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ABSTRACT

MECHANISMS THAT ARE INVOLVED IN THE INDUCTION OF C-FOS
BY MUSTARD OIL IN THE RAT SPINAL CORD.

Zafer SOYGUDER

Physiological stimulation of primary sensory neurons results in the activation of
the proto-oncogene c-fos, in neurones of the dorsal horn in the corresponding
topographic areas (Hunt ef a/ 1987). A preliminary comparison of a range of different
types of sensory stimulation were carried out. All studies have demonstrated the strong
induction of c-fos by noxious intensities of stimuli in the spinal cord. Algesic chemical,
mustard oil, stimulation was chosen for subsequent experiments.

The differential distribution of primary afferents in the spinal dorsal horn
suggested that particular biochemical types of neurons may induce c-fos. Therefore, a
comparison of the distribution of c-fos with primary afferent markers and other
compounds was carried out. In this study, the distribution of the peptides, substance P
(SP) and calcitonin gene-related peptide (CGRP), and "non-peptide"”, GSA-IB4, were
found to be very close to the distribution of c-fos by mustard oil. In addition, the
neuronal isoform of the enzyme nitric oxide synthase (NOS) was found to colocalize
with mustard oil-induced c-fos in neurons of superficial laminae and lamina X of the
spinal cord.

A quantitative analysis of c-fos induction by mustard oil were also performed in
which ED50 for the mustard oil induction of c-fos was found to be 40%. It was revealed
that increasing in the stimulus intensity does not dramatically change the distribution of
c-fos expression in deeper laminae.

Experiments were performed in which the effects of neurotransmitter receptor
agonists in the induction of c-fos were studied. Excitatory amino acids (NMDA, AMPA,
KA and ACPD) and a tachykinin (SarMet-SP) receptor agonist were tested in lumbar
spinal neurons following intrathecal injection. All drugs tested activated the production
of ¢c-fos in spinal dorsal horn neurons. AMPA was found as most potent agonist in this
study. It induced c-fos to a marked extent in neurons of lamina II at doses of 10pMol
per 10 2 injection whilst NMDA agonist induced a few c-fos at doses of 1nMol per 10
ul injection. KA and ACPD were least potent of the excitatory amino acid agonists.
Injection of SarMet-SP at doses of 1nMol activated c-fos selectively in neurons of
lamina I.

Antagonist experiments revealed that NMDA and AMPA excitatory amino acid
receptors mediate the induction of c-fos produced by mustard oil. This experiments also
revealed that c-fos is activated more through NMDA receptors than via AMPA
receptors.

A parallel time course of development was found for c-fos and NOS in neurons
of lamina II of the spinal cord. This experiment suggested that NO may have a role in
mustard oil stimulus-induced nociception.

In vitro slice studies of c-fos induction revealed that slice preparation produced
extensive c-fos induction in the spinal cord. Different anaesthetic procedures tested did
not inhibit this induction. This suggested that slices would not be suitable for extending
the current investigations.
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INTRODUCTION

This introduction starts with a brief overview of the objectives of these studies.
This is followed by a review of the discovery and general function of c-fos. The
induction of c-fos in neurons is then outlined. This is followed by a more detailed
analysis of the types of somatosensory stimuli that lead to c-fos induction and the
possible underlying mechanisms. Finally the rationale behind the current studies is

discussed.

a. Overview

Within the last decade there has been an explosion of research into the class of
genes collectively known as proto-oncogenes. Proto-oncogenes are normal cellular
genes (Bishop, 1983) whose mutation, over-expression or amplification cause cells to
become malignant (Marshall 1989, Fujimuto ef al., 1989). As malignant cells no longer
show the correct regulation over their proliferation, differentiation and tissue specificity
it is not surprising that where they have been identified, proto-oncogenes have a crucial
role in these functions. Cell functions such as growth, differentiation and proliferation
often involve signal transduction and a number of proto-oncogenes carry the information
for the production of molecules involved in these signalling pathways (Adamson 1987).
In retrospect, it does not now seem surprising that these proto-oncogenes should have
important functions in fully differentiated, post-mitotic neurons.

