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ABSTRAC

Androgen-sensitive muscles are specialized muscles in which both
muscle and motoneurons are highly sensitive to androgens. Previous
studies have shown that alterations in the levels of circulating
androgens affect the activities of cholinergic enzymes in two androgen=-
sensitive muscles; the syringeal muscles of songbirds and the levator
ani musecle of the rat. This study sought to characterize the nature of
the effects of androgens on the neuromuscular junctions in these

muscles.

I measured the relative abundance of the various molecular forms of
acetylcholinesterase (AChE) in muscles of the zebra finch. Castration
causes a large decrease in AChE activity, but has little or no effect on
the relative abundance of AChE forms. This is in marked contrast to the
effect of denervation, which causes changes in the relative abundance of

the forms of AChE, as well as in total activity.

To quantify the postsynaptic effects of androgens, I measured
acetylcholine receptor number (AChRs). AChR number was androgen-
sensitive in both the syrinx and levator ani, decreasing after
castration of males, and increasing in response to treatment with tes-
tosterone. I performed a detailed examination of the time course of the
effect of alterations in androgens was examined in detail in the syrinx.
I also examined the effect of increased androgens in syrinx isolated
from neural influences by denervation, and found that isolated muscle

could respond with a small increase in AChE activity.

Since the number of fibers in the levator ani does not change after



castration or testosterone treatment, and each fiber has a single end-
plate, changes in AChR number in this muscle are strong evidence for
effects of androgens on endplates. In the syrinx, no evidence of sex
differences in the number of muscle fibers was seen. However, some
fibers have multiple endplates. Therefore, changing hormone levels may
cause changes in the number of endplates per fiber, as well as in the
number of AChRs per endplate. An examination of individual endplates in
these muscles visualized histochemically indicates that androgens exert
at least part of their effects on synaptic components by causing
alterations at individual endplates. Androgen-sensitive neuromuscular
junctions such as these may provide powerful systems in which to study
the mechanism and adaptive significance of synaptic plasticity in

vertebrates.
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1. CHAPTER I: REVIEW

1.1. INTRODUCTION

The concept of plasticity of behavior and its relationship to plas-
ticity in the brain of adult animals has been a central issue for inves-
tigators with diverse approaches to neurobiology. One popular
hypothesis has been that behavioral plasticity involves modifications in
the function or number of synapses. In the vertebrate brain, studies of
synaptic plasticity have been hampered by the complexity of the ver-
tebrate nervous system. This obstacle has led many investigators to

turn to simpler systems in which to study synaptic plasticity.

Simple invertebrate nervous systems have provided one extremely
productive approach to the study of the relationship between synaptic
and behavioral plasticity. There is good evidence that short-term
synaptic plasticity is the basis of behavioral plasticity in at least
one well-understood invertebrate system; that of habituation and sensit-
ization of the gill withdrawal reflex in Aplysia, a sea slug. In this
system, the mechanism of short-term synaptic plasticity has been care-
fully studied, and a complete explanation at the level of cellular

processes may indeed have been formulated (1; 2; 3).

In vertebrates, the most intensively studied example of long term
neuronal plasticity in the adult may be the phenomenon of long term
potentiation (LTP) in the hippocampus (see 4 for review). LTP may
involve increases in postsynaptic neurotransmitter receptor sites,
changes in presynaptic release of transmitter and morphological changes

at synapses (5). Unfortunately, the physiological significance of LTP
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remains unclear. Other examples of long-term synaptic plasticity meas-
ured by morphological or physiological criteria include responses to
destruction of presynaptic elements (6; 7; 8), neurotoxins (9) pharmaco-
logical manipulations (10) and the like. The possibility that these
responses are pathological rather than adaptive raises some doubt about
whether these systems will prove to be appropriate models of synaptic

plasticity in physiological contexts.

In vertebrates, perhaps the most promising systems in which to
study synaptic plasticity are neuronal pathways which respond to hor-
mones. In these systems, the environmental variable which regulates
synaptic modification is the level of circulating hormones, a parameter
which is manipulated relatively easily by removing the source of the
hormone and treating with exogenous hormones. Another advantage of
studying the effects of steroid hormones on the nervous system is that
much is already known about the mechanism of steroid action in other
systems (11; 12; 13). In these systems, steroid hormones enter the tar-
get cell where they bind to specific protein receptors. Complexes of
receptor and steroid hormone then migrate to the cell nucleus, where
they interact with the chromatin to cause the synthesis of specific
mRNAs. The increase in the amounts of these mRNAs causes increases in
the synthesis of specific cell proteins. Other mechanisms for steroid
hormone action have been identified (14; 15) and it is possible that
they are involved in the systems to be considered here. To date, no
conclusive evidence for primary effects of gonadal steroids on neurons
exists (15). However, steroid hormone action on the nervous system may

be as simple as described above.
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The profound behavioral effects of sex steroids has provided a
powerful system in which to study the biochemical and physiological
basis of behavioral plasticity. For example, sex steroids are accumu-
lated by cells in regions of the brain which are involved in control of
sexual behavior in several species (16). Estrogen and progesterone
together increase sexual receptivity in female rats. Estrogen has
effects on the activity of enzymes involved in neurotransmitter syn-
thesis and degradation, as well as neurotransmitter receptor number (17;
15; 18). In the canary, androgens induce birds to sing, and increase
the volume of song control nuclei (19; 20) as well as the length of den-
drites in these nuclei (21). In these examples, study of effects of
steroid hormones in the brain have led to discoveries of changes in the
number or function of synapses which may be responsible for behavioral

effects.

Despite progress made in elucidating the basis of hormone-induced
behavioral plasticity, there are numerous obstacles to using these sys-
tems to study the mechanism of synaptic plasticity at a cellular level.
In particular, the heterogeneity and complexity of the brain makes it
difficult to study one system in isolation. In addition, the primitive
level of understanding of the neurochemistry and cell biology of synap-
tic transmission at most synapses has hindered study of synaptic modifi-
cation, especially in response to manipulations which remain within the
physiological range. For these reasons, I chose to study the effect of
a steroid hormone, testosterone, on the best characterized vertebrate

synapse; the neuromuscular junction.

Although the postsynaptic cell at the neuromuscular junction is a
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muscle fiber and not a neuron, the junction is none the less a synapse,
equipped with all the machinery of any other chemical synapse. The
junction is also relatively easy to study because of the homogeneity and
isolation of the nerve-muscle connection, and because of the fortuitous
availability of a powerful arsenal of reagents and techniques which
allow manipulation and study of components of junctional machinery.
Because of these advantages, the neuromuscular junction has been under
intensive investigation for several decades. The enzymes responsible
for synthesis and degradation of the neurotransmitter, acetylcholine,
have been isolated and characterized in functional form, as has the
receptor for the transmitter; the nicotinic acetylcholine receptor (22).
The physiology of transmission is also well-characterized. 1In fact, the
neuromuscular junction is the source of most of our knowledge about the

mechanisms of synaptic information transfer (23).

Because of the powerful techniques available for studying the junc-
tion, and since so much is known about synaptic transmission at the neu-
romuscular junction, we might expect that the neuromuscular junction
would provide a powerful model for studying synaptic plastieity. Synap-
tic plasticity, as suggested above, may be the key to the cellular basis
of behavioral plasticity. With this motivation, I chose to study the

effects of androgens on androgen-sensitive neuromuscular junctions.

