOLIABKFRENYS
MESGVR LLIL SEASESEESRLIKHLFESYD RP K
MAGALE LL.L SQGK=NEEES LY HLF NYD

Ma-avr—-—---- L---sqat-nEEs-Li-h - -—==RP-r--

DERVRVBVKLTLTNLISLNEKEETLTTNVWI WHDYRLEWNESE YHD1
DD
I I

TLKLTLTNLI.LNEKEETLTTNVWV WNDBRLVWNVTDYGGI
TLKVTLTNLISLNEKEETLTTSVWI WHDY RLNYSKDDFAGV
dd-V-vtlKITLTNLISLNEKEETLTTnVWi-I-WhDyRL-wn-sdyggi

VBvP MWLPDIVLENNIDGNFEVAYYANVLVYNEGYIYWLPPAIFR
LRVP E VWLPEIVLENNIDGQFEVAYBSINVLVYEGGYVSWLPPAIYR
g-irVP-d-vWLPAIVLENNIDGnFdAVAYyaNVLvy--GymyWLPPAIyYR

.IIRVP E VWLPDIVLENNIDG.FDVAYYANVLI.IIG.MYWLPPAIYR

STCHNIEITYFPFDWONCSLVFRSKTYSANEIDLOLW PEDOQVDI
STCAVEVTYFPFDWONCSLIFRSQTYNAEEVEEIEA HINKIDI
STCaiEiTYFPFDWONCsSLVFRSqQTYsAnEidivla-D-e-G-pie-vDI

STCAIEITYFPFDWQNCTLVFRSQTYSANEIDIVLAIDIEIGIPIE VDI

DREAFTENGEWAIMHRPARKILNPKYSKEDLRYQEIVFNLIIQRKPLFYI

DEEAFTENGEWAID¥CEPGCHIRRYECGESTEGPGEEDVIYELI IRRKPLFYV

D-eAFTENGEWAI-hrParkl-n-ryS-edl-yqevvynlIIgRKPLFYvV

DI:AFTENGEWAI HRPARKLEN RYSIDDL YQEVEYNIIIQRKPLFYV

INIIVPCVLIS LVVL.Y FLPAKAGGQKCTVSISVLLAQTVFLFLI AQ.V
INIIVPCVLISGLVLLAY FLPA.AGGQKCTVSI.VLLAQTVFLFLI AQKI
INIIVPCVLIS-LVVLaYFLPAKAGGQKCTVSISVLLAQTVFLfLIaQki

INIILPC.LISILVVLAYFLPAKAGGQK.TVSISVLLAQTVFLILIIQKI

PETSLSVPLIGKYLMFVMEVSTLIVLSCVIVLNVSLRSPSTHNLSEKVKH
PETSLSVPLLGRYLIFVMMVATLIVMNCVIVLNVSLRTPTITHEESPRLRE
PETSLSVPLiGKYLiFVM-vtTLIV1InCvIVLNVSLRsPsTHnmS-kikh

IFLEVVPRYLGM DEGD@G RERRRS SEGLM@RAEE YVLK@PR
MLLEVLP@FLHEL EPCDEG RERRRSSLGIMLKAEEYVLKKPR
ILLELLPRELGS —--PPPED PARRAS SVGILLRAEEEILKKPR
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Because protein sequences for AChR subunits are highly similar at the amino acid level,
the question arises as to whether a given subunit has been identified. To aid in this
determination, an unrooted phylogenetic tree was generated by multiple sequence
alignment of zebrafish amino acid sequence with muscle AChR subunit sequences for
human, mouse, frog (Xenopus laevis), pufferfish (Takifugu rubripes), chicken, and cow
(Figure 5.8A). The accession numbers for the protein sequences used in the alignment
are included in Chapter 2. The phylogenetic tree segregates into five main branches,
which are colored for clarity. Each branch corresponds to a different subunit cluster, a.,
B, 9,y and €. As with the other species, the zebrafish subunits all separate into their
respective branches.