The demonstration that the proto-oncogene, c-fos, was activated in neurons of
the dorsal horn of the spinal cord following the application of noxious stimuli to the skin
(Hunt et al., 1987), immediately stimulated considerable research. This is because c-fos
could be used as an activity marker to map pathways activated by specific stimuli, drugs
and behavioural changes (Morgan ef al., 1987, Dragunow & Faull, 1989, Sagar et al.,
1988). In the field of pain it offered a method to identify the neurons activated by
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noxious stimuli and thus identify nociceptive pathways (Hunt ef al., 1987, Menetrey et
al., 1989, Bullitt, 1990). It also permitted the investigation of the effects of analgesic
drugs such as morphine on the activation of these pathways (Presley ef al., 1990,
Hammond ef al., 1992, Télle et al., 1994). From one perspective, these studies have
used c-fos simply as an anatomical marker. However, it is very clear that not all the cells
activated by noxious stimuli express c-fos, indeed the primary afferent cell bodies which
mediate these signals do not appear to express this proto-oncogene. This raises a number
of interesting issues. Firstly, what processes lead to the activation of c-fos in a particular
neuron? Secondly, are these the same in all neurons and do multiple mechanisms
converge on the gene's activation? Thirdly, what is the adaptive significance of the
increased expression of this gene? The work reported in this thesis has taken a few
tentative steps towards answering limited aspects of the first question. A number of the
investigations undertaken have identified difficulties in addressing this question. The
main model system explored has been the activation of c-fos in spinal dorsal horn

neurons by the peripheral application of the irritant chemical, mustard oil.

b. c-fos, A brief review.

i. What is c-fos?

The c-fos proto-oncogene was identified as the result of studies on a group a
viruses that caused malignancy in the cell they infected. The Finkel - Biskis - Jinkins
(FBJ) and Finkel - Biskis - Reilly (FBR) murine osteogenic sarcoma viruses were
investigated (Finkel, Biskis & Jinkins, 1966) and the oncogene that they produce (v-fos)
identified. Subsequent studies, resulted in the identification of a mammalian cellular
gene, the c-fos proto-oncogene (Curran ef al., 1982). Genomic clones of both the c-fos
(mouse) and c-fos (human) genes have been produced by Van Beveren ez al., (1983),
Van Straaten ef al., (1983), respectively. A full-length cDNA clone encoding c-fos (rat)

proto-oncogene was isolated from a cDNA library derived from rat pheochromocytoma
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FIGURE LI



FIGURE LI. A comparison of predicted amino acid sequence of the known Fos (mouse,
rat, human and chicken) proteins (taken from a review by Cohen, D.R. & Curran, T.
(1989) The structure and function of the fos proto-oncogene. Oncogenesis, 1: 65-88).
Amino acid sequence of c-Fos (mouse) is given and others are expressed at the point of
exchanged amino acids. Asterisks indicate the gaps which have been introduced to

maximize the alignment.
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(PC12) cells (Curran et al., 1987).

Nucleotide sequence analysis of v-fos and c-fos genes revealed that v-fos gene
differs from c-fos at its C-terminus (Van Beveren ef al., 1983). Both v-Fos and c-Fos
proteins are located in the nucleus (Curran ef al., 1984).

The nomenclature system adopted for proto-oncogenes, the proteins they encode
and the related transformed genes, the oncogenes use the following conventions, which
will be adopted throughout this thesis. The names of proto-oncogenes are derived from
a number of routes; in the case of fos it comes from the first letters of the name of the
FBJ osteosarcoma virus. To distinguish the viral and cellular forms of fos from each
other, v, (v-fos) or ¢, (c-fos) are prefixed, respectively. The protein products of proto-
oncogenes are frequently referred to in the literature using non-italic script and a capital
letter, thus the gene transcript of c-fos is called c-Fos. The term proto-oncogene is now
used to "include any genetic information that, by mutation or inappropriate expression
gives rise to cellular transformation" (Morgan 1991).

