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Agrin is an extracellular matrix protein that has been im-
plicated as a synaptogenic agent in the peripheral and cen-
tral nervous systems. Both the level of expression and pat-
tern of alternative splicing of agrin mRNA are develop-
mentally regulated. As a step toward identifying signals
important in regulating agrin gene expression in nenrons,
we examined the effects of postganglionic axotomy or pre-
ganglionic denervation on agrin mRNA levels and alterna-
tive splicing in ciliary ganglia of posthatch chicks. In
comparison to unoperated age-matched controls, in situ
hybridization with a pan-specific agrin ¢RNA probe dem-
onstrated a significant decrease in neuronal agrin mRNA
expression as a result of axotomy. Reverse transcription-
polymerase chain reaction analysis demonstrated that
axotomy also resulted in changes in the pattern of
alternative splicing of agrin mRNA. Underlying these
changes are decreases in the molar amounts of transcripts
encoding the neuron-specific isoforms agrin8 and agrinl9,
homologous to rat agrin proteins that have high AChR ag-
gregating activity. Similar, but less dramatic changes in
agrin expression following axotomy were also observed in
unoperated neurons on the contralateral side. In contrast,
the only significant change in agrin gene expression follow-
ing ganglionic denervation was a small decline in the rela-
tive abundance of agrin 8 mRNA in operated versus unop-
erated age-matched control ganglia. Major changes in
agrin gene expression following axotomy but not denerva-
tion are consistant with the notion that agrin synthesized by
ganglionic neurons exerts its effects in the periphery rather
than at synapses formed between ciliary ganglion neurons
and their preganglionic input. These data suggest that the
pattern of alternative splicing and the absolute amount of
agrin mRNA in ciliary ganglion neurons may be regulated
by target tissue interactions. © 1995 Acsdemic Preas, Ine.

INTRODUCTION

An early event in the development of the neuromus-
cular junction is accumulation of AChR? at the site of

1To whom correspondence should be addressed at Department of
Anstomy and Neurcobiology, University of California Irvine, Irvine,
CA 9271%. Telephone: (T14) §24-7079.

? Abbreviations used: RT-PCR, reverse iranseription-polymerase
chain reaction; PCR, polymerase chain reaction; AChR, acetylcholine
receptor; E, embryonic day; P, posthatch day.
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nerve-muscle eontact. Initially, a high-density region of
AChR appears as a patch of receptors that extends be-
yond the point of nerve-muscie contact. However, as de-
velopment proceeds, AChR become increasingly re-
stricted in the muscle fiber membrane to the region in
immediate contact with the motor nerve terminal. Dur-
ing this same period, the shape of the receptor patch also
changes, mirroring changes in the morphology of the
maturing nerve terminal. Numerous studies have shown
that these and other aspects of the spatial and temporal
differentiation of the neuromuscular junction are coor-
dinated during development by signals exchanged be-
tween motor nerves and the skeletal muscle fibers they
innervate (reviewed in Hall and Sanes, 1993; Connor and
Smith, 1994).

A large body of evidence suggests that agrin, a neu-

"rally derived protein, directs the accumulation of AChR

at the neuromuscular junction (reviewed in McMahan,
199¢; Bowe and Fallon, 1995). Moreover, the observation
that agrin mRNA is also present in the brains and pe-
ripheral ganglia of chicks and rodents suggesis a
broader role for agrin as a synaptogenic protein not lim-
ited to spinal motor neurons (Rupp et al., 1991; Hoch et
al, 1993; Thomas et al., 1993; Ma ¢t al, 1994; O’Connor et
al, 1994). Previous studies have shown that alternative
aplicing of exons encoding 8 and 11 aminoe acids at a re-
gion referred to as B in chick (McMahan et ol, 1992,
Ruegg et al, 1992; Tsim ef ¢k, 1992) or 2 in rodent {(Ferns
et al, 1992; Hoch et al., 1998) gives rise to agrin proteins
(agrin0, —8, 11, and ~19) that differ in their AChR ag-
gregating activity (Ferns et al, 1992; Ruegg ¢t al., 1992;
Tsim et al, 1992).

