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ABSTRACT

Previous studies have d d that coll 1 ing in sensory neurons is an

NGF dependent process, and that the onset of this sprouting can be accelerated by electrical

stimulation (depolarization) of nerves, ap p

However, the hani: derlying this is not clear.
In the present study, the mechanisms underlying precocious collateral sprouting were

studied in adult rats in vivo. Electrical stimulation was d on the intact

nerves at 8V, 20 HZ, 1 min. These intact nerves were isolated from the adjacent nerves by
dissecting the nearby nerves. The intact dorsal cutaneous nerves were treated under three

digms: i) electrical stimulation (S); ii) isolation of intact nerves (I); iii) electrical

stimulation plus isolation (S+]). After varying periods of time (1h, 4h, 8h, 1d, 2d, 4d, 8d, and

14d), the dorsal root ganglia (DRGs) connected with these nerves were dissected and the

possible factors related to p i ing were i i in the DRG neurons using

in situ hybridization (ISH), i hemistry (ICC) and Western blot assays. The

included i diate early genes (IEGs), such as CREB, egr-1, c-fos,
c-jun, and Oct-2; NGF receptors (Trk A and p75); and potential members of the NGF - Trk

A signal duction patk inducing ignaling (P13-kinase, SHC, PLC-y,

ERK1).

The results showed that, among IEGs, CREB mRNA was quickly induced after 1h



electrical stimulation, and this increase lasted to 4d. The effects of isolation started at 1d,

and the ination of isolation plus sti ion resulted in this occurring sooner. At the

protein level, the expression of pCREB was only signi i under sti

at 8h (p<0.05). After 4h, electrical stimulation started to induce the elevation of egr-1
mRNA and this induction lasted until 2d, but the protein level was significant increased only
at 8h. Isolation, which would result in increased NGF levels in the skin due to the adjacent
cutaneous denervation, did not induce significant changes in Egr-1 protein during the
experimental period. Isolation plus stimulation shortened the duration of Egr-1 increase (at
1d) and this increase lasted to 4d. Except for electrical stimulation alone and isolation

alone, isolation and sti ion together induced signi i of Fos in DRGs at 2d

and 4d. Stimulation did not have significant effects on Jun protein, but after 8h, isolation

plus sti i ively, resulted in signif increases in Jun protein compared with

control. Oct-2 was not affected by any of the treatments in these experiments.

Under the treatments of electrical stimulation and isolation, expression of Trk A
receptor mRNA and protein showed different patterns in these experiments. The mRNA
level of Trk A did not significantly increase after electrical stimulation; however, isolation
alone resulted in a significant increase of TrkA mRNA and this increase reached a peak at
4d . Combined with electrical stimulation, isolation induced a large increase at a very early
time point (1h), but this gradually declined at later time points (2d and 4d).

The protein level of Trk A was only increased at 1h and 4h stimulation time points.



There was, however, an increase induced by isolation plus stimulation at later time points
(4d and 8d). The phosphorylated state of Trk A receptor did not appear to be increased
except at the isolation treatment at 1h and longer time points of 4d and 8d. With respect to
p75, mRNA levels were altered little by electrical stimulation. Isolation alone induced a
peak change at 2d. The combination of electrical stimulation and isolation resulted in
increased expression of p75 by 4h, peaking at 1d, and then gradually decreasing.

Among the proteins which propagate NGF signals, PLC-y1 was slightly induced by
stimulation and isolation at the short time periods (1h, 4h) and the very late time point (8d).
PI-3 kinase was increased only at the latest time point (8d) following treatments. SHC and

MAP kinase (ERK1) were not obviously affected by any of these treatments.

The results the hyp that, during ious collateral

electrical sti ion induces ions in [EG expression and elevated Trk A receptor

expression and/or activation, and acts in concert with the increased availability of NGF to
result in an accelerated terminal sprouting response. This study provided information about

the potential i iated with i ing at the level.
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Chapter I
INTRODUCTION

1.1 The collateral sprouting of sensory neurons in adult animals

Collateral sprouting is a phenomenon whereby intact axons produce many terminals in
their target tissue to form a neuritic arbor. This process happens in the central nervous system
(CNS) (Gilad ez al., 1979; Friedman er al., 1986) and the peripheral nervous system (PNS)
(Diamond ez al., 1976; Kinnman et al., 1986) during the developmental (rev. in Crutcher,
1986) or adult stage of the animal (Diamond er al., 1992c). However, in different stages,
collateral sprouting appears to have different functions (rev. in Diamond er al.. 1992d).
During development, collateral sprouting not only meets the need that the axon has enough
neuritic connections with its target tissues, but also ensures the efficiency of an axon's
function. In the adult animal, collateral sprouting in the PNS has a positive function: that is.
after axonal damage in one innervation field, the axons in an adjacent field will sprout to re-

innervate the denervated target area. However. in the highly organized CNS, the effect of

it 1t ing may not be due to the ibility of the ion of
aberrant connections. In this introduction, I will discuss the collateral sprouting in the PNS,

but not in the CNS, of adult mammals.
In adult animals, the peripheral sensory neurons experience two kinds of outgrowths

which are different from those seen in their developmental stage: one is called regeneration,



and the other is called collateral sprouting. These two processes are different in several
aspects. Regeneration occurs after injury to axons; that is, after cutting or crushing of the
axon, the injured terminal close to the peripheral area will degenerate and then new axonal
growth will occur back to the original target tissue resulting in recovery of sensory function.
Collateral sprouting, on the other hand, is growth from intact axons. When axons are injured,
the intact axons in an adjacent undamaged target area will elaborate muitiple collateral fine
branches to reinnervate the denervated target area. Another difference between the two
processes is that collateral sprouting is nerve growth factor (NGF)-dependent (Diamond et al.,
1987; Diamond et al., 1992a), while regeneration does not appear to be influenced by NGF
(Diamond er al., 1992b).

Collateral sprouting in the adult animal is important in sensory recovery in the PNS after

damage. Since the first ion of collateral ing in sensory neurons (Weddell

et al., 1941), other workers have further i to confirm this

in adult salamanders and rats (Aguilar et al., 1973; Stirling, 1973; Cooper ez al., 1977 a, b;
Devor et al., 1979). It was found that while some sensory neurons in the skin indeed
underwent collateral sprouting, not all peripheral sensory neurons had this ability.

Due to its easy dissection and large size, the dorsal root ganglion (DRG) is often used as
a model to investigate various neuronal properties, from ion channel to neurotrophic factor
dependence. According to the cell morphology and the staining of clumps of Nissl substance

in the cytoplasm, the sensory neurons in DRGs have been classified into two types of cells:



large light (L) and small dark (SD) neurons (Lawson, 1979; rev. in Lawson, 1994). The size
distributions of L and SD neurons overlap (Lawson, 1979). L neurons cover the entire size
range of the ganglion, from small, medium to large cells; whereas SD neurons are normally
small cells. Further classification can be made according to the type of nerve fibers arising
from these neurons. Large neurons generally give rise to myelinated fibers which can be
divided into two groups: A and Aa/B fibres. In rats, Aa fibers are low threshold

mechanoreceptors which have fast conduction velocities, and A3 fibres are high threshold

with slower i ities. The SD neurons are generally
associated with unmyelinated C-fibers, which are categorized as high threshold
thermonociceptors (Harper and Lawson, 1985a, b; Lawson, 1994). In a study of collateral
sprouting, it was found that the low threshold mechanoreceptive A nerve fibers had the
ability of collateral sprouting only during a critical period during development, for example,
when rats were younger than 20 days (Jackson and Diamond, 1981}, while in the adult animal,
A fibres failed to produce functional collateral spouts into denervated areas of mammalian

skin (Diamond & Jackson, 1978; Horch, 1981; Jackson & Diamond, 1984). On the other

hand, the high threshold inated iceptive A3 fibers and unmy
thermonociceptive C fibers do undergo collateral sprouting into adjacent denervated area in
the adult. By physiologically mapping the enlargement of the denervated area (due to
invasion of collateral sprouts) using the cutaneus trunci muscle (CTM) reflex (Nixon et al.,

1984; Doucette & Diamond, 1987; Theriault and Diamond, 1988), it was found that only



Ad and C fibers i to the enlarged area. Earlier studies in Salamander

skin indicated that collateral sprouting was by an agent

by the target skin (Diamond et al., 1976). investigation by daily
of anti-NGF serum in adult rat suggested that it was NGF which regulated the collateral
sprouting of sensory nerves in the skin (Diamond ef al., 1987). Further studies demonstrated
that collateral sprouting was a NGF dependent process (Diamond ef al., 1992a; Mearow et l.,

1993; Mearow et al., 1994).

1.2 The role of NGF in collateral sprouting

Nerve growth factor (NGF) was first found and purified from male mouse submaxillary
gland (Levi- Montalcini and Hamburger, 1953; Cohen, 1959) and later purified from snake
venom (Cohen, 1960). It is a complex of three subunits (e, B, Y), and among them, the B
subunit acts as the biologically functional unit (Greene et al, 1971). Early studies indicated
that NGF was an important trophic factor in the development and survival of sympathetic
neurons and certain sensory neurons (rev. in Segal and Greenberg, 1996; Lewin and Barde,
1996). In adult animals, although NGF is not so critical to sensory neuron survival, it still
exerts other effects on adult sensory or sympathetic neurons (rev. in Johnson er al., 1986;
Lewin and Barde, 1996). Experiments indicated that, for sensory neurons and sympathetic
neurons, NGF is supplied exclusively from their peripheral targets and that there was a

competition between these two types of neurons for limiting amounts of target-derived NGF



(Shelton & Reichardt, 1984; Korsching & Thoenen, 1985). Subsequent experiments indicated
that NGF was manufactured in target skin (both dermis and epidermis) of sensory axons
(Davies et al., 1988), and also in Schwann cells along the degenerating peripheral nerves of
adult animals (Taniuchi er al., 1987). In addition, subsequent to skin denervation, NGF
mRNA levels in the skin increased, suggesting that the production of NGF might be regulated
by sensory axons (Mearow et al., 1993). Sensory neurons are able to take up and retrogradely

transport NGF in adult mammals (Stoeckel et al, 1975; Richardson and Riopelle, 1987).

Further i showed that 'NGF regulated the sprouting of A and C fibres
(Diamond et al., 1987, 1992a). In these experiments, sub-cutaneous injection of anti-NGF
daily for 25-28 days blocked collateral sprouting, but not regeneration. Furthermore, systemic
injections of NGF into skin could induce the collateral sprouting of intact DRG neurons in the
absence of denervation (Diamond er al., 1992c; Mearow, 1997). However, NGF did not
affect regeneration of sensory axons in these experiments (Diamond e al., 1992a). After the

denervation of adult rat, the NGF mRNA ion was inthe skin,

that the i NGF ion was ible for the collateral sprouting of the

remaining intact sensory neurons (Diamond et al., 1987; Mearow et al , 1993a). The available
evidence supports the view that collateral sprouting of nociceptive afferents is an NGF-

dependent process.

1.3 The ph of pr i p ing of sensory neurons




In the study of collateral sprouting of nociceptive nerves, Nixon ef al. (1984) developed
amethod to measure collateral sprouting of high threshold nociceptors. When the back skin
of anaesthetized rats was pinched, it produced a bilateral reflex excitation of the underlying
cutaneus trunci muscle (CTM), resulting in a very visible wrinkling of the loose dorsal skin.
This reflex could also be elicited when A8 and C fibres were electrically stimulated.
Therefore, by measuring the area of skin from which the reflex response could be elicited,
they estimated the extent of the area innervated by A& and C fibres (Nixon et al., 1984). If

collateral i the area of could also be detected by this reflex.

