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Abstract

Diffusible proteins regulate neural development at a variety of
stages. Using a novel neuronal culture assay, I have identified several
cytokines that regulate the expression of neurotransmitters and
neuropeptides in sympathetic neurons. These cytokines fall into two
families. The first group is termed the neuropoietic cytokines, while
including CDF/LIF, CNTF, OSM and GPA, induces expression of the same
set of neuropeptide mRNAs in cultured sympathetic neurons. These four
factors not only exhibit similar biological activities; they also share a
predicted secondary structure and bind to a signal-transducing receptor
subunit in common with IL-6 and IL-11. The latter two cytokines display a
weaker activity in this assay. In addition, I find that several members of
the TGF-B superfamily, activin A, BMP-2, and BMP-6, have a selective
overlap with the neuropoietic family in the spectrum of neuropeptides
that these cytokines induce in sympathetic neurons. Different patterns of
neuropeptides induced by the TGF-3 family members, however,
demonstrate that the activities of these cytokines are distinct from those of
the neuropoietic family. Another 30 cytokines are without detectable effect
in this neuronal assay.

Activin A induces a set of neurotransmitters and neuropeptides that
is somewhat similar to the phenotype of sympathetic neurons innervating
sweat glands in rat footpads. In situ hybridization and RNase protection
were carried out to test whether activins were involved in the phenotypic
transition when sympathetic neurons contact sweat glands. I find that
activin mRNA is present in both cholinergic and noradrenergic targets.
Moreover, homogenates of footpads do not contain activin-like activity in
the neuronal assay in vitro. Taken together, these data do not support
activins as the best candidates for the sweat gland factor.

Several novel factors that regulate neuropeptide expression exist in
heart cell conditioned medium. I attempted to purify these factors in
collaboration with Dr. Jane Talvenheimo. Our results suggest that these
factors are sensitive to the storage conditions used. Several modifications
of purification strategy are discussed.
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CHAPTER 1. Introduction



The development of the nervous system involves several stages, from
initial proliferation of progenitor cells, to differentiation and migration of
these cells, through the outgrowth of neurites and formation of synapses, to
the rearrangement of connections. The goal of this sequence is to build an
appropriate information network by which neurons can communicate with
their targets to control body functions. The task of building this network is
tremendously complex, given the enormous number of neurons in vertebrates,
and their morphologically and molecularly extreme diversity. Mechanisms
for each step are, however, beginning to be elucidated. For example, the
variety of cell types is controlled, in part, by cell cycle-dependent intrinsic
changes (McConnell, 1992), contact with extracellular matrix and cell surface
molecules (Bronner-Fraser, 1992; Stemple and Anderson, 1993) and diffusible
proteins (Jessell and Melton, 1992).

In addition to the physical meeting of appropriate partners, functional
communication between neurons and their targets requires that the
presynaptic expression of neurotransmitters and neuropeptides is matched
with the proper receptors for decoding these signals postsynaptically. There
are approximately a dozen classical transmitters and over 75 neuropeptides
currently known, and new candidates are continuously being discovered in
the nervous system. A recent example is agmatine, which binds to o-
adrenergic and imidazolin receptors and stimulates release of catecholamines
from adrenal chromaffin cells (Li et al., 1994). Not only is there a very large
repertoire of transmitters and neuropeptides, but individual neurons produce
reproducible combinations of these molecules (Gibbins and Morris, 1987;
Lundberg and Hokfelt, 1986), which further complicates the developmental
task. How neurons “choose” a particular set of transmitters and
neuropeptides is therefore an intriguing problem. Recent studies have
highlighted how neuronal phenotypic decisions can be based on neuronal cell
lineage as well as on environmental cues and instructive differentiation
signals (Patterson and Landis, 1992).

Phenotype based on lineage
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Because of the ease in identifying specific stem cells and following their
progeny during development, insects have provided valuable insights into the
role of cell lineage in determining transmitter phenotype. In the locust,
Taghert and Goodman (1984) E reported that only a subpopulation of the
progeny of neuroblast 7-3 uses serotonin as a transmitter. Neuroblast 7-3
divides three times in situ, generating six neurons. However, only the
progeny of the first two cell divisions express serotonin, suggesting that birth
order is involved in establishing this phenotype. The expression of GABA is
also confined to particular progeny in the thoracic ganglion of the tobacco
hornworm (Witten and Truman, 1991a). These two examples illustrate that a
particular transmitter may be restricted to subsets of neurons in discrete
lineages. Further evidence that cell lineage is involved in phenotypic choice
was demonstrated by ablating of neuroblasts that give rise to progeny
expressing specific transmitters. Work by Sulston and Horvitz (1977) in the
nematode, Stuart et al. (1987) in the leech, Targhert and Goodman (1984) in
the locust, and Witten and Truman (1991b) in the moth showed that, if the
appropriate neuronal stem cells are removed, the nervous system does not
compensate for the loss, and the transmitter phenotype (dopamine, GABA or
serotonin) disappears from that region of the central nervous system (CNS).

Studies using retroviruses as cell lineage tracers have shed light on the
role of lineage in determining neuronal identity in the vertebrate CNS. In the
cerebral cortex there are two main populations of neurons, the pyramidal and
the nonpyramidal cells, which respectively adopt glutamate and GABA as
their transmitters (Fagg and Foster, 1983). Clonally related neurons, marked
by retrovirus injection into rat telencephalic ventricles at any time point
between embryonic day 14 and day 19, display remarkable homogeneity,
expressing either of the two types of morphology and its corresponding
transmitter (Mione et al., 1994). This restriction of morphology and
transmitter is specific to those traits, as clonal relatives express different
calcium binding proteins. Since clonally-related neurons in the cerebral cortex
display widespread migration and are presumably exposed to different
environments (Walsh and Cepko, 1992), this result suggests that commitment
of cortical neurons to a particular phenotype takes place in the ventricular
zone, where progenitor cells are still actively dividing, and that lineage plays a
role in determining this aspect of phenotype in cortical neurons.



Influence of environmental signals

Although lineage tracing experiments reveal that neuronal properties
can be specified at the progenitor cell stage, a role for cellular interactions in
specifying phenotype is not ruled out. In the Drosophila ommatidium,
differentiation choices are invariant under normal conditions. Nonetheless,
cell-cell interactions are required to generate the final identical pattern of
photoreceptor cells (Cagan and Zipursky, 1992). Analysis of the vertebrate
peripheral nervous system (PNS) further illustrates that environmental cues,
especially interactions between neurons and their targets, modulate neuronal
phenotypic choices (Patterson, 1978; Patterson and Landis, 1992; Patterson and
Nawa, 1993).

Evidence supporting that environmental cues influence neuronal phenotype

The avian parasympathetic ciliary ganglion contains two distinct
populations of neurons: choroid neurons, which innervate vasculature smooth
muscle in the eye’s choroid layer, and ciliary neurons, which innervate
striated muscle of the ciliary body and iris (Marwitt et al., 1971). Both
populations of neurons utilize acetylcholine (ACh) as a transmitter (Martin
and Pilar, 1963; Meriney and Pilar, 1987). However, choroid neurons, but not
ciliary neurons, express somatostatin (SOM) (Epistein et al., 1988). Since both
neurons are derived from the neural crest (Narayanan and Narayanan, 1978),
develop presumably in the same ganglionic environment, and receive the
same preganglionic input from the Edinger-Westphal nucleus, the expression
of SOM in the choroid neurons suggests that the target tissues are involved in
generating the difference in neuropeptide expression. The expression of ACh
may also be specified by the target, because the developmental increase in the
ACh-synthetic enzyme (choline acetyltransferase; ChAT) activity coincides
with innervation of the eye (Coulombe and Bronner-Fraser, 1990). Different
phenotypic traits expressed in neurons with soma in the same location but
with axons innervating different targets also occur in sympathetic ganglia
(Elfvin et al., 1993; Gibbins, 1990). For instance, neurons in the superior
cervical ganglion sending axons to blood vessels usually contain NPY, but
those with axons innervating salivary glands and fat cells do not, even though
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both populations of neurons use noradrenaline as a transmitter (Cannon et al.,
1986). Thus target tissues may induce some neuronal traits de novo.

One of the most intensively studied examples is the sympathetic
innervation of sweat glands in the rat; these neurons switch phenotypes from
noradrenergic to cholinergic when their axons reach the target, demonstrating
postmitotic plasticity (Landis, 1990). Before sympathetic axons first contact
the developing sweat gland in neonatal rats, they exhibit catecholamine
histofluorescence and express the noradrenaline synthetic enzymes, tyrosine
hydroxylase (TH) and dopamine B-hydroxylase (DBH). As the gland
innervation matures, catecholamine histoflurescence diminishes and
expression of TH and DBH decreases gradually (Landis and Keefe, 1983). At
the same time, these axons begin to express ACh and novel neuropeptides.
ChAT is first detectable at postnatal day 11 (P11) (Leblanc and Landis, 1986)
and vasoactive intestinal peptide (VIP) and calcitonin gene-related peptide
(CGRP) immunoreactivities can be demonstrated at P10 and P21, respectively
(Landis et al., 1988). The induction of these neuropeptides is specific, because
there is no detectable expression of neuropeptide Y (NPY), somatostatin
(SOM), substance (SP), or leu- and met-enkephalin (ENK) in either developing
or mature sweat gland axons (Landis et al., 1988). The close association in the
appearance of ChAT and VIP raises the possibility that these two genes are
regulated coordinately, while expression of CGRP may be regulated by a
different mechanism (Patterson and Landis, 1992). Several studies indicate
that this transition occurs in a single population of axons. First, the axons
innervating sweat glands retain TH and DBH immunoreactivities and the
catecholamine uptake system in adulthood, although at much reduced levels.
Thus, coexistence of cholinergic and noradrenergic traits in single axons can
be detected during the phenotypic transition (Schotzinger and Landis, 1988).
Second, the expression of ChAT and VIP is not observed in the adult glands if
neonatal rats are treated with 6-hydroxydopamine to destroy
catecholaminergic neurons. This indicates that cholinergic and VIP-positive
neurons are derived from initially catecholaminergic neurons (Yodlowski et
al., 1984).

Transplantation as a tool to define neuronal plasticity and environmental influences
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The role of the sweat gland in regulating the transmitter and
neuropeptide phenotype of innervating sympathetic axons has been further
explored with transplantation experiments. When the superior cervical
ganglion (SCG), which contains noradrenergic neurons and does not innervate
sweat glands normally, is transplanted to the anterior chamber of the eye
together with developing sweat glands, the neurons initially exhibit
catecholamine histofluorescence that declines with further development.
After four weeks, ChAT and VIP immunoreactivities become evident in these
neurons (Stevens and Landis, 1990). These results suggest that, as in the
neurons that innervate sweat glands in situ, noradrenergic traits are
suppressed and cholinergic function is induced in SCG neurons upon
innervating the glands in the eye. Moreover, cross-innervation experiments
provide direct evidence for the role of the target. When footpad tissue
containing sweat glands is transplanted in place of hairy skin that normally
receives noradrenergic sympathetic innervation, sympathetic axons
innervating sweat glands express cholinergic traits four weeks later
(Schotzinger and Landis, 1988). Conversely, if sweat glands are replaced with
the parotid gland, a target of noradrenergic sympathetic neurons, the
innervation of the parotid in the footpad does not display a cholinergic
phenotype. Instead, these sympathetic neurons maintain the noradrenergic
phenotype, which they would have lost during normal development
(Schotzinger and Landis, 1990). Thus, the expression of cholinergic properties
in the sweat gland innervation depends on the presence of this particular
target, and sweat glands are able to alter the phenotype in sympathetic
neurons that do not normally contact the glands (Landis, 1990). This
phenomenon that targets have effects on neuronal phenotype is not restricted
to vertebrates. Similar transplantation studies also demonstrate that the
morphological and physiological properties of Retzius neurons in the leech
are determined by their peripheral targets (French and Kristan, 1992).

Phenotypic plasticity and target influences are not restricted to the
embryo or to the young animal. When skin sensory fibers are made to
innervate muscle in adult rats, these axons lose substance P (SP)
immunoreactivity. Conversely, SP immunoreactivity appears if muscle
sensory axons are made to innervate skin (McMahon and Gibson, 1987).
When adult SCG neurons are placed in culture in the presence of heart cell
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conditioned medium, these neurons change phenotype from noradrenergic to
cholinergic (Patterson, 1978). Thus, neurons can respond to environmental
cues in the adult animal.

Further evidence supporting the role of environmental influences is
provided by results from other transplantation experiments. For example,
when postmitotic cholinergic ciliary neurons are labeled and injected into the
chick embryo in the region of active neural crest migration, some of these cells
migrate to adrenal medulla and sympathetic ganglia primodia and express
catecholamine histofluorescence (Coulombe and Bronner-Fraser, 1986). In the
rat embryo, neocotical neurons transiently express TH. If early embryonic
neocotical neurons are transplanted into adult neocortex, they continually
express TH (Park et al., 1986), suggesting inhibitory factors may be present in
the perinatal but not adult neocortex that suppress TH expression.
Implantation and integration of multipotent neural cell lines into different
regions of the brain in neonatal rodents has recently been demonstrated. Most
strikingly, the grafted cells differentiate into neurons or glia, and exhibit
appropriate morphologies and intercellular connections, according to the
developmental stage and site of injection (Renfranz et al., 1991; Snyder et al,,
1992). This region-specific differentiation of multipotent cells suggests that
commitment and differentiation of progenitor cells in the CNS is controlled in
part by local cell-cell interactions.

Molecules that specify transmitter and neuropeptide phenotype

Several factors have been characterized in terms of their ability to
modulate neuronal phenotype. These include small molecules, such as
hormones, peptides and transmitters, as well as proteins, such as cytokines
and growth factors (Patterson, 1993; Patterson and Landis, 1992; Patterson and
Nawa, 1993).

The effects of small molecules

Changes in expression of transmitters and neuropeptides have been
correlated with natural fluctuations of hormones during metamorphosis and
the estrous cycle. In the hawkmoth, Manduca sexta, abdominal lateral
neurosecretory cells produce both a cardioacceleratory peptide and a low level
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of the tanning hormone, bursicon. During metamorphosis, neuronal gene
expression changes so that only bursicon is produced by these neurons
(Tublitz and Sylwester, 1990). This alteration is initiated by both prepupal
peaks of 20-hydroxyecdysone and a decline of the juvenile hormone (Weeks
and Levine, 1990). In female rats, the expression of galanin (GAL) in the
luteinizing hormone-releasing hormone (LHRH)-containing neurons of the
medial preoptic area is regulated according to the estrous cycle. These
neurons express higher levels of GAL during proestrous than during estrous,
while expression of co-localized LHRH does not show cyclic changes
(Merchenthaler et al., 1991). Ovariectomy results in a significant decrease in
the number of cells expressing GAL, and estradiol treatment of such animals
restores the number of GAL-containing cells to normal levels. In male rats,
estradiol injection does not enhance expression of GAL in LHRH-containing
neurons. Apparently, neonatal hormonal imprinting is involved in the
process (Merchenthaler et al., 1993). A similar example is the differential
regulation of cholecystokinin and SP in the amygdala by estrogen (Simerly,
1990).