Analysis of the agrin mRNA profiles of single chick
ciliary ganglion cells (Smith and O’Dowd, 1994) has
demonstrated that agring, —11, and —-19 mRNAs are ex-
pressed only by neurons. The chick agrinll form has
been shown to have high AChR aggregating activity
(Ruegg et al., 1992; Tsim et al, 1992) and based on studies
of the homologous isoforms in rat (Ferns et al, 1992),
chick agrin8 and —19 are likely to have high activity
also. In eontrast, agrind mRNA, which lacks both the &-
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and 1l-amino-acid alternatively spliced exons and en-
codes a protein with low AChR aggregating activity
{Ferns et ai,, 1992; Ruegg et af, 1992, Tsim ef al., 1992),
is present in neurons and nonneuronal cells (Smith and
O’Dowd, 1994). Moreover, in the chick ciliary ganglion, a
parasympathetic ganglion that innervates musecle fibers
in the eye, agrin gene expression and alternative splic-
ing are regulated such that the levels of agrin mRNA
encoding agrin proteins with the greatest AChR aggre-
gating activity are highest during synapse formation
with the target tissue (Thomas et al, 1993; Smith and
O'Dowd, 1994). Observation of a complex pattern of
agrin mRNA expression in developing rat brain and spi-
nal cord (Hoch et al, 1993), similar to that seen in the
chick ciliary ganglion, suggests that the ordered expres-
sion of the different agrin isoforms is funectionally im-
portant and subjeet to regulatory control. While in prin-
ciple, signals regulating agrin gene expression may be
purely intrinsic to the cell, the complexity and timing of
agrin gene expression in the nervous system suggest
that some extrinsic signal is also likely to play a role. We
have begun a series of experiments aimed at identifying
these signals,

The accessibility of the chiek eiliary ganglion to sur-
gical manipulation provides a unique opportunity to ex-
amine the role of cell-cell interactions in regulating
agrin gene expression (for example see Jacob and Berg,
198T; Boyd et al, 1988; McEachern et al., 1989). For these
studies preganglionic inputs or postganglionic connec-
tions with target tissues were surgically transected in
ciliary ganglia of newly hatched chicks. Whereas loss of
afferent input to the ganglion has relatively little effect
on agrin gene expression, both the level of agrin mRNA
and pattern of alternative splicing in ganglionic neurons
are strongly influenced by postganglionic axotomy, sug-
gesting a role for target tissues in regulating neuronal
agrin gene expression.

MATERIALS AND METHODS
Surgical Procedures

The experimental paradigm was essentially the same
as that used previously to examine the role of afferent
input and target dependence of neurotransmitter recep-
tor expression in chick ciliary ganglion neurons (Jacob
and Berg, 1987; Boyd et al, 1988; Jacob and Berg, 1988;
McEachern et al, 1989). Surgeries were performed on
P2-4 White Leghorn chicks, as deseribed (Jacob and
Berg, 1987). Briefly, chicks were anesthetized with me-
thoxyflurane followed by sodium pentobarbital and the
ciliary ganglion was exposed. For preganglionic dener-
vation, the single input from the Edinger-Westphal (ac-
cessory ocitlomotor) nucleus to the ciliary ganglion was
cut with iridectomy scissors. For postganglionic axo-
tomy, the eciliary and choroid nerves emerging from the

Regulation of Agrin Gene Expression

663

ganglion were transected. Denervation or axotomy was
performed unilaterally. Two criteria were used to estahb-
lish the success of the surgery. First, the lack of a pupil-
lary light reflex following recovery and, second, verifi-
cation at the time ganglia were harvested that the
nerves had remained severed. Ipsilateral operated and
contralateral unoperated ganglia were isolated either 5
days following axotomy or 10 days after denervation, a
time suggested by previous studies {Jacob and Berg,
1987) as one where measurable changes in agrin gene
expression might be expected and response to injury
minimized. Ganglia from age-matched (P8 for axotomy
and P13 for denervation) unoperated control animals
were collected similarly. Ganglia harvested as a source
of RNA for use in PCR experiments were dissected free
of connective tissue and nerve roots removed, quick fro-
zen in liquid nitrogen, and stored at —80°C. Tissue to be
analyzed by in sitx hybridization was fixed and sectioned
at 12 um as described (Thomas et al, 1993).