We would expect to find androgen-sensitive neuromuscular junctions
in androgen-sensitive muscles. Most mammalian muscles are sensitive to
androgens to some degree; a fact reflected in the larger muscle mass of
males relative to females (24). Here we will be considering muscles in

which the androgen-sensitivity is profound; in which the muscle is more



-5 -

than twice as large in males than in females. There are several exam-
ples of androgen-sensitive muscles in vertebrates. Among these are the
dewlap muscles of some lizards, the muscles of the frog larynx, and the
two muscles which are the subject of this dissertation, the muscles of
the syrinx of songbirds and the penile muscles of the rat. All of these
muscles are involved in sexually dimorphic behaviors; courtship displays
in lizards, mate-calling in frogs, singing in songbirds and copulation

in the rat.
1.2. HE LEVATOR ANT

The mis-named "levator ani" of the rat (m. dorsalis bulbocavernosus
(25), m. sphincter ani (26)) exists only in males. It is a perineal
muscle which attaches to the urethral bulb and may be involved in penile
motility. The marked androgen-sensitivity of the levator ani was first
recognized in 1941 by Wainman and Shiponoff (27) who noted that this
muscle dwindled following castration. The effect of treatment with
androgen derivatives after castration soon became part of a standard
test for the myotrophic effects of steroids (28), although this test has
been criticized by those who believe that the response of the levator
ani is not generalizable to other muscles (29). Effects of alterations
of androgen levels are assumed to be due to changes at the level of sin-
gle muscle fibers, since the number of fibers in the levator ani of the

mouse and rat remain constant after castration and T treatment (30; 31).

The levator ani contains high affinity binding sites for androgens,
with affinity and specificity similar to androgen receptors from other
androgen-sensitive tissues (32; 33; 34). These receptors are present in

concentrations variously estimated as 4 to 15 fmoles/mg of protein, much
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higher than levels found in other rat skeletal muscles, (1 to 3
fmoles/mg; 35; 36). The levator ani may also contain receptors for
estrogen (34; 37; 38). It has recently been shown that the motoneurons
which innervate the levator ani and other penile muscles accumulate

androgens, but not estrogen (39).

The laboratory of Ernest Gutmann pioneered the use of androgen-
sensitive muscles for the study of neuromuscular interaction. Ini-
tially, this group suggested that the response of the levator ani to
castration might serve as a useful model for studying changes in neu-
romuscular transmission during "disuse" atrophy. Other models of
disuse, such as studies on the effects of denervation, had been criti-
cized on the basis that these manipulations interfere with neufal func-
tion (40). The assumption was made that castration resulted in a cessa-
tion of neuromuscular activity, and that muscle atrophy was the result
of disuse (41; 42). Later, Gutmann and coworkers accepted the alterna-
tive hypothesis that testosterone had direct effects on the levator ani
muscle, but they continued to work on the levator ani, examining the
effects of castration and testosterone replacement with a detailed study
of levels of acetylcholinesterase (AChE) and choline-acetyltransferase

(CAT) (43).

Gutmann's group demonstrated that alterations in androgen levels
could have profound effects on the levels of cholinergic enzymes in the
levator ani. When rats were castrated at one month of age and sacri-
ficed after 2 months, AChE had decreased by 60% from levels of intact
controls (41). Later work demonstrated that treatment by injections of

testosterone propionate could partially reverse this effect (43).
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Choline-acetyltransferase was also apparently sensitive to alterations
in androgen levels. Unfortunately, these CAT measurements were almost
certainly inaccurate as a result of contamination with carnitine acetyl-
transferase activity (44). Therefore, effects of testosterone on neu-

romuscular junctions in the LA was never demonstrated unequivocally.
1.3. THE SYRINX

Another source of androgen-sensitive muscle which has received
intensive study is the syrinx, the vocal organ of birds. The syrinx is
located at the bifurcation of the bronchi and is a specialization of
tracheal and bronchial structures (Fig. 1). Sound is produced by the
vibration of two membranes which are located on the inner surfaces of
the bronchi. The muscles of the syrinx connect the ossified, cartilagi-
nous rings of the trachea and bronchi (see 45 for a review). These mus-
cles control the tension on the membranes and the bore of the airway,
and are thus responsible for the frequency modulation of sounds produced
during song (46). The muscles of the syrinx are innervated by the tra-

cheosyringealis branch of the hypoglossus nerve (47).

The syrinx is sexually dimorphic and androgen-sensitive. The
marked difference in size of the syrinxes of male and female songbirds
was noﬁed by H#cker (48 as reviewed in 49) and re-discovered by Arnold
(49), who also found that castration caused a decrease in the size of
the syrinx of male zebra finches, while testosterone therapy after cas-

tration restored the size to intact levels.

The syrinx is involved in a well-characterized, androgen-sensitive

behavior: the production of song. When males are actively courting
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Figure 1: A schematic diagram of the syrinx, showing the position of the
syringeal muscles in relation to the trachea and bronchi and the inner-
vation of these muscles by the trachesyringealis branch of the hypoglos-

sal nerve. Adapted from 134.
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females, they may spend hours each day in song. Singing in zebra
finches is normally a male specific behavior; females do not sing,
unless treated neonatally with hormone (50). In the adult male, song is
also androgen-dependent; castration decreases the amount of singing, and
testosterone therapy following castration restores it to intact levels
(49; 51). Song has provided a sensitive behavioral assay which has been
a powerful tool in the description of the entire efferent pathway of
song production (52; 53). The brain nucleus HVC, the nucleus Robustus
Archistriatalis and the syringeal portion of the hypoglossus nucleus,
which together make up the main song control pathway, all show nuclear
accumulation of testosterone (54). These three brain regions are also
all sexually dimorphic in size (55). Thus the syrinx is the final step
in a pathway which shows striking sexual dimorphism and hormonal-
sensitivity, and which controls a behavior which is both markedly sexu-
ally dimorphic and hormone dependent. A response of the synapses in the
syringeal muscle to alterations in androgen levels would be part of an
overall adaptive response of the entire song control pathway in prepara-

tion for the increased use required by the breeding season.

Arnold et al. (54), in an autoradiographic study of steroid hormone
accumulation in the brain, found that the motoneurons in the hypoglossus
nucleus accumulated testosterone in their cell nuclei. This was the
first demonstration of concentration of gonadal steroids in motoneurons.
This accumulation is restricted to androgens; estrogen is not accumu-
lated (56). The motoneurons which have androgen receptors are restricted
to the caudal portion of the hypoglossus, which innervates the syrinx
exclusively (52). The rostral portion, which contains cells innervating

the muscles of the hyoid complex, does not accumulate steroids.
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Lieberburg and Nottebohm (57) demonstrated that the muscles of the
syrinx also have high concentrations of specific proteinacious binding
sites for androgen. This binding is in extremely high capacity for mus-
cle; 40 to 50 fmoles/mg protein. These levels are 13 to 50 fold higher
than levels reported for rat skeletal muscles (35; 36) and are compar-
able to the levels found in classical androgen-sensitive tissues, such
as the rat prostate and mouse kidney. The syrinx levels are also 4 to 9
times higher than levels of receptor reported for the levator ani (34).
Muscles of the hyoid complex and other zebra finch muscles have no

detectable androgen receptors.

The fact that the muscles of the syrinx and the motoneurons which
innervate them both accumulate androgens and presumably contain androgen
receptors, raised the possibility that androgens might prepare the neu-
rons and muscle to sustain the higher levels of use required by song.
Preparation might involve induction of the components required for
synaptic transmission. To explore this possibility, Luine et al. (58)
examined the effect of alterations in circulating androgen levels on
cholinergic enzymes in the syrinx and the nerve innervating it. They
found that castration of males caused a decrease in the specific
activity of AChE and CAT in the syrinx and in the nerve which innervates
it. Specifically, in the zebra finch, two weeks of castration caused
syringeal weight to decrease to 76% of intact levels. Total CAT and
AChE activity decreased by 50%. In the tracheosyringealis nerve, cas-
tration for 4 to 5 weeks caused a 60% decrease in AChE and a 40%
decrease in CAT. Treatment of castrates with silastic implants filled
with testosterone raised their serum testosterone to levels comparable

to those of courting males. These treatments also reversed some of the
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effects of castration, restoring syrinx weight and the activity of AChE
in muscle and nerve to intact levels and increasing the activity of CAT
to a point between castrate and intact. These results indicate that
testosterone acts on the syrinx and its innervation to increase the
amounts of two enzymes important in transmission at the neuromuscular

junction.