Similarity between human and zebrafish subunit protein sequences was quantified
by the percent amino acid identity determined by pairwise alignments. Each predicted
zebrafish homolog shares the highest amino acid identity with its human counterpart

(Figure 5.8B).

Macroscopic currents produced by zebrafish AChRs in oocytes

The Xenopus oocyte expression system has been used extensively to investigate
the single-channel properties of reconstituted AChRs. I used stage V and VI Xenopus
oocytes to reconstitute zebrafish AChRs for all of my functional studies. The first
approach was to determine which of the many possible combinations of zebrafish
subunits were functional. I worked under the assumption that the o subunit was
indispensable for channel function, which has held true for all nicotinic AChRs, both

neuronal and muscle receptor types. Additionally, studies of mutant zebrafish indicates
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Figure 5.8: Comparison of zebrafish subunit amino acid sequence similarity to other
vertebrates. A) Muscle AChR subunit amino acid sequence phylogenetic tree. Accession
numbers associated with each sequence are indicated in Chapter 2. B) Table of percent
identity values from pair-wise alignments of human and zebrafish muscle AChR amino
acid sequence. Human sequences are indicated in uppercase, and zebrafish subunits are

indicated by symbols. Numbers set in bold type indicate greatest percent identity values.
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that the a subunit is necessary to form fast and slow muscle receptors (Sepich et al,
1998).

Different combinations of synthetic RNA encoding each subunit were mixed in
equal ratios with the o subunit RNA, and then injected into the oocytes. I used two-
electrode voltage clamp to determine the maximum current response associated with ACh
application. For this purpose, oocyte membrane potentials were held at -80 mV, and a
saturating concentration (30 uM) ACh was applied for approximately 10 seconds, or until
a plateau was recorded for the elicited current. The synthetic RNAs encoding the
Xenopus subunit combination o3&y were used as a positive control for current amplitude
of an AChR that expresses well in reconstitution experiments (Paradiso and Brehm,
1998). Each oocyte was tested for responsiveness to ACh between two and five days
after RNA injection, and the resultant maximum current amplitude was recorded (Figure
5.9A). The shape of the response varied between trials, and experiments. Variability in
kinetics reflected differences in the onset and duration of the ACh perfusion in specific
experiments. By comparison, variability in the amplitudes was small.

The zebrafish subunit combinations that produced robust currents were a0, apdy
and ofj0e. A representative trace from a zebrafish a0y injected oocyte is shown in
Figure 5.9B. A summary of the maximum current amplitudes produced by all
combinations tested is shown in Figure 5.10A. The function of each zebrafish 3 subunit
was tested separately, and no combinations with the B1a subunit functioned to the same
extent as combinations with the 3 subunit. The summary data from Figure 5.10A was
also plotted on a semi-logarithmic scale to compare the very small responses associated

with most subunit combinations (Figure 5.10B).
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Figure 5.9: Macroscopic current recordings from oocytes. A) Three consecutive
responses to 30 uM ACh application (black bar) of an oocyte injected with the Xenopus
subunit combination ady, at -80 mV. B) Three consecutive responses to ACh

application of an oocyte injected with the zebrafish subunit combination o3dy.
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Figure 5.10: Summary of zebrafish AChR subunit combination response to ACh. A)
Average maximum ACh-elicited current response + SD, for each subunit combination
tested. All recordings were performed at -80 mV, and the number of oocytes tested is
indicated above the error bars. The dashed line indicates a current response of 1 nA. B)

Same data as A, plotted on semi-logarithmic scale.
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Efforts to improve Pla channel expression

A minimum current level of 1 wA normally indicates the lower cutoff of
expression levels necessary for single-channel analysis. The only combination with f1a
that came close to satisfying this criterion was the af31ade combination (0.6 = 0.4 uA).
Because the afj1ade combination produced the largest currents of any 1a mixture, I
focused on of1ade as a representative combination and made several attempts to increase
the expression levels.