In Situ Hybridization

In sitw hybridization was performed as described
(Thomas et al., 1993), using pan-specific ¥*S-labeled anti-
sense and sense agrin cRNA probes synthesized from a
linearized ¢cDNA template, pCAl, corresponding to nu-
cleotides 3349-3681 of the chick agrin clone CBA-1
{Ruegg et al, 1992; Tsim et al, 1992). Hybridizations
were performed using a probe concentration of 107 cpm/
mi. Emulsion autoradiograms were exposed for a period
of 1-8 weeks at 4°C. Agrin mRNA expression in gangli-
onic neurons was quantified by counting silver grains
over neuronal somata visualized at 600X magnification
and the diameter of each neuron determined using a cal-
ibrated ocular micrometer. For each experiment, silver
grains over neuronal profiles hybridized to the antisense
probe were counted and grain densities determined
based on soma diameter. Nonspecific binding was as-
sessed by counting silver grains over neurons in al-
ternate sections cut from the same tissue but hybridized
to the sense control probe. Subsequently, the average
grain density for neurons hybridized to either the anti-
sense or sense probe was determined for each condition.
Specific hybridization was defined as the difference in
grain density observed between the antisense and sense
probes. Levels of nonspecific hybridization were low (ap-
proximately 20% of total) and similar across all condi-
tions. All counts were performed blind with respect to
experimental manipulation. Ganglia from several (but
not all} experimental and control conditions were ana-
lyzed within a single experiment.

Polymerase Chain Reactions

Total RNA was isolated by the single-step method
(Chomeczynski and Saechi, 1987) from a pool of 10-12 cil-
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iary ganglia for each condition using TRI Reagent (Mo-
lecular Research Center). RNA concentrations were de-
termined by measuring absorption at 260 nm (Sambrook
et al, 1989).

The relative abundance of alternatively spliced agrin
mRNAs was determined in parallel experiments for
each pool of RNA by PCR. ¢cDNA equivalent to 50-100 ng
of total RNA was subject to two rounds of amplification
using nested primers, F4/R4 and F5/R5, that flank re-
gion B of chick agrin (Ruegg et al.,, 1992; Tsim et al., 1992;
see listing of primer sequences helow). Reaction condi-
tions and specificity of the primers have been described
elsewhere (Thomas et al, 1993). PCR products, radiola-
beled by inclusion of approximately 2 X 10° epm of **P-
labeled forward primer in the reaction mixture, were re-
solved by electrophoresis on an 8% polyacrylamide gel
and the relative abundance of each determined by anal-
ysis on a phosphorimager {Molecnlar Dynamics). Exper-
iments were accepted for analysis only if the control
lane, in which water was substituted for RNA duaring
first-strand eDNA synthesis, was negative.

To determine the absolute amounts of each alterna-
tively spliced agrin mRNA, we first measured the molar
concentration of all agrin mRNAs/ug of total RNA in
each pool by using competitive PCR and the competing
template pCAZ2g,,. as described (Thomas ef al, 1993).
Subsequently, the molar concentration of each alterna-
tively spliced agrin transcript was calculated based on
its relative abundance. Serial dilutions of pCA24,,, were
made in TE with 0.5 ug/ul yeast tRNA as carrier. For
each determination, cDNA from 50 ng of total RNA was
coamplified with different amounts (0.005-10 pg) of
pCAZ24,,, for 40 eyeles using the primer pair F3/R3 in a
reaction volume of 50 pl. Reaction products were labeled
by inclusion of approximately 2 X 10° cpm of *#P-]abeled
primer 3. Subsequently 2 pl of each PCR reaction was
subjected to a >10-fold overdigestion with BamIIl and
the products were separated by electrophoresis on a 6%
polyacrylamide gel. Product yields from the native agrin
template and competing template, pCAZ2z,,,, were ana-
lyzed using a phosphorimager (Molecular Dynamies)
and the amount of agrin mRNA was determined by lin-
ear estimation.