Evoked activity through release of transmitters and neuropeptides from
presynaptic neurons can also influence postsynaptic neuronal phenotype. For
example, olfactory afferent innervation is important in the maintenance of the
dopamine phenotype of olfactory bulb neurons. Deprivation of odorant
stimulation decreases TH expression without cell loss or change of expression
of GABA or aromatic L-amino acid decarboxylase that coexist with TH in
olfactory bulb neurons (Baker, 1990). This in vivo manipulation can be
replicated in vitro. TH expression is enhanced when olfactory bulb neurons
are co-cultured with olfactory epithelial neurons. This effect can be mimicked
by administrating CGRP, which is a peptide produced and released by
olfactory epithelial neurons (Denis-Donini, 1989).

In tissue culture, constant depolarization by elevated extracellular
potassium concentration increases the expression of TH, ENK, NPY, SOM, VIP
in various neurons (Goodman, 1990; Morris et al., 1988; Tolon et al., 1994;
Zigmond, et al., 1989). In denervated sympathetic ganglia, however,
depolarization blocks the induction of SP expression (Roach et al., 1987).
Direct application of transmitters or neuropeptides can also affect neuronal
phenotype. Adding noradrenaline to cultured rat pineal cells suppresses the
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expression of serotonin (Araki and Tokunaga, 1990). Noradrenaline has a
positive feedback effect on its synthesis by upregulating expression of TH and
DBH in cultured quail neural crest cells (Zhang and Sieber-Blum, 1992).
CGRP, VIP, SP, SOM and substance K also regulate TH activity in
catecholaminergic neurons (Denis-Donini, 1989; Friedman et al., 1988; Kessler
et al., 1983; Zurn et al., 1993). In adrenal chromaffin cells, factors differentially
regulate expression of ENK and the adrenaline-synthesizing enzyme,
phenylethanolamine N-methyltransferase (PNMT). The expression of PNMT,
but not ENK, is induced by glucocoticoids. Conversely, VIP, through an
increase of intracellular cAMP, induces ENK but not PNMT (Wan et al., 1991).

A peptide of 11 amino acids has been purified and sequenced from
hippocampal extracts by virtue of its ability to stimulate ACh synthesis in
medial septal nuclei in explant culture. This peptide is designated as
hippocampal cholinergic neurostimulating peptide (HCNP). Chemically-
synthesized HCNP induces ACh synthesis of cultured medial septal nuclei in
a dose-dependent manner, but has no effect on cultures of corpus striatum or
anterior spinal cord (Ojika et al., 1992). Since explants were used in the
experiment, the effect of HCNP could be due to an indirect effect via glia or to
differential survival effect on cholinergic neurons. The gene for HCNP has
not been cloned yet, and its tissue distribution has not been published.

The effects of cytokines and growth factors

Given the evidence that target tissues can control the transmitter
phenotype of the neurons that innervate them, it is reasonable to assume that
there are target-derived factors that act as trans-synaptic, retrogradely
transported, phenotype-specifying agents. Soluble factors are more likely in
some cases, because neurons do not physically contact certain target tissues,
such as sweat gland cells (Landis and Keefe, 1983; Quick et al., 1984; Uno and
Montagna, 1975). Cell culture of neurons has been used to characterize and
identify several factors that regulate neuronal gene expression. These factors
include members of the neurotrophin, neuropoietic, and TGF-f families.

Neurotrophins. Originally identified as a survival factor for sensory and
sympathetic neurons (Levi-Montalcini and Hamburger, 1951), nerve growth
factor (NGF) was the first member of the neurotrophin family that now
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contains at least four proteins (Altin and Bradshaw, 1993; Thoenen, 1991). In
addition to acting as a survival factor, NGF can enhance neuronal
differentiation and trigger mitosis in chromaffin cells (Claude et al., 1988;
Frodin and Gammeltoft, 1994; Stemple et al., 1988). Neurotrophins can also
act as instructive factors to regulate expression of transmitters and
neuropeptides. For example, NGF selectively induces the expression of
particular neuropeptides in sensory neurons (Lindsay and Harmar, 1989).
Similarly, brain-derived neurotrophic factor induces the expression of SOM
and NPY by directly acting on cultured cortical neurons without affecting
neuronal survival (Nawa et al., 1993).

Neuropoietic cytokines. In addition to the neurotrophins, several other
families of proteins have both neuronal survival and differentiation activities.
The cholinergic neuronal differentiation factor (CDF) is a protein initially
purified from heart cell conditioned medium by virtue of its ability to change
cultured sympathetic neurons from a noradrenergic to a cholinergic
phenotype without affecting survival or growth (Fukada, 1985; Patterson and
Chun, 1977). When the cDNA for CDF was cloned and sequenced, it turned
out to be identical to leukemia inhibitory factor (LIF) (Yamamori et al., 1989).
CDF/LIF is a pleiotrophic cytokine, regulating cell proliferation and
differentiation in a variety of tissues (Metcalf, 1992). CDF/LIF has recently
been shown to also act as a survival factor for embryonic sensory and motor
neurons (Martinou et al., 1992; Murphy et al., 1991). Conversely, ciliary
neurotrophic factor (CNTF), which was characterized as a survival factor for
ciliary neurons (Alder et al., 1979), was shown to switch cultured sympathetic
neurons from a noradrenergic to a cholinergic phenotype (Saadat et al., 1989).
In addition to inducing ChAT and decreasing TH expression, both CDF/LIF
and CNTF show very similar activities on neuropeptide expression, inducing
SP, SOM, and VIP in cultured sympathetic neurons (Nawa et al., 1991; Nawa
et al., 1990; Rao et al., 1992d), and acting as survival factors for motor neurons
(Arakawa et al., 1990; Martinou et al., 1992; Sendtner et al., 1990). In addition,
CDEF/LIF and CNTF sustain survival and differentiation of glial cells. The
oligodendrocyte-type-2 astrocyte (O-2A) progenitor cells in the optic nerve
and cerebral cortex can develop into oligodendrocytes or type-2 astrocytes
under appropriate conditions (Raff, 1989). CNTF triggers conversion of
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progenitor cells to type-2 astrocytes (Hughes et al., 1988), although this effect
is transient and other factors are required to drive the process to completion.
Both CDF/LIF and CNTF also promote survival and maturation of cultured
oligodendrocytes, and induce myelin basic protein expression (Barres et al.,
1993; Louis et al., 1993). CNTF also mimics the effects of CDF/LIF on
embryonic stem cells and hepatocytes (Conover et al., 1993; Schooltink et al.,
1992). Despite there being many biological activities in common, the primary
sequences of CDF/LIF and CNTF contain very limited homology (Lin, et al.,
1989; Stockli et al., 1989; Yamamori et al., 1989). Nonetheless, Bazan (1991)
predicted that CDF/LIF and CNTF, together with IL-6, oncostatin M (OSM),
and granulocyte colony-stimulating factor (G-CSF), share similar secondary
structures (Bazan, 1991). The cloning of receptors for this family showed that
CDEF/LIF, CNTF, IL-6, OSM, and IL-11 utilize the same protein, gp130, as a
signal transduction subunit in the receptor complex (Gearing et al., 1992; Ip et
al., 1992; Kishimoto et al., 1994; Yin et al., 1993). In addition, OSM and
CDF/LIF share the same receptor complex, as OSM competes with CDF/LIF
for receptor binding with high affinity (Gearing and Bruce, 1991; Gearing et
al., 1992). Signal transduction pathways involving tyrosine phosphorylation
have been characterized for these factors (Lutticken et al., 1994; Stahl et al.,
1994), and stimulation of immediate early gene expression has been identified
(Ip et al., 1992; Kishimoto et al., 1994; Lord et al., 1991; Yamamori, 1991). Not
surprisingly, CDF/LIF, OSM, IL-6, and IL-11 have similar bioactivities in
various tissues (Kishimoto et al., 1992). Prior to the present work, however,
the effects of OSM, IL-6, and IL-11 on neuronal phenotype had not been
explored in detail. Preliminary result from Rao et al. (1992c) showed that
OSM induces VIP expression in neuroblastoma cells.

Three other neuronal differentiation factors are related to CNTF.
Growth promoting activity (GPA) was purified from chick eye and has the
same ciliary neurotrophic activity as mammalian CNTF (Eckenstein et al.,
1990). Upon cloning, GPA was found to be approximately 50% identical to rat
CNTF (Leung et al., 1992). GPA is expressed in chick eye during the period of
naturally occurring cell death for ciliary neurons that innervate eye muscles,
and is secreted from transfected cells (Leung et al., 1992). CNTF, on the other
hand, is not expressed in the embryo, and is not secreted. These differences
between CNTF and GPA raise the possibility that GPA may not be the chick
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equivalent of CNTF. Recently, GPA has been demonstrated to have neuronal
differentiation activity and induce VIP expression in chick sympathetic
neurons (Heller et al., 1993). Two other proteins related to CNTF are the
membrane-associated neurotransmitter-stimulating (MANS) factor (Wong
and Kessler, 1987) and an activity in sweat gland extracts, sweat gland factor
(SGF) (Rao and Landis, 1990). SGF and MANS have not been sequenced as
yet. CNTF, MANS and SGF show similar activities on neuronal phenotype in
cultured sympathetic neurons (Rao et al., 1992a; Rao et al., 1992b). Anti-CNTF
antisera immunoprecipitate all MANS activity but only part of SGF activity
(Rao et al., 1992a; Rao et al., 1992b). This raises the possibility that MANS may
be a membrane-bound form of CNTF, and that there is a distinct, CNTF-like
neuronal differentiation factor in sweat glands (Rao et al., 1992b; Rohrer,
1992). The latter notion is supported by biochemical analysis, which indicates
that SGF is not CDF/LIF or CNTF (Rao,et al., 1992b; Rohrer, 1992). Moreover,
the innervation of sweat glands is phenotypically normal in CDF/LIF- and
CNTE- deficient mutant mice (Masu et al., 1993; Rao et al., 1994).
Interpretation of negative results with these knockout mice is difficult,
however, given the overlapping activities of multiple factors. A likely
candidate for the SGF is the mammalian version of GPA.

Since CDF/LIF, CNTF, GPA, MANS, SGF, IL-6 and IL-11 have
overlapping activities in a variety of tissues, share a predicted secondary
structure, and utilize the same receptor subunit as a signal transducer, these
proteins are grouped together as a family, even though their primary
sequences are not conserved. The term neuropoietic cytokines is used,
because they regulate cell differentiation and gene expression both in the
nervous and hematopoietic systems (Anderson, 1989; Bazan, 1991; Patterson
and Nawa, 1993).

TGEF-B superfamily. The factor likely to be responsible for SOM expression in
choroid neurons of the chick ciliary ganglion has been identified as activin A
(Coulombe et al., 1993), a member of the TGF-f superfamily (Kingsley, 1994;
Massague, 1990). Activin A message and protein are present in cultured
ciliary choroid cells, but not in cultured skeletal muscle cells. Follistatin, an
endogenous activin inhibitor, can block SOM-inducing activity in the choroid
cell conditioned medium. Furthermore, recombinant activin A can induce
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expression of SOM in cultured ciliary neurons. Since several members of the
TGF-B family are localized primarily in the nervous system (Basler et al., 1993;
Lee, 1991) or have neurotrophic effects (Lin et al., 1993), this family deserves
further analysis in neuronal development.

Other factors. Other known growth factors have effects on neuronal
phenotype. For example, insulin and insulin-like growth factors induce TH in
cultured embryonic quail dorsal root ganglia (Xue et al., 1988). Both acidic
FGF and basic FGF can induce a cholinergic phenotype in cultured chick
sympathetic neurons (Zurn, 1992). Neither of these phenomena has been
further analyzed to date. A number of additional neuronal differentiation
factors have been partially purified. Nawa and Patterson (1990) showed that
two factors biochemically distinct from CDF/LIF exist in heart cell
conditioned medium; one induces VIP and the other induces SOM in
sympathetic neurons (Nawa and Patterson, 1990). A factor termed muscle-
derived differentiation factor (MDF) can increase expression of TH in several
cultured CNS neurons without enhancing neuronal survival (Iacovitti, 1991;
Iacovitti et al., 1992). There is a critical period for neurons to respond to MDF.
Another muscle-derived factor, ChAT development factor (CDF, note: not the
same as CDF/LIF), increases the level of ChAT activity in cultured spinal cord
neurons (McManaman et al., 1988). This protein can selectively rescue motor
neurons during the period of naturally occurring cell death (McManaman et
al., 1990), but not other neurons which undergo cell death during the same
period. CDF is a 22 kDa protein; peptide sequence analysis indicates that it is
a novel protein (McManaman and Oppenheim, 1993)

The goal of the present work

The fact that the cytokine CDF/LIF can act as a growth and
differentiation factor in the nervous system raises the issue as to whether other
cytokines and growth factors may have effects on neuronal cells. Indeed,
several interleukins are now known to have neurotrophic activity (Kamegai et
al., 1990; Loughlin and Fallon, 1993; Mehler et al., 1993). As in the case of
neurotrophins and neuropoietic cytokines, these interleukins may also have
neuronal differentiation activities. To screen for more than 60 known
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cytokines and growth factors on the neuronal expression of transmitters and
neuropeptides, a convenient assay was needed. Conventional methods, such
as radioimmunoassays and metabolic assays, are laborious and time-
consuming. Moreover, such methods screen one phenotypic trait at a time
and require many thousands of cells for each data point. To resolve this
problem, I will describe in Chapter 2 a method based on the reverse
transcription-polymerase chain reaction (RT-PCR) technique to measure the
expression of 13 genes commonly found in the PNS. The specificity of primers
will be demonstrated and the conditions of PCR will be defined. The effects of
CDEF/LIF and CNTF on cultured sympathetic neurons are then assessed by
this assay in order to compare with the results from previous assay methods.

The effects of 33 cytokines are analyzed with the RT-PCR assay in
Chapter 3. Evidence is presented to show that CDF/LIF, CNTF, GPA, OSM,
IL-6 and IL-11 have similar activities on sympathetic neurons. In addition,
activin A is shown to induce a particular set of neuronal traits that is different
from that of the neuropoietic cytokines. This result supports our hypothesis
that there are factors released by target tissues that generate a wide variety of
neuronal phenotypes. That most cytokines are without detectable activity in
this assay illustrates the specificity of these effects.