I first increased the amount of fla RNA injected (9 ng per oocyte to 36 ng per
oocyte) but more RNA did not result in increased current responses. Next, I injected fla
RNA (36 ng/injection) on sequential days after the first injection of af1ade, in an effort
to curb potential f1a RNA degradation. These additional injections also had no effect.
Finally, I altered the sequence preceding the initiation codon of f$1a, in an effort to
optimize translation. I replaced the native sequence (5’TAACACCAACATG3’) with the
synthetic sequence (5’GAATTCGCCACCATG3’) that is identical to that found upstream
of the initiation codon of both a and & subunit sequences. The synthetic sequence better
represented a canonical kozak sequence (cgccgecRcc), that is often important for
translation efficiency. Changes to the sequence upstream of the initiator codon did not
change the current amplitudes for of31ade.

Additional measures were also taken to investigate the integrity of the f1a coding
sequence. Inspection of the newly available genomic sequence indicated there was an
additional in-frame initiation codon located only 18 nucleotides upstream of the current
Bla sequence start codon (...5’ ATGTTATGTAACACCAACATG 3’...). To address the

possibility that this sequence was missing from the 31a coding sequence, I added these
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18 nucleotides to the 5’ end, but the additional sequence did not change the current
response amplitude. Finally, zebrafish mRNA was re-examined to determine if
alternative forms of the 1la transcripts exist. Originally, only a single transcript was
detected; however, a second attempt identified a possible alternative splice form. In the
alternative form the first exon is omitted, and translation initiates from exon 2. Testing of
the alternative 31a sequence in oocytes did not show increased current responses.

The persistently low expression of the afp1ade combination indicated that the pla
subunit was not a functional substitute for the 3 subunit in the AChR, and combinations
with Bla were not suitable for single-channel analysis. The basis for the lack of
functional expression remains unknown, and thus could reflect the failure of f1a
containing receptors to assemble, to traffic to the membrane, or to form functional

channels.

Single-channel properties of reconstituted zebrafish AchRs

Oocytes were prepared for single-channel recording, as previously described for
the macroscopic current analysis, except that the vitelline membrane was removed just
prior to recording. Single-channel currents were examined in the outside-out patch
configuration, and thus the membrane potentials reported correspond to the actual
transmembrane potential. During outside-out recordings, the bath recording solution

contained a low concentration of ACh (300 nM), to elicit single-channel events.
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Single-channel properties of the affd subunit combination

The first subunit combination studied at the single-channel level was af30.
Application of a low concentration of ACh (300 nM) elicited single-channel currents
throughout the recording (Figure 5.11A). At all potentials tested, the events were
described by a single amplitude distribution; for the example patch shown at -100 mV,
the Gaussian fit corresponded to a mean amplitude of 8.0 pA (Figure 5.11B). The event
amplitude of all recordings from o360 (n=13) indicated an average amplitude of 7.9 pA, at
-100 mV (Figure 5.11B, scatter plot).

Amplitude distributions were fit for each recording at potentials between -130 and
-30 mV, in 10 mV increments. The current-voltage relationship was well fit by linear
regression, and the fit to the example recording indicated a slope of 71 pS and an
estimated reversal potential of -10 mV (Figure 5.11C). Similar current-voltage plots
were constructed for each recording, and fit by linear regression (Figure 5.11D). For all
afd recordings (n=11), the average values correspond to a single-channel conductance of
70 =5 pS, and a reversal potential of -8 + 5 mV (Figure 5.11E). The cumulative current-
voltage plot (Figure 5.11F) of the average amplitude for all recordings indicated a
conductance of 73 pS and reversal potential of -5 mV.

The burst duration histogram for a0 events was constructed as previously
described for muscle AChRs (Figure 5.12A). Fitting of the burst duration required two
exponents for each recording at -100 mV (n=7 recordings). The first component of the fit
was extremely brief and corresponded to 0.18 ms in the example histogram. Because this
component was too brief to be resolved fully (due to the limitations of the frequency