PCR Primers Used in This Study

We used: F3, 5-TCGTGGCAAGGACTTCATCTCC;
R3, 5-TCGTACATCTGGTTGTTCACATCC; F4, 5'-CGT-
TGAAATCTCCACTTTCCGTG; R4, 5-CAGGTCATAC-
ATCATCTGCACGA; F5, 5-TTTGATGGTAGGACGT-
ACATGGA; R5,5-TTTGATGCTCAGCTCAAAGTGGT.

RESULTS

Cellular Localization and Levels of Agrin mRNA in
Denervated and Axotomazed Ciliary Ganglia

The complex pattern of agrin mRNA expression ap-
parent in the chick ciliary ganglion during development
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FIG. 1. Localization and quantitation of agrin mRNA in ganglionic
neurons following axotomy and denervation. Ciliary ganglia were har-
vested from age-matched unoperated contrel chicks (U) and the unop-
erated contralateral (C) and operated () sides of chicks following ax-
otomy or denervation as deseribed under Materials and Methods. (A)
Bright-field photomicrograph of emulsion autoradiograms from unop-
erated control, axotomized, and denervated ciliary ganglia processed
for in situ hybridization with an antisense agrin ¢RNA probe and
stained with toluidine blue. Silver grains are located over neuronal
somata (arrowheads) and nonneuronal cells throughout the sections.
Scale bar, 30 um. (B) Silver grains over neuronal profiles were counted
as described under Materials and Methods and the mean grain densi-
ties/neuron plotted for each condition. Neurons in axotomized ganglia
have significantly fewer silver grains than those in age-matched un-
operated controls {P<(.05, Student’s ¢ test). No effect on silver grain
density over neurons was observed following denervation. Bar charts
summarize results of 12-59 neurons from 5-8 ganglia/condition. Bars
show SEM = = 3-4 experiments depending on condition.

suggests that cell-cell interactions may play a role in
regulating agrin gene expression in neurons (Thomas et
al., 19938). As a step toward testing this hypothesis we
used a pan-specific agrin probe and in situ hybridization
to examine the levels of agrin mRNA expressed in gan-
glionic neurons following denervation or axotomy. Asil-
lustrated in Fig. 1A, silver grains are seen throughout
sections from axotomized, denervated, and unoperated
age-matched (P8 and P13) control ganglia, indicating
that agrin mRNA is present in both neurons and non-
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F16. 2. The relative abundance of alternatively spliced agrin mRNAs
in eiliary ganglion RNA is dramatieally altered following axotomy.
Ciliary ganglion RNA isolated from age-matched unoperated control
ganglia (U), unoperated ganglia contralateral to the operated side (C),
or operated ganglia (O) either 5 days after axotomy or 10 days follow-
ing denervation was amplified by RT-PCR using nested primers
flanking the region of alternative splicing that gives rise to four agrin
proteins (agrin0, —8, —11, and —19) that differ in their AChR aggre-
gating activity. (A) Autoradiogram of a typieal experiment in which
the PCR products obtained from E8 and E20 ciliary ganglion RNA
have been included for comparison and to provide size markers iden-
tifying different agrin transeripts. Note the marked decline in relative
abundance of the neuron-specific agrin mRNAs, agrin8 and -19, in
RNA isolated {rom axotomized ganglia. Some decline in the relative
abundance of agrin8 mRNA is also apparent following denervation.
No PCR products were present in the control lane in which RNA was
omitted from the first-strand cDNA synthesis. Based on its restriction
map and its inconsistent appearance across different experiments the
band below agring is artifactual. (B) In comparison to their age-
matched unoperated contrals, significant declines in the relative abun-
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neuronal eells in each condition. This pattern of cellular
localization is similar to that seen in embryonie ciliary
ganglia (Thomas et al, 1993). To determine whether ei-
ther of the surgical manipulations resulted in echanges
in agrin mRNA levels in neurons, we performed silver
grain counts on sections counterstained with toluidine
blue in which neurons were distinguished from nonneu-
ronal cells based on size and morphology. Only neurons
with no evidence of damage from tissue processing were
accepted for analysis. Neurons located at the edges of
ganglia were also excluded. Whereas no effect was ap-
parent on the levels of hybridization 10 days following
denervation, neurons 5 days after axotomy showed a sig-
nificant twofold decrease in silver grain density com-
pared to those in either age-matched control or contra-
lateral ganglia (Fig. 1B). The silver grain density over
the tissue between neurons was similar in all conditions,
suggesting that the experimental procedures had no
effect on the level of agrin mRNA in nonneuronal cells;
however, we did not quantitate this further,