Using this method to study collateral ing, they found an il i ie.,

periodic examination of the recovery of CTM reflex by pinching the skin resulted in an earlier

recovery of i ion, due to the field ion of the ining intact AS and C fibres
(Nixon ef al., 1984). Subsequently, it was observed that electrical excitation of intact A3
fibres in the remaining skin also resuited in an earlier recovery of innervation. [t was
suggested that impulses shortened the latency to the onset of collateral sprouting of the
activated AJ fibres. The same phenomenon was also found for polymodal nociceptive C
fibres; pinch, heat, or electrical stimulation respectively also caused the precocious sprouting
of C fibres (Doucette & Diamond, 1987).

Normally, following skin denervation and isolation of one cutaneous nerve, the time

required to first observe i i ion of the skin (by the

axons of the remaining ‘isolated’ intact nerve) ranges from 10-12 days. However, electrically



stimulating A and C fibres for several minutes prior to, or at the same time of, denervation,
the sprouting of dorsal cutaneous nerves in adult rats appeared earlier than in the non-
stimulated nerves. Further studies investigated the coinvolvement of electrical stimulation
and NGF (Diamond et al., 1992a; Mearow, 1997). It was found that electrical stimulation
of dorsal cutaneous nerves at voltages sufficient to activate the high threshold A& and C fibres
caused the collateral sprouting to be observed 5-6 days earlier than the normal sprouting. The

feature of this is the fact that NGF must be available at the time of

stimulation. If, at the time of stimulation, the animals were treated with 1 or 2 injections of
anti-NGF, the stimulation lost its effectiveness and the earlier onset of collateral sprouting

did not appear (Diamond ef al., 1992a).

1.4 M isms of precocious sprouting

Electrical stimulation and increased availability of NGF together result in the accelerated

sprouting of nociceptive neurons. However, the i ying this

sprouting is uncertain. From other unrelated studies, it was observed that electrical

and/or ization via KCl and NGF, respectively, induce some
changes of certain gene expressions and protein synthesis through the activation of different
transduction pathways (Sukhatme et al., 1988; Bartel er al., 1989; Sheng er al., 1990; Sheng
etal., 1991; Birren et al.,1992; Taylor et al., 1993; Kendall et al., 1994; Ensor et al., 1996).

These experiments have given some information regarding genes that might be involved in



the i i after ization and NGF

Such candidates could involve immediate early genes (IEGs) such as c-fos, c-jun, egr/zif268,
PCREB, which have been shown to be induced by noxious stimulation or NGF. In addition,
since NGF appears to be central to the response, perhaps alterations in NGF receptor

expression or activity might be of importance.

1.4.1 The changes of NGF receptor induced by NGF or electrical stimulation during
sprouting

NGF, like other growth factors, exerts its effects by binding to cell membrane receptors,
and ivation of signaling (e.g-. Kaplan and Stephens, 1994; Chao

1994; Segal and Greenberg, 1996). NGF binds to two receptors: a low affinity neurotrophin
receptor, known as p75 (Chao e al., 1986; Radeke er al., 1987) and a high affinity specific

receptor tyrosine kinase, Trk A (Kaplan er al., 1991a, b; Klein er al., 1991 a).

Since collateral sprouting is an NGF- process, the is of both Trk A
and the low affinity p75 receptor in this process was examined. It was found that in DRG
neurons undergoing collateral sprouting, the mRNA expression of TrkA and p75 were both

elevated (Mearow et al, 1994). [n i where coll: | ing had been blocked

by anti-NGF there was no ion of the mRNAs for the NGF receptors

(Mearow and Kril, 1995). If NGF was given systemically, in the absence of any denervation,

an upregulation of both p75 and Trk A mRNA was observed (Mearow, 1994; Miller et al.,



1994). Further analysis indicated that the NGF level in the skin was upregulated after two
days denervation (Mearow et al., 1993).

It is generally accepted that most of the effects of NGF are exerted via binding to the Trk
A receptor; p75 appears to be neither necessary nor sufficient for many aspects of NGF
signalling (eg., Chao, 1994; Segal and Greenberg, 1996). The role of the p75 receptor is not
clearly defined although suggested roles have included modulation of the cellular response
to NGF (Barker ef al., 1994; Hantzopoulos et al., 1994; Verdi et al., 1994) and involvement
in neuronal apoptosis (Bartlett ef al., 1996; VanderZee et al., 1996). For example, studies
with p75-/- knockout mice indicate that in the absence of p75 receptors, sensory neurons
exhibit a decreased sensitivity to NGF such that they require a higher concentration of NGF
for survival (Davies et al., 1993). In a recent study, it was observed that there was little or no
collateral sprouting in p75-/- KO mice; however sprouting could be induced with injections
of NGF (Diamond er al., 1995).

Signalling events subsequent to the binding and concomitant activation of the Trk
receptors have been the subject of intense investigation. Most of those studies (until fairly
recently) have dealt with the effects of NGF on a variety of neural tumor cell lines, most
notably the PCI2 cell line. The binding of NGF to its cognate receptor results in
autophosphorylation and activation. /n vivo studies indicate that, in sciatic nerves, following

ligaticn of the nerves at several centimetres away from DRG cell body, Trk A receptor was

in the axon, after binding to NGF at the nerve terminal



(Ehlers et al., 1995). It was also shown that Trk A was transported in a phosphorylated or
active state, because the Trk A retrograde transport and phosphorylation were increased by
NGF injection in footpad, and abolished by blocking the endogenous NGF with anti-NGF

(Ehlers et al., 1995).

On the basis of all these ions, it seems to suggest that ion of
the skin results in increased levels of NGF which subsequently bind and activate the Trk A
receptor, followed by the initiation of a cascade of biochemical events which may ultimately

result in, or at least influence the process of, collateral sprouting.

With respect to the role of electrical stis ion in the ion of the
response, experiments have provided some evidence that depolarization may directly
influence either NGF receptor activation states, or levels of expression. Previous studies

indicated that membrane depolarization could cause the expression of Trk A receptor in MAH

cells, an i i itor cell line, not initially responding to NGF
(Birren er al., 1992). Membrane depolarization also results in the phosphorylation of Trk A
in NGF-sensitive PC12 cells and subsequent neurite formation (Solem er al., 1995).
However, the neurite growth induced by this depolarization only occurs if NGF receptors were
partly activated by overexpression of Trk A or treatment with a low level of NGF. Therefore,

the possible i of electrical sti ion in coll I ing may be that the

d ization induces the path which are also activated by NGF; for example, the

neurite growth induction in PC12 cells by depolarization as a result of calcium influx was



due to the activation of Ras signal transduction pathway (Solem ef al., 1995; Rusanescu et

al., 1995) which also can be induced by NGF (eg., Kaplan and Stephens, 1994).

1.4.2 The changes of growth-related immediate early genes (IEGs) induced by NGF or
electrical stimulation

The function of IEGs in the nervous system has been extensively studied in the PC12 cell
system. Extracellular stimulation, such as NGF or electrical activation, or depolarization with
KCl, caused the induction of certain genes whose transcription is activated rapidly and
transiently within minutes of stimulation, and does not need de novo protein synthesis
(Sukhatme et al, 1988;Bartel et al, 1989; Sheng et al., 1990; Herdegen et al., 1991 a; Sheng

et al., 1991). These kinds of genes are called immediate early genes (IEGs). IEGs are the

earliest downstream nuclear targets for i ions and their p act as

transcription factors, 1 lating the expression and activity of downstream genes

and finally generating long term biological change of cells (Cole, ef al., 1989; Rusak, et al.,
1990; Abraham et al., 1991). Therefore, IEGs function as mediators to couple the external
stimulation to cellular biological change. c-fos and c-myc protooncogenes were the first two
genes found to respond to growth factor treatment, and later many more IEGs were found
(rev. in Sheng and Greenberg, 1990). Among them, c-fos, c-jun, and egr-1 (early growth

response gene, also called zif/268, NGFI-A, or Krox-24) are well studied genes more directly

related to growth response induced by NGF and b depolarization (Herd etal,



1991 a; rev. in Stephens, 1993; Bartel er al., 1989; Sukhatme er al., 1988; Sheng er al.,

1990,1993; Ch ian et al., 1989; 1992). c-fos belongs to a

leucine zipper gene family, and can form dimer complexes with c-jun which belongs to
another [EG family (Jalava and Mai, 1994). The dimer, referred to as AP-1, can bind to a
relatively specific sequence in the promoter region of other genes and activate their
transcription(Curran and Franza, 1988; Kerppola and Curran, 1992). It was found that the
transcription of c-fos was mediated by the cAMP response element binding protein (CREB)
(Konradi et al, 1995). CREB is a member of a gene family whose protein product has a
similar structure as Fos and Jun, and forms functional homodimers via a leucine zipper
interaction (Dwarki er al., 1990). The increased transcription of c-fos induced by membrane
depolarization, Ca2+ influx, cAMP elevation in cells is mediated through a cAMP response
element (CRE)-like sequence that binds CREB (Fisch er al., 1989; Sheng et al., 1988, 1990).

CREBis ata specific residue (Ser-133) known to be recognized

by cAMP-dependent protein kinase and this process is important for activation of CREB as
a transcription factor in vivo and in vitro (Yamamoto et al, 1988; Gonzales and Montminy,
1989; Sheng et al, 1990). Furthermore, the activation of c-fos by NGF also requires intact
CREs and involves the activation of CREB through a Ras-dependent protein kinase.

In DRG neurons, NGF induced a rapid c-fos gene expression after 30 min treatment in

cultured cells (Lindsay ef al., 1990). In PC12 cells, NGF stimulation resulted in an increase



within 30 min in c-jun, similar to that seen for c-fos (Bartel er al., 1989). Membrane
depolarization also elevated c-jun mRNA expression, but the change was relatively small
(Bartel er al., 1989). egr-1 has the same motif as c-fos and c-jun, and can be activated by

both NGF and b izati et al., 1988; Bartel er al., 1989), but it

was activated more strongly by NGF than by membrane depolarization. like c-jun (Bartel e
al., 1989). Treatment of adult DRG neurons with NGF increased egr-1 mRNA expression
after 60 minutes (Kendell et al., 1994). In the 5' upstream sequence of egr-1 gene, a CRE-like
sequence is present (Christy ef al., 1989), indicating that this [EG might be also activated by
CREB through the binding to CRE site in DNA sequence.

In addition to the above [EGs, sensory neuron octamer-binding protein Oct-2 is another

interesting [EG. Oct-2 was firstly identified asa B cell i in-specifi

factor (He et al., 1989; Lilycrop et al., 1991 a). Subsequently, Oct-2 and other POU (named
for its founder member, Pit-1, Oct-1 and 2 and unc-86) proteins, Oct-1 and Bm-3, were found
specifically expressed in adult rat sensory neurons (Latchman er al., 1992). Among them,
Oct-2 was the only gene coding for a transcription factor whose mRNA level and functional
protein level were elevated in the presence of NGF in isolated DRG neurons (Wood er al..