response of the equipment), the mean duration and contribution to the distribution could
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Figure 5.11: Single-channel properties of ACh-activated events of the afd combination.
A) Sample traces indicating single-channel events at -100 mV. B) Amplitude histogram
for all events at -100 mV for example recording in A. Scatter plot indicates average
amplitude for all recordings (n=13) at -100 mV (filled circles) and overall mean
amplitude = SD. C) Current-voltage relations for a single recording, fit by linear
regression. Fit corresponds to a slope conductance of 71 pS, and reversal potential of -10
mV. Dashed line indicates zero current level. D) Current-voltage relations for each of 11
recordings, with linear fit. E) Scatter plot indicating conductance and reversal potential
values for the 11 recordings (filled circles) and corresponding average conductance and
reversal potential values + SD (open circles). F) Cumulative current-voltage relations for
averaged data of all 11 recordings. Linear fit indicates overall conductance of 73 pS and

reversal potential of -5 mV.
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not be estimated accurately. The second component, however, was well resolved, and
corresponded to 5.1 ms in the sample histogram. The burst duration histogram for each
recording was fit with two exponents and the average burst duration for the fully resolved
component was 4.8 = 1.1 ms (Figure 5.12A scatter plot).

I also examined the voltage-dependence of the a3d combination. The burst
duration histogram fit required two exponents at each potential, similar to the distribution
at -100 mV. The brief component was not well resolved at any potential and was not
considered in the voltage-dependence analysis. The average duration of the second
component was determined at each potential (n=7 recordings), and the cumulative data
plot was fit with an exponential function (Figure 5.12B). The fit to the overall data
corresponded to an e-fold change in burst duration with every -769 mV
hyperpolarization. These results indicated that the afd combination had a very weak

voltage-dependence similar to the slow muscle AChR described in Chapter 4.

Single channel properties of the affdy combination

I next studied the a0y combination at the single channel level. As seen with the
a0 combination, low concentrations of ACh (300 nM) also effectively elicited single-
channel events (Figure 5.13A). At-100 mV, however, the amplitude was conspicuously
smaller for the afdy combination, and most events fell into a single amplitude class
(Figure 5.13B). In eight of 10 recordings there was a secondary event class with a larger
amplitude (Figure 5.13B). The larger amplitude events occurred infrequently and
contributed an average of 3 + 2% to the total number of events. The fit of the sample

amplitude histogram indicated mean amplitudes of 5.5 pA and 8.4 pA for the primary and
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Figure 5.12: Single-channel burst duration of the a3d combination. A) Sample burst
duration histogram for a.fd combination recording fit with two exponents at -100 mV.
Peak of first exponential component fit corresponds to 0.18 ms, and peak of second
exponential component fit corresponds to 5.1 ms. Scatter plot indicates the fit values for
each component in 7 recordings at -100 mV (filled circles), and corresponding average
value for each component + SD (open circles). B) Cumulative voltage vs. burst duration
plot corresponding to the average burst duration of 7 cells, at each potential, fit with a

single exponential corresponding to an e-fold change in burst duration per -769 mV.
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secondary event classes, respectively (Figure 5.13B). The average amplitudes at -100
mV were 5.5 + 0.2 pA, and 8.2 = 0.2 pA for the primary and secondary event classes
(Figure 5.13B, scatter plot; n=8 recordings).

Only the primary event class of events is thought to reflect function of the a3y
subunit combination, because analysis of the secondary amplitude class reflected the
conductance and burst duration characteristic of the a0 combination described
previously. The small number of events of the secondary class in these recordings
suggested that a0 channels formed infrequently even in the presence of the y subunit.
Examination of the single-channel properties of affdy is therefore limited to the primary
amplitude class.

Amplitude distributions for the primary event class were constructed and fit for
membrane potentials between -130 and -30 mV, in 10 mV increments. The current-
voltage plot was fit by linear regression. The sample patch corresponded to a
conductance of 51 pS and a reversal potential of -10 mV (Figure 5.13C). Current-voltage
plots were constructed and fit for each of eight af30y recordings (Figure 5.13D). The
channels had an average single-channel conductance of 51 =2 pS and a reversal potential
of -10 £ 5 mV (Figure 5.13E). A cumulative current-voltage plot was also constructed,
showing the average amplitude for all recordings at each potential (Figure 5.13F). The fit
of the cumulative plot indicated an average single-channel conductance of 50 pS and a
reversal potential of -11 mV.