Previous studies have identified two populations of
neurons in the ganglion, ciliary and choroid, that inner-
vate different gtructures in the eye and can be distin-
guished by soma diameter and location (Marwitt et al.,
1971; Landmesser and Pilar, 1972; Pilar et al., 1980). We
have shown that embryonic ciliary and choroid neurons
can also be distinguished by their agrin mRNA expres-
sion profile (Smith and O'Dowd, 1994), raising the possi-
bility that axotomy might affect ciliary and choroeid neu-
rons differentially. The homogeneous distributicn of
grains within a single ganglion under all conditions and
the finding that there was no apparent correlation be-
tween silver grain density and neuron cell body diame-
ter suggested that the axotomy induced decrease in
agrin mRNA expression is similar in both ciliary and
choroid neurons (data not shown).

Alternative Splicing of Agrin RNA Is Altered Following
Axotomy and Denervation

The in sity hybridization experiments using a pan-
specific agrin probe indicated that axotomy induces a
significant deerease in agrin mRNA expression in neu-
rons. To determine whether the levels of specific agrin

dance of agrin8 and agrin19 mRNAs were accompanied by an increase
in agrin®d mRNA in RNA from axotomized ganglia. Similar but
smaller changes in alternative splicing of agrin8 and agrin0 mRNA
were also apparent in RNA from ganglia contralateral to the axotom-
ized side. (C) In contrast to axotomy, denervation has a much smaller
effect on alternative splicing of agrin mRNA. Only in the case of agrin®
mRNA in RNA from denervated ganglia was a decline observed when
compared to the age-matched unoperated controls. Bars show SEM, »
= 6 experiments. *P < .05, **P < 0.01, ¥**P < (.001, Student's ¢ test
comparison with age-matched control.
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transeripts might be differentially regulated under
these conditions, we examined the relative abundance of
each agrin mRNA isoform (agrin0, —8, —11, and —19)
using RT-PCR with nested primers flanking the region
of alternative splicing. An autoradiogram from a typical
experiment is shown in Fig. 2A. The agrin mRNA profile
of age-matched unoperated control ganglia is similar to
that of late stage (E20) embryonic ganglia; agrin0 is the
most abundant transcript, agring and —19 are expressed
at lower but significant levels, and agrinll is below de-
tection. However, striking differences were apparent in
the agrin mRNA profile obtained from axotomized gan-
glia; both agrin8 and agrin19 mRNAs were reduced to
barely detectable levels, A smaller decline in agrin§, and
—19 was also apparent in the contralateral ganglion fol-
lowing axotomy compared to age-matched unoperated
controls. With the exception of a small decrease in the
relative abundance of agrin® mRNA, denervation ap-
pears to have relatively little effect on alternative
splicing.