1992; Ensor et al., 1996). An in vivo study showed that Oct-2 was induced in a situation

‘where target NGF levels were i ing an infl ry response induced after

injection of complete Freunds adjuvant; anti-NGF treatment abolished this increase (Ensor

et al., 1996). In the upstream of the i itonin gene-related peptide



(CGRP), whose expression is regulated by NGF, there are also octamer binding sites
(Stolarsky-Freedman et al, 1990). It was suggested that Oct-2 might play a similar role as a

factor in ing gene ion in DRG neurons that respond to NGF.
Further studies indicated that Oct-2 presented the kinetics of an [EG when it was induced by
NGF (Kendall et al., 1995). Therefore, Oct-2 is a potential candidate in mediating NGF
signal ion during p

Most of il results for d¢ ization have come from the cell culture model

(Bartel er al., 1989; Lindsay et al., 1990; Sheng et al., 1990; Kendall et al., 1994), but in vivo

studies would give more direct evidence of the i of electrical sti ion in

regulation of IEGs. In spinal cord, noxious electrical stimulation of rat sciatic nerves at
intensity activating AS/C fibres strongly induced the expression of Fos, Jun and Egr-1 protein
in the dorsal hom of the spinal cord (Herdegen et al., 1991 a). Further, in DRG neurons, basal
expression of c-fos, c-jun, egr-1, CREB, Oct-2 has been shown (Herdegen er al., 1991a, b,
1992; Jenkins et al., 1993; Kendall eral., 1995). Even though there is evidence that electrical
stimulation caused little or no change in the expression of these [EGs in DRG neurons
themselves (eg. Hunt er al., 1987; Herdegen et al., 1991), the time period after electrical
stimulation and the spinal level of DRGs are different than those used in the experiments
described in this thesis. Therefore, under electrical stimulation, investigating the changes in

expression of these [EGs in DRG neurons will give us some information about the

of electrical sti ion in ing the gene ions of IEGs and help us



1.4.3 Related pathways through NGF receptors

As indicated above, NGF exerts its effects primarily via a high affinity receptor. while
the contribution of the low affinity receptor p75 is not fully understood. It was found that the
protooncogene Trk A tyrosine kinase was the high affinity receptor for NGF and the binding
of NGF to Trk A receptor causes rapid autophosphorylation of tyrosine kinase of Trk A
(Kaplan et al.,1991). The phosphorylated tyrosine kinase activates other proteins through the
Ras transduction pathway and related pathways (PI3-kinase, PLC-y) ( rev. in Kaplan and
Stephens, 1994). It has been suggested that the Ras MAP kinase is necessary for the effects
of NGF on neuronal differentiation and neurite outgrowth as opposed to survival (e.g., Kaplan
and Stephens, 1994; Segal and Greenberg, 1996).

The autophosphorylation of Trk A tyrosine kinase provides recognition or docking sites
for components of cellular signalling pathways. For example, NGF was shown to induce the
complex formation of Trk A with PLC-y1 (Ohmichi ez al., 1991) and with SHC (Obermeier
et al., 1993b; Stephens er al., 1994). Besides these two proteins, another protein molecule
activated by NGF is PI-3 kinase. PI-3 kinase also binds to the Trk A receptor (Ohmichi et
al.,1992; Obermeier et al, 1993b) and the binding of PI-3 to Trk A results in the
phosphorylation of PI-3 kinase. In addition to the above three protein molecules which are

directly associated with Trk A receptor, another molecule, SNT is also phosphorylated after



NGF binding to Trk A (Rabin ez al., 1993). PLC-y, SHC, and PI-3 kinase form complexes
with the activated Trk receptors relatively rapidly after NGF treatment (Obermeier et al,
1993b; Loeb et al, 1992; Stephens et al, 1994). Each of these molecules is thought to activate
a distinct pathway that may function in differentiation (SHC, PLC-y) or survival (PI-3
kinase) (Kaplan and Stephens, 1994; Rasouly er al., 1995; Kaplan, 1996; Kaplan and Miller,
1997; Tolkovsky, 1997) (Fig.1).

SHC binding and activation links Trk activation to the p21ras-MAP kinase signalling
pathway, which has been shown to be essential for NGF-induced neurite outgrowth in PC12
cells (Hagag et al, 1986). Stimulation of Ras results in the sequential activation of Raf-B,
MEK (MAPK kinase), MAPK (also ERKs) and the Rsk kinases; the latter two are responsible
for activation gene transcriptional events (Kaplan and Stephens, 1994; Segal and Greenberg,
1996).

PLC-y | activation results in increased activity of this enzyme, and resulting downstream
cellular events may include alterations in the activity of protein kinase C (PKC), ion fluxes

calcium), ization, and gene ion (Vetter et al, 1991;

Obermeier et al, 1993a). PLC-y | activation may also provide another mechanism for
activating the Ras cascade , since mutated Trk receptors no longer able to bind PLC-y 1 and

SHC are not able to induce Ras-MAPK signalling (Stephens et al, 1994).

PI-3 kinase sti the ion of inostides that appear to act as second

other seris ine kinases; these effects may function




Figure 1. Trk A signal transduction pathways. Adapted from Kaplan and Stephens,
1994; Rasouly et al., 1995; Kaplan, 1996; Kaplan and Miller, 1997; Tolkovsky, 1997.



LY294002 (-)

PDOYBOSY (-)

=




to regulate aspects of protein synthesis and cellular morphology. Itmay also play a role in
both survival and neurite formation, although the data in this regard is somewhat confusing
(Yao and Cooper, 1995; Peng et al., 1995; Creedon et al., 1996).

Another protein which appears to be specifically activated by NGF in PCI12 cells (the
former signalling proteins can also be activated by EGF in PCI2 cells) is SNT (Rabin et al,
1993). This SNT protein appears to act via a pathway distinct from the PLC-y 1 or SHC

and may be i in the di iation and NGF-induced neurite formation in

PCI2 cells (Peng et al., 1995).
Based on the available information, it seems likely that multiple NGF-regulated pathways

are involved in survival, di jation and neurite pi i ivities (Kaplan and

Stephens, 1994; Greene and Kaplan, 1995; Obermeier et al., 1995; Segal and Greenberg,
1996). While most of this information has come from studies of PC12 cells, it is likely that
similar pathways may be activated in primary neurons, although there may be individual
differences (Klinz and Heumann 1993; Klinz er al., 1996; Segal ez al., 1996) depending upon
the age and type of neuron. Thus, both ras-dependent and ras-independent cascades are likely
to be involved, aithough the data provide conflicting results suggesting that in some cases
MEK, Ras and PI-3 kinase are required for neurite growth, while in other cases they are not
required or not sufficient (Borasio et al., 1993; Peng et al., 1994; Obermeier et al., 1994;
Klinz et al., 1996).

A further complication arises from studies suggesting that the duration of the activation



may play a role in the specificity of different growth factors and that certain pathways are or
are not contributing to the observed cellular responses (rev. in Marshall, 1995). Thus, NGF
results in the sustained activation of the Ras-MAP kinase pathway that lasts for several hours
(Traverse et al., 1992). It is apparent that the phosphorylation of the various tyrosine residues
on the Trk receptors does not occur simultaneously, but rather in some coordinated fashion,
and this could also be a method of determining the outcome of the activation (Segal et al,

1996).

1.5 Objective of this study
Based on the above information, it was hypothesized that prior to the precocious

11 1l ing, electrical stis ion might activate certain [EGs or elevate Trk A

receptor activity to act in concert with the increased availability of NGF to result in an

accelerated terminal sprouting response. Therefore, the purpose of this study was to

the gene i and possible ion pathways induced by these
extracellular factors.
1. In vivo, precocious collateral sprouting was generated in partially denervated rat skin by
electrical stimulation of the remaining intact nerves. In these experiments, [EGs, including
CREB, egr-1,¢-fos, c-jun, and Oct-2 which can be induced by membrane depolarization or
elevated NGF levels or both) were assayed using primarily immunocytochemisty (ICC).

2. Because NGF exerts its function via NGF high affinity receptor Trk A, potential changes
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in Trk A receptor ion and its i ivation) state were also investigated

under ion and electrical stii ion status using in situ hybridization and Western

(immunoblot) analyses. The potential downstream signalling components activated by such

manipulations were also assayed using Western analysis.
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CHAPTER II
MATERIALS AND METHODS

2.1 Materials

Animals, female Sprague-Dawley rats (130-180 g, at least 6 weeks old), were supplied
by the Memorial University of Newfoundland Animal Care Facility (96 rats in total). Tissue
freezing medium was purchased from Triangle Biomedical Sciences. Sodium Pentobarbital
(Somnotol) was obtained from MTC Pharmaceuticals. Sigma Chemical Company is the
supplier of aprotinin, phenyl methyl sulphony! fluoride (PMSF), leupeptin and vanadate.
Protein-A agarose or sepharose beads were obtained from Santa Cruz Biotechnology, Inc
GIBCO-BRL supplied normal goat serum and bovine serum albumin. Aqua perm mounting
media was purchased from Fisher. Eastman Kodak company was the producer of Kodak
autoradiography NTB2 emulsion.

The rainbow colour protein ladders were supplied by Amersham Corp. and Bio-Rad
Laboratories.

De protein assay kit was purchased from Bio-Rad Laboratories. Amersham Corp./Life

Sciences division supplied Hybond ECL Chemilumi reagents
(ECL reagents) and Hyperfilm.
Vectastain Elite ABC kit was obtained from Vector laboratories.

The monoclonal RTA antibody (Trk A antibody) was a kind gift from Dr. L. Reichardt;
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2203 pan-Trk antibody was kindly provided by Dr. David Kaplan, Montreal Neurological
Institute. Santa Cruz was the supplier of the rabbit polyclonal antibodies Egr-1, Trk, ERKI,
and PLC-yl. The mouse monoclonal phosphotyrosine antibody 4G 10, rabbit polyclonal
antibodies against pCREB, PI-3 kinase and SHC were obtained from Upstate Biotechnology
Inc. c-Fos antibody was purchased from Oncogene Science, Inc.

[*SJAATP and [*PJdATP were supplied by Dupont.

Terminal D idyl Ti (TDT) was from GIBCO-BRL.

The Northern Exposure software for computer-based Image analysis system was the
product of EMPIX Imaging. MCID image analysis system was from Imaging Research Inc..
Pharmacia LKB Biotechnology was the supplier of Ultraspectrophotometer II and Ultroscan

XL Laser Densitometer.

2.2 Surgery and Stimulation/isolation paradigms

The procedures for rat surgery were similar to those described in Diamond et al.
(1992a.b) and Mearow er al. (1994). Briefly, female Sprague Dawley rats were injected
intraperitoneally with sodium pentobarbital (4.5 mg/100g rat weight). Five toten min later,
the reflex reaction was checked by squeezing the paws. When the rats were anaesthetized.
the fur was clipped from the skin of thoracolumbar region of the back, and the skin was
sterilized by wiping with 75% (v/v) ethanol. A 4 -5 cm midline incision was made and the

skin was gently separated from underlying tissue and the dorsal cutaneous nerves (DCNs)



on both sides xposed. For the stimulation paradigm, the DCNs from T13 to T10 (Fig.

2A) were separated from body wall, and a string of silk thread was inserted underneath the
nerves. The left side DCNs from T13 to TI0 were stimulated by bipolar stimulating
electrodes at 8 V, 20 HZ for 1 min which excited both A8 and C fibres and elicited the CTM
(cutaneus trunci muscle) reflex (Nixon et al, 1984), whereas the right side T13 to T10
nerves, as internal controls, were not stimulated. For the isolation plus stimulation paradigm
(Fig. 2B), on both sides L1, T12, T11, T9 and T8 nerves were cut just distal to their exits
from the body wall. This treatment gave the target areas of T13 and T10 nerves intact
sensory fields, and isolated their fields from those of denervated skin. The right side T13 and
T10 nerves were separated from the body wall (producing the normal sprouting); the left side
T13 and T10 nerves were respectively both separated and stimulated (producing the

prouting if After these the skin was sutured with clips (for

short term, less than 1 day) or silk thread (for long term, more than 1 day), and the animals

were permitted to recover.

2.3 DRG dissection

At different time points following surgery, the rats were deeply reanaesthetized with
sodium pentobarbital (4.5 mg/100 g rat weight). The skin was quickly opened again at
previous suture site. Along the spine, the muscles around it were cut open with scissors.