To further pursue the effects of TGF-3 family members on neuronal
phenotype, TGF-1, TGF-B3, BMP-2, and BMP-6 were tested and the results
are described in Chapter 4. Since activins have cholinergic-inducing activity,
the possibility that these factors are involved in the phenotypic switch that
occurs in the sweat gland innervation is analyzed by in situ, RNase protection
and tissue homogenate experiments. The results are presented in Chapter 4 as
well.

I also collaborated with Dr. Jane Talvenheimo in an attempt to purify
novel factors from heart cell conditioned medium. These results are presented
in Chapter 5.

Finally, I participated in the cloning of CDF/LIF. The Appendix
includes a paper describing this effort.
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A Novel Approach to Screen for Cytokine Effects
on Neuronal Gene Expression

Ming-Ji Fann and Paul H. Patterson
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Abstract: We describe an assay based on reverse tran-
scription—-polymerase chain reaction to detect the expres-
sion of mMRNAs for a variety of transmitter synthetic en-
zymes and neuropeptides present at low levels in primary
neuronal cultures. The assay is specific for mRNA-derived
templates and is not affected by the presence of genomic
DNA. Using this method, we demonstrate that cholinergic
differentiation factor/leukemia inhibitory factor (CDF/LIF)
and ciliary neurotrophic tactor (CNTF) induce mRNAs for
choline acetyltransferase, somatostatin, substance P, va-
soactive intestinal polypeptide, cholecystokinin, and en-
kephalin. The induction of cholecystokinin and enkephalin
by CDF/LIF and CNTF had not been shown previously.
These data illustrate that the assay can reproduce findings
obtained with other methods, as well as provide the sensi-
tivity necessary to produce new results. These results
also extend the overlap of COF/LIF and CNTF in control-
ling gene expression in cultured sympathetic neurons,
supporting the idea that these cytokines may share recep-
tor subunits and signal transduction pathways. Key Words:
Cholinergic differentiation factor—Leukemia inhibitory
factor—Ciliary neurotrophic factor—Cholecystokinin—
Enkephalin—Choline acetyltransferase—Somatostatin—
Substance P—Vasoactive intestinal peptide.

J. Neurochem. 61, 1349-1355 (1993).

Neuronal communication is mediated by approxi-
mately 12 known classical transmitters and over 75
neuropeptides. As individual neurons are known to
express several transmitters and as many as eight dif-
ferent neuropeptides, the number of potential combi-
nations is enormous. The choice of which transmit-
ters and neuropeptides to produce is determined by
the cell’s lineage history and environmental influ-
ences (Nawa et al., 1990; Patterson and Landis, 1992;
Patterson and Nawa, 1993). One of the most exten-
sive analyses of environmental influences on neuro-
nal phenotype involves sympathetic neurons, both in
culture and in their innervation of various target tis-
sues in vivo (Black et al., 1987; Hendry and Hill,
1992). In the latter work, Landis and colleagues (re-
viewed in Landis, 1990) have shown that the pheno-
typic choice made by sympathetic neurons is con-
trolled, in part, by the particular target tissue they in-
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nervate. Moreover, this choice is altered as the
neurons contact certain targets, such as the sweat
glands, during normal development.

Neuronal cultures have been used to identify candi-
date factors that may mediate this control of neuronal
gene expression. Cholinergic differentiation factor/
leukemia inhibitory factor (CDF/LIF) was character-
ized and cloned on the basis of its ability to convert
cultured rat sympathetic neurons from a noradrener-
gic to a cholinergic phenotype (Yamamon et al.,
1989). In addition, CDF/LIF induces the expression
of substance P (SP), somatostatin (SOM), and vasoac-
tive intestinal polypeptide (VIP) by increasing tran-
scription of these genes (Nawa et al., 1990, 1991). Saa-
dat et al. (1989) found that ciliary neurotrophic factor
(CNTF) can mediate the same noradrenergic-to-cho-
linergic switch of phenotype in these neurons. CNTF
also alters expression of the same neuropeptides as
CDF/LIF (Rao et al., 19924). Other, as yet unidenti-
fied, proteins can influence neuronal phenotype. For
example, two proteins in the conditioned medium
from cultured heart cells selectively induce the ex-
pression of VIP and SOM (Nawa and Patterson,
1990). Moreover, a protein(s) in sweat gland extracts
has CDF/LIF-CNTF-like effects on these neurons
(Rao et al., 1992b; Rohrer, 1992). Identification of
these factors will enable a further understanding of
how neuronal phenotype is determined.

Primary neurons have been used in such assays be-
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cause they presumably reflect the response of normal
neurons more accurately than do neuronal cell lines,
This approach does. however, result in limiting
amounts of material for the assays. One way to cir-
cumvent this problem is to increase the sensitivity of
the assays for particular transmitters and neuropep-
tides. In this report, we present a new approach based
on reverse transcription-polvmerase chain reaction
(RT-PCR) that enables us to follow simultaneously
the expression of mRNAs for 13 transmitters/neuro-
peptides in small numbers of neurons. Using this as-
say, we demonstrate that CDF/LIF and CNTF induce
expression of mRNAs for choline acetyltransferase
(ChAT), SP, VIP, cholecystokinin (CCK), and en-
kephalin (ENK) in cultured sympathetic neurons.
The induction of the latter two neuropeptides by
CDF/LIF and CNTF has not been shown previously.
As small numbers of neurons and minimal amounts
of factors are required in the assay, and numerous
genes can be analyzed at the same time, this PCR-
based method may facilitate identification of new neu-
ronal differentiation factors.

MATERIALS AND METHODS

Animals and reagents

Neonatal Sprague-Dawley rats were purchased from Si-
monsen Laboratones (Gilrov, CA. U.S.A.). Most of the re-
agents for tissue culture, Superscript reverse transcriptase
(RTase), and 1-kb DNA marker were purchased from
GIBCO/BRL (Grand Island, NY, U.S.A.). Transfernn was
obtained from Calbiochem (La Jolla, CA, U.S.A.). Nerve
growth factor, glycogen, dATP, dCTP, dGTP, and dTTP
were purchased from Boehringer Mannheim (Indianapolis,
IN, U.S.A.). RNase inhibitor (RNasin) and 7ag DNA poly-
merase were purchased from Promega (Madison, WI,
U.S.A.). Oligo dT was obtained from Pharmacia (Piscata-
way, NJ, U.S.A.). Pimers were svnthesized in the Biopoly-
mer Synthesis and Analysis Resource Center at California
Institute of Technology. Pasadena. CA, U.S.A. All other
reagents were purchased from Sigma (St. Louis, MO,
U.S.A.). Human recombinant CDF/LIF and rat recombi-
nant CNTF were kindly provided by Dr. Babru Samal and
colleagues at Amgen, Inc. (Thousand Oaks, CA, US.A)).

Neuronal culture

Neurons were prepared and cultured as described previ-
ously (Hawrot and Patterson. 1979; Wolinsky et al., 1985)
with the modification noted below. Briefly. superior cervi-
cal ganglia were dissected from neonatal rats. enzymatically
dissociated with 0.1% trypsin, and cultured in L15-CO, me-
dium supplemented with 100 ug/ml of transferrin, 100 ng/
ml of nerve growth factor, 5 ug/ml of insulin, 16 ug/ml of
putrescine, 30 nM sodium selenite, and 4 ug/ml of aphidi-
colin. Aphidicolin was used here because it is a relatively
nontoxic antimitotic agent used to eliminate nonneuronal
cells (Wallace and Johnson. 1989). For ease and reproduc-
ibility, neurons were seeded in 96-well plates (Falcon, Ox-
nard, CA, U.S.A.) at a density of one ganglion per well. Half
of the medium was changed every 36 h in an effort to ensure
the activity of the cytokines. After 7 days, each well con-
tained approximately 3,000 cells (Wolinsky et al., 1985) and
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more than 95% of surviving cells were neurons. Cyvtokines
were added from the second dav of culture. and duplicate
wells were prepared for each condinon

Preparation of RNA and cDNA

Adult rat spinal cord RNA was prepared by disruption of
the tissue in 4 A guanidinium thiocyanate using a syringe,
and extraction with acidic phenol and chloroform (Chome-
zynski and Sacchi, 1987). Total RNA from cultured neu-
rons was prepared in the same manner, but smaller
amounts of material were used (Belvavsky et al., 1989).
Briefly. 160 ul of lysis buffer (4 Af guanidinium thiocyanate,
25 mAM sodium citrate. pH 7.0. 100 mA{ 2-mercaptoeth-
anol, and 0.5% sodium lauroyvl sarcosinate) was added to
each well. The lysate was transferred to 1.7-ml Eppendorf
tubes and vortexed vigorously to shear DNA. Ten micro-
liters of | M sodium acetate, pH 4.0, 200 ul of water-satu-
rated phenol, and 40 ul of chloroform were added sequen-
tially, with vigorous vortexing after each addiuon. The sam-
ples were kept at 4°C for 20 min and centrifuged at 12,000 g
for 15 min. The water phase was transferred to a new tube
containing 10 ul of 3 mg/ml of glycogen. RNA was precipi-
tated by addition of 200 ul of 1sopropanol and stored at
—20°C overnight.

Spinal cord cDNA was prepared as follows: 10 pg of total
RNA in 6 ul was denatured in 16 ul of 13 mM methylmer-
cury hydroxide in water for 10 min, and S gl of 75 mM
2-mercaptoethanol in water for 5 min. Reverse transcrip-
tion was performed in a total volume of 50 gl containing 50
mAM Tris-HCI, pH 8.3. 75 mAM KCl. 3 mAf MgCl,. 0.5 mM
dNTP, 0.5 pg of oligo dT, 40 U of RNasin, and 200 U of
RTase for | h at 37°C. To produce cDNA from cultured
neurons, total RNA was centrifuged at 12,000 g for 15 min,
washed once with 70% ethanol. and dned in a Speedvac
(Savant, Farmingdale. NY, U.S.A.). The RNA was dis-
solved directly in 10 gl of 13 mAf methylmercury hvdroxide
for 10 min, and an additional 2 4! of 75 mAZ 2-mercaptoeth-
anol was added for 5 min. Reverse transcription was per-
formed in a final volume of 20 ul, with the bufter described
above. and 100 U of RTase and 20 U of RNasin for 1 h
at 37°C.

PCR

Most of the oligonucleotides were selected as primers ac-
cording to the criteria described by Lowe et al. (1990). For
those genes without available genomic DNA sequences, sev-
eral distinct oligonucleotides were synthesized and tested in
PCR pilot experiments using spinal cord cDNA as template.
Primers that could discniminate cDNA from genomic DNA
were selected for further study. The sequences of each pair
of primers are given in Table 1. Amplification of cDNA was
performed in a thermal cycler (MJ Research, Watertown,
MA, U.S.A.) with each tube containing a final volume of 20
ul, consisting of 1 ul of cDNA, 1 X PCR buffer, 0.5 U of Tag
DNA polymerase, 0.25 mAM dNTP, and one set of primers
(200 nAf). The following conditions were used for PCR:
94°C for 45 s, annealing temperature (temperatures for
each cDNA listed in Table 1) for 75 s, and 72°C for 30 s.
The numbers of cycles used to amplify each cDNA were
chosen to allow the PCR to proceed in a linear range, but
with sufficient yield 1o be visualized by ethidium bromide
staining; and the cyching profile for each gene is listed in
Table 1. The appropriate cycling profiles were determined
empirically. Eight microliters of each PCR sample was ana-
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lvzed on a 2% agarose gel. and the products were visualized
with ethidium bromide staining and UV illuminaton.

RESULTS

Selection of primers

An RT-PCR assay was designed to faciliiate the
measurement of mRNAs for neuropeptides and neu-
rotransmitter synthetic enzymes using small numbers
of cultured neurons. Fourteen sets of oligonucleotide
primers were made to detect mRNASs for g-actin, the
neurotransmitter synthetic enzymes ChAT, 65-kDa
glutamic acid decarboxylase (GADG6S), 67-kDa glu-
tamic acid decarboxylase (GAD67), tyrosine hydroxy-
lase (TH), and tryptophan hydroxylase (TPH), and
the neuropeptides calcitonin gene-related peptide
(CGRP), CCK, dynorphin (DYN), ENK, neuropep-
tide Y (NPY), SOM, SP, and VIP. For those genes
expected to yield more than one transcript due to al-
ternative splicing, including DYN, ENK, TPH, and
SP (Krause et al., 1987; Darmon et al., 1988; Garrett
et al., 1989), the selected primers recognize regions
common to each transcript and generate a single PCR
product for each of these genes; the exception is SP,
which may have four different PCR products. There
are two different genes encoding CGRP, and the
primers were designed to identify one of them,
CGRPa (Amara et al., 1982, 1985). The sequences of
primers, annealing temperatures, amplification cy-
cles, and the predicted sizes of the PCR products are
given in Table I.

Specificity of the primers

We first tested whether these primers specifically
identify the mRNAs for the intended neuromodula-
tors. Total RNA was prepared from adult rat spinal
cord and reverse-transcribed into cDNA. All cDNAs
except actin were amplified for 35 cycles; actin was
amplified for 20 cycles. Each set of primers (except
those for SP) generated a single PCR product whose
size was predicted from the known gene sequences
(Fig. 1, 4" lanes). Reverse transcription was essen-
tial for generation of these expected products, as they
did not appear in the samples that were not treated
with reverse transcriptase (Fig. 1, “—" lanes). The
primers for GAD65, SOM, and TH presumably also
recognized genomic DNA and produced PCR prod-
ucts whose sizes were larger than expected in the sam-
ples not treated with reverse transcriptase (Fig. I,
GAD65,SOM, TH, **—" lanes). This did not interfere
with the assay, however, because these bands disap-
peared when there is competition with the proper
templates present in the cDNA. The SP primers pro-
duced three products whose sizes (375, 331, and 276
bp) corresponded to the mRNAs for 8-, v-, and 8-SP,
respectively (Krause et al., 1987; Harmar et al., 1990).
The assay also yielded the expected relative levels of
these mRNAs; 8-SP and v-SP were more abundant
than é-SP, whereas «-SP comprised less than 1% of

the total SP mRNASs (Carter and Krause, 1990; Har-
mar et al., 1990) and was undetectable in our assay.
We used two sets of primers to detect GAD67 and
GADG65, and judging from the intensity of the prod-
ucts, there was more GAD67 than GAD65 mRNA in
the spinal cord.