To quantify these changes, we used a phosphorimager
to determine the relative abundance of each agrin tran-
script, defined as the fraction of total agrin mRNA rep-
resented by each alternatively spliced agrin mRNA. The
cumulative data for six experiments similar to that
shown in Fig. 2A are presented in Fig. 2B. When com-
pared with RNA isolated from unoperated age-matched
control ganglia, the relative abundance of agrinl9 and
agrin® mRNA in axotomized ganglia declined 16 (P <
0.01, Student’s £ test)- and 6-fold (P =< 0.001), respec-
tively. Deeclines in neuron-specific mRNAs were concom-
itant with a 1.2-fold increase (£ < 0.001) in the relative
abundance of agrinQ. A similar trend, but of smaller
magnitude, was also evident on the side contralateral to
the axotomy where the relative abundance of agrinl9
and —8 declined approximately 2-fold and agrinQ in-
creased 1.1-fold compared to the age-matched control.
Statistical analysis indicated that changes in the rela-
tive abundance of agrin8 and agrin0 were significant at
the P < 0.05 level. However, despite this decline the rel-
ative abundance of the neuron-specific agrin mRNAs,
agrin® and —19, was still greater (P < 0.05) in RNA iso-
lated from contralateral unoperated ganglia than in
RNA from the axotomized side. In contrast, the only sta-
tistically significant effect of denervation was a 2-fold
decline (P < 0.05) in the relative abundance of agring
mRNA in ENA isolated from operated ganglia.

Absolute Levels of Agrin mENAs Are Altered by
Azxotomy

To determine the effects of axotomy or denervation
on the absolute amounts of alternatively spliced agrin
mRNAs, we employed a competitive PCR strategy to
measure the concentration of total agrin mRNA. From
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these data we were able to caleulate the molar amount
of each alternatively spliced transeript based on its rel-
ative abundance (Thomas et al, 1993). As illustrated in
Fig. 3A, the concentration of total agrin mRNA isolated
from axotomized ganglia was significantly decreased by
approximately 2-fold relative to the unoperated age-
mateched controls. Axotomy induced declines in total
agrin mRNA appear to be due in part to 11- and 28-fold
deereases in molar amounts of agring and —19 mRNA,
respectively (Fig. 3A). No significant change in the ab-
golute amount of agrin0 mRNA was detected. Changes
were also detected in the molar amounts of agrin
mRNAg present in RNA isolated from unoperated gan-
glia contralateral to the axotomized side (approxi-
mately 4-fold declines in agrin8 and —19). The molar
concentrations of agring and —19 mRNA in RNA from
contralateral ganglia were 3- to 7-fold greater (P <
0.001) than in RNA from axotomized ganglia.

Congistent with the results of the in sita hybridization
study, no marked changes in the concentration of total
agrin mRNA or molar amounts of alternatively spliced
transcripts was observed following denervation (Fig.
3B). However, due to the relatively large SEM associ-
ated with our estimate of the total agrin mRNA concen-
tration in RNA isolated from unoperated age-matched
control ganglia, it is possible that small changes caused
by denervation could have been obscured.

DISCUSSION

We have examined two possible sources of cellular in-
teraction, afferent input and contaet with target tissues,
that might play a role in regulating agrin gene expres-
gion in the ciliary ganglion. The decrease in total agrin
mRNA in ciliary ganglion neurons measured by in situ
hybridization, together with changes in the relative
abundance of the alternatively spliced agrin mRNAs
and decline in the molar concentration of the neuron-
specific mRNAs encoding agrin8 and —19, suggest that
neuronal agrin gene expression is influenced by contact
with target tissues. The importance of target tissues as
a regulator of agrin gene expression is further sup-
ported by the observation that agrin transcript levels in
the ganglion increase dramatically at the time neurons
first make contact and begin to form synaptic connec-
tions with their targets in the eye (Thomas et al., 1993).