Following the sequencing of the c-fos gene it was possible to predict the amino-
acid sequence of the protein that it encodes. The sequence of the c-Fos protein in the
mouse and rat consists of 380 amino acids which are almost identical (see fig. I.L).
Considerable homology also exists between these rodent forms and the human protein
suggesting considerable inter-species conservation and functional homology. The DNA
sequences of human and mouse c-fos genes are 94% homologous (Van Straaten ef al.,
1983). A gene, termed fra-1 (Fos-related antigen-1) encodes a protein, which has
extensive amino acid homology to Fos, which may suggest that both genes belong to the
same ancestor (Cohen & Curran, 1988).

Immediate early genes (IEG) are described as a class of genes that are rapidly
and transiently expressed in cells following cell stimulation (see for review Munglani &
Hunt., 1995). Studies of the expression of c-fos mRNA and c-Fos protein have shown
that they are rapidly and transiently induced by diverse stimuli in cell culture. Activation
of transcription takes 5 min and after 15 min rapidly declines. c-fos mRNA reaches a

maximum level at 30 to 45 min and disappears within two hours (see Cohen & Curran
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1989 for review). This rapid expression groups c-fos with the immediate early onset
genes.

Several proto-oncogenes result in synthesis of nuclear proteins. This group is
termed nuclear proto-oncogenes and include in addition to c-fos, for example, c-jun, c-
myc and c-myb. All these genes probably constitute links in the signal transduction

pathways from the cell surface to the nucleus (for review see Morgan, 1991).

ii. What does c-fos do?

To date, c-fos expression has been associated with such diverse circumstances
as cell growth and differentiation (Greenberg & Ziff, 1984, Bravo ef al, 1985, 1986,
Verrier et al., 1986, Greenberg, Ziff & Greene, 1985, Curran & Morgan, 1985, Miiller
& Wagner, 1984), nerve cell activation (Greenberg, Greene & Ziff, 1985, Morgan &
Curran, 1986, Bartel ef al., 1989, see for review Sheng & Greenberg, 1990) and cellular
transformation (Miller ef al., 1984, Miiller et al., 1984, Rayter ef al., 1989). These
observations suggest that c-fos may be part of a signal transduction cascade that starts
from the extracellular environment to signal through to the cell nucleus.

Expression of c-fos has been shown to be associated with both mitogenesis and
cell growth. This has been demonstrated, for example, in a fibroblast cell line following
serum stimulation, (Miiller ef al., 1984, Greenberg & Ziff, 1984, Rollins ez al., 1987).
Rapid expression of c-fos mRNA and protein was produced in fibroblasts by agents such
as PDGF, NGF and EGF, which stimulate cell division (Miiller ef al., 1984; Kruijer at.
al., 1984). A possible role for c-fos in cell growth has been demonstrated in NGF and
EGF treated rat adrenal pheochromocytoma cell line (PC12) (Greenberg, Greene & Ziff,
1985), which responds to nerve growth factor (Greene & Tischler, 1976).

Miiller (1982) and co-workers have demonstrated that transcriptional activity of
the c-fos gene occurs in different tissues during pre- and early postnatal development in
the mouse. Caubet (1989) has shown in the mouse that c-fos proto-oncogene is

expressed at high levels in the nervous system during mouse development. These results
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suggest that c-fos has a role in development.

It has been demonstrated that wounding of a fibroblast monolayer results in rapid
activation of c-fos (Verrier ef al., 1986). On the other hand damaging of peripheral
sensory or central motor neurons does not result in the expression of c-fos (De Felipe
et al., 1993). These observations suggest that c-fos is involved in growth and
regeneration following some types of damage but not all.