These results demonstrate that the chosen primers
yield a specific assav for these neuromodulators. We
sequenced three PCR products (f-actin, because there
are many actin homologues, and CCK and ENK, be-
cause our findings for these two genes are novel, as
described below). All the clones that were sequenced
(at least three clones for each PCR product) contained
the sequences expected for these genes. This was ex-
pected, because the annealing temperature used in the
PCR for each set of primers was close to or above the
predicted melting temperature in an effort to increase
the specificity of the PCR. In addition, we have dem-
onstrated that these PCR products only appear when
RT is present, that there is only one PCR product for
each gene analyzed. and that the size of each PCR
product is identical to that predicted from the known
sequences. Although the PCR can generate artifacts
when unknown sequences are cloned from ambigu-
ous primers, this tvpe of artifact rarely occurs with
primers that are identical to the known sequences,
especially when the PCR is carried out under high-
stringency conditions, as in these experiments. There-
fore, the PCR products obtained here should repre-
sent products of the genes indicated. The data also
show that the adult rat spinal cord expresses a variety
of neuromodulator mRNAs, albeit at different levels,
some of which (DY N, GAD65) had not been readily
identified in the spinal cord by other methods.

CDF/LIF induces CCK and ENK in cultured
sympathetic neurons

To test further the applicability of the assay, we
asked whether it can reproduce the known effects of
CDF/LIF on cultured sympathetic neurons. It had
been shown that CDF/LIF induces the expression of
SP, SOM, VIP, and ChAT (Nawa et al., 1990, 1991).
Sympathetic neurons were cultured in 96-well plates
for 7 days in serum-free medium to avoid the induc-
tive effects of serum (Wolinsky and Patterson, 1985).
Different concentrations of recombinant human
CDF/LIF were added between days 2 and 7. Dupli-
cate samples were used for each concentration to
compensate for an occasional failure of amplification
(about 5%). At the end of 7 days of culture, RNA was
extracted from each well and reverse transcribed to
cDNA. The cDNA derived from a single well was
used as template for 14 PCRs for each gene. in 14
separate tubes. g-Actin expression was used to moni-
tor the amount of RNA in each sample. The expres-
sion pattern of these neuromodulators, with and with-
out CDF/LIF, was similar to that previously reported
(Nawa et al., 1990). CDF/LIF induced expression of

J Newrochem Vol 61 No 4. 1993
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TABLE 1. Sequences of the primers, predicted sizes of PCR fragments, and amplification cveles used in the PCR
Predicted Anncaling  Amplification
Neuromodulator Sequence size (bp) temp cycles Reference

fA-Actin TCATGAAGTGTGACGTTGACATCCGT 285 58 18 Nudel et al., 1983
CCTAGAAGCATTTGCGGTGCACGATG

CGRP TTCTGAAGTTCTCCCCTTTCC 165 58 35 Amara et al., 1982
GCATATAGTTCTGCACCAGTK(

CCK GACTCCGCATCCGAAGAT 366 50 35 Deschenes et al., 1985
CTACGATGGGTATTCGTA

ChAT GCTTACTACAGGCTTTAC 338 50 30 Hahn et al., 1992
GACAAACCGGTTGCTCAT

DYN ATCAACCCCCTGATTTGCTCC 368 60 33 Douglass et al., 1989
GCCTGTTTTCTCAAGTCCTCC

ENK ATCAACTTCCTGGCATGC 429 50 28 Rosen et al., 1984
GCTCGTGCTGTCTTCATC

GAD65 GCTCTGGCTTTTGGTCCTTCG 220 58 40 Erlander et al., 1991
TTTTGGTCACAGGTGCAGGCG

GAD67 CTGCCAATACCAATATGTTCAC 297 58 35 Wyborski et al., 1990
TTGTCAGTTCCAAAGCCAAGCG

NPY GCTAGGTAACAAACGAATGGGG 288 58 22 Larhammar et al., 1987
CACATGGAAGGGTCTTCAAGC

SOM CCAGACTCCGTCAGTTTCTGC 238 58 28 Montminy et al., 1984
AGTTCTTGCAGCCAGCTTTGC

SP ATGAAAATCCTCGTGGCG a=321,8=375 58 27 Carter and Krause, 1990
GTAGTTCTGCATTGCGCT 331,6 =276

TPH GATGCAAAGGAGAAGATG 410 50 31 Darmon et al., 1988
TAAGCAGGTGACAGAAAT

TH CGGGCTATGTAAACAGAATGGG 418 58 24 Gnima et al., 1985
GATGGAGACTTTGGGAAAGGC

vIP AGTGTGCTGTTCTCACAGTCG 216 58 28 Nishizawa et al.. 1985

GCTGGTGAAAACTCCATCAGC

SP, VIP, ChAT, and SOM in a dose-dependent man-
ner (Fig. 2). In addition, CDF/LIF induced expression

of CCK and ENK. These data clearly illustrate that by

this RT-PCR assay we can reproduce previous results,
as well as provide the sensitivity to uncover new find-
ings.

FIG. 1. Primers amplify cDNA-derived, but not genomic, DNA
templates. Total RNA was prepared from adult rat spinal cord and
either converted to cDNA with reverse transcriptase (*'+ ' lanes)
or not treated with reverse transcriptase (" —"' lanes). All samples
were amplified for 35 cycles in the PCR, except actin, which was
amplified for 20 cycles. The samples were loaded in ascending
order of expected sizes, based on the known gene sequences, as
listed in Table 1. A 1-kb DNA marker was used as DNA molecular
weight standard (""M"" lanes) and the measured sizes are, from
bottom to top, 75, 134, 154, 201, 220, 298, 344, 396, 517/506,
1.018. 1,635, 2,036 bp

J Newrochem., Vol 61, No 4. 1993

The concentrations of CDF/LIF needed to induce
various mRNAs to maximal levels varied. The signals
for SP, VIP, and ENK reached plateau at 0.4 ng/ml of
CDF/LIF, whereas more than 1.6 ng/ml was needed
to induce the expression of ChAT, SOM, and CCK
fully. It may be that different genes are induced by
different transcription factors, which are turned on at
different concentrations of CDF/LIF (e.g., Lord et al.,
1991; Yamamon. 1991; Ip et al., 1992).

The assay was further used to determine the effect
of CDF/LIF on other neuromodulators found previ-
ously to be expressed by sympathetic neurons (Sah
and Matsumoto, 1987; Nawa and Sah, 1990; Van-
denbergh et al., 1991). In the absence of CDF/LIF,
these neurons detectably expressed mRNAs for the
transmitter/synthetic enzymes TH, TPH. and
GAD67, as well as the neuropeptides DYN, NPY,
and CGRP (Fig. 2). GAD65 was undetectable, even
after 40 cycles of amplification (data not shown). Ad-
dition of CDF/LIF did not increase expression of
these genes. The apparent increase in expression of
GAD67 by CDF/LIF (Fig. 2) was not reproducible.
We were unable to determine whether CDF/LIF de-
creased the expression of these genes (TH, NPY,
CGRP, TPH, DYN) because the S-actin control also
decreased at high concentrations of CDF/LIF. Be-
cause this type of deleterious effect had not been
found with purified heart cell CDF/LIF (Fukada,
1985), the apparent toxicity may be due to Esche-
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FIG. 2. CDF/LIF induces expression of SP, VIP, ChAT, SOM,
CCK, and ENK, but not TH, NPY, CGRP, TPH, DYN, or GAD67 in
cultured sympathetic neurons. Different concentrations of CDF/
LIF (nanograms per milliliter) were added to cultured sympathetic
neurons for 6 days and the RT-PCR assay was used to monitor a
varniety of mRNAs. Duplicate samples were run at each concen-
tration. Actin was used as control to monitor the amount of
mMRNA in the sample. Some lanes yield no products due to failure
of amplification. The 1-kb DNA marker ("M’ lane) was used as in
Fig. 1

richia coli-derived products in the recombinant pro-
tein preparation.

CNTF induces the same neuromodulators as
CDF/LIF

Another cytokine that has been shown to induce
the expression of several neuromodulators is CNTF
(Saadat et al., 1989; Rao et al.. 19924). CNTF is pre-
dicted to have a structure similar to that of CDF/LIF
(Bazan, 1991; Rose and Bruce, 1991). In addition,
CNTF shares receptor subunits and signal transduc-
tion pathways with CDF/LIF (Ip et al., 1992). When
added to the sympathetic neuronal cultures and ana-
lyzed by RT-PCR assay, CNTF induced the same pat-
tern of neuromodulators as CDF/LIF (Fig. 3). The
induction of SP, VIP, ChAT, SOM, CCK. and ENK
mRNAs was clear. As with CDF/LIF, a higher con-
centration of CNTF was required to induce SOM,
ChAT, and CCK. The induction of SP, VIP, ChAT,
and SOM by CNTF had been shown previously by
other methods (Saadat et al., 1989; Rao et al., 19924).
CNTF had no detectable inductive effects on TH,
NPY, CGRP, TPH, DYN, or GAD67 (data not
shown). Although higher concentrations of CNTF ap-
peared to be required for induction of neuromodula-
tors in Fig. 3, such concentration differences between
the effects of CNTF and CDF/LIF were not reproduc-
ible. The decrease of g-actin with increasing CNTF

DISCUSSION

We describe a method. based on RT-PCR, for de-
tecting mRNAs for a variety of transmitters and neu-
ropeptides present at low levels in primary neuronal
cultures. Specific sets of primers were designed for 14
different genes. When tested in RT-PCR using adult
spinal cord RNA, these primers amplify cDNA even
in the presence of genomic DNA, and single PCR
products are generated that have the sizes predicted
from the known sequences of the genes (except for SP,
which yielded three products of expected sizes). This
demonstrates that genomic DNA does not interfere
with the assay even though 1t may contaminate the
samples.

Sympathetic neurons have been used to study neu-
ronal phenotypic choice and to idenufy neuronal dif-
ferentiation factors (Patterson, 1978, 1992). Using the
RT-PCR method, we demonstrate that cultured sym-
pathetic neurons have the capacity 1o express CGRP,
CCK, ChAT, DYN. ENK, GAD67. NPY, SOM, SP,
TPH, TH, and VIP. The expression of this variety of
genes makes sympathetic neurons a good choice for a
responder cell to test the effects of candidate neuronal
differentiation factors. When CDF/LIF and CNTF
are applied to svmpathetic neurons, they induce ex-
pression of mRNAs for CCK., ChAT, ENK, SOM, SP,
and VIP in a very similar manner. The finding that
CCK and ENK are induced by CDF/LIF and CNTF
had not been reported previously, and suggests that
these cytokines may be responsible for the induction
of CCK and ENK by heart cell conditioned medium
(Nawa and Sah, 1990).

Rao et al. (1992a) did not observe induction of leu-
enkephalin by CNTF using a radioimmunoassay for

M| O [0.1(0.4(1.6/6.4125 100
Actin

FIG. 3. CNTF induces the same set of neuromodulators as does
CDF/LIF in cultured sympathetic neurons. Various concentra-
tions of CNTF (nanograms per milliliter) were added to cultured
sympathetic neurons for 6 days and the RT-PCR assay was used
to monitor the expression of neuromodulators as in Fig. 2

! Newrochem., Vol 61, No 4. 1993
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the neuropeptide. This discrepancy with our results
may be due to a difference in sensitivity of the assays
or to induction of ENK mRNA but not ENK peptide.
Such a differential regulation of mRNA and protein
has been shown previously. For example, nonneuro-
nal cells induce SOM mRNA but not SOM peptide in
cultured sympathetic neurons (Spiegel et al., 1990). In
addition, ENK mRNA is induced in the adrenal me-
dulla when it is placed in culture (Zhu et al., 1992). It
may be interesting 1o determine whether CDF/LIF or
CNTF is responsible for this induction.

The concentration of CDF/LIF and CNTF needed
for full induction of SP, ENK, and VIP was different
from that required for full induction of ChAT, SOM,
and CCK. This suggests that these genes are regulated
by different signal transduction pathways. It has been
shown that CDF/LIF and CNTF induce the expres-
sion of several early genes, including c-jun, junB,
junD, c-fos, and tis!I (Lord et al., 1991; Yamamori,
1991; Ip et al., 1992). The concentration dependence
of the induction of these early genes has not been re-
ported, however.

The present results further charactenize the effects
of CDF/LIF and CNTF on cultured sympathetic neu-
rons. These data are consistent with indications that
these cytokines can share receptor subunits and signal
transduction pathways (Ip et al., 1992), as predicted
by Bazan (1991). The emerging picture of a family of
neuropoietic cytokines that have redundant effects on
the nervous system is consistent with similar findings
on the control of hematopoietic phenotypes (Nawa et
al., 1990; Patterson and Nawa, 1993).
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ABSTRACT A number of cytokines sharing limited se-
quence homology have been grouped as a family because of
partially overlapping biological activities, receptor subunit
promiscuity, and the prediction of a shared secondary struc-
ture. Since several of these cytokines regulate gene expression
and cell number in the nervous and hematopoietic systems, this
specific group is termed the neuropoietic cytokine family. Using
a reverse transcription—polymerase chain reaction-based assay
system for monitoring the expression of multiple phenotypic
markers in cultured sympathetic neurons, we present further
evidence that, in addition to cholinergic differentiation factor/
leukemia inhibitory factor and ciliary neurotrophic factor,
oncostatin M, growth promoting activity, interleukin 6, and
interieukin 11 belong in this family. In addition, one member
of the transforming growth factor 8 superfamily, activin A,
shares a selective overlap with the neuropoietic family in the
spectrum of neuropeptides that it induces in sympathetic
neurons. The particular neuropeptides induced by activin A,
however, demonstrate that the activity of this cytokine is
distinct from that of the neuropoietic family. Twenty-six other
cytokines and growth factors were without detectable activity
in this assay.

Diffusible proteins can regulate neural development at a
number of stages, from the initial proliferation and differen-
tiation of progenitor cells, through the outgrowth of pro-
cesses and formation of synapses, to the rearrangement of
connections in postnatal life (1). Two of the families of
proteins involved in these events include the neurotrophins
and the neuropoietic cytokines. The prototype of the former
group is nerve growth factor (NGF), and subsequent family
members were cloned by utilizing the extensive homology
between NGF and the second neurotrophin identified, brain-
derived neurotrophic factor. In contrast, the neuropoietic
family is emerging not through strong homologies among
cytokine sequences, but rather by shared biological activities
and predicted secondary structures (2, 3). Subsequent studies
on the receptors for the neuropoietic cytokines have revealed
not only structural homology among the receptors but the
sharing of a common receptor transducing subunit and similar
signal-transducing pathways (4-8).