At 2-3 cm posterior to the last rib, the spine was transected and exposed dorsally and
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Figure 2. ic diagrams of stimulation and isolation plus stimulation paradigm:

These diagrams show the back view of a rat. The back skin was opened after

hetizati A. The stimulati di; The left side DCNs, T10 to T13 were

separated from the body wall and stimulated with electrical bipolar el des at 8 V for 1

min. The right side DCNs were just separated from body wall and not treated as a sham
control. B. The isolation plus stimulation paradigm. On both sides of the rat, T8, T9, T11,

T12, and L1 DCNs were cut at the exit point from body wall. The left side T10 and T13

were separated from body wall and electrically sti d with el desat 8 V for 1 min ---
isolation plus stimulation treatment. The right side T10 and T13 were only separated from
body wall - isolation treatment. The back skin was sutured and rats were allowed to
recover. After different time periods, the DRGs connected with the DCNs were dissected
from the rats.

VV- electrical stimulation X - nerve cutting
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bilaterally. After pulling up the spinal cord and cutting the rest of bones on both sides, DRGs
were exposed. T13 DRG is located in the first intervertebral space posterior to the last rib.
Forward from this point are DRGs T12, T11 and T10 in order; caudally is DRG lumbar 1.
DRGs were removed quickly. For protein (western blot and immunoprecipitation assays)
and RNA (RT-PCR assay) extraction, DRGs were put directly into a microcentrifuge tube

and immediately frozen in liquid nitrogen. Normally, 4 DRGs were taken for each time

point. For fro: ioning (i istry and in situ hybridization assays), DRGs
were embedded in tissue freezing medium and quickly frozen in liquid nitrogen. Tissues

were stored at -70°C.

2.4 Protein extraction and quantitation

The DRGs were taken out from the -70°C freezer and placed on ice. Cold lysis buffer,
containing 0.1% (v/v) NP-40, 10% glycerol, I mM phenylmethyl sulfomy! fluoride (PMSF),
10 mg/ml aprotinin, 1 mg/ml leupeptin, and 0.5 mM sodium orthovanadate in TBS (Tris
Buffered Saline) (Kaplan and Knusel, 1997) was then mixed with the frozen tissues. The
DRGs were homogenized on ice with an electrical homogenizer for several seconds and then
kept on ice for 20 minutes. The insoluble material was removed by centrifugation at 13,000
rpm, 4°C for 15 min and the supernatant was transferred into another fresh microcentrifuge
tube.

Total protein concentration was measured by a Bio-Rad Dc protein assay kit. Briefly,
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a standard curve was made each time when this assay was performed. Five dilutions of
protein standard I (Bio-Rad) from 0.1 mg/ml to 1.43 mg/ml protein were prepared in lysis
buffer. 25 pi of standards and samples were mixed with 125 pl of reagent A’(reagent A +
S)and | ml of reagent B then incubated at room temperature for 15 min. The absorbances
were measured at 750 nm using a spectrophotometer. Finally, the concentration of each
sample was determined according to the standard working curve. DRG samples were
duplicated to ensure the accuracy of determination. The lysates were stored at -70°C or used
directly for Western blot or immunoprecipitation.

To extract enough protein for western blot or immunoprecipitation, at least 4 DRGs were
used. In certain conditions, such as isolation, only 2 DRGs were obtained from one animal.
Normally, one DRG was used for ICC, the other one was used for protein extraction or both
were used for protein. Therefore, the DRGs for protein extraction came from at least 2-4
animals. On the other hand, since western blot were repeated several times, more animal

were used 10 get enough protein to repeat the experiments.

2.5 Western blot assay
Normally, 10 pg of protein was used for the Western blot assay. Sample buffer [10%

glycerol, 2% sodium dodecyl DS), 0.1 M dithi itol (DTT), 0.005%

bromophenol blue] was added into the protein lysate, boiled for 3 minutes, and then loaded

onto a 8%-12% SDS polyacrylamide gel (29:1 ide:bi: i E




was run in electrophoresis buffer [25 mM Tris.base, 250 mM glycine (pH 8.3), 0.1% SDS]
2t 200 V (constant voltage) for 45 min in a Bio-Rad mini-electrophoresis apparatus. The
nitrocellulose membranes were soaked in transfer buffer (25 mM Tris.base, 192 mM
glycine, 20% methanol) for at least 15 min. After electrophoresis, the gel was put into
transfer buffer for 10 min. Subsequently, the proteins were transferred onto nitrocellulose
membranes in a transfer tank at 100 V, 200 mA, 4°C for 90 min. After transfer, the blot was
allowed to air dry and used directly for probing or sealed with Saran Wrap at 4°C prior to

use. To elimi ific binding of : ies, the blot was blocked with 3% BSA in

TBST (TBS with 0.1% Tween-20) or 5% skim milk in TBST at room temperature for 1 hour.
Subsequently, the blot was incubated with primary antibody in 5% milk in TBST or 3% BSA
in TBST overnight with shaking. The dilutions of primary antibodies are RTA. 1:10.000;
TrkA, 1:100; pCREB, 1:250; anti-phosphotyrosine, 1:1000; Egr-1. 1:400; ERK-1. 1:5000:
PLC-gl, 1:5000; PI-3 kinase, 1:800; SHC, 1:1000. After washing with TBST for 10 min
three times, the blot was incubated in secondary antibody (goat anti-rabbit or goat anti-mouse
antibody) at 1:3000 dilution in Blotto for I hour. After rinsing three times with TBST. the
blot was placed between a transparent plastic folder. incubated with Enhanced
chemiluminescence reagents (ECL, Amersham) for exactly one minute. and exposed to a
sheet of Hyperfilm® from 30 seconds to 10 minutes. depending on the strength of signals.

2.6 Inmunoprecipitation Assay



This assay follows Kaplan and Knusel’s protocol (1997). Briefly, 50 g of protein lysate
was incubated with 20 i of anti-Trk A or Pan-Trk antibody at 4°C overnight with rotation.
Then 30 pl of protein-A sepharose beads was added and incubated with rotation at 4°C for
2 hours. Beads were pelleted by spinning 35 seconds at 3000 rpm, washed with cold lysis
buffer three times, and boiled in | x sample buffer for 3 min. The supernatant was loaded

on 10 or 12 % SDS-PAGE gels and run in electrophoresis buffer at 100 V, 120 mA for 45

min. Subsequently, the proteins were to Hybond ni The

blot was probed by anti-trkA or anti- ine antibody as ibed in section 2.5.
The signals were quantitated by Ultrascan XL Laser Densitometer(Pharmacia LKB
Biotechnology). Statistical analysis was performed with the Prism program.

2.7 DRG sectioning

DRGs stored in tissue freezing medium at -70°C were removed and immediately put into
liquid nitrogen. Next, the tissue was mounted on the cryostat chuck with tissue freezing
medium and again quickly frozen in liquid nitrogen. Frozen sections were made using a
cryostat microtome at 14 pm, then thaw-mounted onto gelatin-coated slides for several time

points and dried at room temperature. Each slide i control and

sections and was stored at -20°C until used in immunocytochemistry (iCC) or in situ

hybridization (ISH) assay.
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2.8 Immunocytochemistry

The protocol used for i sty utilized a i detection method

(Mearow et al., 1994). The procedure is as follows: sections removed from the freezer were
allowed to air dry for 20 minutes at room temperature and demarcated by a PAP pen to form
compartments around them. Subsequently, the sections were fixed in 4% freshly-made
formaldehyde in PBS (Phosphate Buffered Saline) for 20 min. Endogenous peroxidase was
removed with 0.3% H,0, in 100% methanol for 30 min, followed by three washes with 1 x
PBS. Sections were incubated in 10% normal goat serum (NGS) containing 0.1% Triton-X
100 in PBS to block nonspecific protein binding at room temperature for | h, then directly
incubated with primary antibody in 3% NGS plus 0.1% Triton-X 100 at 4°C overnight. For

rabbit polyclonal antibodies Fos and Egr-1, the dilution factors were 1:200 and 1:100,

pectively. For rabbit polyclonal antibodies pCREB, Jun and Oct-2, the dilutions were
1:2000, 1:7500, and 1:2000. After incubation in primary antibody, slides were washed with

PBS three times for 10 minutes each, and i d with biotiny

antibody (goat anti-rabbit or goat anti IgG) for 1 h. Visualization of the
antibody pattern was carried out in avidin/biotin/peroxidase reagent for | hour. Finally,
sections were incubated with 0.05% 3,3™- diaminobenzidine (DAB) in 100 mM Tris buffer
(PH 7.0) and 0.012% H,0, The slides were firstly dehydrated with Aqua perm mounting
media, dried and secondarily mounted with Permount or D.B.X. neutral mounting medium

for permanent protection. The proteins of pCREB, Egr-1, Fos, Jun and Oct-2 genes were



primarily located in nuclei. Therefore, the different sizes of cells (diameter: small, <30 um;
medium, between 30 um to 40 um; large, > 40 um) containing dark nuclear staining and total

cells in each DRG section unted under the light mis using the computer based

image analysis system (Northern Exposure) and the data were stored in the Excel® program.

The ICC experiments for each gene were performed on a series of slides. Each slide
contained the sections from control and three treatments: stimulation, isolation and
stimulation plus isolation at one of the following time points (1h, 4h, 8h, 1d, 2d, or 4d).
Normally, at one time point, one slide had 3-5 sections for each treatment (from one DRG).
So, for one single experiment, one DRG was used for one treatment at each time point. For
each gene, 2-6 experiments were run (2-6 DRGs were used for each treatment at each time
point (n=2-6), and some of these DRGs were from the same or different animals since one
or two DRGs could be obtained for certain treatment). After ICC experiments, nuclear
stained neurons and total neurons from one DRG section were counted under light
microscope and the percentage of nuclear stained neurons in total neurons was calculated.
One to five sections could be sampled on one slide for each treatment and each time point
and these data were averaged as one value for one experiment at that treatment/time point.
Subsequently, the values from repeated experiments (DRGs) at each treatment/time point
were analysed and the mean values and standard errors of the means were obtained. Here,

the n value was the times of experiments run for this gene and also equal to the numbers of



DRGs used for this gene at each treatment/time point. To statistically analyse the effects of
treatments and times on the gene expression, two types of tests were performed on Minitab
statistics software. Firstly, multiple analysis of variance by general linear model (MANOV

by glm) was used to analyse the significant difference (p<0.05) between control group and

treatment groups (stimulation, isolation, isolation plus sti ion ) during i time

period, and also the signif i (p<0.05) within each with the change of
the time. Then, if group significant differences existed, oneway ANOVA with Dunnett’s test
was further used to test the significant differences (p<0.05) between control and each
treatment (stimulation, isolation, stimulation plus isolation) at each time point. The data for
each gene were plotted using the SigmaPlot® program and each figure is accompanied by a
summary data table. The n values in the table represent the number of DRGs used for each
gene. In these experiments, individual DRGs were subjected to the different treatments and
an acceptable way to analyze the data is to consider each DRG as an n = 1 (G. Skanes, J.