Thus, the syrinx provides a source of synapses for which both the
presynaptic motoneurons and the postsynaptic muscle fiber are sensitive
to androgen. This suggests that the neuromuscular junctions in the
syrinx will provide an ideal model for the investigation of synaptic
plasticity, in which synaptic modification can be easily studied in an

adaptive context.

1.4. SUMMARY

Strategies for the study of synaptic plasticity have been briefly
reviewed, with particular emphasis on those systems which are known to
be physiologically relevant. The advantages of the study of synaptic
plasticity in hormone-sensitive neural systems have been considered. In
particular, the neuromuscular junctions in androgen-sensitive muscles
provide the advantages of a well-characterized synapse and a readily
modifiable environmental stimulus. Previous work on the mechanisms
underlying the androgen-sensitivity of the levator ani muscle of the rat
and the syrinx of songbirds has been described, and the effects of
alterations in androgen levels on cholinergic enzymes in these muscles

have been reviewed in detail.
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2. CHAPTER II: EFFECT OF ANDROGENS ON AChE FORMS IN THE SYRINX

2.1. INTRODUCTION

In a continuing effort to characterize the mechanism of testos-
terone action on neuromuscular junctions in the syrinx, I undertook a
study of the effects of castration and testosterone therapy on the rela-
tive and absolute abundance of the various molecular forms of AChE in

the syrinx of the zebra finch.

The enzyme acetylcholinesterase (AChE, acetylcholine acetylhydro-
lase E.C. 3.1.1.7) exists in a variety of molecular species in all ver-
tebrates (59; 60; 61; 62; 63; 64). In electric organ, muscle and motor
nerve, a consistent pattern has emerged of up to six forms with a
variety of molecular weights and structures, including globular and
asymmetric forms (65; 64; 66). The relative abundance of these forms is
not constant but varies in different muscles (67; 68; 69), across sub-
cellular fractions (64; 70) and during the course of embryogenesis (61).
In addition, the pattern changes dramatically after denervation and re-
innervation. In general, large, asymmetric forms have been found to be

specific to innervated muscle and motor nerve (60; 62; 61; however, see

69).

2.2. METHODS

Male zebra finches were obtained from Novak Aviaries, Deer Park,
N.J. or from Canary Bird Farm, 0ld Bridge, N.J. All birds were in full

adult plumage and good health when sacrificed.

Birds were castrated by surgical removal of testes and cautery of
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the site of attachment to destroy any testicular remnants. Steroid
treatments involved implantation of silastic capsules subdermally above
the pectoral muscle mass. Silastic capsules were prepared in Silastic
Tubing (Medical-Grade, Dow Corning, Midland MI), internal diameter 0.030
in., external diameter 0.065 in., 7 mm in length, and were sealed at
each end with Silastic Medical Adhesive (Silicone Type A, Dow Corning).
They contained 5mm of packed testosterone (M—androsten—17/3—ol-3-one,
Steraloids, Wilton, NH) or cholesterol (5-cholesten-3/3-ol, Steraloids).
Such silastics have been shown to raise plasma levels of testosterone to
approximately those found in courting males (58). The syrinx was dener-
vated by removing approximately 1 cm of the descending branch of the
XIIth nerve from just below the point at which the nerve branches into

ascending and descending portions.

Birds were sacrificed by ether overdose and exsanguination by heart
puncture, or by decapitation. The syrinx and hyoid muscles were removed
as previously described, except that the sternotrachealis muscle was
sectioned at its point of attachment to the sternum (58). The larynx was
removed by sectioning the trachea directly below the point of tracheal

enlargement.

Tissue was immediately frozen on dry ice after removal and stored
at =40° C until homogenized. Unless stated otherwise, muscles were
homogenized in a ground glass-glass 1.6 ml. homogenizer (VWR) in ice-
cold buffer containing 0.5% Triton X-100, 0.2 mM EDTA (Ethylene-
diaminetetraacetate), 1 M NaCl and 10 mM N-2-hydroxyethylpiperazine-N-
2'-ethanesulfonic acid (Calbiochem), pH 7.2. The pH of buffer solutions

was adjusted before addition of NaCl. Proteolysis and other reactions
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occurring in crude muscle homogenates may modify the distribution of
molecular forms of AChE (68). In these experiments, homogenates were
never allowed to warm to room temperature and were kept thawed on ice
for no more than one hour before application to the gradients. In some
cases, the homogenizing buffer contained a cocktail of protease inhibi-
tors, consisting of 10 mM EGTA (Ethyleneglycol
bis(aminoethylether)tetraacetate), 2 mM benzamidine, 40 pg/ml leupeptin,
20 ug/ml pepstatin, 1 mg/ml bacitracin and 5 uM N-ethylmaleimide (68).
Homogenates were centrifuged in a cold clinical centrifuge for 10
minutes, and the supernatant was then centrifuged for 30 min. at 19,000

g. The supernatant was stored at -40° C until applied to the gradients.

Homogenates were diluted to constant protein with homogenizing
buffer and applied to the top of a 4.9 ml, 5-20% sucrose gradient with a
0.2 ml pillow of 60% sucrose. All sucrose solutions were made up in the
buffer used for homogenization, but without the addition of protease
inhibitors. Gradients with homogenates were centrifuged for nine hours
in a Beckman SW 50.1 rotor at 45,000 rpm (189,000 g average) at 4° C.
After centrifugation, 54 to 59 twelve drop fractions were collected from
the bottom of the tubes. Collection was performed at 4° C. Fractions
were stored at -40° C until assayed for AChE. Recovery of AChE activity
from the gradients was 75 to 123%. Beta-galactosidase (15.9S), bovine
catalase (11.3S) and yeast alcohol-dehydrogenase (7.6S) were used as
external gradient markers, or beta-galactosidase was added to homogen-

ates as an internal marker and assayed enzymatically.

AChE was assayed by the radiometric assay of Johnson and Russell

(71; see also 58) with 230 uM tetraisopropylpyrophosphoramide included
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in the reaction mixture to inhibit nonspecific cholinesterase. Protein
was determined by the method of Lowry (72). Beta-galactosidase was
determined by standard procedures (Boehinger-Mannheim Biochemica Catalo-

gue, Revised edition, 1970).

2.3. RESULTS

2.3.1. Distribution of AChE Forms and Verification of Methods

As in other species, sucrose density gradient sedimentation of
zebra finch muscle homogenate revealed four main peaks of AChE activity.
These peaks were found at 16.4S (H peak), approximately 10.5S (M peak),
6.1S (L2 peak) and approximately 4.0S (L1 peak, Fig. 2 and Table 1).
Little difference was seen between homogenates made in the presence and
absence of protease inhibitors, either in the sedimentation coefficients
or the relative proportion of the heaviest molecular forms. The two
most slowly sedimenting forms (L1 and L2) together accounted for most of
the AChE activity. Combined, these two forms made up a relatively con-
stant proportion of the total activity. However, the distribution of
activity between these two peaks varied considerably from one experiment
to the next, suggesting that one form was converted to the other in
varying degrees. The 6.1S form is generally less abundant in those
homogenates made without NEM and protease inhibitors. More subtle
differences in distribution may also occur, but are obscured by the
large variations in distribution between individual birds. In the pres-
ence of protease inhibitor, the distribution of molecular forms was
relatively stable. When an aliquot of a homogenate with protease inhi-
bitors was incubated for one hour at room temperature before sucrose

density gradient centrifugation, the distribution of forms changed
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Figure 2: Sucrose density analysis of AChE from the syrinx of an intact
male zebra finch. AChE is expressed as umoles of [3H]-acetylcholine
hydrolysed per hour per syrinx. The syrinx was homogenized in 1 M NaCl,
0.5% Triton X-100, 0.2 mM EDTA, 10 mM HEPES, pH 7.2 and a cocktail of
protease inhibitors described in the text (Section 2.2). The arrows
indicate the positions of /g-galactosidase (15.9S8), bovine catalase

(11.38) and yeast alcohol-dehydrogenase (7.6S) in parallel gradients.
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TABLE 1

MOLECULAR FORMS OF ACHE IN THE SYRINX

BUFFER LOWEST MIDDLE
SYSTEM PEAK PEAK
(H FORM)

TRIS HCl 16.5 10.8

n 15.5 9.9

" 16.0 10.2
HEPES 16.8 1.4

n 16.4 10.8

n 16.4 11.8
HEPES 16.2 10.5 (N=2)
with 16.6 10.9 (N=6)
protease 16.8 10.6 (N=3)
inhibitors
MEDIAN 16 .4 10.8

Table 1: Molecular forms of AChE in the syrinx of the zebra finch.