Inaugural members of the neuropoietic family include a
protein we termed the cholinergic differentiation factor
(CDF; refs. 9-11), also widely known as leukemia inhibitory
factor (LIF; ref. 12), and ciliary neurotrophic factor (CNTF;
refs. 13-15). These two proteins display identical profiles of
activity in the regulation of neuropeptide expression in cul-
tured sympathetic neurons (16, 17) and in the support of
motor neuron survival (18, 19). In addition, Bazan (2) pre-
dicted that CDF/LIF and CNTF would share a similar
secondary structure with interleukin (IL)-6, oncostatin M
(OSM), and granulocyte colony-stimulating factor (G-CSF).
Similar predictions were made by Rose and Bruce (20). While
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it was known that CDF/LIF and IL-6 elicited many of the
same responses in nonneural cells (21), the linkage with OSM
was not previously suspected. Further evidence for a close
relationship between these proteins is the finding that OSM
can displace CDF/LIF from its binding sites on M1 cells (22).
Moreover, OSM was recently found to induce the same
neuropeptide in a neuroblastoma line as CDF/LIF (23).
Another candidate for membership in this family is IL-11, a
cytokine that phosphorylates the same gpl30 receptor sub-
unit as do CDF/LIF, CNTF, and IL-6 (5, 24). Recently,
growth-promoting activity (GPA), a protein that shares
trophic activity for ciliary neurons with CNTF, was cloned
from chicken and found to have a limited sequence homology
with mammalian CNTF (25). Finally, extracts of rat foot pads
(which contain sweat glands, the target of cholinergic sym-
pathetic neurons) were found to contain a protein, termed the
sweat gland factor (SGF), that exhibits both CDF/LIF and
CNTF activities and is similar to, but distinct from, CNTF
(26, 27). SGF has not as yet been sequenced. All of these
proteins are therefore candidates for membership in the
neuropoietic cytokine family.

Other cytokines may be involved in the development of the
nervous system. IL-3 acts as a trophic factor for central
cholinergic neurons (28), and IL-5, -7, -9, and -11 regulate
differentiation of munine hippocampal progenitor cells (29).
IL-1 and tumor necrosis factor @ (TNFa), two inflammatory
cytokines released after injury, can induce NGF and CDF/
LIF, which in turn have effects on neuronal survival and gene
expression (30-32). Activin A, a member of the transforming
growth factor 8 (TGFp) superfamily, stimulates expression
of the neuropeptide somatostatin in cultured ciliary ganglion
neurons (33). Accordingly, these cytokines are candidate
neuronal differentiation factors. Nonetheless, there has been
no systematic analysis of the effects of these cytokines on
neuronal phenotype.

We have designed a reverse transcription (RT)-PCR assay
to analyze the effects of soluble factors on the expression of
neuropeptides and neurotransmitter synthesizing enzymes in
cultured sympathetic neurons. In this assay, CDF/LIF and
CNTF induce an identical set of neuropeptide and neuro-
transmitter enzyme mRNAs (34). We here present the results
of testing the effects of 33 different recombinant cytoKines
and growth factors on neuronal gene expression. These

Abbreviations: CCK, cholecystokinin; CDF/LIF, cholinergic dif-
ferentiation factor/leukemia inhibitory factor; CGRP, calcitonin
gene-related peptide; ChAT, choline acetyltransferase; CNTF, cili-
ary neurotrophic factor; DYN, dynorphin; ENK, enkephalin; FGF,
fibroblast growth factor; GAD6S, 65-kDa glutamic acid decarboxy-
lase: GAD67, 67-kDa glutamic acid decarboxylase; G-CSF, granu-
locyte colony-stimulating factor; GPA, growth-promoting activity;
GROa, growth-related cytokine a; IL, interleukin; M-CSF, macro-
phage colony-stimulating factor; MIPla, macrophage inflammatory
protein la; NGF, nerve growth factor; NPY, neuropeptide Y; OSM,
oncostatin M; rh-, recombinant human; RT, reverse transcription;
SGF, sweat gland factor; SOM, somatostatin; SP, substance P;
TGFa and -, transforming growth factor a and g8; TH, tyrosine
hydroxylase; TNFa, tumor necrosis factor a; TPH, tryptophan
hydroxylase; VIP, vasoactive intestinal polypeptide.
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results support the hypothesis that GPA and OSM belong in
the neuropoietic family. In addition, weak activities of 1L-6
and IL-11 can also be detected in this assay. The pattern of
neuronal gene expression induced by activin A, however,
sets it apart from this family.

MATERIALS AND METHODS

Animals and Reagents. Neonatal Sprague-Dawley rats
were purchased from Simonsen Laboratories (Gilroy, CA).
Most of the tissue culture reagents, Superscript reverse
transcriptase I, and the 1-kb DNA marker were purchased
from GIBCO/BRL. NGF, glycogen, dATP, dCTP, dGTP,
dTTP, acidic fibroblast growth factor (FGF) and basic FGF
were purchased from Boehringer Mannheim. RNase inhibi-
tor (RNasin) and Tag DN A polymerase were purchased from
Promega. Oligo(dT) was obtained from Pharmacia. Oligonu-
cleotide primers were synthesized in the Biopolymer Syn-
thesis and Analysis Resource Center at Caltech. The recom-
binant proteins murine IL-1, murine TNF-a, human activin
A, human growth-related cytokine a (GROa), and rat CNTF
were gifts from Genentech. Chick GPA was kindly provided
by T. Finn and Rae Nishi of Oregon Health Sciences Uni-
versity (Portland). Human recombinant activin A was also
obtained from Jim Smith at the National Institute for Medical
Research (London). Human macrophage inflammatory pro-
tein 1a (MIPla) was provided by Mary Freshney and Gerry
Graham at the Beatson Institute for Cancer Research (Glas-
gow, U.K.). The recombinant proteins murine IL.-3, -4, -6, -7,
and -9, human IL-8, and macrophage colony stimulating
factor (M-CSF) were purchased from R & D Systems. The
recombinant protein human IL-10 was supplied from Gen-
zyme. The recombinant protein human IL-11 was a gift from
Yu-Chung Yang at Indiana University. The recombinant
protein murine IL-12 was provided by Stanley Wolf from
Genetics Institute (Cambridge, MA). The recombinant pro-
tein human OSM was provided by David Gearing at Im-
munex. Other cytokines and growth factors used in this study
were recombinant human (rh) proteins provided by James
Miller and colleagues at Amgen. All other reagents were
purchased from Sigma.

Neuronal Culture. Dissociated sympathetic neurons were
prepared and cultured in serum-free medium as described
previously (34-36). For reproducibility, neurons were seeded
in 96-well plates (Falcon), at a density of one ganglion per
well. Cultures were maintained for 7 days, and half of the
medium was changed every 36 hr in an effort to ensure that
cytokines maintained activity. The antimitotic agent aphidi-
colin was added to the cultures at the concentration of 4
pg/ml, effectively eliminating nonneuronal cells. After 7
days, each well contained approximately 3000 neurons, and
more than 95% of the surviving cells were neurons, as judged
by phase-contrast microscopy (36). Cytokines and growth
factors were added from the second day of culture, and
duplicate wells were prepared for each condition. All results
reported here were reproduced in at least two separate
neuronal platings.

Preparation of RNA and ¢cDNA. Total RNA preparation and
cDNA synthesis from cultured neurons were as described
previously (34). Briefly, 160 ul of lysis buffer was added to
each well. The lysate was transferred to a 1.7-ml Eppendorf
tube and swirled vigorously to shear DNA, and then one
round of acidic phenol/chloroform extraction was performed
to deplete DNA and proteins. RNA was coprecipitated with
30 ug of glycogen in a 50% isopropyl alcohol solution and
stored at —20°C overnight.

To produce cDNA from the cultured neurons, the total
RNA was centrifuged, dried, and directly dissolved in 10 ul
of 13 mM methylmercury hydroxide for 10 min, and an
additional 2 | of 75 mM 2-mercaptoethanol was added for 5

Proc. Natl. Acad. Sci. USA 91 (1994)

min. Oligo(dT)-primed RT was done in a final volume of 20
ul, containing the RT buffer (34), 100 units of reverse
transcriptase, and 20 units of RNasin, for 1 hr at 37°C.

PCR. The sequences of the primers and conditions used in
the PCR for each neuronal gene analyzed were described in
a previous report (34). Amplification of cDNA was performed
in a thermal cycler (MJ Research, Watertown, MA). Each
tube contained a final volume of 20 ul, consisting of 1 ul of
cDNA, 1x PCR buffer (Promega), 0.5 unit of Tag DNA
polymerase, 0.25 mM dNTP, and one set of primers (200 nM).
After the reaction, 8 ul of each PCR sample was analyzed on
a 2% agarose gel, and the products were visualized after
ethidium bromide staining and UV illumination. The appro-
priate amplification cycle schedule for each neuropeptide
gene was determined empirically, to allow a minimal, yet
detectable, signal for control samples (neurons grown with-
out cytokines or growth factors). Cytokines were deemed to
have regulatory effects on specific genes if the intensities of
the PCR products were about 3-fold different from those of
negative controls, as judged by eye.

RESULTS

Screening of 33 Cytokines and Growth Factors for Effects on
Neuronal Gene Expression. In the first screen for effects of
cytokines and growth factors on neuronal phenotype, two
concentrations (10 ng/ml and 100 ng/ml) of each recombinant
protein were applied to neonatal rat sympathetic neurons in
culture for 6 days. The expression pattern of different neu-
romodulators in the presence of cytokines and growth factors
was elucidated by the RT-PCR assay and the results are
summanized in Table 1. Twenty-six factors showed no effect
on the intensity of the PCR products for any of the six genes
analyzed, in at least two independent experiments; these
factors were not analyzed further. In addition to reporting our
findings with CDF/LIF and CNTF, we report here in detail
for the first time the effects of GPA, OSM, IL-6, IL-11, and
activin A on neuronal gene expression. Some of the inductive
effects of CDF/LIF, CNTF, and OSM have been demon-
strated previously (16, 17, 23, 34, 37).

GPA Induces the Same Set of Neuropeptides and Neuro-
transmitter Synthetic Enzymes as CNTF. GPA was purified
from chick and has the same ciliary neurotrophic activity as
mammalian CNTF. Moreover, the amino acid sequence of
GPA shows a 50% identity to the sequences for human, rat,
and rabbit CNTF (25). In contrast to CNTF, however, GPA
has been shown to be secreted from cells in a transient
transfection experiment (25). We tested whether GPA has the
same effects as CNTF on cultured sympathetic neurons, and
the results are illustrated in Fig. 1. The B-actin band was used
to monitor the amount of mRNA present in each sample, and
duplicate samples were prepared for each condition. GPA
induces mRNAs for the neuropeptides substance P (SP),
enkephalin (ENK), vasoactive intestinal polypeptide (VIP),
cholecystokinin (CCK), and somatostatin (SOM), as well as
the enzyme for synthesizing acetylcholine, choline acetyl-
transferase (ChAT), in a dose-dependent manner. This pat-
tern of neuropeptide induction is very similar to that of CNTF
and CDF/LIF. We also analyzed expression of the mRNAs
for the enzymes synthesizing y-aminobutyric acid (glutamic
acid decarboxylase; GAD65 and GAD67 for the 65- and
67-kDa forms), the enzyme for synthesizing catecholamines
(tyrosine hydroxylase; TH), the enzyme for synthesizing
serotonin (tryptophan hydroxylase; TPH), and the neuropep-
tides calcitonin gene-related peptide (CGRP), dynorphin
(DYN), and neuropeptide Y (NPY). As with CNTF, GPA has
no detectable inductive effect on these genes at the mRNA
level (data not shown). This identity in the expression pat-
terns of 13 neuropeptide and neurotransmitter mRNAs
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Table 1. Regulation of gene expression in sympathetic neurons
CGRP, GAD,
Cytokines CCK ChAT ENK SOM sp VIP DYN, NPY TH, TPH
Neuropoietic
CDF/LIF, CNTF, GPA ++ + + +++ +
OSM - + + + + + =
IL-6, IL-11 - = + = -
G-CSF - = = =
Other
Activin A + + ++ - - + + =
IL-1a, -2, -3, 4, -5, -7, -8, -9, -10, -12,
IFN-y, GM-CSF, M-CSF, EPO,
TGFa, TGFB, EGF, IGF-1, TNFa,
SCF, MIPla, GROa, PDGF, acidic
FGF, basic FGF - = = = = ND ND

A + indicates that there is induction effect; a — indicates that there is no induction effect; ND, not determined. Cytokines not previously
defined: IFN-v, interferon y; EPO, erythropoietin; TGFa and -8, transforming growth factor a and 8: EGF, epidermal growth factor; IGF-1,
insulin-like growth factor 1; SCF, stem cell factor; PDGF, platelet-derived growth factor. Neuropeptides and enzymes in column heads are

defined in the text

strengthens the idea that GPA and CNTF share many bio-
logical activities.

OSM, IL-6, and IL-11 Have Activity in the Sympathetic
Neuron Assay. OSM and CDF/LIF have the same biological
activities in several assay systems, including triggering dif-
ferentiation of M1 leukemia cells and the induction of the
acute phase response in hepatocytes (38, 39). Recently,
Gearing and colleague (22) provided evidence that OSM
binds to the CDF/LIF receptor with high affinity. To test the
effects of OSM on sympathetic neurons, various concentra-
tions of human OSM were applied and the expression of
neuronal genes was analyzed. For comparison, CDF/LIF at
1.6 ng/ml was included in sister cultures. The data in Fig. 2
illustrate that OSM induces mRNAs for SP, ENK, ChAT,
and CCK, but only at concentrations (>25 ng/ml) higher than
required for similar inductive effects by CDF/LIF. OSM
induces a low level of mRNA for SOM, even at 400 ng/ml.
It is possible that this quantitative difference is due to the
species difference between OSM (human) and the target
neurons (rat). Reduced responsiveness of rat cells to OSM
was also demonstrated in an acute phase protein assay (39).
Like GPA, OSM does not induce the expression of the
mRNAs for GAD65, GAD67, TH, TPH, CGRP, DYN, and
NPY (data not shown).

As outlined in the introduction, there are results raising the
possibility that several other cytokines may belong to the
neuropoietic family. These include G-CSF, IL-6, and IL-11.
These proteins were tested in the sympathetic neuron assay,
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FiG. 1. Rat CNTF and chicken GPA induce mRNAs for SP,
ENK., VIP, ChAT, CCK, and SOM with a similar dose dependency.
Various concentrations (ng/ml) of rat CNTF and chicken GPA were
added to cultured sympathetic neurons from day 2 today 7. Duplicate
samples were run for each concentration. The relative abundance of
each mRNA was analyzed by RT-PCR. The expression of B-actin
was used to monitor the amount of RNA in each sample. The DNA
molecular weight standard (m lane) is a 1-kb DNA marker.

along with CDF/LIF for comparison, and the results are
illustrated in Fig. 3. G-CSF has no detectable activity on the
expression of any of the genes analyzed. IL-6 and IL-11, in
contrast, induce preprotachykinin mRNA (which produces
the SP neuropeptide). This effect is weak and is observed
only at concentrations of >100 ng/ml. Among the several
genes influenced by CDF/LIF and CNTF, SP is the one that
displays the most striking response (>100-fold increase; ref.
16). Therefore, rather than displaying more specificity than
CDF/LIF and CNTF, it could be that IL-6 and IL-11 are such
weak inducers that only an increase in SP can be observed.