Evans personal communications)

2.9 In situ hybridization (ISH) assay

Oligonucleotide probes were used for ISH. The anti-sense sequences of oligos for the
probes are: Trk A (Merlio ez al., 1992), 5'AAG GTT GAA CTC AAA AGG GTT GTC CAT
GAA GGC AGC CAT GAT GGA GGC3'; Trk A (Meakin et al, 1992), 5GC AAG AAA

GAC CTT TCC AAA GGC TCC CTC CCC TAG CTC CCA CTT GAG3'"; P75 (Radeke
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et al., 1987), extracellular domain - 5'CAC GAG TCC CGA GCC CAC CTC GCA CAC
GCT GCA AGC CTC ACA GTG GCC3', membrane spanning element - SGAA AGC AAT
ATAGGC CAC AAG GCC CAC GAC CAC AGC AGC CAA GAT GGA3'. CREB
(Gonzalez et al., 1989), SGTC TGC TCC AGA GTC CAT GGT CAT CTA GTC ACC
GGT GGT3'; NGFI (EGR-1, Wisden et al., 1990), 'GCG TTG CTC AGC AGC ATC ATC
TCC TCC AGT TTG GGG TAG TTG TCC3";

On ice, 5 pmol of oligos, 50 mCi of *S dATP, 1/10 of reaction volume of 5 x Tailing
buffer were mixed with 15-30 units of TDT (Terminal Deoxynucleotidyl Transferase) in 50
! and incubated at 37°C for 30 min. 350 ul of TE8, 20 pl of 5 M NaCl, 2.5 ul of tRNA
(10 mg/ml), and 425 pl of Phenol/chloroform mix were then added to the above mixture.
After vortexing and spinning down, the aqueous phase was precipitated with ethanol. The
pellet was air-dried and resuspended in 100 ul of H,O with 100 mM DTT. Finally, 1 pl of
sample was taken to count incorporation efficiencies.

In situ hybridization (ISH) was carried out on frozen DRG sections (14 pm thick)
according to established procedure (Mearow er al., 1989 and 1994). Briefly, sections were
removed from the freezer, air-dried and fixed with 4% formaldehyde in PBS-DEPC for 5
min at room temperature. After three 5 min washes with PBS-DEPC, slides were placed into
0.25% acetic anhydride in 0.1 M triethanolamine HCI for 10 min, subsequently dehydrated
with 70%, 90% and 100% ethanol and air-dried. The **S-labelled oligonucleotide probes

were mixed with buffer A (4 x SSC, 50% formamide, 250 mg/ml yeast tRNA, 500 mg/ml
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sonicated salmon sperm DNA, 1 x Denhardts solution, 5% dextran sulfate, and 100 mM

DTT). Normally, 100 pl of the above mix (containing 1 x 10° dpm of **S) were needed per

slide. Slides were ped and i at 42°C in a humidified chamber ight.
Coverslips were removed in 4 x SSC ining 1 mM p- hanol, and then the
sections were washed at 40°C ing to the ing two times in 2 X SSC

for 30 min each; two times in 1 x SSC for 30 min each. After brief rinsing in cold tap water,
the slides were allowed to air dry.

For autoradiographic visulization, slides were initially exposed to Kodak X-OMAT film
for 1-2 days, and then dipped in Kodak NTB2 emulsion, dried, placed in foil-wrapped black
boxes, and exposed at4°C for 2-4 weeks depending on the kind of probes used. Finally, the

slides were with Dektol, ipped and analyzed using an computer-based

image analysis system (MCID.St. Catharines. Ont.).

One experiment was run for each gene on a series of slides. The slides carried at least
5 sections representative of areas throughout the same DRG; control and experimental
sections were processed on the same slides. A grain counting software option was used to
randomly count grains from neurons in which the nucleus was visible under phase contrast.
Over 100 neurons on three sections from one DRG at each treatment / each time point were
analyzed. The grain numbers and area of each neuron were computed and grain density
(number of grains per um’ neuronal area) was calculated for each neuron. Subsequently, the

data from each treatment / time point were statistically analyzed, first, as a function of the



total cell population sampled, and, second , following classification of the samples into three
groups based upon neuronal size. Neurons were classified as small (<30 pm diam.),
medium(30-40pm diam.), and large (>40pum diam.). Then, the changes of grain density at
each treatment / time point were statistically analyzed by oneway ANOVA plus student t-test

using Minitab softy to i igate the signifi diffe (p<0.05) caused by

treatments or times.

The figures were drawn with Prism® program and the bar of SEM were put onto the
figures. The n value for each bar was 100 neurons, representing 1 or 2 DRGs per each time
point. These experiments were carried out to further confirm results from previous

experiments (Mearow, 1998).
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Chapter III
RESULTS
3.1 The expression of mRNAs and proteins of immediate early genes

(IEGs)
3.1.1 mRNA expression detected by In Situ Hybridization

In order to examine the response of IEGs during precocious sprouting, the mRNA
expression of several [EGs was detected by in situ hybridization (ISH) on 14 um frozen
sections from DRGs prepared under situations which would cause the depolarization of the
DRG neurons and/or the elevation of NGF levels in the target area: i) electrical stimulation
of DCNs (depolarization), ii) nerve isolation (NGF level increase), and iii) stimulation plus
isolation (the combination of these two factors). As described in the methods, the nerves
on the left side of the animals were stimulated, while the contralateral nerves were not
stimulated and used as controls for effects produced by surgery. After 1h, 4h, 1d, 2d, and 4d,
the appropriate DRGs were dissected and frozen sections were cut using a cryostat. Each
slide contained the control (C), stimulated (S), isolated (I) and stimulated plus isolated (S+I)
conditions for a given time point.

The raw data were subsequently analyzed in two steps. First, the grain density (number
of grains per neuron area, pm?) at each time point was calculated for each treatment.
Subsequently, in order to learn more about the response of the different populations of DRG
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neurons, the grain density was further analyzed as a function of neuron size (diameter). The
neuronal population was grouped into three sizes: small (<30 pM diam.), medium (30-40 pM

diam.) and large (>40 uM diam.) neurons.

CREB expression in DRG neurons The grain density of CREB under stimulation (S),
isolation (T), and isolation plus stimulation (I+S) treatments at 1h, 4h, 1d, 2d, 4d is presented
in Fig. 3A. The rats which were treated only by surgery were used as controls at each time

point. Statistical analysis indicated that all three induced signi increase (

p<0.05) of CREB expression during the experimental period, but the amplitude presented

different ct d ding on the Electrical stimulation alone resulted in 1.5X

increase of CREB expression as early as 1h compared with control, and this increase was
further elevated at 4h , reached a peak 1d after stimulation, and subsequently declined.
Isolation alone induced an unexpected large increase of CREB after 1h treatment, and later
it resulted in a peak increase (2.5X compared with control) after 2d. Isolation plus
stimulation induced a consistent increase of CREB expression from 1h to 4d, with little
change in amplitude. Further analysis of mRNA expression in the small neuronal population
is shown in Fig. 3B. The expression of CREB in the small sized neurons was very similar
to that in the total population, suggesting that CREB was expressed primarily in the small

neurons.
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Figure 3. Expression of CREB mRNA in DRG neurons. /n situ hybridization and
analysis were performed on frozen sections of DRGs from animals at 1h, 4h, 1d, 2d, and 4d

after sti ion and isolation plus sti i i described in methods. A. The

grain density of CREB mRNA in the total neuronal population at control and each treatment
per time point. B. The grain density of CREB mRNA in small neurons at each control and

per time point. Signi; i between control and each treatment at

different time points were analyzed by Oneway ANOVA plus student’s t-test on Minitab
program (p<0.05). The different treatments are represented as: control (empty bar).
stimulation (hatched bar), isolation (cross-hatched bar) and isolation plus stimulation (solid

bar). Each bar represents the analysis of 100 neurons from | DRG per treatment.
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egr-1 mRNA expression in DRG neurons The results of mRNA expression of egr-1 are
shown in Fig. 4. Although there were no changes in egr-1 mRNA expression in DRG

neurons after 1h post-stimulation, there was an signi increase (p < 0.05) at the 4h and

1d time points, but was not significant at 2d. In the isolation paradigm, there was an
unexpected increase of egr-1 expression after 1h. Even though there was some increased egr-
1 expression at 4h, 1d and 2d, these changes were not significant (p<0.05). However, after
4d, a significant increase of the egr-1 expression was detected again after isolation alone, and
this increase was 1.7 X relative to control. The combination of the stimulation and isolation

resulted in significantly i d expression of egr-1 during the whole period of

experiments. This increase peaked by 1d, and remained somewhat elevated by 4d.
The egr-1 expression as a function of neuronal size was further analyzed (Fig. 4B). In

small size neurons (which are the neurons d to be initiating the sprouting

egr-1 expression did not show a similar expression pattern to that in the total population of

neurons, suggesting that there was no neuronal specificity to the expression of egr-1 gene.

3.1.2 Protein expression in DRG neurons
To investigate the functional products of certain IEGs, protein expression in DRG

neurons was i

igated by i hemistry, i ipitation and Western-blot

assays in the situation of stimulation, isolation and

plus isolation at several time
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Figure 4. Expression of egr-1 mRNA in DRG neurons. /n situ hybridization was
performed on frozen sections of DRGs from animals at 1h, 4h, 1d, 2d, and 4d after
stimulation and isolation plus stimulation paradigms as described in methods. A. The grain
density of egr-1 mRNA on the total neuronal population at control and each treatment per

time point. B. The grain density of egr-1 mRNA in small neurons at each control and

per time point. Signil i between control and each treatment at
different time points were analyzed by Oneway ANOVA plus student’s t-test on Minitab
program (p<0.05). The different treatments are represented as: control (empty bar),
stimulation (hatched bar), isolation (cross-hatched bar) and isolation plus stimulation (solid

bar). Each bar represents the analysis of 100 neurons from | DRG per treatment.
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periods after three treatments.
3.1.2.1 Immunocytochemistry (ICC) analysis

In order to identify the location of certain IEG proteins, ICC was performed on frozen
sections of DRG neurons; use of DAB and HRP linked secondary antibody resulted in an
insoluble brown product at the sites of positive antibody staining. For each primary antibody
used for ICC, the optimal primary antibody dilution was determined by incubating the slides
in 5 dilutions of primary antibody, and the one which showed clear nuclear staining with the
lowest background was selected as the optimal antibody dilution for future use. The
specificity of the antibody was checked by two steps. The first one was to omit the primary
antibody and determine the status of nuclear staining. These experiments showed that in the
absence of primary antibody, the nuclei of DRGs were not stained. Next, the same series
of slides were treated with the best dilutions of primary antibody plus ten times amount of
control peptide which blocked the epitope of this antibody. The results indicated that, in the
presence of control peptide, the nuclear staining by this antibody was totally blocked,
indicating that the staining was specific to this antibody. All the antibodies used in these
experiments were specifically tested. Former studies indicated that the influence of
stimulation occurs at very early time points, less than 2 days (Nixon et al.,1984; Doucette
and Diamond, 1987; Kril et al., 1993); on the other hand, the increase of NGF level induced

by isolation occurs at least 2 days later (Mearow et al., 1993). Here, what is interesting is

the separate and ined effects of electrical sti ion and isolation on gene expression.



My preliminary experiments indicated that electrical stimulation resulted in an increase of
certain gene expressions shortly after treatment (0.5h, 1h, 4h, 8h and 1d) and isolation
increased these gene expression after longer period of treatment (1d, 2d, 4d, 8d, and 14d)
(data not shown). Therefore, based on the preliminary experiments, the time points chosen

for further study were designated as 1h, 4h, 8h, 1d, 2d and 4d for the later experiments.

PCREB protein expression As a cAMP binding protein, CREB exerts its function when
it is phosphorylated at '*Ser. Therefore, using a phospho-specific CREB antibody, the
phosphorylated protein, pCREB, was examined in DRG neurons at different time points
under three types of treatments (stimulation, isolation, and isolation plus stimulation). [CC
results showed that pCREB was specifically localized in the nucleus of DRG neurons. The
pCREB staining in DRG neurons under control and isolation plus stimulation at 2d is
representatively given in Fig.5. The immunostaining of pCREB was distributed in different
sized neurons, but occurred predominantly in small neurons. The percentages of pPCREB
stained cells in total counted cells from different treatments at different time points were
presented in Fig. 6 and all the data for the figure were listed in the attached table. The basal
expression of pCREB in total neurons was 20.63 % to 30.47%. Except the mean value at
4h stimulation was less than control (might be due to difference of individul DRGs), the rest
of mean values were all larger than control. Statistical analysis by MANOVA by glm

indicated that, within each treatment group (stimulation, isolation, and isolation plus
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Figure 5. Inmunostaining of pCREB protein in DRG neurons. The micrographs show
the immunostaining of pCREB protein in DRG neurons. ICC was performed on frozen
section as described in the text. The phospho-specific pCREB monoclonal antibody was from
Upstate Biotechnology Inc. It can be seen that the nuclei of DRG neurons are darkly stained
by pCREB antibody. A. Nuclear staining of pCREB under control treatment, and B. Nuclear
staining of pCREB at 2d under isolation plus stimulation treatment. The arrow heads point

out the dark staining of the nuclei. Scale bar =100 um.