Levels of nicotinic AChR (Jacob and Berg, 1987),
mRNA encoding the a3-subunit of the neuronal nieco-
tinic receptor (Boyd et al., 1988), a-bungarotoxin binding
sites (Jacob and Berg, 1987}, and GABA sensitivity
(McEachern et al., 1989) decline following denervation.
In contrast, with the exception of a small decrease in the
relative abundance of agrin® mRNA, denervation had
little effect on agrin gene expression in cliary ganglion
neurons. Thus, while denervation perturbs proteins that
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F1G. 3. The coneentration of total agrin mRNA and molar amounts
of neuron-specific agrin transecripts are altered by axotomy. Pools of
RNA from age-matched unoperated control ganglia (U), unoperated
ganglia contralateral to the operated side (C), or operated ganglia (0)
following axotomy or denervation and previously analyzed for the rel-
ative abundance of alternatively spliced agrin mRNAs were subject to
competitive PCR to determine the molar concentration of total agrin
mRNA (i.e, agrin0, + —8, + —11, + —19 mRNA) in each. The molar
amount of each alternatively spliced transcript was calculated based
on the relative abundance of each agrin mRNA (Fig. 2) and concentra-
tion of total agrin mRNA under each condition. (A} Compared to the
age-matched controls, agrin mRNA concentration is significantly de-
creased in both axotomized ganglia and unoperated contralateral gan-
glia following axotomy. Underlying the decrease in the concentration
of total agrin mRNA are significant declines in molar amounts of neu-
ron-specific mRNAs encoding agrinl9 and agrin8. (B) In contrast, no
significant change was observed in the concentration of total agrin
mRNA or any of the alternatively spliced transcripts following dener-
vation. Bars show SEM, # = 3-5 determinations for each condition. *P
< 0.05, **P < 0.01, ***P < 0.001, Student’s ¢ test comparison with age-
matched control.
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are likely to play a role at synapses onto ganglionic neu-
rons, it seems to be of less importance in regulating ex-
pression of agrin, a protein that seems likely to exert its
effects at synapses made between ciliary ganglion neu-
rons and their peripheral targets. Thus, signals regulat-
ing agrin gene expression may be distinet from those
modulating other neuronal proteins.

Previous studies have shown that by 5 days following
axotomy about 40% of the neurons in the ganglion die
{Jacob and Berg, 1987), raising the possibility that axo-
tomy-induced decreases in agrin expression are part of
a global decline in mRNA levels or other nonspeeific re-
sponse to injury. Several lines of evidence however, sug-
gest that this is unlikely. First, in late stage embryonic
ganglia single-cell RT-PCR analysis has shown that
greater than 30% of neurons express agrin8& and/or —19
and that these neuron-specific mRNAs make up the bulk
of all agrin mENA in these cells (Smith and O'Dowd,
1994). Although we cannot rule out the possibility, the
widespread expression of neuron-specific agrin mRNAs
within ganglionic neurons makes it unlikely that the
decline in agrin8 and —19 reflects loss of a specific
neuronal population that might express disproportion-
ate amounts of these transcripts. Second, assuming that
all neurons express similar amounts of agrin8 and —19,
the >90% decrease in these specific agrin mRNAs is sub-
stantially larger than that predicted by neuronal death
alone. Third, our PCR-based estimates of agrin mRNA
expression were not determined on a per ganglion basis
but rather on a fixed amount of RNA. Last, both light
and electron microscopic studies suggest that surviving
neurons are normal (Jacob and Berg, 1987, 1988). As a
precaution against introducing any bias in our data
from unhealthy or damaged neurons, grain density mea-
surements of agrin expression levels were made only
over neuronal profiles with clearly defined intact so-
mata. Additionally, other studies have shown that ex-
pression of S-actin mRNA (Boyd et al, 1988) and §-tu-
bulin mENA (M. S. Levey and M. H. Jacob, personal
communication) are unaffected by the surgical proce-
dure.