Activin A Induces a Different Set of Neuronal Genes. Activin
A i1s a member of the TGFB superfamily and has effects on
erythroid differentiation, embryonic mesoderm induction
and axis formation, and sexual development (40). Although
this protein does not belong in the neuropoietic cytokine
family on the basis of structure, it does have effects on
neuronal gene expression. Since it was recently demon-
strated that activin A can induce SOM in ciliary ganglion
neurons (33), it was of interest to determine whether activin
A has similar effects on sympathetic neurons. In fact, activin
A elicits an induction pattern of mRNAs for neuropeptides
and neurotransmitter synthetic enzymes that is distinct from
that of CNTF and CDF/LIF. As illustrated in Fig. 4, CDF/
LIF induces mRNAs for SP, ENK, and VIP but does not alter
the expression of CGRP and DYN mRNAs. Activin A, in
contrast, does not alter the expression of SP, ENK, and VIP
mRNAs, even at the concentration of 400 ng/ml, but it does
have potent effects on CGRP and DYN mRNAs (Fig. 4).

FiG. 2. OSM induces mRNAs for SP, ENK, ChAT, CCK, and
SOM, but only at high concentrations. Various concentrations
(ng/ml) of rthOSM, or rhCDF/LIF at 1.6 ng/ml, were added to
cultured sympathetic neurons from day 2 to day 7 and RT-PCR was
used to monitor mRNA expression of neuropeptides and transmitter
biosynthetic enzymes. Duplicate samples were prepared for each
condition. Induction of mRNAs for SP and ENK occurs at 25 ng/ml.
At 100 ng/ml, rhOSM begins to induce mRNAs for ChAT and CCK.
Induction of SOM was just visible at 400 ng/ml.
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Fi1G. 3. High concentrations of IL-6 and IL.-11 induce expression
of mRNA for SP, while G-CSF has no effect on the neuronal genes
tested. Various concentrations (ng/ml) of rhIL-11, rhG-CSF, recom-
binant murine IL-6, or thCDF/LIF at 1.6 ng/ml were added to
neuronal cultures and the effects were analyzed by RT-PCR. Dupli-
cate samples were prepared for each condition. IL-6 and 1L-11 begin
to show induction of SP at 100 ng/ml. but they do not induce other
neuromodulators.

Moreover, while CDF/LIF down-regulates the expression of
mRNA for TH and NPY, activin A induces higher levels of
NPY mRNA, while TH mRNA levels appear to be unaltered.
Activin A and CDF/LIF do have some similarities in action;
both induce ChAT, SOM, and CCK mRNAs, and both have
no effect on GAD67, GADG65, and TPH mRNAs.
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FiG. 4. Recombinant human activin A induces a novel set of
neuronal genes; this induction is not blocked by recombinant human
inhibin A and is additive to the effects of CDF/LIF. rhCDF/LIF at
1.6 ng/ml or activin A at various concentrations (ng/ml) was applied
to neurons and the effects were analyzed by RT-PCR. For the
blocking experiment, activin A at 25 ng/ml and inhibin A at 200 ng/ml
were added to the cultures and the results are shown in lane b. The
effects of activin A alone at 25 ng/m! are shown in lane 2, and inhibin
A alone at 200 ng/ml in lane ¢. To observe additive effects, CDF/LIF
at 1.6 ng/ml and activin A at 25 ng/ml were added together (lane d)
Duplicate samples were prepared for each condition. Although
inhibin A inhibits NPY induction by activin A in this set of samples,
this result was not observed consistently, and no other inhibitory
effects were seen
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Two proteins, inhibin and follistaun, inhibit the acuon of
activin A. We tested one of them, inhibin A, at the concen-
tration (200 ng/ml) that was shown previously 1o inhibit
induction of erythroid differentiation by activin A at 25 ng/ml
(33). In the sympathetic neuron assay inhibin has no effect by
itself on the neuronal genes tested (Fig. 4, lane ¢). nor does
it block the effects of acuvin A when these two proteins are
added together (Fig. 4, lane b). This lack of effect suggests
that these neurons have the type of activin A receptor that
does not recognize inhibin A. When activin A and CDF/LIF
are added together in the assay, each at a concentration
sufficient to generate maximal inductive effects in this assay,
additive effects are observed (Fig. 4, lane d). This implies that
activin A and CDF/LIF use different mechanisms to regulate
neuronal gene expression.

DISCUSSION

The utilitv of an RT-PCR-based assay for screening factors
that may affect neuronal gene expression is borne out by the
present results. Thirty-three cytokines and growth factors
were tested for their effects on the expression of a variety of
neuropeptides and transmitter-synthesizing enzymes that are
known to be present in the peripheral nervous system. Active
factors can be quickly identified, and dose-response exper-
iments allow a qualitative assessment of which genes respond
to each factor. As illustrated by the results presented here,
assays of a smaller subset of neuronal genes could have led
to conclusions entirely different from those we derive from
the larger data set. Although this method is qualitative,
comparison of dose-response results obtained with known
cytokines allows an accurate analysis of the effects of novel
factors.

As summanzed in Table 1, most of the factors tested did
not alter the expression of phenotypic markers in cultured
sympathetic neurons. We cannot rule out, however, the
possibility that some of these cytokines might have been
active had we been able to screen the recombinant rat
proteins. Further studies using neurons and cytokines de-
rived from the same species are necessary to clarify this
uncertainty. Indeed, Mehler and colleagues (29) have pro-
vided evidence that IL-5, -7, -9, and -11 are survival and/or
differentiation factors for murine hippocampal progenitor
neurons. Another example is FGF. Both acidic FGF and
basic FGF induce the cholinergic phenotype in cultured chick
sympathetic neurons (41), but we were not able to observe
any change of expression in rat sympathetic neurons in
several tnals. Other differences in responsiveness to factors
have been observed between rat and chicken sympathetic
neurons (e.g., ref. 42).

CNTF was identified and cloned from human, rat, and
rabbit by its ability to support the survival of ciliary neurons
in vitro, and later it was also found to maintain the survival
of motor neurons. It does not contain a signal peptide for
secretion, however, and it is not detected in the medium of
transfected cells (14, 15). Moreover, CNTF is not found in
tissue fluids or extracellular matrix preparations, except after
axonal injury (43). A protein with CNTF-like activity (SGF)
1s found in the soluble fraction of sweat gland homogenates,
raising the possibility that there exists a secretable CNTF
homologue (26, 27). This idea is supported by the finding that
the chick expresses a secretable protein that displays 50%
amino acid sequence identity with CNTF (25). Our laboratory
has recently cloned a partial cDNA for a different CNTF
sequence homologue from chicken, however, and this mol-
ecule appears to be the chicken version of mammalian CNTF
(44). Therefore, chicken GPA is also likely to be a family
member. The present finding that GPA possesses an activity
on sympathetic neurons identical to that of CNTF and
CDF/LIF further solidifies the position of GPA in this family.
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The present results also provide further support for OSM
as a neuropoietic cytokine. Although OSM shows only a
modest sequence homology with CDF/LIF, it can displace
the latter from its receptor on M1 cells, and if this is also the
case for the sympathetic neurons, the mechanism for how
these two cytokines can regulate the same set of neuronal
genes is straightforward. We provide evidence that 1L-6 and
IL-11 weakly induce expression of SP. and not the other
genes tested. Since it appears that IL-6, 1L-11, CNTF,
CDF/LIF, and OSM use the same receptor subunit as a
signal transducer, gp130, the relatively weak effects observed
here for IL-6 and 11.-11 may indicate very low levels of the
ligand-binding subunits for the latter two cytokines in sym-
pathetic neurons.

The observation that activin A induces a distinctive subset
of neuronal genes is important for two reasons. First, it
demonstrates that the various neuropeptide genes assayed
can, in fact, be regulated independently of each other. That
is, the observations that CCK, ENK, SP, VIP, and ChAT are
all induced together by CDF/LIF, CNTF, GPA, and OSM is
not simply due to a mandatory coordinate regulation of these
neuropeptide genes. The activin A results thus serve to
further link the neuropoietic group together. The lack of
induction of SP by activin A is particularly striking, given the
extraordinarily strong induction of this neuropeptide by all of
the neuropoietic cytokines. The second point of interest in
the activin A findings is that the particular set of neuropep-
tides induced by this factor closely resembles the neuropep-
tide phenotype of the cholinergic sympathetic neurons that
innervate the sweat gland in the rat foot pad. The presence of
CGRP induction and the absence of SP induction are impor-
tant because cholinergic sympathetic neurons express
CGRP, but not SP, in rats (45). On this basis, activin A is a
legitimate candidate, along with SGF, for the target-derived
neuronal differentiation factor that induces sympathetic neu-
rons innervating sweat glands to become cholinergic. It will
therefore be of interest to determine if activin A is expressed
in the sweat glands during normal development.
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CHAPTER 4. Regulation of neuronal phenotype by
members of the TGF-B superfamily.



42

Introduction

Members of the neuropoietic cytokine family modulate neuronal gene
expression (Fann and Patterson, 1994). These cytokines induce a particular set
of neurotransmitter synthetic enzymes and neuropeptides in cultured
sympathetic neurons, including cholecystokinin (CCK), enkephalin (ENK),
somatostatin (SOM), substance P (SP), vasoactive intestinal polypeptide (VIP)
and choline acetyltransferase (ChAT). In addition to these cytokines, several
lines of evidence indicate that members of transforming growth factor B (TGF-
) superfamily also regulate neuronal gene expression. For example, activin A
induces SOM in cultured ciliary neurons and induces ChAT and several
neuropeptides in cultured sympathetic neurons (Coulombe et al., 1993; Fann
and Patterson, 1994). Bone morphogenetic proteins (BMP) induce the
expression of the neural cell adhesion molecules N-CAM and L1 in
neuroblastoma cells and stimulate PC12 cell neuronal differentiation (Paralkar
et al., 1992; Perides et al., 1994). Although its function is unknown,
growth/differentiation factor 1 is expressed mainly in the nervous system
(Lee, 1991). Dorsalin, a protein expressed preferentially in the dorsal portion
of the developing neural tube, promotes the migration of neural crest cells and
inhibits the formation of motor neurons (Basler et al., 1993). Glial-derived
neurotrophic growth factor enhances the survival and differentiation of
dopaminergic neurons (Lin et al., 1993). Thus, it is of interest to test the effects
of TGF-p cytokines on neuronal phenotype.

The expression of transmitters and neuropeptides in neurons is also
regulated by presynaptic stimulation (Patterson and Nawa, 1993). Membrane
depolarization of neurons that mimics neuronal activity causes rapid
alterations in protein phosphorylation (Nairn et al., 1985), and induces the
expression of ENK, neuropeptide Y (NPY), SOM, tyrosine hydroxylase (TH),
and VIP in various neurons (Goodman 1990; Morris et al., 1988; Tolon et al.,
1994; Zigmond et al., 1989). Moreover, an interaction between neuropoietic
cytokines and membrane depolarization on transmitter and neuropeptide
expression has been demonstrated. Depolarization blocks most of the
noradrenergic-to-cholinergic switch induced by cholinergic neuronal
differentiation factor/leukemia inhibitory factor (CDF/LIF) in heart cell
conditioned medium (Walicke et al., 1977). The cholinergic activity of ciliary
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neurotrophic factor (CNTF) is reported not to be affected by depolarization,
however (Rao et al., 1992b). The actions of these two factors on the expression
of neuropeptides are also differentially regulated by depolarization (Rao et al.,
1992b). These results indicate that it will also be of interest to investigate the
influence of depolarization on gene regulation by members of the TGF-f3
superfamily.

One of the ways in which cytokines and growth factors can regulate
neuronal phenotype is as target-derived factors. One of the most intensively
studied examples of target influence is the innervation of sweat glands by
sympathetic neurons (Landis, 1990). Upon innervating these glands,
sympathetic neurons increase expression of ChAT, calcitonin gene-related
peptide (CGRP), and VIP, while decreasing expression of TH. The induction
of these traits is specific, because no other neuropeptides are detectable in
these neurons (Landis et al., 1988). A putative factor(s) involved in this
phenotypic transition has been partially characterized and has similar
activities on sympathetic neurons to those of CDF/LIF and CNTF (Rao et al.,
1992a; Rohrer, 1992). However, null mutant mice that are CDF/LIF- or CNTF-
deficient display sweat gland innervation of a normal phenotype (Masu et al.,
1993; Rao et al., 1994). These results suggest that CDF/LIF and CNTF may not
be the factor responsible for the phenotypic transition and raise the possibility
that other cholinergic-inducing factors may be involved in this process.

As a first step in defining the role of the TGF-B superfamily in the
sympathetic nervous system, we focus on effects of these factors on neuronal
phenotype in vitro. The 24 members in the TGF-B superfamily are distributed
into four groups based on sequence homology: TGF, activin, dpp, and 60A
subfamilies (Kingsley, 1994). We analyze representative members of each
subfamily for this effect on neuronal gene expression using the reverse
transcription-polymerase chain reaction (RT-PCR) method (Fann and
Patterson, 1993). We find that, in addition to the activin subfamily (Fann and
Patterson, 1994), members of the dpp and 60A subfamilies also induce a
particular set of transmitters and neuropeptides in cultured sympathetic
neurons. The TGF subfamily is, however, without detectable effect in the
assay. The effect of depolarization on gene regulation by these factors is also
analyzed. Our results demonstrate that depolarization differentially alters the
induction patterns of neuropeptide genes by activin A, BMP-2, and BMP-6.
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Since activin A acts as a cholinergic factor in cultured sympathetic
neurons, inducing ChAT and CGRP expression, it was of interest to
investigate whether this cytokine could be the sweat gland factor. We have
used in situ hybridization, RNase protection, and analysis of neuronal gene-
inducing activities in tissue extracts to test whether members of the activin
subfamily are present in developing sweat glands. Our results show that
activin B is present in target tissues of both cholinergic and noradrenergic
sympathetic neurons. The cholinergic activity in sweat gland extracts do not,
however, resemble activins. These results suggest that the activins are not
responsible for the phenotypic switch during sweat gland innervation.
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Materials and Methods

Animals and reagents

Neonatal Sprague-Dawley rats were purchased from Simonsen
Laboratories (Gilroy, CA). Most of the tissue culture reagents, Superscript
reverse transcriptase II (RTase) and the 1-kb DNA marker were purchased
from Gibco/BRL (Grand Island, NY). Nerve growth factor, glycogen, dATP,
dCTP, dGTP, and dTTP were purchased from Boehringer Mannheim
(Indianapolis, IN). RNase inhibitor (RNasin) and Tag DNA polymerase were
purchased from Promega (Madison, WI). Oligo dT was obtained from
Pharmacia (Piscataway, NJ). Oligonucleotide primers were synthesized in the
Biopolymer Synthesis and Analysis Resource Center at Caltech. Recombinant
human activin A was a gift from Genentech (S. San Francisco, CA).
Recombinant proteins human BMP-2 and BMP-6 were provided by Dr. John
M. Wozney (Genetics Institute, Cambridge, MA). Recombinant proteins
human TGF-B1 and TGF-B3 were purchased from Ré&D Systems
(Minneapolis, MN). All other reagents were purchased from Sigma (St. Louis,
MO).