Figure 6. Analysis of the f pCREB i ined neurons in total DRG
neurons. The immunostained cells and total DRG neurons per section were counted under
the light microscope. On each slide, the 3-5 sections for control and each experimental
treatment (stimulation, isolation and isolation plus stimulation) at different time points (1h,
4h, 8h, 1d, 2d and 4d) were analyzed. For each control or treatment per time point, one DRG
was used per experiment. The cells with stained nuclei and total cells in one DRG section
were counted and the percentage of stained cells in total (%) was calculated. Thus, a given
experimental series is the data from | DRG per treatment per time point, ie, a total of 24
DRGs per experiment from at least 12 rats. The plotted data represent the Mean of 2-6
experiments; the table presents the Mean , SEM, n value and statistical analysis. Statistical

analysis was carried out using the following tests. MANOVA by gim was used to test group

(p<0.05, signifi i caused by across the time points.
Significant differences (p<0.05) between control and treatments at each time point were
tested by oneway ANOVA with Dunnett’s test (represented by * in the figure and table).
The different treatments are presented as follows: control, solid dot; stimulation, open dot;

isolation, solid triangle; isolation plus stimulation, open triangle.
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did not induce signif increase of the gene expression with the

change of tested time period (1h, 4h, 8h, 1d, 2d, and 4d) (p<0.05). However, with the

change of time, all the groups showed signif i from the control
group (p<0.05). Based on these results, Oneway ANOVA plus Dunnett’s test was used to
investigate that at which time points the significant increases for each treatment occurred.
The results indicated that, except at 8h stimulation induced significant increase of pPCREB
expression (p<0.05), at other time points (1h, 4h, 8h, 1d, 2d, and 4d), stimulation, isolation
and isolation plus stimulation did not induce significant increase of pCREB expression in

DRG neurons (p<0.05).

Egr-1 protein expression Egr-1 protein was also localized to the nucleus. The nuclear
staining of Egr-1 protein under control and isolation plus stimulation treatment in DRG
neurons is shown in Fig. 7. The percentage of nuclear stained cells in total DRG neurons
was analyzed statistically and the data are shown in Fig. 8 and the attached table. Under
control situation, the basal expression of Egr-1 protein in total DRG neurons was 32.29% to
34.37% at different time points. MANOVA by glm indicated that all treatment groups

(stimulation, isolation, isolation plus sti ion) were signi diffe from control

group along with the time periods (1h, 4h, 8h, 1d, 2d, and 4d) (p<0.05). Based on these
results, onewayANOVA with Dunnett’s test were used to further detect at which time point,

the significant difference induced by each treatment occurred (p<0.05). It was found that
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Figure 7. Inmunostaining of Egr-1 protein in DRG neurons. ICC was performed on
frozen sections as described in the text. Egr-1 polyclonal antibody was purchased from Santa
Cruz Biotech. The nuclei of DRG neurons are darkly stained by Egr-1 antibody. A.
Nuclear staining of Egr-1 under control treatment, and B. Nuclear staining of Egr-1 at 2d
under isolation plus stimulation treatment. The arrow heads pointed out the dark staining of

the nucleus. Scale bar = 100 pm.
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Figure 8. Analysis of the p ge of Egr-1 i ined in total DRG

neurons. The immunostained cells and total DRG cells per section were counted under the
light microscope. On each slide, the 3-5 sections for control and each experimental treatment
(stimulation, isolation and isolation plus stimulation) at different time points (1h, 4h, 8h, 1d,
2d and 4d) were analyzed. For each control or treatment per time point, one DRG was used
per experiment. The cells containing stained nuclei and total cells in one DRG section were
counted and the percentage of stained cells in total (%) was calculated. Thus, a given
experimental series is the data from 1 DRG per treatment per time point, ie, a total of 24
DRGs per experiment from at least 12 rats. The plotted data represent the Mean of 2-6
experiments; the table presents the Mean , SEM, n value and statistical analysis. Statistical
analysis was carried out using the following tests. MANOVA by glm was used to test group
difference (p<0.05, significant difference) caused by treatments across the time points.
Significant differences (p<0.05) between control and treatments at each time point were
tested by oneway ANOVA with Dunnett’s test (represented by * in the figure and table).
The different treatments are presented as follows: control, solid dot; stimulation, open dot;

isolation, solid triangle; isolation plus stimulation, open triangle.
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stimulation alone induced some increases of Egr-1 expression at 1h and 4h. However only
at 8h, it induced a high value as 49.13% and resulted in a significant difference compared
with control ( p<0.05). At later time points, even though stimulation still cause some
increase of Egr-1 expression, the value became decreased gradually. Isolation alone did not
cause a significant increase of Egr-1 at each time point compared with control (p<0.05).

However, interestingly, when isolation was ined with stil ion, the si;

increase of Egr-1 protein expression appeared at 1d (p<0.05). Subsequently, it started to
decrease a bit at 2d and 4d compared with control.

The distribution of Egr-1 expression in different sized neuronal populations showed
that, as the percentage of immunostained small neurons in total immunostained neurons,
Egr-1 protein was mainly expressed in small neurons and basal expression in small neurons

was about 50% (data not shown).

Fos protein expression  As shown in Fig. 9, Fos protein was predominantly localized in the
nuclei of DRG neurons. The quantitative analysis of Fos expression in DRG neurons as the
percentage of stained cells in total counted cells was done and the data were described in Fig.
10 and the attached table. Statistical analysis of stained neurons showed the basal
expression of stained cells in total DRG cells was 22.92% to 32.06% (see table). Compared
with control group, treatment groups were significantly different from it with the tested time

periods (1h, 4h, 8h, 1d, 2d, and 4d) (MANOVA by glm, p<0.05). Based on the above
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Figure 9. Immunostaining of Fos protein in DRG neurons. ICC was performed on
frozen section as described in the text. Fos polyclonal antibody was from Oncogene Science.
The nuclei of DRG neurons are darkly stained by Fos antibody. A.. Nuclear staining of Fos
under control treatment, and B. Nuclear staining of Fos at 2d under isolation plus stimulation

treatment. The arrow head point out the dark staining of the nuclei. Scale bar = 100 pm.
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Figure 10. Analysis of the p tage of Fos il ined neurons in total DRG

neurons. The immunostained cells and total DRG cells per section were counted under the
light microscope. On each slide, the 3-5 sections for control and each experimental treatment
(stimulation, isolation and isolation plus stimulation) at different time points (1h, 4h, 8h, 1d,
2d and 4d) were analyzed. For each control or treatment per time point, one DRG was used
per experiment. The cells containing stained nuclei and total cells in one DRG section were
counted and the percentage of stained cells in total (%) was calculated. Thus, a given
experimental series is the data from 1 DRG per treatment per time point, ie, a total of 24
DRGs per experiment from at least 12 rats. The plotted data represent the Mean of 2-4
experiments; the table presents the Mean , SEM, n value and statistical analysis. Statistical

analysis was carried out using the following tests. MANOVA by glm was used to test group

(p<0.05, signi i caused by across the time points.
Significant differences (p<0.05) between control and treatments at each time point were
tested by oneway ANOVA with Dunnett’s test (represented by * in the figure and table).
The different treatments are presented as follows: control, solid dot; stimulation, open dot;

isolation, solid triangle; isolation plus stimulation, open triangle.
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results, oneway ANOVA with Dunnett’s t-test were further used to test the significant change
of Fos at each single time point (p<0.05). The results showed that stimulation and isolation
alone did not induce significant increase of Fos protein expression at all the tested time
points (p<0.05). However, the combination of isolation and stimulation treatment resulted
in the number of positive neurons reaching as high as 43.95% at 2d, and 41.90% at 4d
respectively, significantly increased compared with control (p<0.05). In this case, the
combination of stimulation and isolation induced a larger increase than individual
stimulation and isolation treatments, indicating that the electrical stimulation and NGF had

some overlapping effects on Fos protein expression.

Jun protein expression Like other IEGs, Jun protein was also present in the nucleus in
DRG neurons (Fig.11). The expression of Jun was examined only in the later experiments,

so at some time points, the data was not obtained (8h: stimulation, 1d: all the ).

According to the statistical analysis, 28.00% to 32.50%of the total DRG neurons had a basal
expression of Jun according to the data from control at 1h, 4h, 8h, 2d, and 4d (Fig. 12 and
attached table). MANOVA by glm were performed to investigate the group differences. It
‘was shown that all treatment groups (stimulation, isolation, isolation plus stimulation) were
significantly different from control group with the tested time points (p<0.05). Based on the
above results, oneway ANOVA with Dunnett’s test were then used to test the significant

differences between control and each treatment at each time point (p<0.05). It was shown
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Figure 11. Immunostaining of Jun protein in DRG neurons. [CC was performed on
frozen sections as described as the text. Jun polycional antibody was from Santa Cruz
Biotech. The nuclei of DRG neurons are darkly stained by Jun antibody. A. Nuclear
staining of Jun under control treatment, and B. Nuclear staining of Jun at 4d under isolation

plus stimulation treatment. The arrow head point out the dark staining of the nuclei. Scale

bar = 100 pm.
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Figure 12. Analysis of the percentage of Jun i ined neurons in total DRG

neurons. The immunostained cells and total DRG cells per section were counted under the
light microscope. On each slide, the 3-5 sections for control and each experimental treatment
(stimulation, isolation and isolation plus stimulation) at different time points (1h, 4h, 8h, 2d
and 4d) were analyzed. For each control or treatment per time point, one DRG was used per
experiment. The cells containing stained nuclei and total cells in one DRG section were
counted and the percentage of stained cells in total (%) was calculated. Thus. a given
experimental series is the data from 1 DRG per treatment per time point. ie, a total of 20
DRGs per experiment from at least 10 rats. The plotted data represent the Mean of 2

experiments; the table presents the Mean , SEM, n value and statistical analysis. Statistical

analysis ied out using the ing tests. MANOVA by glm was used to test group

(p<0.05, signi i caused by across the time points.
Significant differences (p<0.05) between control and treatments at each time point were
tested by oneway ANOVA with Dunnett’s test (represented by * in the figure and table).
The different treatments are presented as follows: control, solid dot; stimulation, open dot;

isolation, solid triangle; isolation plus stimulation, open triangle.



Table Immunocytochemistrical data for Jun (total stained cells in total counted cells, %)

BBERREEERL S

Jun

4

Time w W W
Trestment Mea |SEM |o | Signit [ Mean |SEM o Signit_| Men | SEM |n | signit
Coutrel 325 300 2 INe 3200 Jooo |2 No 3s2s Lugs |2 | wo
Stim 342 125 |2 e 3735 lozs |2 No — 11— 12 I~
lso 368 |oss |2 No %075 {125 |2 No 2425 loas |2 *
Jzo+Stim 2 dozs 12 iNe 13250 1350 12 No 275 1135 12 g
Time id 24 «

Tceament Mo {sem 1o Isiont [Mem [sem |o sigwt lvan lsem 1o | siems
Coatrel P P P 250 loso |2 No 2800 100 [2 | No
Stim - 1— ] 350 f1oo |2 No 2925 Jois |2 | Ne
150 ] e i e 3575 urs |2 . 3750 |00 |2 *
Lsg+Stim =111 3625 1225 12 . 4325 1125 L3




in Fig.12 that the percentage of stained cells increased more or less at different time points
compared with control. Stimulation alone did not cause large changes at the tested time
points. Isolation alone caused significant increase of Jun protein compared with control as

early as 8h (p<0.05), and this situation lasted until 4d. As the same as isolation alone,

isolation plus sti ion induced signi increase of Jun ion as early as 8h

(p<0.05), and this effect existed till 4d.