A summary of S values computed for heavy syringeal AChE forms. Markers
were included in the muscle homogenate. Beta-galactosidase (S=z15.9) was

the marker in all cases.
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little, except that the 6.1S peak decreased, and the 4.0S peak increased

proportionately (Fig. 3).
2.3.2. Distribution of Forms in Various Muscles

Despite the high reproducibility of the AChE distribution from a
single homogenate (Fig. 3), a large amount of variability in the propor-
tion of forms was found among intact males (Fig. 4). In syrinx of
intact males, the H peak comprised from 8.1 to 27.7% of the total AChE
activity recovered (15.7 + U4.49, mean and standard deviation) while the

6.1S and 4.0S peaks combined comprised most of the remainder.

The distribution of AChE forms varied markedly in different muscle
types from the same animal (Fig. 5). Both larynx and hyoid had rela-
tively more of the H forms than did syrinx (30.3% for one larynx and

13.8, 28.0 and 50.6% for three hyoids).

2.3.3. Effect of Denervation

After denervation, total syringeal protein fell 20% (from 1.98 mg
in sham operated control, to 1.59 by 17 days, and 1.51 by 83 days).
Total AChE activity rose 23% by 17 days, and 104% by 83 days (from 10.7
pmoles/hour/syrinx to 13.9 by 17 days, and 21.8 by 83 days). In con-
trast to the increase in total AChE activity, the proportion of AChE in
the H peak fell after denervation, from 27.7% of total AChE to 1.5% by
17 days and 2.0% by 83 days. Expressed as absolute activity, the H peak
fell from 2.96 pmoles/hr/syrinx to 0.21 by 17 days and 0.44 by 83 days

(Fig. 6).
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Figure 3: Analysis of AChE from the syrinx of and intact male zebra
finch. AChE is expressed as umoles/hr/syrinx. A homogenate was prepared
in the presence of protease inhibitors as described in Fig. 2 legend.
The homogenate was divided into aliquots that were subjected to a one
hour incubation at room temperature (*) of on ice (o). The arrow indi-
cates the position of /3-galactosidase activity (15.93), which was

included with the homogenate as a internal marker.

umoles / hr / syrinx

Fraction



- 20 -

Fig 4: Sucrose density gradient analysis of syringeal AChE from three
intact zebra finches, illustrating the variability between individual
birds. AChE is expressed as pmoles/hr/mg protein. Procedures as in the

legend to Fig. 2.
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Figure 5: A comparison of AChE forms in syrinx (0), hyoid (X) and larynx
(*#) from one intact male. Activity is expressed as proportion of total
activity in per cent. In this case, tissues were homogenized in buffer
without protease inhibitors, containing 1 M NaCl, 1.0% Triton X-100, 50

mM MgCl 10 mM TrisHCl, pH 7.0.
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Figure 6: Sucrose density gradient analysis of syringeal AChE from an
intact male zebra finch (o), a male denervated for 17 days (x) and a
male denervated for 83 days (X). Activity is expressed in umoles of
substrate degraded per hour per syrinx. Denervation involved removing a
segment from the tracheosyringealis nerve, which innervates the

syringeal muscles. Homogenization as in the legend to Fig. 2.
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2.3.4, Effects of Castration and Testosterone Therapy

As in previous studies (58), castration decreased total and
specific AChE activity in the syrinx. In this ca;e, total AChE
decreased by 44% from intact levels (from 22.4 + 4.9 to 12.7 + 3.8
nmoles/hr/syrinx, mean and standard deviation for four birds from three
experiments), while specific AChE activity decreased by 25%, (from 9.32
+ 3.36 to 7.00 + 1.54 umoles/hr/mg protein). 1In all cases, castrated
birds treated with testosterone (T) had total and specific levels of
AChE at or near those of intact birds (26.3 + 3.0 umoles/hr and 9.79 +

2.32 umoles/hr/mg respectively). As previously shown, none of these

treatments changed AChE levels in larynx or hyoid.

Despite the large changes in total and specific AChE activity in
the syrinx after castration, no obvious change in the distribution of
molecular forms of AChE was observed after 32 days of castration (Fig.
7). This is most easily seen when activity on the gradients is
expressed as proportion of total activity recovered (Fig. 8). 1In other
experiments, no change was seen after 19 days and 55 days of castration
(Figs. 9 and 10). Differences between the distributions in these exper-
iments are small relative to the amount of variability between indivi-

dual intact males (Fig. U4).

The proportion of activity in the H peak was examined in detail
(Table 2). Intact males had 11.6% of AChE activity in the H peak (range
of 8.1 to 17.2% means and ranges for four birds), while castrates had

13.6% (8.9 to 21.0%) and T-treated castrates had 11.6% (5.9 to 14.3%).
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Figure T: Sucrose density gradient analysis of syringeal AChE from an
intact male zebra finech (o), two castrated males (x and X) and a cas-
trated male treated with testosterone (¥). Activity is expressed as
specific activity in pmoles/hr/mg of protein. Homogenization as in the
legend to Fig. 2. Castrated 32 days before sacrifice, implanted with
testosterone 25 days after castration. This data corresponds to Experi-

ment 2 of Table 2.
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Figure 8: As in Fig. T, but here activity is expressed as proportion of

total activity recovered from the gradient in per cent.
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Figure 9: Another comparison of AChE forms in intact (o), castrate (X)
and testosterone-treated castrate (¥*) males. Syringeal AChE is
expressed as proportion of total activity in per cent. In this experi-
ment, the homogenizing buffer did not contain protease inhibitors. Birds
were castrated 19 days before sacrifice, implanted with testosterone 1

day after castration. This data corresponds to Experiment 1 of Table 2.
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Figure 10: As in Fig. 9, but birds were castrated 55 days before sacri-
fice, implanted with testosterone 12 days after castration. This data

corresponds to Experiment 3 of Table 2.
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TABLE 2

EFFECT OF CASTRATION ON ACHE FORMS

EXPERIMENT ! INTACT CASTRATE CASTRATE + T
]
i (Proportion of AChE in H peak,
! as per cent of total activity)
]
!
1 ! 10.79 8.92 12.02
]
2 i 17.19 20.95 14,28
! 8.09 12.74 14.16
3 ; 10.35 11.67 5.86
|
i
(s.D.) i (3.91) (5.18) (3.95)
]

Table 2: Effect of castration on distribution of AChE molecular forms

Effect of castration and testosterone therapy on the proportion of H
form in the syrinx of adult male zebra finches. Values are the per cent
of total AChE activity recovered from the the gradients in the H peak.
Each entry represents one gradient run on one syrinx. Various buffers
were used. In Experiment 2, protease inhibitors were included in the
homogenizing buffer. Mean and standard deviations for the four birds
are presented in the last row. In experiment 1, birds were castrated 19
days before sacrifice énd received a silastic implant of testosterone 1
day after castration. In experiment 2, birds were castrated 32 days
before sacrifice and received implants 7 days after castration. Two
birds were included in each group in this experiment. 1In experiment 3,
birds were castrated 55 days before sacrifice and received implants 12

days after castration.
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2.4. DISCUSSION

The distribution of molecular forms of AChE in the zebra finch is
similar to those reported for other vertebrates (59; 60; 62; 64; 70). At
least 4 forms of the enzyme are clearly resolved. Curiously, the sedi-
mentation coefficients of these forms are more similar to those reported
for mammals (60; 64; 63; 69) than for gallinaceous birds (chicken 64;

70; quail 73).