It has been shown that c-Fos forms part of the AP-1 (activator protein-1) which
is a nuclear protein with high affinity to a specific DNA sequence (see for review Sheng
& Greenberg, 1990). c-Fos protein is associated with chromatin in isolated nuclei and
binds to DNA, thus indicating a role in the regulation of gene expression (Sambucetti
& Curran 1986, Lech, Anderson & Brent, 1988). It has been observed that c-Fos does
not operate gene expression by direct binding to DNA but it is capable of stimulating
gene expression only when it forms AP-1 (Chiu et al., 1988). c-Jun also forms part of
the AP-1 protein and associates with c-Fos forming a dimeric protein complex (see for
review Curran & Robert Franza, 1988). The formation of this complex differs according
to concentration of Jun and Fos proteins (Kovary & Bravo, 1991). Hence, c-Fos and c-
Jun dimerize to form the AP-1 protein complex which binds to the AP-1 binding site of
DNA to achive their effect in the control of the expression of many other genes (Chiu
et al., 1988, Curran & Robert Franza, 1988, Sassone-Corsi ef al., 1988, Franza ef al.,
1988). It has also been found that c-fos autoregulates its own transcription through a
negative feedback mechanism mediated by the AP-1 associated c-Fos protein in NIH
3T3 fibroblast cells (Sassone-Corsi, Sisson & Verma, 1988), which would account for
its rapid decline in activation after a short time.

In the nervous system c-fos has been implicated in several processes. In spinal
neurons one of the possible functions of the increase of c-fos which follows noxious
stimulation is the initiation of processes which will reduce pain. Immunohistochemical
and in situ hybridization studies have shown that c-fos expression occurs in spinal dorsal
horn neurons which show an increase in preprodynophin and preproenkephalin mRNA

synthesis following noxious peripheral stimulation (Draisci & Iadarola, 1989, Noguchi,
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Dubner & Ruda, 1992). In addition, it has been observed that the accumulation of c-fos
mRNA precedes the increase in preprodynorphin mRNA (Naranjo ef al., 1991).
Colocalization of dynorphin expression and c-Fos-like immunoreactivity in spinal
neurons following inflammation induced hyperalgesia has been shown by Naguchi ez al.,
(1991). These studies support the hypothesis that c-fos participates in the regulation of
opioid gene expression at the spinal cord level (Draischi & Iadarola, 1989).

In addition to reviewed nuclear functions of c-fos, its role has also been
demonstrated in the activity of cell membrane. For example, cotransfection of c-fos and
c-jun increase calcium current in PC12 cells following long-term exposure by NGF.

However, transfection of only c-fos has no effect on calcium current (Cavalie’ ez al.,
1994).

iii. How is it activated?

In general, a wide range of stimuli acting on cells can result in c-fos activation.
As mentioned above a number of growth factors cause c-fos activation. That activation
of c-fos proto-oncogene by growth factors occurs at any stage in the cell-cycle of
quiescent fibroblasts is suggestive that induction of c-fos appears to be" stimulus-specific
not state-specific" (Bravo ef al,. 1986).

The mechanism underlying the induction of the c-fos proto-oncogene is still not
resolved. However, induction of c-fos by growth factors has been shown to be
associated with a range of cellular events. For example, binding of a growth factor to its
receptor rapidly induces a cascade of early events, such as ion flux, activation of protein
kinase C or elevation of intracellular level of cAMP, in the membrane and cytoplasm
(Rozengurt, 1986). It is believed that these early events in the membrane and cytoplasm
participate with the regulation of the c-fos expression in the nucleus. In this regard it can
be suggested that the rapid activation of c-fos transcription is closely coupled to the
provision of transmembrane stimuli.