The burst duration of the afdy receptor was determined at -100 mV. The burst
duration histogram for each recording was fit to a single exponential function, and the fit

of the example distribution in Figure 5.14A corresponded to a mean burst duration of 1.1
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Figure 5.13: Single-channel properties of ACh-activated events of the afdy combination.
A) Example traces indicating single-channel events at -100 mV. B) Amplitude histogram
for all events at -100 mV for example recording in A, fit with two Gaussian functions
corresponding to primary amplitude (black fit) and secondary amplitude class (red fit).
Scatter plot indicates the average amplitude values for the primary class (black circles)
and secondary class (red circles) for all recordings (n=10) at -100 mV, and the overall
mean amplitude + SD for each (open circles). C) Example current-voltage relations of
the primary class, fit by linear regression. Fit corresponds to a slope conductance of 51
pS, and reversal potential of -10 mV. Dashed line indicates zero current level. D)
Current-voltage relations for each of 8 recordings, with linear fit. E) Scatter plot
indicating conductance and reversal potential values for the 8 recordings (filled circles)
and corresponding average conductance and reversal potential values + SD (open circles).
F) Cumulative current-voltage relations for averaged data of all 8 recordings. Linear fit

indicates overall conductance of 50 pS and reversal potential of -11 mV.
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ms. The burst duration was fit similarly for each recording (n=11), and the mean burst
durations are indicated in Figure 5.14A. When fit to a single exponential, the average
burst duration of the afdy combination was 1.3 + 0.4 ms (Figure 5.14A, scatter plot).

Most burst duration histograms for the afdy combination, however, were not
described adequately by a single exponential, and fitting with two exponentials visually
improved the fit (Figure 5.14B). Unlike the a8 combination, I could resolve both
components. In the sample histogram, fits corresponded to a mean burst duration of 0.63
and 1.8 ms, for the first (brief) and second (slow) components, respectively. The
contribution of each component to the overall distribution was not equal. Based on the
relative amplitudes, the brief component contributed 76% and the slow component only
24%. The burst distribution of each recording was fit to a double exponential and the
resulting mean burst durations for both components are shown in Figure 5.14B (scatter
plot). The average burst durations were 0.67 = 0.3 ms for the briefer component and 2.7
+ 1.1 ms for the slower component (Figure 5.14B, scatter plot). The brief component
contributed an average of 75 = 11% of all the events while the second component
contributed the remaining 25 + 11%. A summary of the burst duration values determined
by both single and double exponential fits is shown in Figure 5.14C.

The voltage-dependence of the burst duration for the affdy receptor was also
determined. First, the burst duration distribution was fit with a single exponential for
each recording (n=4), representing the overall change of the mean burst duration with
voltage (Figure 5.14D). The cumulative burst duration vs. voltage plot was well
described by a single exponential, and corresponded to an e-fold increase in burst

duration per -141 mV hyperpolarization. Because the burst duration is best described by
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Figure 5.14: Single-channel burst duration of the a3dy combination. A) Sample burst
duration histogram for afdy combination recording at-100 mV fit with a single exponent
corresponding to an average burst duration of 1.1 ms. Scatter plot indicates the average
burst duration values determined by a single exponential fit for 10 recordings (filled
circles), and the mean burst duration value + SD (open circle). B) Same distribution as in
A, fit with two exponents. The peak of first exponential component fit corresponds to
0.63 ms, and peak of second exponential component fit corresponds to 1.8 ms. Scatter
plot indicates the two fit values for each component in 10 recordings at -100 mV (filled
circles), and corresponding average value for each component + SD (open circles). C)
Direct comparison of the burst duration values from A and B. Each component of the
double exponential fit is plotted, for clarity. D) Cumulative voltage vs. burst duration
plot corresponding to the average burst duration of 7 cells, at each potential, fit with a
single exponential corresponding to an e-fold change in burst duration per -141 mV. E)
Cumulative voltage vs. burst duration plot corresponding to the average burst duration of
each of the two components of a double exponential fit, at each potential. Exponential fit
indicates an average e-fold change in burst duration for the brief and longer component

corresponding to -140, and -131 mV, respectively.
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two components, the voltage-dependence of each component was also examined
separately. Each burst duration distribution was refit with two exponents, and the
cumulative data representing the average value for each component was fit separately
(Figure 5.14E). Both the briefer and slower components were well described by an
exponential fit corresponding to an e-fold change in burst duration per -140 mV, and -131

mV, respectively.