In the rat, the most rapidly sedimenting form of AChE is specifi-
cally associated with the region of the motor endplates (60) however, it
does not have this restricted distribution in chicken (67) and human
muscle (63). I have not determined if the H form is restricted to the
endplate region in zebra finch muscle. As in other species (60; 61),
the heavy form of AChE is markedly reduced following denervation, and

thus appears to be specific for innervated muscle.

As in other species, the distribution of AChE forms in the 2zebra
finch varies between individual birds, and more dramatically, between
muscles (67; 68). It may be that these differences reflect differences
in the muscle fiber types and structure of endplates in these muscles.
Silman et al. (68) suggested that the H form of AChE was most common in
twitch muscles and relatively less abundant in slow-tonic muscles such
as the anterior latisimus dorsi. Cholinesterase staining and autoradio-
graphic visualization of acetylcholine receptors suggest that the syrinx
contains both multi-terminal fibers and single terminal fibers (see
below, Section 6.2.3.2). Since multi-terminal fibers are also slow-
tonic fibers, while single-terminal fibers are generally twitch fibers,

this may be the reason for the higher proportion of the H peak in the
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hyoid and larynx than in the syrinx.

In contrast to the changes in distribution of AChE forms which fol-
low denervation, variations in testosterone levels have no apparent
effects on the distribution of AChE forms in the syrinx, despite large
changes in total AChE activity. After castration, specific activity of
AChE in the syrinx decreases on average by 40% of intact levels (58),
but this decrease affects all forms of the enzyme to the same degree.
This is true at three, four and seven weeks after castration. I cannot
rule out a temporary change in the distribution of AChE forms at times
earlier than three weeks, such as would be caused by differences in the

turnover rates of the different forms.

There are many potential mechanisms for the action of testosterone
on AChE in the syringeal muscles. All forms of AChE can be produced by
both muscle (73; 74) and motoneurons (75; 76), and both syringeal mus-
cles and their motoneurons have receptors for androgens (57; 56). There-
fore, testosterone may act on either muscle or motoneurons to increase
the activity of the various forms of AChE. 1In other experiments, tes-
tosterone caused a small increase in AChE activity in denervated syrinx,
suggesting that at least some of its actions are not mediated by the

nerve (see below, Section 4.3.4).

The contrast between the effect of denervation and reinnervation
with the effect of castration and testosterone treatment may have impor-
tant implications for the mechanism of regulation of the distribution of
AChE activity among the molecular forms. The structures of AChE forms

has been examined in detail in Torpedo (77) and Electrophorus (65).

These include three globular forms; monomers, dimers and tetramers of



- 31 -

catalytic subunits; and various asymmetric or tailed forms, with globu-
lar tetramers attached to a collagen-like tail. Kinetic studies have
shown that the catalytic activity and pharmacology of each of the forms
is identical, suggesting that the catalytic sites are identical (60; T78;
70). The structures proposed for the forms in electric fish are con-
sistent with what is known about the properties of the forms found in
other vertebrate tissues (64; 66). In muscle, the form which sediments
the most rapidly upon rate-zonal sedimentation (the H form here) prob-
ably corresponds to the largest of the asymmetric forms of Electrophorus
(64; 70). This form consists of 3 tetramers of catalytic units linked to
a collagen-like tail (65). It has been suggested that the asymmetric
forms are anchored in the muscle basal lamina by their collagen-like
tails (79; 77; 80). The mechanism of assembly of the tail with the cata-

lytic subunits is unknown.

Knowledge of the structure of AChE naturally leads to hypotheses on
the manner of assembly of the molecular forms. One possible mechanism
for the appearance of several molecular forms is that these forms are
the result of transcription of separate gene products. Alternatively,
large, rapidly sedimenting forms might be the result of post-
transcriptional modifications, and the process of assembly of these
forms might be independent of the synthesis of catalytic subunits. This
hypothesis is supported by the demonstration that the distribution of
forms of AChE and pseudocholinesterase change in a similar manner after
denervation and in the dystrophic condition in chickens (81). The cata-
lytic sites of these two enzymes are immunologically distinct (82), so
parallel regulation suggests that these different catalytic sites may be

subject to a common assembly process. If this were the case,
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innervation and muscle activity would presumably regulate this assembly

process as well as changing the total number of catalytic sites (83).

If the molecular forms arise by post-transcriptional assembly, then
in the syringeal muscles, testosterone must increase the number of AChE
catalytic subunits available for assembly into all of the molecular
forms, without affecting the assembly process itself, while denervation
must cause an increase in synthesis of catalytic subunits, but prevent
assembly of these subunits into heavy forms of AChE. Alternatively, if
the various molecular forms of AChE are the products of distinct genes,
then testosterone must affect transcription of all of these genes
equivalently, while denervation must affect transcription of each gene
differently. The final choice between these alternatives must await
further studies on the mechanism of synthesis and assembly of the forms

of AChE.

2.5. SUMMARY

I measured the distribution of molecular forms of acetylcho-
linesterase (AChE) in muscles of the zebra finch and found a pattern
similar to those reported from other species. As in other species, the
most rapidly sedimenting form of the enzyme decreases to barely detect-
able levels following denervation. Castration causes a large decrease
in AChE activity, but has little or no effect on the relative abundance
of AChE forms in the syrinx. This suggests that the number of AChE
catalytic sites is changing without affecting the distribution of cata-
lytic sites among the molecular forms. This is in marked contrast to
the effect of denervation in the syrinx, which causes changes in the

distribution of activity, as well as in the total activity of AChE.
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It had been hoped that a study of the effect of alterations in
androgen levels on the distribution of AChE forms in the syrinx would
help to characterize the effect of androgens on the neuromuscular junc-
tions in the syrinx. However, because of the variability between
species in the restriction of the heavy form of AChE to the endplate,
and the-lack of any difference in the response of the heavy form and the
lighter forms, it is unclear what these results imply about effects of

androgens on synapses in the syrinx.
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3. CHAPTER III: ASSAYS FOR ACETYLCHOLINE RECEPTORS
3.1. INTRODUCTION AND REVIEW

In a further effort to characterize the effect of androgens on the
neuromuscular junctions in syringeal muscles, I chose to examine the
effect of castration and testosterone treatment on the number of acetyl-
choline receptors (AChRs) in the syrinx. For this purpose, I perfected
an assay for AChR number which was sensitive enough to measure the low

number of AChRs in the syrinx.

Methods for the quantification of specific receptors using high-
affinity radiolabelled ligands have received increased attention in
recent years as a result of the availability of many new ligands with
high affinities for novel receptor species. An extensive literature has
appeared on the theory and methods of receptor-binding assays (see 84).
All of these techniques rely on the same basic principle. A preparation
containing an unknown quantity of the receptor of interest, along with
other material, is incubated with a high concentration of a radiola-
belled ligand with predetermined specific activity. After equilibrium
has been achieved, the "bound" ligand is rapidly separated from the
unbound or "free" ligand by one of a variety of techniques. The
radioactivity of the bound ligand is then determined. As a control for
the presence of other binding-sites which are not of interest, binding
is also measured in the presence of competitors which specifically block
the binding of the ligand to the binding-site of interest, while having
little or no effect on interactions of the ligand with other binding
sites. The difference in binding of ligand in the presence and absence

of the competitor is the "specific" binding; a measure of the amount of
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binding of ligand to the receptor site of interest. For most ligands
and receptors, the assay must be repeated at a variety of concentrations
of ligand, in order to determine the affinity of ligand and receptor and
the absolute number of binding sites present. 1In the case of irreversi-
ble binding, such an analysis is not necessary, since "equilibrium" is
achieved only when all of the binding sites are occupied with ligand.
However, in this case it must be shown that assay conditions insure
saturation of the binding sites; that is, that all of the sites are

occupied by ligand under the conditions of the assay.