Many experiments have been carried out to investigate the induction of c-fos. For
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Many experiments have been carried out to investigate the induction of c-fos. For
example, it has been shown that membrane depolarizing agents and intracellular second
messengers cause an induction of c-fos (Bartel ef al., 1989, Morgan, 1991). In PC12
cells, the induction of c-fos via second messengers such as the elevation of endogenous
cyclic AMP, by potassium (Greenberg, Greene & Ziff, 1985) and intracellular calcium
(Morgan & Curran, 1986, 1988) has been demonstrated. Stimulation of cGMP-
dependent protein kinase C activity induces c-fos expression in fibroblasts (Riabowol,
Gilman & Feramisco, 1988). c-fos can also be induced by activation of cholinergic
receptors in a calcium dependant fashion in PC12 cells (Greenberg, Ziff & Greene,
1986). Therefore, it can be concluded that a number of events associated with G-protein
receptor activation and/or membrane depolarization will result in the induction of c-fos

expression.

¢. c-fos and neurons.

i. The activation of c-fos in neurons.

In neurons, a wide range of stimuli which alter nerve cell behaviour are known
to result in activation of c-fos. The diversity of these stimuli suggests that the activation
of c-fos occurs via many different mechanisms. Morgan (1991) has categorised the
stimulus types that activate c-fos in mammalian nervous system. These include peripheral
nerve stimulation, seizures, nerve transection CNS trauma and ischemia. (see table I-I).

In the central nervous system, induction of c-fos following seizures, is only
within the nucleus of neurons and not within glia, such as astrocytes, epithelial or
ependymal cells (Mugnaini ef al., 1989, Dragunow & Robertson, 1988). c-Fos protein
is normally present in adult mammalian neurons at low basal levels and the maximal Fos
accumulation in neurons after seizures varies according to brain region (Dragunow &
Robertson, 1988).
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Introduction 13

c-fos is expressed within neurons following calcium influx (Morgan & Curran,
1986, 1988). Morgan (1987) and co-workers have shown that neuronal excitation
results in a rapid and transient induction of c-fos. Experiments employing receptor
selective drugs have demonstrated that activation of glutamate receptors (Sonnenberg
et al., 1989), cholinergic receptors (Greenberg, Ziff & Greene, 1986) and adrenergic
receptors (Gubits et al., 1989) induce c-fos expression. Many of the stimuli that result
in expression of c-fos in neurons are known to involve nerve growth factor (Sharp et.
al., 1989, Gabellini ef al., 1992, Curran & Morgan, 1985), peptides (Pretel & Piekut,
1991a, 1991b, Noguchi ef al ., 1991, 1992, Naranjo et al., 1991), second messenger
systems such as, cAMP and Protein kinase C (Koistinaho ef al,. 1990) and nitric oxide
synthase (Lee, Wilcox & Beitz, 1992).

ii. Primary Afferent mediated activation of c¢-fos.

The report of Hunt, Evan and Pini (1987), in which they demonstrated that
noxious peripheral stimulation would activate c-fos in spinal neurons, initiated an
intense research effort into the activation of proto-oncogenes by somatosensory
stimulation. These studies addressed issues such as the stimulus parameters and
modalities that would cause proto-oncogene expression, and the distribution of
neurons in which expression could be induced.

Induction of c-fos has not been found in dorsal root ganglia, the gracile nuclei
or within motor neurons following physiological stimulation of primary sensory neurons
(Hunt, Evan & Pini, 1987). This report also showed that the distribution of c-fos
immunoreactive neurons in spinal cord was in close proximity to the central terminals
of the C-fibre primary afferents. However, the observation that few labelled cells were
seen in the spinal cord following low-threshold cutaneous stimulation suggests that
large-diameter, non-nociceptive primary afferents are not involved in the induction of
c-fos (Williams et al., 1989).

It has been shown that both spinal interneurons and projection neurons produce
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c-Fos expression following noxious stimulation (Menetrey ef al., 1989, Tavares, Lima
& Coimbra, 1993), the latter being able to transmit nociceptive messages to supraspinal
centres via a number of ascending pathways. This may suggest that the expression of c-
Jfos in some spinal neurons is under supraspinal control.