Whereas gliosis is a well-characterized response of
astrocytes and microglia to injury in the CNS, we know
of no evidence that significant levels of nonneuronal cell
(Schwann and satellite cell) proliferation or migration
oceur in the ciliary ganglion following axotomy. To the
contrary, previous electron mieroscopic studies show
that both neurons and nonneuronal cells in axotomized
ganglia are normal (Jacob and Berg, 1988). Moreover,
barring the unlikely possibility that axotomy-induced
changes in neurons are exactly offset by those in non-
neuronal cells, measurements of ganglionic protein and
levels of B-actin and B-tubulin mRNA, which would be
gensitive to changes in nonneuronal cells, are also un-
affected by the surgical procedure. Similarly, given that
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nonneuronal cells in the ganglion are both more abun-
dant than neurons and express only agrin0 mRNA
(Smith and O’Dowd, 1994} proliferation of glial cells
would be expected to result in an increase in agrin0
mRNA. However, the molar amounts of agrin0 actually
declined following axotomy, arguing against a signifi-
cant level of gliosis. Finally, the in sify hybridization
studies quantify changes in agrin mRNA specifically in
neurons and are independent of a contribution by non-
neuronal cells. Taken together, these results indicate
that it is unlikely that axotomy-induced changes in
agrin gene expression could be accounted for by nonspe-
cific effects including neuronal cell death or gliosis.

Ganglionic axotomy has previously been reported to
result in a bilateral decrease in GABA sensitivity in
chick ciliary ganglion neurons (McEachern et al, 1989).
We also noted changes in the relative abundance and
molar concentration of neuronal agrin mRNAs in unop-
erated ganglia contralateral to the axotomy. Together
these findings suggest that in addition to direct effects
of axotomy, an additional mechanism modulating gene
expression in the contralateral ganglion exists. One pos-
sibility is that the anesthetic itself caused changes in
agrin gene expression, although we found no evidence of
such an effect in ganglia contralateral to the denervated
side. A second possibility is that axotomy results in the
production of a factor or factors, perhaps from the de-
nervated target tissues in the eye, that act systemically.
In this regard it would be interesting to learn whether
agrin expression in other nervous tissues is similarly
affected. Finally, injury to a motor nerve has been
shown to specifically induce sprouting and synapse for-
mation by the intact nerve innervating the homologous
muscle on the opposite side of the body (reviewed in
(Rotshenker, 1988), Thus agrin, and perhaps other
genes, may be modulated by a transneuronal pathway.
Regardless of the mechanism, however, it is clear that
both the level of expression and alternative splicing of
agrin mRNA can be regulated even in neurons whose
synaptic contacts with the periphery are intact. How-
ever, the fact that alternative splicing and molar con-
centration of neuron-specific agrin mRNAs in axotom-
ized ganglia were significantly below those of the unop-
erated contralateral ganglia suggests that agrin gene
expression in operated ganglia is subject to an addi-
tional influence above that affecting the unoperated con-
tralateral controls.

The results of this study suggest that the maintenance
of normal levels of agrin expression by ciliary ganglion
neurons depends on contact with the target tissues in
the eye. Growth and maturation of ciliary ganglion neu-
rons is known to be influenced by soluble factors present
in target tissues, including ciliary neurotrophic factor
(Barbin et al, 1984; Halvorsen and Berg, 1989), growth-
promoting activity (Nishi and Berg, 1981; Leung et al,
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1992), choline acetyltransferase-stimulating aetivity
(Nighi and Berg, 1981), and activin (Coulombe et al.,
1993). Other studies have shown that contact with mus-
cle membrane remnants (Tuttle, 1983) may also play a
role in supporting survival and differentiation of ciliary
ganglien neurons. Cell culture experiments are cur-
rently underway to determine whether these or other
target-dependent cellular interactions regulate agrin
gene expression in ganglionie neurons.
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