Alpha-bungarotoxin binds to the nicotinic AChR of vertebrate mus-
cles and of the electroplaques of electric fish (85) with high specifi-
city, that is, the toxin interacts with much lower affinity with other
proteins. The binding of ot-bungarotoxin to the AChR is also of
extremely high affinity, and has such a slow rate of release that it can
be considered in most applications to be irreversible (86; 87). Alpha-
bungarotoxin is a small peptide of 8,000 dalton molecular weight with a
single tyrosine. It can be radiolabelled with either iodine-125 (88) or
tritium (89). After these labelling procedures, the toxin retains its
receptor binding activity, making it an ideal reagent for receptor bind-

ing assays for nicotinic AChR.

Several assays using radiolabelled bungarotoxin have been published
in the last decade, and several of these were explored in theory or in
practice in the search for an optimal assay for measuring AChR in mus-
cle. The existing assays fall roughly into two groups, depending on
whether the source of the AChRs are membrane vesicles or detergent solu-

bilized preparations. Membranes containing AChRs which have bound
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radiolabelled toxin can be separated from unbound toxin by filtration
(90; 91), by centrifugation (92; 93) or by separation on the basis of
charge (94). Solubilized AChRs can be separated from unbound toxin on
the basis of the difference in the size of these molecules (95; 96), the
difference in their solubility in ammonium sulfate (97; 98), or the

difference in their charge (99; 100; 101; 94).

Preliminary experiments with the syrinx indiéated that substantial
loss of o -bungarotoxin binding occurred when membrane preparations were
prepared by homogenization and sieved through 2 layers of fine nylon
mesh, as compared with the binding in detergent extracts of minced
syrinx which were strained after extraction (approximately a 45% loss).
This suggested that homogenates of syrinx prepared without detergents
retained substantial amounts of large particulate material. Therefore,

I concentrated on assays designed for detergent solubilized AChRs.

The difference in charge between the toxin and the receptor
molecules has proved to be the most generally useful basis for assays of
solubilized AChRs. Such assays rely on the fact that the iso-electric
point of X-bungarotoxin is relatively high (9.2 pH units), while the
iso-electric point for the complex of receptor and toxin is relatively
low (4.9 for Torpedo AChR; 99). This fact is the basis for a simple,
rapid assay used to quantify AChRs solubilized from fish electric organ
(99; 100). This assay utilizes anion-exchange paper discs, which tightly
bind the receptor-toxin complex, while allowing unbound toxin to be
removed by extensive washing. The paper discs themselves are then
counted to measure the amount of toxin bound to receptor. Unfor-

tunately, this assay requires relatively large concentrations of recep-
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tors for a high ratio of specific to nonspecific binding (the signal to
noise measure of receptor binding assays),'since substantial toxin binds
to the paper in the absence of AChRs. Preliminary studies indicated
that the high blank in this assay made it unreliable for determination
of AChR number in syrinx extracts. A simple modification of this assay
greatly reduces the blank, making it possible to use the assay for the
quantification of AChR number in muscle extracts (101). Unfortunately,
the recovery of toxin-receptor complexes is low; only 55% are retained

on the anion-exchange paper.

An assay which relies on a cation-exchange resin proved to be reli-
able and relatively easy, and was chosen as the standard assay for the
studies which follow. This assay was proposed by Kohanski et al. (94%)
and utilizes mini-columns of carboxymethyl-cellulose resin. The incuba-
tion mixture of toxin and toxin-receptor complexes is applied to these
mini-columns, which bind the free toxin but allow the anionic toxin-
receptor complexes to flow through. The complexes are eluted directly
into vials for counting. While construction of disposable mini-columns
is time consuming, this assay offers the advantage of excellent yields
(up to 83%, see below) and low blanks (less than 0.2% of the applied
toxin). In addition, regeneration of ion-exchange resin allows mini-
columns to be re-used, making this assay simple and convenient. This

assay was used for all of the AChR measurements described below.

3.2. CHARACTERIZATION OF THE ACETYLCHOLINE RECEPTOR ASSAY

3.2.1. Preparation of Radiolabelled &-Bungarotoxin

Alpha-bungarotoxin (Boehringer-Mannheim) was routinely iodinated by
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a modification of standard procedures (88). 0.1 ml of 1 mg/ml toxin was
mixed with 2-3 mCuries of Na'25I (Amersham) in about 5 ul. Iodination
was begun with 0.1 ml of 0.05% Chloramine T and terminated after 60 sec
by addition of 0.1 ml of 0.1% Na metabisulfite, followed by 0.2 ml of 1%
KI. Free iodide and toxin were then separated on a Sephadex G-25
column. The first peak was collected, mixed with phenol red as a marker

and applied to a column of CM-52 cellulose for further purification as

described below.

The amount of free radiolabel eluted from mini-columns in the
absence of AChR (the "blank") was unacceptably high when commercial
[1251]-o<-bungarotoxin (New England Nuclear) was used, amounting to 10.5
to 13.1% of applied counts. Molecular sieve chromatography of the
radiolabelled toxin on Sephadex G-10 did not remove these contaminants,
but purification on a CM=52 column with step-gradient elution reduced
the blank substantially, to 0.65-0.75% of applied counts. Since gra-
dient elution provided the added advantage over step elution of allowing
separation of mono- and di-iodinated toxin and improving specific
activity by removing some un-iodinated toxin, gradient elution of iodi-
nated toxin from CM-52 columns was used routinely to further purify both
freshly radiolabelled toxin and radiolabelled toxin purchased from New
England Nuclear (102). This procedure reliably produced toxin of high
purity, with blanks of 0.1-0.2% of the applied counts. The radiola-
belled toxin was made 0.1% in bovine serum albumin (BSA), aliquoted into
plastic tubes, frozen over liquid nitrogen and stored at -40° C until

needed.

Specific activity of the toxin, used to convert counts to moles of
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toxin-binding sites, was determined by a radio-receptor assay using
crude Torpedo electroplaque membrane extract as a source of receptor
(see below). Radiolabelled toxin was mixed with various known concen-
trations of unlabelled ot-bungarotoxin (Miami Serpentarium) and after
mixing, AChR was added. When the concentration of radiolabelled toxin
exactly equals the known concentration of unlabelled toxin, the binding
of radiolabelled toxin will be half-maximal. It should be noted that
this assay, while more accurate than measuring protein concentration of
labelled toxin, still relies on the assumption that all label is on
active toxin. 82-97% of radiolabelled toxin can be recovered from CM-52
mini-columns in the presence of excess AChR, suggesting that this is not
a large source of inaccuracy. Despite this fact, absolute measurement
of receptor number in a standard of AChR from Torpedo electroplaque
extract varied over 5 fold when different preparations of radiolabelled
toxin were used, and it is likely that inaccurate determination of toxin

specific activity is one source of this variability.

Purified toxin was generally used within one half-life and always
within two half-lives of iodination. The amount of radiolabel in these
preparations which reacted with AChRs decreased by approximately 17% in
two half-lifes, while specific activity changed negligibly, relative to

that predicted from radioactive decay.