Induction of c-fos is suppressed by analgesic agents given before the injury,
such as barbiturate (Basbaum er al., 1989), morphine ( Basbaum et al., 1989, Presley
et al., 1990) and ketamine (Kehl ez al., 1991, Birder & Groat 1992). These data have
demonstrated that there are important changes in the number of c¢-fos expressing cells
in anaesthetized and in unanaesthetized rats. This evaluates the correlation between
c-fos in spinal cord and pain behaviour.

Although the mechanism of the induction of ¢-fos in spinal sensory neurons is not
completely clear, the possibilities include a series of cellular processes. Activation of
most myelinated and unmyelinated fibres leads to release of excitatory amino acids
(EAAs), either glutamate or aspartate (Robert, 1974, Takeuchi ef al., 1983), in addition
to a range of neuropeptides (Otsuka & Konishi, 1976, Morton & Hutchison, 1987,
Duggan & Hendry, 1986, Duggan ef al., 1987, 1989, 1990). The excitatory amino acids
activate a range of receptors. They are Kainate, (K); N-Methyl-D-Aspartate, (NMDA);
a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid, (AMPA) and (1S,3R)-1-
aminqcyclopentane-l, 3-dicarboxilate, (ACPD) receptors. K and AMPA receptors are
ion channels, most of which are impermeable to calcium (Hollmann ef al., 1991). The
NMDA receptor is an ion channel that is voltage dependant and has high calcium
permeability (Ascher & Nowak, 1987, MacDermott ef al., 1986). In addition, the
activation of ionotropic receptors induces calcium influx through voltage-dependent
calcium channels following cell depolarization. The ACPD group of receptors are
metabotropic receptors that are linked to phospholipase C through G-proteins. Their
activation causes release of calcium from intracellular stores. Their activation also
potentiates ionotropic glutamate receptor-mediated increases in intracellular Ca**
concentration (Bleakman e al., 1992). Consequently, both classes of EAA receptors

lead to an increase in intracellular calcium concentration following their activation
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FIGURE LIIL
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(Mayer & Miller, 1991).

A large number of neuropeptides are found in a subset of small diameter primary
afferents. They all act via receptors which are linked via G-proteins to second messenger
systems. They may also modulate excitatory amino acid receptors function (Rusin, Ryu
& Randic 1992, Rusin ef al., 1993, Urban, Thompson & Dray 1994, Urban ef al., 1994).
The second messenger system can act either to alter the permeability of membrane
channels or to release calcium from intracellular stores. Hence, several different systems
ultimately lead to rise in cytosolic calcium (Womack, MacDermott & Jessel 1988). This
rise in calcium may directly activate c-fos expression, (Morgan & Curran 1986, 1988).
This rise in calcium may also activate Nitric oxide synthase (NOS) to produce nitric
oxide (NO) (Meller & Gebhart, 1993, McMahon, Levine & Wall, 1993). NO may
directly influence the expression of c-fos (Lee, Wilcox & Beitz, 1992), or may require
the activation of intermediates such as cyclic GMP (cGMP) (Bredt & Synder, 1989).
(see figure LIL).

d. Sensory modalities which result in c-fos activation.

The types of somatosensory stimuli that activate c-fos in neurons of the spinal
cord have now been extensively explored. Prior to trying to correlate stimulus
modality with c-fos activation some general points relating to all types of stimulation
are discussed. The results of the principal studies are reviewed below and tabulated
in Table L.II.

Overall, it appears that almost any peripheral somato-sensory stimulus will
activate c-fos in some spinal neurons. However, consistent differences in the numbers
of responsive cells and their laminar distributions are found. For example it has been
reported that following chemical, thermal or mechanical noxious stimulation different
populations of neurons are activated (DeLeo, Coombs & McCarthy, 1991, Lima,

Avelino & Coimbra, 1993). These differences could be due to a variety of reasons.
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