Neuronal culture

Dissociated sympathetic neurons were prepared and cultured in
serum-free medium as described previously (Fann and Patterson, 1993;
Hawrot and Patterson, 1979; Wolinsky et al., 1985). Neurons were seeded in
96-well plates (Falcon; Oxnard, CA) at a density of one ganglion per well.
Cultures were maintained for 7 days, and half of the medium was changed
every 36 hours in an effort to ensure that cytokines maintained activity. The
antimitotic agent, aphidicolin, was added to the cultures at a concentration of
4 pg/ml to effectively eliminate non-neuronal cells. After 7 days, each well
contained approximately 3000 neurons and about 95% of the surviving cells
were neurons, as judged by phase microscopy (Wolinsky et al., 1985).
Cytokines, with or without 40 mM KCl, were added from the second day of
culture, and duplicate wells were prepared for each condition. All results
were reproduced in at least two separate neuronal platings.

Preparation of RNA and cDNA
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Total tissue RNA was prepared by disruption of the tissue in 4 M
guanidinium thiocyanate using a polytron and extraction with acidic phenol
and chloroform (Chomczynski and Sacchi, 1987). The kit from 5-Prime-3
-Prime Inc. (Boulder, CO) was used to select poly-A RNA from total RNA.
Total RNA from cultured neurons was prepared in the same manner, but
smaller amounts of material were used (Belyavsky et al., 1989). Briefly, 160 pl
of lysis buffer (4 M guanidinium thiocyanate, 25 mM sodium citrate, pH 7.0,
100 mM 2-mercaptoethanol, 0.5% sodium lauroyl sarcosinate) was added to
each well. The lysate was transferred to 1.7 ml eppendorf tube and vortexed
vigorously to shear DNA. Ten pl of 1 M sodium acetate, pH 4.0, 200 pl of
water-saturated phenol and 40 pl of chloroform were added sequentially, with
vigorous vortexing after each addition. The samples were kept at 4°C for 20
min and centrifuged at 12,000 g for 15 min. The water phase was transferred
to a new tube containing 10 pl of 3 mg/ml glycogen. RNA was precipitated
by addition of 200 pl isopropanol and stored at -20 C overnight.

To produce cDNA from the cultured neurons, the total RNA was
centrifuged, dried and directly dissolved in 10 pl of 13 mM methylmercury
hydroxide for 10 min, and an additional 2 ul of 75 mM 2-mercaptoethanol was
added for 5 min. Oligo-dT primed reverse transcription was done in a final
volume of 20 pl, containing the reverse transcription buffer, 100 U reverse
transcriptase and 20 U RNasin, for 1 hour at 37°C.

Polymerase chain reaction

The sequences of the primers and conditions used in the PCR for each
neuronal gene analyzed were described previously (Fann and Patterson,
1993). Amplification of cDNA was performed in a thermal cycler (M]
Research, Watertown, MA). Each tube contained a final volume of 20 pl,
consisting of 1 pl of cDNA, 1X PCR buffer, 0.5 U Tag DNA polymerase, 0.25
mM dNTP, and one set of primers (200 nM). After the reaction, 8 pl of each
PCR sample were analyzed on a 2% agarose gel, and the products were
visualized after ethidium bromide staining and UV illumination. The
appropriate amplification cycle schedule for each neuropeptide gene was
determined empirically, to allow a minimal, yet detectable, signal for control
samples (neurons grown without cytokines). Cytokines were deemed to have
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regulatory effects on specific genes if the intensity of the PCR products were
about three-fold different from those of negative controls, as judged by eye.

RNase protection assay

Plasmids containing rat inhibin o (from nucleotide 260 to nucleotide
1398), B A (from nucleotide 149 to nucleotide 1459), and Bg (from nucleotide 1
to nucleotide 1562) (Feng et al., 1989; Woodruff et al., 1987) were cloned by
PCR using embryonic day 12 placenta cDNA as template. The PCR products
were ligated into TA Cloning kit purchased from Invitrogen (San Diego, CA)
and sequenced to confirm their identity. GAPDH was used as internal control
and obtained from Dr. Lisa Banner (Banner and Patterson, 1994). The assay
was performed according to the protocol of Patterson and Fann (1992).
Briefly, plasmids were linearized by restriction enzymes and 32P-labeled RNA
sense probes generated by in vitro transcription were hybridized to various
poly-A RNAs. The sizes of probes for «, Ba, Bg, and GAPDH are 466, 428, 338,
and 206 nucleotides, respectively. These probes yielded protected fragments
of 386 nucleotides for o, 348 nucleotides for Ba, 267 nucleotides for Bg, and 136
nucleutides for GAPDH. Radioactivity was quantitated by scanning the
protected fragments on a Phosphoimager 400S (Molecular Dynamic,
Sunnyvale, CA) and computing with ImageQuant software. The intensities of
the protected fragments corresponding to a, Ba, and B, were expressed as
ratios to that of GADPH, and the values expressed in arbitrary units.

In situ hybridization

Antisense and sense, digoxigenin-labeled RNA probes for inhibin o
(from nucleotide 260 to nucleotide 1398), B A (from nucleotide 149 to
nucleotide 1459), and PBg (from nucleotide 1 to nucleotide 1562) were
generated using the Ambion (Austin, Texas) Megascript in vitro transcription
kit, after digesting plasmids with restriction enzymes. In situ hybridization
was performed according to the protocol of Birren et al. (1993). Briefly, 10 um
sections of fixed tissue were hybridized overnight with 1 ug/ml of either
sense or antisense probes. The hybridization temperture for a and fA probes
was 60°C, and 64 °C for g probes. After RNase digestion and washing with
0.2 X SSC, 0.3% CHAPS solution at the hybridization temperatures, sections
were incubated overnight with an alkaline phosphatase-conjugated anti-
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digoxygenin antibody (Boehringer Mannheim). Nitro Blue Tetrazolium and 5-
bromo-4-cholro-3-indoyl phosphate were used as substrates to visualize the
enzyme activity.

Tissue homogenate preparation

To prepare tissue homogenates, footpads, skin from the thoracic region,
and submaxillary glands were dissected from P7 and P21 rats. Each tissue
was homogenized for 20 s, three times, in 10 vol of 10 mM phosphate buffer
(pH 7.0) with a polytron. The extracts were centrifuged at 100,000 x G for 1
hour. The supernatants were collected and concentrated using Centricon
filters with 10 kDa molecular weight cutoff. The protein concentration was
determined with a Pierce (Rockford, IL) protein assay kit.
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Results

BMP-2 and BMP-6 induce a particular set of transmitters and neuropeptides.

The TGF-B superfamily includes 24 members and is divided into 4
subfamilies, according to sequence homologies (Kingsley, 1994). We selected
representative members from each subfamily and examined the effects on the
expression of transmitter synthetic enzymes and neuropeptides in cultured
sympathetic neurons by the RT-PCR method (Fann and Patterson, 1993). The
TGF subfamily is represented by TGF-$1 and TGF-B3, the activin subfamily by
activin A, the dpp subfamily by BMP-2, and the 60A subfamily by BMP-6. We
have reported the effects of activin A on neuronal gene expression previously
(Fann and Patterson, 1994). Activin A induces mRNAs for ChAT, CCK,
CGRP, dynorphin (DYN), NPY, and SOM, but not ENK, SP, VIP, TH,
tryptophan hydroxylase (TPH) and 67 kDa glutamic acid decarboxylase
(GAD67).

When two concentrations (40 ng/ml and 400 ng/ml) of TGF-B1 or TGF-
B3 were applied to neonatal rat sympathetic neurons in culture for 6 days,
these cytokines show no effect on the intensity of PCR products for any of the
11 genes analyzed (Fig. 1). The B-actin band is used to monitor the amount of
mRNA present in each sample, and duplicate samples are prepared for each
condition. In contrast, both BMP-2 and BMP-6 elicit induction patterns of
mRNA for neuropeptides and transmitter synthetic enzymes that are distinct
from those of the neuropoietic cytokines and activin A. As illustrated in Fig. 2,
BMP-2 and BMP-6 have no effect on the expression of mRNAs for ChAT,
CGRP, GAD 67, ENK, SP, and TH. Both do induce DYN, NPY, SOM, VIP, and
TPH in a dose-dependent manner. Although BMP-2 and BMP-6 show similar
patterns of induction, there are two noticeable differences between the effects
of these two factors. First, BMP-2 is more potent than BMP-6. Second, BMP-2
induces CCK expression but BMP-6 does not. The latter difference may,
however, be due to the lower potency of BMP-6, since CCK induction by
BMP-2 is weak. As the members in each subfamily are highly conserved, we
predict that the effects of TGFs, activin A, and BMPs analyzed here are
representative of most or all family members.

Depolarization modulates the induction patterns of activin A and BMPs.
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Depolarization by elevation of extracellular potassium concentration
(K*) can alter neuronal gene expression. When 40 mM K+ is added into
cultured sympathetic neurons to mimic presynaptic stimulation, expression of
mRNAs for CGRP and NPY is slightly increased while that for ChAT was
decreased (Fig. 3). Depolarization also alters the induction patterns of
neuropeptides by members of the TGF-f} superfamily (Table I).
Depolarization inhibits expression of CGRP induced by activin A, although
high K+ alone slightly increases CGRP. Conversely, expression of VIP is
increased when activin A and high K+ are added together. A reverse pattern
was observed when BMPs and high K+ were applied together. The induction
of VIP expression by BMP-2 and BMP-6 is inhibited by depolarization while
the expression of CGRP is increased in the combination of BMP-2 and high K+.
This dramatic difference between the effect of depolarization on CGRP and
VIP induction by activin A versus BMP-2 and BMP-6 is surprising, as
receptors for all these cytokines are highly conserved and all contain serine-
threonine kinase domains (Xie et al., 1994). This inhibition by depolarization
is specific, as high K+ inhibits the induction of ChAT by activin A but has no
effect on ChAT when added together with BMPs. Moreover, depolarization
has no effect on other genes induced by either activin A or BMPs (CCK, DYN,
NPY, SOM, TPH). These results are summarized in Table I.

Activins are unlikely to be the factors involved in the switch of neuronal phenotype
during sweat gland innervation.

One of the most extensively studied systems of target-derived influence
on neuronal development is the sympathetic innervation of sweat glands
(Landis, 1990). Contact with these glands induces the innervating neurons to
change their phenotype from noradrenergic to cholinergic. Contact with other
targets does not induce this switch in gene expression (Schotzinger and
Landis, 1988; 1990). In considering potential candidates for the sweat gland
cholinergic factor, only neuropoietic cytokines and activins elicit ChAT
expression in cultured sympathetic neurons (Fann and Patterson, 1994). To
test whether activins are involved in vivo, we asked two questions. First, are
the mRNAs for activins localized in footpads containing sweat glands, but not
in skin or submaxillary glands, which are noradrenergic targets? The
distribution of activins in these tissues was analyzed by in situ hybridization
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and RNase protection. Second, do tissue homogenates for footpads contain
activin-like activity when assayed on cultured sympathetic neurons?
Homogenates were assayed by the RT-PCR method.

The activin subfamily are dimers containing one or two of the family
members: o, Ba, or Bg. Hetrodimers of o and either one of the B subunits are
termed inhibins. Homodimers or heterodimers of p subunits are termed
activins. Digoxigenin-labeled RNA probes were used to detect these three
genes in footpads by in situ hybridization. There is no staining for the o. and
BA genesin P7 and P14 rat footpads (Figs. 4 and 5). There is, however, a
positive signal using the Bp antisense probe. The Bg mRNA is localized in
sweat glands but not muscle, epidermal, endothelial cells (Fig. 6). Thus,
activin B mRNA is selectively expressed at the right time and place to be
involved in the changes of neuronal phenotype mediated by the sweat glands.

We next tested whether activins are present in tissues which are
innervated by noradrenergic sympathetic axons: hairy skins and submaxillary
glands. The mRINAs for the subunits were analyzed using the RNase
protection method; a sample gel is shown in Fig. 7. Protected fragments were
quantified by the Phosphoimager and expressed as ratios to the control gene,
glyceraldehyde phosphate dehydrogenase (GAPDH) (Figs. 8). There is
expression of the Bg gene in footpads at all stages analyzed, with a peak at P7.
There is expression of a and Ba in footpads, also peaking at P7. Since the
specific activities of the o and Ba probes are 3- and 2-fold higher, respectively,
than that of the Bg probe, the relative expression of o and B is much lower
than Bp. This likely explains our failure to detect aand Bao mRNAs in footpad
by in situ hybridization. The expression of the a and Bg genes is more
abundant in submaxillary glands than in footpads (Fig. 8). Since the amounts
of a and g genes are similar in submaxillary glands, these glands may
produce more inhibins than activins. All three genes are expressed at low
levels in skin during development, and there is a large increase of Bg gene in
the adult (Fig. 8). Thus, these are striking differences in the expression of the
activins and inhibins during development and between tissues. The results do
not, however, support the notion that activin B is selectively expressed in
targets of cholinergic sympathetic neurons.