Oct-2 protein expression  Oct-2 protein was localized in the nucleus and the representative
example of nuclear staining at control and isolation plus stimulation treatment is provided
in Fig.13. Unfortunately, from the data of Oct-2 (Fig.14), it seems that the results did not
show any consistent pattern under control and the three treatments at the time points which
were checked (1h, 4h, 8h, 1d, 2d and 4d) (data not shown). Therefore, further analysis was

not performed.

3.1.2.2 Western blot analysis - Egr and pCREB

Western blot analysis was used to further examine the protein expression of Egr-1 and
pCREB. HeLa cell and NIH3T3 cell lysates were used as positive controls, and Egr-1
protein was observed on the blots at the size of 87 KD in these samples. However, at
different time points (1h, 4h, 8h, 1d, 2d, 4d), there were no obvious changes among control

and other treatments for Egr-1 (data not shown).
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Figure 13. Immunostaining of Oct-2 protein in DRG neurons. ICC was performed on
frozen section as described in the text. Oct-2 polyclonal antibody was from Santa Cruz. The
nuclei of DRG neurons are darkly stained by Oct-2 antibody. A. Nuclear staining of Oct-2
under control treatment, and B. Nuclear staining of Oct-2 at 2d under isolation plus
stimulation treatment. The arrow head pointed out the dark staining of the nuclei. Scale bar

=100 pm.






Figure 14. Analysis of the of Oct-2 i ined neurons in total DRG
neurons. The immunostained cells and total DRG cells per section were counted under the
light microscope. On each slide, the 3-5 sections for control and each experimental treatment
(stimulation, isolation and isolation plus stimulation) at different time points (1h, 4h. 8h, 1d,
2d and 4d) were analyzed. For each control or treatment per time point, one DRG was used
per experiment. The cells containing stained nuclei and total ceils in one DRG section were
counted and the percentage of stained cells in total (%) was calculated. Thus. a given
experimental series is the data from 1 DRG per treatment per time point, ie, a total of 20
DRGs per experiment from at least 10 rats. The plotted data represent the Mean of 2

experiments; the table presents the Mean , SEM, n value and statistical analysis.
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The size of pCREB was 43 KD. Hela cell lysates showed a strong band at 86 KD and
a band at 43 KD for pCREB-probed blots. But for the DRG lysates only faint 86 KD bands
appeared and the 43 KD band was not detectable. This is probably due to the relatively low
amounts of phosphorylated CREB in the samples, and the possibility is that most of the

pCREB was present in a dimerized form.

3.2 The expression of mRNAs and proteins of NGF receptors

The mRNA expression of the NGF receptors, Trk A and p75, was analyzed on frozen
sections by ISH after stimulation, isolation, and isolation plus stimulation treatments. In
addition, the Trk A receptor protein and its phosphorylation state were detected by

immunoprecipitation and western blot analysis.

3.2.1 Trk A and p75 mRNA expression detected by In Situ hybridization The grain
densities of Trk A receptor mRNA at 1h, 4h, 1d, 2d and 4d under stimulation, isolation,
isolation plus stimulation treatments are shown in Fig. I5A. While stimulation alone appears
to cause little change in Trk A receptor mRNA, both isolation and isolation plus stimulation
produced large changes. With isolation alone the grain density significantly increased
(ANOVA, p<0.05) after 1d and lasted to 4d. Isolation plus stimulation induced a significant
increase in the grain density of Trk A as early as 1h ( p < 0.05), but then decreased to control

level at 2d. Further analysis of grain density with respect to neuronal size classification
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Figure 15. Expression of Trk A receptor mRNA in DRG neurons. /n situ hybridization
was performed on frozen sections of DRGs from animals at 1h, 4h, 1d. 2d, and 4d after
stimulation and isolation plus stimulation paradigms as described in methods. A. The grain
density of Trk A mRNA on the total neuronal population at control and each treatment /time

point. B. The grain density of TrkA mRNA in small neurons at each control and

point. Signi i between control and each treatment at different
time points were analyzed by Oneway ANOVA plus student’s t-test on Minitab program
(p<0.05). The different treatments are represented as: control (empty bar), stimulation
(hatched bar), isolation (cross-hatched bar) and isolation plus stimulation (solid bar). Each

bar represents the analysis of 100 neurons from 1 DRG per treatment.
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indicated that the expression of Trk A in small neurons presented a similar pattern with that
seen in the total neuron population, suggesting that the changes were taking place mainly in
small neurons (Fig.15B).

As the low affinity of NGF receptor, the mRNA expression of p75 was also investigated.
The grain density of this receptor at 1h, 4h, 1d, 2d and 4d is shown in Fig.16. Stimulation
alone did not cause a significant elevation of p75 mRNA over time. With isolation alone,
the significant change in grain density was observed at the 2d and 4d time points. The
increase of p75 expression with isolation plus stimulation was significant from 4h to 2d.
In small size DRG neurons, the expression was similar, although there was more variability
in the results. This might reflect the fact that the intensity of the ISH signal was much greater
over the small neurons, and was more difficult to assess accurately with the image analysis

program used.

3.2.2 Immunoprecipitation and Western analysis of Trk A expression and
phosphorylation state
To visualize the Trk A receptor and its form, i ipitation was

performed firstly by using a Trk A antibody, and then the Western blots were probed

with Trk A and anti ine. Lysates from spinal cord treated in vitro
with NGF were used as a positive control. The Trk A receptor has a molecular weight of

140 KD, as seen in the Trk A blot.. The blot probed with anti-phosphotyrosine also showed



Figure 16. Expression of p75 receptor mRNA in DRG neurons. /7 situ hybridization was
performed on frozen sections of DRGs from animals at 1h, 4h, 1d, 2d, and 4d after
stimulation and isolation plus stimulation paradigms as described in methods. A. The grain
density of p75 mRNA on the total neuronal population at control and each treatment /time

point. B. The grain density of p75 mRNA in small neurons at each control and

point. Signi i between control and each treatment at different
time points were analyzed by Oneway ANOVA plus student’s t-test on Minitab program
(p<0.05). The different treatments are represented as: control (empty bar), stimulation
(hatched bar), isolation (cross-hatched bar) and isolation plus stimulation (solid bar). Each

bar represents the analysis of 100 neurons from 1 DRG per treatment.
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a 140 KD band, indicating that this was Trk A (data not shown).

To test the potential change in Trk A receptor expression and activity, lysates were
extracted from DRG neurons from control, stimulation, isolation, isolation plus stimulation

at 1h, 4h, 2d, 4d and 8d. Protein ions were ined and aliquots of equi

amounts of protein of the lysates were and to nil
filters. Western blots were probed with Trk A antibody (RTA) or an anti-phosphotyrosine
antibody. Experiments were conducted in triplicate. The results of a representative Western
blot of Trk A are shown in Fig. 17. In panel 1, compared with the Trk A band in control
lane corresponding to 140 KD, there appeared to be a slight increase in the density of bands,
especially at 1h and 4h stimulation time points. In panel 2, there seems to be increased
density of Trk A bands (relative to control) were presented at 4d and 8d isolation and
isolation plus stimulation time points. The samples in panel | were run on the same gel;
samples in panel 2 were electrophoresed on 2 separate gels - although in the same
ic run. This ive blot was the final one run on the last of the available

samples; while the blots of the 2d and 4d samples are not optimal. they were included as
representative of the series.
The ive results of | i ion from Western blot are shown

inFig.18. There were no major differences in the patterns of Trk A proteins phosphorylated
on tyrosine under any of the conditions, except perhaps at the 1h time point and for the

isolation condition.
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Figure 17. Western blot of Trk A receptor expression in DRG neurons. Treated (stim.
iso, iso+stim) and control DRGs were removed at lh, 4h, 2d. 4d. and 8d. DRGs were
homogenized in lysis buffer. Lysate was extracted with lysis buffer and protein
concentration was measured by protein assay kit (Bio-Rad). 10 pg of protein was subjected

to 10 % SDS PAGE, and to ECL ni (. After

blocking with 5 % skim milk, the blot was probed with Trk antibody (RTA). The binding
of this antibody was detected with ECL kit (Amersham). The size of Trk A receptor is 140
KD. Panel | were samples from 1h and 4h. Panel 2 were samples from 2d. 4d and 8d. C -

control; S - stimulation; I - isolation; I +S - isolation plus stimulation.
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Figure 18. Western blot of phosphotyrosine of Trk A in DRG neurons. Experimental

was as il in Fig.17. P ine antibody was from Upstate
Biotechnology Incorp. Panel | shows samples from 1h and 4h. Panel 2 shows samples from
2d, 4d and 8d. C - control; S - stimulation; I - isolation; I +S - isolation plus stimulation.
‘There was a band around 140 KD and might be the phosphorylated Trk A tyrosine kinase.

The markers on the left side indicate the possible location of several protein molecules: ..

(ph y Trk A); ~ ylated SHC); y ERK)
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33 Expression of proteins related to NGF receptor mediated pathways
The binding of NGF to Trk A receptor stimulates the intrinsic tyrosine kinase activity

of this receptor, initiating the autophosphorylation of this receptor on several sites (tyrosine

residues). There are several cytoplasmic proteins which associate with the Trk A receptor

after activation, and activate signaling cascades (eg. Kaplan and

Stephens, 1994). As part of the i toil i the potential ibution of Trk

activation and subsequent cellular signaling to collateral sprouting, preliminary experiments
to examine the presence of these protein were carried out. The same Western blots were
probed sequentially with antibodies to PLC-yl and, PI-3 kinase (p85), SHC, and MAP

kinase (ERK1).

PLC-yl The molecular weight of the PLC-y1 protein is 145 KD. The expression of this
protein at 1h, 4h, 2d, 4d and 8d under four conditions were shown in Fig. 19. There were

some small i in ion of PLC-y1 to control) detected at the early

time points, although at 8d there seems to be greater increase in PLC-y1.

PI-3 The antibody used recognizes the 85 KD subunit of PI-3 kinase (Fig. 20). Compared
to the control sample, there was an increased expression of PI-3 kinase in the experimental
samples, particularly at 8d. There was little difference between the different experimental

conditions.
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Figure 19. Western blot of PLC-y1 in DRG neurons. Experimental procedure was as
described in Fig.17. PLC-y1 was from Santa Cruz Biotech. The size of PLC-y1 on the blot
is 145 KD. Panel | shows samples from 1h and 4h. Panel 2 shows samples from 2d, 4d and

8d. C - control; S - stimulation; I - isolation; I +S - isolation plus stimulation.
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Figure 20. Western blot of PI-3 kinase in DRG neurons. Experimental procedure was as
described in Fig.17. PI-3 kinase antibody was from Upstate Biotechnology Incorp. The size
of PI-3 kinase on the blot is 85 KD. Panel 1 shows samples from 1h and 4h. Panel 2 shows
samples from 2d, 4d and 8d. C - control; S - stimulation; I - isolation; I +S - isolation plus

stimulation.
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SHC When the blot was probed with the SHC antibody, three bands appeared on the blot,
66 KD, 52 KD and 46 KD (as expected) (Fig.21). However, the 52 KD bands was always
more strongly expressed in DRG lysates. Under the four conditions of treatments, there were
no obvious differences in SHC signals at the time points examined.