Torpedo electroplaque membrane extract was the generous gift of Dr.
Lee Rubin (Rockefeller University, N.Y., N.Y.). It was prepared by
homogenization of diced electroplaque in 1.0% Triton, 5mM Tris HCl1l, pH
7.4 and a cocktail of protease inhibitors. This homogenate was then

extracted for 30 minutes at 4° C and spun for 60 minutes at 18,000 rpm
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in a Beckman SS34 rotor (average 39,000 X g). The supernatant was made

0.1% in Thimerosol and stored at 4° C.
3.2.2. Extraction of AChR

A variety of procedures have been used to extract AChRs from ver-
tebrate muscle (96; 103; 104). Chiu et al. (105) compared the extraction
of [3H]-<X-bungarotoxin bound to mouse diaphragm under a variety of con-
ditions. They found maximal solubilization (85% of bound -

bungarotoxin) after extraction in 1.5% Triton at 27° C for 3 hours.

I chose to extract AChRs in 1.5% Triton X-100. The effect of
extraction time and temperature (4° or 30° C) was examined. Incubation
of homogenates at 30° C gave maximal specific binding after between 30
and 100 min. No additional AChR was extracted from the high-speed pel-
let remaining after extraction by an additional 60 min at 30° C. 1In the
experiments described below, muscle homogenate was extracted in Extrac-
tion Buffer (1.5% Triton X-100, 50 mM sodium phosphate, pH 7.4) at 30° C
for 1 hour, after which insoluble material was removed by centrifuga-

tion.

3.2.3. Incubation Time

Using syrinx extracts as a source of AChR, I optimized the parame-
ters of the bungarotoxin binding assay. The optimal incubation time was
determined by examining the total specific binding and the ratio of
specific to non-specific binding. Extracts with low concentrations of
AChﬁ were incubated with 680 pM [125I]— x=-bungarotoxin for various
times. Nonspecific binding was determined in the presence of 2.2 uM

gallamine. Under these conditions, specific binding rose for 3 hours
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and was unchanged between 3 hours and 5 hours. In subsequent experi-
ments, 3 hour incubations were used as standard condition, with toxin
concentrations of 400 pM to 1 nM. There was negligible increase in

specific binding with increasing toxin concentrations, as long as free

toxin concentration (total minus bound) remained above 100 pM.

3.2.4. Competition

Because of concern about the possible differences between saturable
binding and specific binding, I chose not to use unlabelled -
bungarotoxin as a competitor, but rather to use a nicotinic antagonist
of another class. Preliminary experiments suggested that curare caused
unusual effects at concentrations of 100uM and above, lowering the blank
in membrane filter assays considerably, perhaps by precipitating -
bungarotoxin. Instead, the synthetic curarine, gallamine was used. Con-
centration dependence of inhibition of binding indicated that there was
no difference in inhibition in the presence of 100 uM to 1 mM gallamine
after up to 5 hours of incubation in the presence of 650 pM [1251]1-ox-
bungarotoxin. Nonspecific binding (defined as binding occurring in the
presence of saturating concentrations of gallamine) amounted to 14% of
the total binding. Binding was also measured in the presence of 100 nM
unlabelled X-bungarotoxin. Unsatuarable binding (defined as binding
occurring in the presence of excess unlabelled (X-bungarotoxin) was 34%
lower than nonspecific binding, amounting to 9% of total binding. This
suggests that some small number of saturable sites for (X-bungarotoxin
may not be competable with gallamine under these conditions. Since this
nonspecific, saturable binding amounted to only 11% of the specific

binding, this phenomenon was not pursued.
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3.2.5. Preparation of Mini-columns

The preparation of mini-columns was based on the protocol of Kohan-

ski et al. (94) with modifications. Carboxy-methyl cellulose resin
(Whatman CM-52) was equilibrated in Column Buffer (0.01% Triton, 1 mM Na
phosphate, pH 7.2, 0.01% Thimerosol) by repeated washing. Conductivity
was measured to determine equilibration. Mini-columns were poured from

a slurry of approximately 1 g wet resin per 2 ml slurry voclume.

Disposable columns were made from Fisher Pasteur pipets with small
glass-wool plugs. These were filled with settled resin to a height of
6.0 cm and rinsed with 1 ml of Column Buffer. Mini-columns were
prepared within two hours before application of samples. In some
assays, reusable mini-columns were used. These were constructed from
micro-tulip tubes (8 mm internal diameter, 10 cm long, Radnoti Glass)
plugged with a 4 mm glass bead and filled to a height of 3.0 cm with 1.8
ml of settled resin. After use in an assay, free toxin was eluted from
the resin with 5 ml of 100 mM sodium phosphate, pH 7.2, after which
columns were washed with 10 ml of Column Buffer and stored in Column

Buffer.

3.2.6. Estimate of Yield of AChR from Mini-Columns

The yield of toxin-receptor complex from the mini-columns was
estimated by determining the recovery of known quantities of toxin-
receptor complexes applied to the columns under standard conditions.
Complexes were formed by incubation of Torpedo electroplaque extracts
with [1251]-C&-bungarotoxin and removing free toxin on CM-52 mini-

columns. The composition of the solution containing these purified com-
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plexes was adjusted to match the composition of the standard incubation
mixture, and this mixture was counted, then applied to a second mini-
column and eluted under standard conditions, and the eluate counted. In
the absence of a pre-wash, recovery from columns varied between 58% and
76%. It was found that yield could be improved by pre-washing the
mini-columns with 1 ml of 1% BSA. This increased yield to 79-88%.

These estimates of yield were employed in calculations of the absolute

quantities of AChR in muscles.

3.2.7. The Acetylcholine Receptor Assay Protocol

Extracts of muscle were thawed and 25 ul of each extract in Extrac-
tion Buffer was added to 125 ml of 0.1% bovine serum albumin (BSA) and,
in some tubes, 0.56 mM or 1 mM gallamine triethiodide as a control for
nonspecific binding, all in 10 mM sodium phosphate, pH T7.2. Tubes were
incubated for 45 minutes at room temperature after which a solution con-
taining radiolabelled X-bungarotoxin was added to the reaction mixture
for a total volume of 250 ul containing 0.15% Triton X-100, 0.07% BSA,
400 pM [1251]-cx—bungarotoxin and 280 or 500 uM gallamine (when
present), in 14 mM sodium phosphate, pH 7.2. Reaction mixtures were
incubated for three hours at room temperature to permit saturation of
the receptors with toxin, and the bound and free toxin were then
separated by ion-exchange chromatography as follows; 0.2 ml of the reac-
tion mixture was applied to a mini-column of cation exchange resin
(described above) and the reaction mixture was washed in with 0.2 ml and
eluted with 2.4 ml of Column Buffer. The entire 2.8 ml of eluate was
collected in glass scintilation vials and counted in a Packard Auto-

Gamma counter at 48% efficiency. Nonspecific binding, determined in the
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presence of gallamine, was subtracted from total binding to calculate
specific binding. The recovery of Torpedo electroplaque receptor was
used to estimate yield of AChR from the columns and this correction was

used in all calculations.
3.2.8. Linearity

In the presence of 610 pM [1251]-6K-bungarotoxin and with extract
of syrinx as a source of AChR, the AChR assay proved to be linear with
increasing protein concentration in the incubation mixture, from 0 to 92
ug/ml protein (23 mg) and above, corresponding to O to 140 pM AChR (35
fmoles). Subsequent experiments demonstrated that, in the presence of
500 pM labelled toxin and with electroplaque extract as the source of
AChR, binding was linear to 160 pM (40 fmoles), but then gradually flat-
tened to a plateau above 1 nM AChR. Data was not used if the concentra-
tion of AChRs exceeded 30% of the concentration of total labelled toxin

in the reaction mixture.
3.3. OTHER ASSAYS

Acetylcholinesterase was measured according to the method of John-
son and Russell (71; 58), with 230 uM tetraisopropylpyrophosphoramide
included in the reaction mixture to inhibit nonspecific cholinesterase.
The source of homogenates for measurement of acetylcholinesterase (AChE)
varied from one experiment to another, as noted in the text. In most
experiments, an aliquot of each homogenate was taken for AChE measure-
ment before incubation to extract AChR. These homogenates were spun for
2 min at maximum speed in a Beckman Model 152 microfuge. 1In some exper-