To further analyze the possibility that activins participate in regulating
the innervation of sweat glands, tissue homogenates were prepared from
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footpads, hairy skin of the thoracic region, and submaxillary glands from P21
rats. High speed supernatants from these homogenates were applied to
neuronal cultures to detect neuropeptide-inducing activities by the RT-PCR
assay. Extracts from submaxillary glands are toxic to neurons and were not
analyzed further. Both footpad and skin homogenates at the concentration of
400 pg/ml induce SP, VIP, and ENK mRNAs (Fig. 9). Extracts from footpads
but not skin induce the expression of ChAT, a result similar to that of Rao and
Landis (1990). There is, however, no induction of CGRP and DYN, two
neuropeptides strongly induced by activin A. Although activin A, but not
activin B, was used as the positive control in this assay, there are no known
functional differences between these two factors (Schwall et al., 1989). We
obtained similar results from P7 tissue homogenates, though with lower
neuropeptide-inducing activity (data not shown). Thus, the high speed
supernatants of footpad extracts do not contain detectable activin activity in

the sympathetic neuronal assay, although activin B mRNA is expressed in
sweat glands.
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Discussion

The TGF-B superfamily presently contains 24 members. Although
some of them are primarily located in the nervous system, the functions of
these proteins in the nervous system are not yet clear. To detect the effects of
this superfamily on cultured sympathetic neurons, we selected TGF-1, TGF-
B3, BMP-2, BMP-6, and activin A as representatives of the subfamilies and
analyzed their effects on neuronal phenotype by the RT-PCR method. Effects
of activin A on the expression of neurotransmitters and neuropeptides have
been reported previously (Fann and Patterson, 1994). This cytokine induces
mRNAs for ChAT, CCK, CGRP, DYN, NPY, and SOM, but not the other genes
analyzed. Although activins and BMPs have about 60% similarity in primary
amino acid sequences, they display different inductive patterns of transmitters
and neuropeptides. Both BMP-2 and BMP-6 increase the mRNA expression of
DYN, NPY, SOM, VIP, and TPH, with BMP-2 being more potent than BMP-6.
BMP-2 also weakly induces the expression of CCK mRNA. Although activin
A and BMPs induce some of the same genes (CCK, DYN, NPY, and SOM),
there are striking differences: activin A induces ChAT and CGRP while BMPs
do not, and BMPs induce TPH and VIP while activin A does not. These
various effects are specific in another way; TGF-f1 and TGF-f3 have no effects
in the assay.

The induction of these neuropeptides by BMPs is not abnormal, as
Gibbins (1992) reported that VIP, NPY, and DYN co-localized in 15% of
guinea-pig lumbar sympathetic ganglia. The induction of TPH is also not
completely unexpected as several groups reported that sympathetic neurons
transiently express serotonin (Garcia-Arraras and Martinez, 1990; Happola et
al., 1986; Soinila et al., 1988). The potential involvement of BMPs in these
inductions in vivo merits further study. The result that BMPs and activin A
display different induction patterns of neurotransmitters and neuropeptides is
in dramatic contrast to the picture with the neuropoietic cytokines. While
members of the latter family have very limited sequence homology, they
induce very similar patterns of neuropeptide induction in cultured
sympathetic neurons (Fann and Patterson, 1994). These results suggest that,
unlike the neuropoietic cytokines that channel signals through the same
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receptor subunit (Kishimoto et al., 1994), the activin and BMP receptors have
diverged to mediate different signal cascades.

Several lines of evidence, both in vivo and in vitro, have shown that
presynaptic activity can regulate the neuronal gene expression (Castren et al.,
1992; Goodman, 1990). Recent progress suggests that calcium influx through
voltage-sensitive calcium channels (VSCC) is involved (Franklin and Johnson,
1992; Ghosh et al., 1994). Depolarization inhibits the sympathetic neuron
phenotypic switch induced by CDF/LIF (Walicke et al., 1977). This inhibition
is Ca*2-dependent and may utilize VSCC (Walicke and Patterson, 1981). To
test whether depolarization modulates the effects of BMP-2, BMP-6 and
activin A, we applied these cytokines to sympathetic neuronal cultures in the
presence of high K+. Our results demonstrate that depolarization
differentially regulates the effects of BMPs and activin A (Table I). High K+
strongly decreases the induction of CGRP and ChAT by activin A, but has a
synergistic effect with activin A on the expression of VIP. Very different
effects of depolarization are observed with BMP-2 and BMP-6. Depolarization
decreases the induction of VIP expression by BMP-2 and BMP-6, but has
synergistic effects with BMP-2 on the expression of CGRP. The fact that
depolarization does not change the expression of other genes illustrates the
specificity of these effects. These results demonstrate the complexity of
neuronal gene regulation: the same gene is differentially regulated by
homologous proteins and presynaptic stimulation.

Coulombe et al. (1993) have shown that activin A is the likely factor in
the eye to induce the expression of SOM in choroid neurons. Since activin A
also induces the expression of ChAT and CGRP in sympathetic neurons, we
asked whether this cytokine could be involved in the phenotypic switch
mediated by the sweat gland. We performed in situ hybridization and
demonstrated that the message for activin B is present in sweat glands but not
in other cells of the footpad. The other two genes in activin subfamily could
not be detected by the in situ technique. To determine whether activin B
mRNA is also expressed in tissues innervated by noradrenergic sympathetic
axons, the RNase protection assay was utilized. The Bg mRNA is present in
footpads at all time points analyzed, with a peak at P7. The other two genes, o
and B, are expressed at lower levels in footpads. This result is consistent to
our in situ hybridization result. The mRNA for the g gene is, however, also
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found in skin and submaxillary glands. The expression of the Bg gene in
submaxillary glands is higher than in footpads at all corresponding time
points. Since submaxillary glands also express higher amounts of the a gene,
it is likely that submaxillary glands form more inhibin B protein than activin B
protein. Skin also contains similar level of expression of the Bg gene to that of
footpads at early stages of development. There is, however, a dramatic
increase of Bg mRNA in adult skin. Whether this increase correlates with any
developmental change in skin requires further analysis. Together, these
results indicate that the expression of the Bg gene is not only in footpads but
also in targets of noradrenergic sympathetic neurons.

Further evidence that activins are not the factors involved in the
phenotypic switch of the sweat gland innervation comes from analysis of
footpad homogenates. When these homogenates are added to cultured
sympathetic neurons, an induction of mRNAs for SP, ENK, VIP, and ChAT is
detected. This induction pattern is similar to that of the neuropoietic
cytokines, but is different from that of activins. There is no increase of the
expression of CGRP and DYN, which are two neuropeptides strongly induced
by activin A. Since the detection sensitivity of RT-PCR assay for activin A is
about 5 ng/ml (Fann and Patterson, 1994), it means that less than 5 ng/ml of
activins are present in 400 ug/ml of footpad extract. The fact that less than
1/80000 of total proteins in footpads may be an activin makes these cytokines
less likely candidates for the sweat gland factor. Since the induction pattern of
tootpad extract is similar to that of the neuropoietic cytokines, these are more
likely candidates for the sweat gland factor.
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Figure 1. TGF-B1 and TGF-33 have no effect on neuronal gene expression.
Two concentrations (40 ng/ml and 400 ng/ml) of TGF-B1 or TGF-3
were added into cultured sympathetic neurons for six days. The expression of
mRNAs for 11 transmitter synthetic enzymes and neuropeptides was
analyzed by RT-PCR. Duplicate samples were prepared for each condition.
The B-actin PCR product was used to monitor the amount of mRNA present in
each sample. There is no difference of expression of these 11 genes with
cytokine addition.
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Figure 2. BMP-2 and BMP-6 selectively induce the expression of mRNAs for
several neuropeptides and TPH.

Neonatal rat sympathetic neurons were cultured with different
concentrations (ng/ml) of BMP-2 and BMP-6 for six days. Duplicate samples
were prepared for each condition. Total RNA was extracted from cells after
the end of the incubation and the expression of mRNA for 12 transmitter
synthetic enzymes and neuropeptides was analyzed by PCR. The intensity of
B-actin PCR product was used to monitor the amount of mRNA present in
each sample. BMP-2 and BMP-6 strongly increase the expression of DYN.
Both cytokines also enhance the expression of NPY, SOM, TPH and VIP. CCK
is weakly induced by higher concentrations of BMP-2. ChAT, CGRP, ENK,
GADe67, SP, and TH were not affected by BMP-2 and BMP-6.
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Figure 3. The effect of depolarization on neuropeptide induction by activin A,
BMP-2, and BMP-6.

Neonatal rat sympathetic neurons were cultured in the presence of
cytokines, with or without 40 mM KCl (K+) for six days. The concentrations of
cytokines were 50 ng/ml for activin A, and 100 ng/ml for BMP-2 and BMP-6.
Duplicate samples were prepared for each condition. Depolarization of cells
alone (C, +) slightly increases the expression of CGRP and NPY, while
decreasing the expression of ChAT. The induction of ChAT and CGRP by
activin A is inhibited by depolarization. Expression of VIP, however, is
enhanced when activin A and K+ are added together. The induction of VIP by
BMP-2 and BMP-6, in contrast, is inhibited by depolarization. Expression of
CGRP is enhanced when BMP-2 and K+ are added together. Although
depolarization enhances CCK expression induced by activin A in this panel,
this effect was not observed in other experiments. We cannot consistently
demonstrate that depolarization inhibits SOM expression induced by BMP-6
either. Depolarization has no effect on other genes analyzed.
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Table I. Summary of depolarization effect on neuropeptide induction by
activin A, BMP-2 and BMP-6.
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Figure 4. The message for the inhibin o subunit is not detectable in sweat
glands by in situ hybridization.

Ten pum sections of P14 footpads were hybridized with sense or
antisense inhibin a probes labeled with digoxigenin. After washing and
RNase digestion, sections were reacted with an alkaline phosphatase-
conjugated anti-digoxigenin antibody and were developed with enzyme
substrates. There is no difference on the staining between sections labeled
with sense or antisense probes. Scale bar is 40 um.
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Figure 5. The message for the activin 34 subunit is not detectable in sweat
glands by in situ hybridization.
Sections of P14 footpads were processed in the same way as in Fig. 4.

There is no difference on the staining between sections labeled with sense or
antisense probes. Scale bar is 40 pm.
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Figure 6. The message for the activin Bg subunit is present in sweat glands by
in situ hybridization.

Sections of footpads were processed in the same way as in Fig. 4.

Specific hybridization to sweat glands is seen with the antisense probe. Scale
bar is 20 pm.
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Figure 7. RNase protection analysis of mRNAs for o, B A, and Bp activins.
Footpads (FP), submaxillary glands (S. G.), and skin were dissected
from rats at various developmental stages. RNA was extracted and
expression of the a, A, and Bp genes were assayed by the RNase protection
method, as described in the Methods section. Arrows on the right side of the
panel delineate the sizes of undigested probes. The size of the undigested
GAPDH probe is not shown. Arrows on the left side of the panel delineate the

predicted sizes of the protected probes. tRNA (tRNA) was used as a negative
control in the assay.
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Figure 8. Quantitative analysis of mRNA levels for o, Ba, and B genes in
footpads, submaxillary glands and hairy skin at different developmental
stages.

Each protected fragment for o, Ba, and Bg genes shown in Fig. 7 was

quantified using the Phosphoimager and expressed as a ratio to the control
gene, GAPDH.
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Figure 9. Tissue homogenates of footpads and skin do not contain activin-like,
neuropeptide-inducing activities.

High speed supernatants of footpad and skin homogenates from P21
rats were added into cultured sympathetic neurons for 6 days. Activin A (100
ng/ml) was also added for comparison. The expression of mMRNAs for six
transmitter synthetic enzymes and neuropeptides was analyzed by RT-PCR.
The selected genes are either induced by neuropoietic cytokines (SP, ENK,
VIP, and ChAT) or activin A (ChAT, CGRP, and DYN). Duplicate samples
were prepared for each condition. Both homogenantes have SP-, ENK-, and
VIP-inducing activities. Footpad extract has also ChAT-inducing activity. The
lack of induction of CGRP and DYN by the homogenates does not support the
presence of activins in these tissues. Similar results were obtained from P7
rats, though with lower levels of activity.
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CHAPTER 5. Purification steps for neuropeptide-inducing
factors in rat heart cell conditioned medium

with Jane Talvenheimo and Lin Cai
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Introduction

We have demonstrated that members of the neuropoietic family and
the TGF-P superfamily can regulate the expression of neuronal genes in
cultured sympathetic neurons (see Chapters 3 and 4). Although factors from
these families induce different sets of transmitters and neuropeptides, these
inductive patterns cannot account for diverse combinations of transmitters
and neuropeptides observed in sympathetic neurons in vivo. Other novel
factors that have different effects on neuronal gene expression may also be
required. A number of proteins have been partially characterized as to their
transmitter-inducing activities (see Chapter 1). Previous studies in this
laboratory showed that conditioned media (CM) from several cell types
contain neuropeptide-inducing activities (Nawa and Sah, 1990). Heart cell
CM contains CDF/LIF (Fukada, 1985) and two other partially characterized
neuropeptide-inducing proteins (Nawa and Patterson, 1990). One factor is a
45 kDa acidic protein with SOM-inducing activity; the other is an about 80
kDa basic protein with VIP-inducing activity. We have further characterized
these two proteins through ion exchange, gel filtration and carbohydrate-
binding columns and HPLC. We follow neuropeptide-inducing activities of
these fractions using cultured sympathetic neurons and the RT-PCR method
of detecting neuropeptide mRNAs (Fann and Patterson, 1993). We find that
both proteins are labile and exist in low amounts in heart cell CM. The
purification of these two proteins is further hampered by fractions with
CDEFE/LIF. A modified version of this purification scheme will be required to
successfully identify these two proteins.
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Materials and Methods

Most of the experimental procedures used are described in Chapter 4
with the following exception.

Cell culture

Heart cell CM was prepared in serum-free medium developed by
Fukada (1980). Neonatal rat sympathetic neurons were prepared and cultured
in serum-free medium as described previously (see Chapter 4). PBS-dialyzed
column fractions were mixed with the same volume of neuronal medium and
sterilized through 0.2 pum filters before being added into neuronal culture.

Biochemical separation of active components

The fractionation of proteins was accomplished by Jane Talvenheimo
and Lin Cai at Amgen, Inc. (Thousand Oaks, CA). Most of the separation
steps were done at 4°C. The proteins in heart cell CM were precipitated by
80% (W/V) saturation of ammonium sulfate, and the pellet was dialyzed
against 10 volumes of the buffer containing 5 mM Tris-HCl (pH 7.1) (Fukada,
1985). The dissolved precipitate was loaded on a 2 cm x 25 cm, 50 ml bed
volume Q-Sepharose column (Pharmacia) preequilibrated with the same
buffer. The column was washed with 5 mM Tris-HCl at the same volume of
applied sample, which were collected as the flow-through fraction. Then the
column was eluted with a linear gradient of 0 to 1 M NaCl in 5 mM Tris-HCl
buffer at a flow rate of 5 ml/min. Every 30 ml were collected into one fraction.
A total of 24 fractions were collected.

Sephadex G-100 and G-75 (superfine grade) columns were used for gel
filtration analysis. Samples were applied to a 2 cm x 100 cm, 300 ml bed
volume Sephadex columns equilibrated in PBS, pH 7.3. The columns were
eluted with the same buffer at the flow rate of 1 ml/min. Each fraction
contained 6 ml and 50 fractions were collected. The columns were calibrated
with aldolase (158 kDa), bovine serum albumin (67 kDa), ovalbumin (43 kDa)
and chymotrypsinogen (25 kDa).

Lentil lectin and Concanavalin A columns were purchased from
Pharmacia. The Q-Sepharose flow-through fractions in PBS (pH 7.3) were
concentrated to 100 ml and supplemented with 1 mM MgCl; and MnCl; prior
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to application to the lentil lectin column. Samples were mixed with 75 ml 