Single channel properties of the affée combination

Sample single-channel events recorded at -100 mV potential from oocytes
injected with the o8¢ combination are shown in Figure 5.15A. At all potentials tested,
events fell into a single amplitude distribution and were fit with a Gaussian function
(Figure 5.15B). The fit of the sample distribution in Figure 5.15B indicated an average
amplitude of 7.1 pA at -100 mV. There was little variation in the amplitude distributions
between recordings, so the average amplitude at -100 mV was 7.0 = 0.3 pA (n=12
recordings). The amplitude of each recording and the overall average amplitude are
shown below the histogram in Figure 5.15B.

Recordings were obtained from afd¢ patches at membrane potentials between -
160 and -30 mV, in 10 mV increments. The current-voltage plot for the sample events in
Figure 5.15A was well fit by linear regression corresponding to a single-channel
conductance of 67 pS (Figure 5.15C). Similar current-voltage plots were constructed for
each of eight afde recordings (Figure 5.15D). The analysis indicated an average single-
channel conductance of 66 + 2 pS with a reversal potential of -6 + 8 mV (Figure 5.15E,

n=8 recordings). A cumulative current-voltage plot was also constructed, reflecting the
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Figure 5.15: Single-channel properties of ACh-activated events of the a.fde
combination. A) Example traces indicating single-channel events at -100 mV. B)
Amplitude histogram for all events at -100 mV for example recording in A,
corresponding to a mean amplitude of 7.1 pA. Scatter plot indicates average amplitude
for all recordings (n=12) at -100 mV (open circles) and overall mean amplitude = SD
(closed circle). C) Current-voltage relations for a single recording, fit by linear
regression. Fit corresponds to a slope conductance of 67 pS, and reversal potential of -4
mV. Dashed line indicates zero current level. D) Current-voltage relations for each of 8
recordings, with linear fit. E) Scatter plot indicating conductance and reversal potential
values for the 8 recordings (filled circles) and corresponding average conductance and
reversal potential values + SD (open circles). F) Cumulative current-voltage relations for
averaged data of all 9 recordings. Linear fit indicates overall conductance of 67 pS and

reversal potential of -5 mV.
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averaged amplitude of all recordings at each potential (Figure 5.15F). The fit to the
cumulative data corresponded to an average single-channel conductance of 67 pS with a
reversal potential of -5 mV, and was in good agreement with the values determined by
individual recordings.

The burst duration of the af30e channel was also determined. The burst duration
distribution was fit with a single exponential, and corresponded to an average burst
duration of 0.36 ms for the sample patch at -100 mV (Figure 5.16A). The mean burst
duration values are shown below the sample histogram in Figure 5.16A. The average
burst duration corresponded to 0.32 + 0.05 ms (n=7 recordings).

Inspection of the fit in Figure 5.16A indicated that the distribution was better fit
by two exponentials (Figure 5.16B). The two mean burst durations were 0.14 ms and
0.47 ms. The duration histogram for each recording was also fit with two exponentials
components, and the component means are plotted below Figure 5.16B. The average
duration of the briefest component corresponded to 0.16 + 0.06 ms, and the longer
component corresponded to 0.54 = 0.2 ms. This indicated that there was a brief
component of the distribution that was not well resolved, similar to the brief component
seen in the afd combination. However, the second component of the a.fde duration
histogram was also very brief at 0.54 ms. Because the error associated with fitting
increases as the mean duration of the components converge (Sigworth and Sine, 1987),
and also because the very brief component was not resolved, these conditions made it
difficult to accurately fit the af30¢ to two exponentials. The scatter in the values of the