iments, AChE activity was measured in the same extracts used for meas-
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urement of AChR. Incubation of the extracts for one hour at 30° C did

not decrease AChE activity. Protein was determined by the method of

Lowry (72).
3.4. MMARY

Conditions for extraction of AChR from muscle and for measurement
of the binding of [1251]-0(-bungarotoxin in these extracts were studied.
For further investigations on AChR number in muscle, an assay was chosen
which involves solubilization of muscle with non-ionic detergent, incu-
bation of the resulting extract with [12513-c(-bungarotoxin and separa-
tion of bound and free toxin on mini-columns of cation-exchange resin.
This assay is sensitive enough to measure the small amounts of AChR in a
single zebra finch syrinx. Therefore, it was possible to investigate
the effect of alterations in the levels of circulating androgens on the
number of acetylcholine receptors in the syrinx, in an effort to further

characterize the effects of androgens on synapses in syringeal muscles.
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4. CHAPTER IV: ANDROGEN EFFECTS ON SYNAPTIC COMPONENTS IN THE SYRINX

L4.1. INTRODUCTION

In innervated muscles, acetylcholine receptors (AChRs) are gen-
erally localized in the muscle membrane in the junctional region (106;
92; 107; 108; 109) and are absent from motor nerve terminals (110).
Thus, measurement of changes in total AChR number provides an assay for

postsynaptic effects of alterations in androgens.

Since both the synthetic and degradative enzymes responsible for
metabolism of the transmitter acetylcholine decrease in the syrinx after
castration (58), I reasoned that the number or size of synapses might
decrease after castration, and therefore that the number of AChRs might
also decrease. Alternately, if castration exerted its effect on the
syrinx by decreasing neuromuscular activity, then castration might cause
supersensitivity of the muscles, and the number of AChRs might increase
(106; 111). To determine which of these alternatives is correct, I meas-
ured AChR number under conditions of hormonal change. I then went on to

further characterize the response of the syringeal muscles to changing

hormonal levels.

4.2. METHODS

4.2.1. Animals

Zebra finches were obtained from Canary Bird Farms, 0l1d Bridge, New
Jersey. All birds were in full adult plumage and good health. Birds
were castrated, implanted and denervated as previously described (Sec-

tion 2.2). Purified AChR from Torpedo electroplaques was the generous
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gift of David Anderson, Rockefeller University.

4.2.2. Assays with Muscle Extracts

Birds were sacrificed by decapitation and syrinxes removed as pre-

viously described (Section 2.2).

For preparation of muscle extracts, tissues were weighed on ice,
rinsed in ice cold phosphate-buffered saline and homogenized in 20
volumes of Extraction Buffer (1.5 % Triton X-100, 50 mM sodium phos-
phate, pH 7.2) on ice in a 2 ml ground glass-glass homogenizer (VWR,
Philadelphia). Homogenates were stored on ice until dissections were
completed and an aliquot was then removed for determination of acetyl-
cholinesterase (AChE) activity. The remainder was then incubated at
30°C for one hour and centrifuged for one hour at 4°C in a Beckman 50 Ti
rotor at 37,000 rpm or for 10 minutes at room temperature in a Dynac II
clinical centrifuge with #271 rotor (Clay Adams) at 2,500 rpm (888 X g).
Pellets were discarded and supernatants were frozen over liquid nitrogen

and stored at - 40°C until assayed for toxin binding.

AChE activity was measured as previously described (Section 3.3. I
would like to thank Eveline Schmidt, Joseph Rhodes and Dr. Victoria
Luine for performing the AChE assays presented in this chapter). AChR
number was measured as binding of [1251]-&-bungarotoxin with the
cation-exchange mini-column assay described above (Section 3.2.7). Non-
specific binding was measured in parallel incubations in the presence of
0.6 to 1.0 mM gallamine. 1In all experiments except the binding curve,
mini-columns were prewashed with 0.8 ml of 1.0% bovine serum albumin

before application of samples to increase the yield of AChR from the
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columns. Estimates of yield were used in calculations of AChR number
(Section 3.2.6). Protein was determined by standard methods (72). Sta-
tistical tests were performed according to planned comparisons using the
Student's t-test, corrected for unequal variances when required, or by

two-level ANOVA (112).

4.3. RESULTS
4.3.1. Sex Difference in AChR Number

The first experiment examined sex difference in the syrinx and
revealed differences in the binding of o(-bungarotoxin, as well as in
the weight and protein content of the syrinx. As in previous studies,
there was a two-fold difference in the weight and a three-fold differ-
ence in the Triton-extractable protein content of the syrinxes of males
and females (58, Fig. 11). In addition, extracts of male syrinxes bound
3.8 times as much ®-bungarotoxin as extracts of female syrinxes (Fig.

1.

Further experiments were done to determine whether the sex differ-
ence in toxin binding to syringeal extracts was the result of a differ-
ence in the number of toxin-binding sites or a difference in the kinet-
ics of interaction of the toxin with receptors in male and female
extracts. Extracts of male and female syrinxes were diluted to equal
concentrations of toxin-binding sites. Binding curves were obtained for
the two diluted extracts by incubating them with various concentrations
of toxin and measuring bound toxin as described. Male and female bind-
ing curves are essentially superimposable (Fig. 12), indicating that

there are no differences in the kinetics of toxin interaction with male
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Figure 11: Bar graphs demonstrating the sex difference in the weight
(A), protein content (B) and AChR number of the syrinx of the zebra
finch. Means and standard error of the mean (SEM) of 10 males and 10

females.
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Figure 12: Binding of [12513-Ci-bungarotoxin to AChRs from male and
female zebra finches. Extracts of several syrinxes from males and
females were separately pooled and diluted to 390 pM of toxin binding
sites. These pooled extracts were then incubated at a 1/10 dilution
with various concentrations of [1251]-0(-bungarotoxin in the presence
(lower curve) or absence (top curve) of 112 uM gallamine. After three
hours, bound and free toxin were separated as described in the text
(Section 3.2.8) and bound toxin was counted and converted to concentra-
tion of bound toxin. Note that the same concentration of toxin-binding

sites was included in all incubations.
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and female receptors. This indicates that the difference in toxin bind-
ing between male and female reflects a difference in the number of
toxin-binding sites; that is, AChR number. 1In other experiments, syrinx
muscle extracts were found to have no effect on the binding of &-
bungarotoxin to purified AChR from Torpedo electroplaques, suggesting
that syrinx extracts do not contain endogenous inhibitors of toxin bind-

ing which might affect measurement of AChR number.

4.3.2. Specificity of Testosterone Effect

In order to examine the specificity of the testosterone effect on
the muscles of the syrinx, testosterone's effect on the syrinx was com-
pared to its effect on the muscles of the larynx. No effect of testos-
terone was observed on these muscles. After 9 days of testosterone
treatment, no increase in protein content or AChR number in the larynx
was seen (Table 3). This result resembles the lack of a castration

effect on muscles of the hyoid complex (58).

In the same experiment, the effect of testosterone on syringeal
muscle was compared with the effect on syringeal connective tissue. The
muscle was dissected away from underlying cartilaginous rings, and the
muscle-fraction and cartilage-fraction were assayed separately for pro-
tein, AChE and AChR. The cartilage-fraction contained little AChR (3.4%
of total for control females) or AChE (9.9% of total for control
females), suggesting that it contained little contaminating muscle (Fig.
13). Testosterone treatment for 9 days did not affect the cartilage-
fraction protein content, although a significant 2.3 fold increase of
muscle-fraction protein was observed (p < 0.025). Treatment of females

with testosterone increased total AChR number 2.1 fold (p <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>