second component of the fit likely reflected the error in fitting with two exponents.
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Figure 5.16: Single-channel burst duration of the a3de combination. A) Sample burst
duration histogram for a.fde combination recording fit with single exponent at -100 mV,
corresponding to an average burst duration of 0.36 ms. Scatter plot indicates average
burst duration values determined by single exponential fit for 7 recordings (filled circles),
with mean value = SD (open circle). B) Same distribution as in A, fit with two
exponents. The briefest exponential component fit corresponds to 0.14 ms, and peak of
second exponential component fit corresponds to 0.47 ms. Scatter plot indicates the two
fit values for each component in 7 recordings at -100 mV (filled circles), and
corresponding average value for each component + SD (open circles). C) Scatter plot
comparing the single exponential fit, the second component of the double exponential fit
and the numerical mean burst time values determined for each recording (filled circles)
with corresponding average + SD values (open circles). D) Cumulative voltage vs. burst
duration plot corresponding to the average burst duration of 7 cells, at each potential,
determined by a single exponential fit (black) or by the numerical mean burst duration
(red). The fit indicates an average e-fold change in burst duration for the exponential
estimation corresponding to -156 mV, and an e-fold change per -185 mV for the

numerical mean estimation.
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For comparison with the fitted mean, I also determined the numerical average of the burst
duration for each recording (Figure 5.16C). In the scatter plot shown, the mean of the
distribution fit with a single exponential component is compared to the second
component of the double exponential fit and the numerical mean burst duration. The
average duration determined by the single exponential fit was left skewed, likely because
of the excess brief events. However, the second component of the double exponential fit
was relatively variable, likely due to the aforementioned fitting limitations. The
numerical mean indicated the duration average was slightly longer than the single
exponential fit, was comparable to the average value for the longest component, and was
also relatively consistent between recordings. Due to the complications of fitting, I used
the numerical average to indicate the average burst duration for the of6e combination
(0.52 + 0.6 ms).

I was also interested in determining the voltage-dependence of the burst duration
of the afde combination. Because of the complications with estimating the burst
duration, I determined the voltage-dependence in two ways. First, I constructed and fit
the burst duration distributions at each potential with a single exponential function, as in
Figure 5.16A. The burst duration at each potential was averaged between the seven
recordings to construct the cumulative plot in Figure 5.16D. The fit to the cumulative
data indicated an e-fold increase in burst duration per -156 mV (n=7 cells) membrane
hyperpolarization.

As a second means to estimate the voltage-dependence, I also determined the
numerical mean burst duration at each potential for the same dataset. I constructed a

cumulative voltage vs. burst duration plot using the average numerical mean burst
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duration at each potential (Figure 5.16D). The fit of this relationship indicated an e-fold
change in burst duration for every -185 mV. The two methods of voltage-dependence
estimation were in reasonable agreement in light of the variability in burst duration

values.

Pla subunit influence on af36 type channel expression

Heterologous expression studies of the $1a subunit indicated that it likely did not
function in the channel complex similarly to the 3 subunit. In all of these studies,
however, I was examining 31a subunit function in the absence of the § subunit. I was
curious, therefore, as to whether a combination with both the f1a and the [ subunit might
result in the formation of a previously unidentified AChR with unique single-channel
properties. For these experiments, I injected equal amounts of both 8 subunits, in
combination with the a, 0 and y subunits (aff31ady), and used single-channel recordings
to determine if a functionally unique channel expressed.

Single-channel events from oocytes injected with both 3 subunits resulted
primarily in events corresponding to the a3dy composition, with some contribution of
afd (Figure 5.17A). However, the frequency at which a0 events occurred, estimated
by the percent contribution to the total number of events, was higher in these recordings
than in injections of just afdy. Specifically, in oocytes also injected with the fla
subunit, the proportion of events belonging to the a3 class was 23% of the sample
frequency histogram shown in Figure 5.17C. For oocytes injected with only the a3y
combination, the events belonging to the a0y amplitude class usually accounted for an

average of 96% of the total events, and ad amplitude class accounted for the remaining
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Figure 5.17: Single-channel properties in oocytes injected with both § subunits. A)
Example recording at -100 mV from oocytes, indicating two single-channel event types
corresponding to the a3 channel (asterisks) and ady channels. B) Sample amplitude
histogram for a representative recording from the o3&y combination, fit with two
Gaussian functions that corresponding to 5% contribution of openings by the a0
channel type, and 95% contribution by atdy channel type. C) Sample amplitude
histogram for one recording at -100 mV from an oocyte injected with an equal ratio of
oppPlady subunits. The indicated fit corresponds to a 24% contribution by a3d single-
channel events, and 76% contribution by a3dy events. D) Sample amplitude histogram
for one recording at -100 mV from an oocyte injected with afp1ady, with a 10-fold
excess of fla subunit. The indicated fit corresponds to a contribution of 49% by afdy
events and 51% by of3d events. E) Scatter plot indicating the fraction of af3d single-
channel events to the total number of events recorded at -100 mV for each injection type.
Individual recordings are indicated by filled circles, alongside their respective mean + SD

values (open circles).
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4% (Figure 5.17B). The average percent contribution of a3d events was 17 = 8%, for
oocytes co-injected with an equal ratio of f1a and § subunit RNAs.

To follow up on this unexpected finding, I compared the contribution of a30
events during single-channel recordings of oocytes injected with a0y and either a 10-
fold excess of Bla, or § RNA to a, 8, d and y subunits. A sample amplitude histogram
from these experiments showed nearly equal contributions of afd and afdy events (51%
and 49%, respectively; Figure 5.17D). Recordings from oocytes injected with an excess
of Bla indicated an average contribution of afd events of 29 +14% (n=5 oocytes), while
recordings from oocytes injected with a 10-fold excess of the 3 subunit did not resulted in
elevated levels of a0 events (4 = 2%, n=5 oocytes). The percent contribution of a0 in
each condition is summarized in Figure 5.17E. In each condition, the overall frequency
of events was similar.

These results suggested that the 31a subunit might play a role in promoting the

formation of the a3d receptor in the presence of the y subunit.

Summary of results from Chapter 3 through Chapter 5

The single-channel properties of the reconstituted AChR combinations and the
muscle AChRs are summarized in Table 5.1. The conductance values indicated are those
estimated by the average + SD of the linear fit to individual recordings for both
reconstituted and on-cell AChR types. The burst duration values listed for reconstituted
AChRs were those estimated by the average + SD for the individual recordings at -100
mV. For consistency, the burst duration of muscle AChRs are those measured at the

applied potential resulting in an estimated transmembrane potential of -100 mV; burst
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duration averages at +50 and +40 mV applied potential were included for slow muscle
AChRs, and burst duration averages at +20 mV applied potential were included for fast
muscle AChRs. The voltage-dependence is summarized as to whether the relations were
well described by an exponential function (exponential) or not (atypical).

The subunit composition of the fast muscle primary AChR class was likely afoe,
based on the similarity in conductance and burst duration values (p=0.08, and p=0.07,
respectively). Although the afd combination could not be ruled out on the basis of
conductance (p=0.4), the mean burst duration of the a0 type was nearly seven-fold
longer in duration than the fast muscle AChR (p<0.0001). The afdy combination
represented a poor match for both conductance and burst duration (p<0.0001, both).
Finally, both the fast muscle AChR and the a.fde combination demonstrated an
exponential relationship between the burst duration and the voltage, typical of fast muscle
AChRs.

The subunit composition of the slow muscle primary AChR was best represented
by the a0 combination when considering the average burst duration. The long burst
duration of the slow muscle AChR cannot be accounted for by either the a.fd¢e (or afdy
(p<0.0001, both). However, the slow muscle AChR conductance estimate is less than
that of the a0 receptor (p=0.03). An explanation of this disagreement is presented in
Chapter 6 suggesting that estimates of the slow muscle AChR by linear regression are
inaccurate due to inward rectification of the channel. As with fast muscle, the a0y

combination represents a poor match for both conductance and burst duration (p<0.0001,

both).
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Table 5.1: Summary of results from Chapters 3 through 5.
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