MAP kinase (ERK) The antibody recognizes two isoforms of MAP Kinase (ERK), ERK1
(44 KD) and ERK2 (42 KD). The Western blot results with ERK are shown in Fig. 22.
Under all conditions investigated and at all time points, there was a strong expression of both
isoforms, but there appeared to be only slight difference among the different treatments and
time points. There does seem to be an increase in the expression of the p44 isform at later
time points.

It is possible that the above results may be due to large differences in the amount of
protein oaded per lane, however, this is not likely to be the case, since the PI-3 kinase and
PLC-y1 results are from the same blot probed sequentially, and the SHC and MAPK results
are from another blot probed sequentially. If, for example, the large differences in the 8d

of MAPK to the 2d i were due to loading differences, we

would expect to see similar magnitudes of differences with the anti-SHC blot.

These proteins are also as part of their activation by NGF binding to

Trk A. The Fig. 18 shows a series of bands identified by the phosphotyrosine antibody. The

bands ing in size to those di: above can be seen. However, there appears

to be little change with the different times and treatments.
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Figure 21. Western blot of SHC in DRG neurons. Experimental procedure was as

described in Fig.17. SHC antibody was d from Upstate Bi Incorp. There

were three SHC bands showed up on the blot: 66 KD, 52 KD and 46 KD. Panel 1 shows
samples from 1h and 4h. Panel 2 shows samples from 2d, 4d and 8d. C - control; S -

stimulation; I - isolation; I +S - isolation plus stimulation.
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Figure 22. Western blot of ERK-1 in DRG neurons. Experimental procedure was as
described in Fig.17. ERK-1 antibody was from Santa Cruz Biotech. The sizes of ERK-1 on
the blot were 44 KD and 42 KD. Panel 1 shows samples from 1h and 4h. Panel 2 shows
samples from 2d, 4d and 8d. C - control; § - stimulation; I - isolation; I +S - isolation plus

stimulation.
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Attempts to carry out experiments where specific proteins were immunoprecipitated

and then the i ipi probed with i ine were not entirely
successful due to the limited amount of both sample and antibodies, as well as a problem

with the particul i ine antibody used. This is also the reason why the blots

in Fig.19-22 were not re-probed with anti-phosphotyrosine.

3.4 Summary

The results of this study can be summarized as follows. CREB mRNA was quickly
induced after 1h electrical stimulation, and this increase lasted to 4d. The effect of isolation
started at 1d, and the combination of isolation plus stimulation resulted in this occurring
sooner. At the protein level, compared with control. the expression of pCREB protein was
only significantly increased under stimulation at 8h (p<0.05), not under other treatments at
other time points.

Electrical stimulation started to induce the elevation of egr-1 mRNA levels after 4h and
this induction lasted until 2d for mRNA; for protein, compared with control, only at 8h, the
significant elevation were seen. Isolation, which would cause the increase of NGF level in
skin (Mearow er al., 1993) did not induce significant increase of Egr-1 protein expression
in the nucleus during the experimental time period. However, isolation plus stimulation
induced a significant increase of Egr-1 protein after 1d and this increase lasted to 4d.

Therefore, isolation plus stimulation not only shortened the duration of egr-1 increase, but
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also caused a long time increase of this gene.

Compared with control, stimulation or isolation alone did not affect the expression of

c-Fos, However, at 2d and 4d, isolation plus sti i pectively induced sij
increase of Fos.

Stimulation alone did not have significant affects on Jun protein level, however, from

8h, isolation and isolation plus sti i pecti’ caused signi increases in Jun
protein level compared with control.

Under the treatments of electrical stimulation and isolation, the change of Trk A
receptor mRNA and protein showed different patterns in these experiments. The mRNA
level of Trk A did not significantly increase after electrical stimulation; however, isolation
alone resulted in a significant increase of TrkA mRNA and this increase reached a peak at
4d (2.0X relative to control). Combined with electrical stimulation, isolation induced a large
increase at very early time point (1h), but the increase gradually decreased at late time points
(2d and 4d).

The protein level of Trk A was only increased at 1h and 4h stimulation time points.
The increase induced by isolation plus stimulation only showed up at the late time points (4d
and 8d). The phosphorylation state of Trk A receptor did not appear to be increased except
after the isolation treatment at 1h and at the longer time points of 4d and 8d.

p75 mRNA level was altered little by electrical stimulation. Isolation alone induced
a peak change at 2d. The combination of these two factors resulted in increased expression
of p75 by 4h, and their effects was largest at 1d, and then gradually decreased.
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Among the proteins which propagate NGF signals, PLC-y| was slightly induced by
stimulation and isolation at the earlier time period (1h, 4h) and at the very late time point
(8d). PI-3 kinase was increased only at the late time point (8d) after these three treatments.

SHC and MAP kinase (ERK 1) were not obviously affected by any of these treatments.
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Chapter IV
DISCUSSION AND FUTURE DIRECTIONS

4.1 The significance of this study

The of i ing in sensory neurons was first recognized by

Nixon et al., (1984) and Doucette and Diamond (1987). In order to test the recovery of
responsiveness in rat skin after denervation, they periodically pinched or hot probed the skin
(i.e, testing the skin with a warm (60°C) metal probe) and found that this testing resulted in

an earlier development of the recovery. Electrical sti ion in their

the effects induced by pinching or hot probing. However, when TTX was used to block the
propagation of electrical impulse from the peripheral processes to the cell bodies, this
precocious sprouting did not occur. This suggested that impulses produced by electrical
stimulation were transmitted to the DRG neurons first, and somehow induced some changes
in the responsive neurons and produced the accelerated sprouting of the nerve terminals
(Nixon er al., 1984; Doucette and Diamond, 1987). Further studies showed that this
precocious sprouting is an NGF-dependent process (Diamond er al., 1987; Diamond er al.,
1992a) because this process did not occur in the absence of NGF. Studies in adult rats
indicated that when electrical stimulation was performed prior to or just at the same time of

denervation of the dorsal cutaneus nerves, the onset of collateral sprouting was earlier than
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in untreated animals (Doucette and Diamond; 1987; Diamond ez al., 1992 a, b). Therefore,
it seems that the effects of electrical stimulation act to reduce the latency of sensory terminal
collateral sprouting which is physiologically detectable in the skin. However, what sorts of
factors regulate this interesting phenomenon is still a mystery. My study firstly investigated
the possible elements, related to this process at the molecular level, in particular, whether
electrical stimulation might activate certain IEGs or elevate Trk A receptor activity to act in
concert with the increased availability of NGF to result in an accelerated collateral sprouting

response. This study will help to the ism of this coll: 1

4.2 The role of immediate early genes (IEGs) in precocious sprouting in
DRGs

Some IEGs, as transcription factors, regulate downstream target genes by largely

unknown mechanisms, and cause long lasting biological effects. For example, [EGs have

been shown to be activated by a variety of llular stimuli such as de

neurotrophins, light and so on (e.g., Bartel er al., 1989; Herdegen er al., 1991; Taylor er al.,
1993; Ginty et al., 1993; Kendall et al., 1995). Electrical stimulation, which depolarizes the
nerve membrane and is similar to the depolarization by KCl, can also regulate certain gene
expression (e.g. Sukhatme er al., 1988; Bartel et al., 1989; Sheng et al., 1990; Lu et al.,
1991; Sheng et al., 1993; Yoon and Lau, 1994) and control growth, differentiation and

sprouting of many cell types (Saffen er al., 1988; Bartel er al., 1989; Manivannan and
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Terakawa, 1994; Solem et al., 1995). One possible common pathway activated by these
different stimuli may be regulated by depolarization influenced cyclic AMP levels (rev. in

Ghosh and Greenberg, 1995). For example, elevation of cAMP levels induces the

location of the cAMP respx element binding protein (CREB) from the cytoplasm to
the nucleus, where the phosphorylated form of CREB (pCREB) binds to a cAMP response
element (CRE)-like sequence in DNA (Fisch ez al., 1989; Sheng et al., 1988, 1990). In the
promoter regions of certain immediate early genes, such as c-fos, c-jun and egr-1, CRE
elements have been described (eg., Angel et al., 1988; Christy et al., 1988; Changelian et al.,
1989; Fisch et al., 1989). Thus, the expression of these genes may be regulated by CREB
after depolarization of membranes. Therefore, if electrical stimulation causes some changes
in IEG expression or induction, CREB might be the one mediating the effects of electrical
stimulation, and the first gene to be activated during this process. Besides depolarization,
NGF is another factor regulating IEG expression. Among IEGs, c-fos (e.g. Greenberg et al.,
1985; Kruijer ef al., 1985; Bartel ef al., 1989; Buckmaster et al., 1991), egr-1 (Milbrandt,
1987; Bartel et al., 1989; Cao et al., 1990; Kendall et al., 1994), c-jun (Bartel et al., 1989)
and Oct-2 (Kendall et al., 1995) are the examples of genes regulated by NGF in neurons.
Since electrical stimulation and NGF are the factors related to precocious sprouting in my
study, the IEGs which can be activated by these two factors will be discussed in the
following sections.

CREB CREB, as one of the members of a Ca **-mediated transduction pathway, is
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expressed in many cell types (eg. Sheng er al., 1990, 1991; Ruppert er al., 1992; Imaki et al.,
1994; Konradi and Heckers, 1995; Shiromani ez al., 1995) and activated by many factors,
such as depolarization (Sheng et al., 1990), NGF (Ginty et al., 1994), and light (Ginty et al.,
1993). Previous studies showed that CREB-immunolabeled neurons were found in lumbar
DRGs of untreated rats; this basal expression exhibited a high variability which ranged from
absence to weak labeling of around 8% of all counted cells (Herdegen et al., 1992).

In my study, since CREB exerts its function subsequent to phosphorylation on Ser'”
(eg. Sheng et al., 1990), an antibody against phosphorylated CREB, pCREB (Ginty et al.,
1993) was used to reflect the activity of CREB in DRG neurons. My results found that
PCREB presented a basal expression in the nuclei of DRG neurons (Fig. 5), and that the
percentage of total immuno-stained cells at the basal level was from 20.63 % to 30.47%
depending on different DRGs (Fig.6), higher than that in the previous studies. The possible
reasons which might account for the difference between my study and the former studies may
be as follows: firstly, it may be related to the localization of DRG neurons. The DRGs
examined in my study were from thoracic (T10-T13) DRGs, but the DRGs in the former
studies were from lumbar levels. The lumbar DRGs have a greater total number of neurons
than thoracic DRGs (10 - 12,000 vs 6 - 8, 000), and also have a higher representation of low
threshold and limb propriceptive afferents, which may influence the proportion of labeled
cells; secondly, it may be possibly due to the difference in antibodies. The titer of the

antibody might be a factor to influence the binding of antibody to the epitope. In my study,
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the antibody specificity was tested by adding pCREB control peptide into the optimal
concentration of pCREB antibody to block its function. In these control situations, staining
was abolished, therefore, my results should not be due to the non-specific staining of the
neurons.

The change of CREB mRNA and protein under noxious stimulation in in vivo DRG
neurons has not been previously investigated. In my study, the effects of electrical
stimulation on this gene in DRG neurons were studied in vivo for the first time. Interestingly,
it was found that electrical stimulation induced the increase of mRNA for CREB expression
as early as 1h (see Fig. 3A) and the mRNA level of CREB expression reached a peak at 1d.
However, for the pCREB protein, compared with control at each time point, electrical

only induced signi increase of its expression at 8h (p<0.05), later and

shorter than the increase of mRNA level (Fig. 6). However, this apparent discrepancy is
reasonable since the mRNA levels reflect the amount of CREB mRNA in each neuron, while
the protein level reflects the number of neurons that were PCREB positive. Furthermore,
protein expression was that of the activated form of CREB, while the ISH examined total
CREB message.

Isolation alone did not have effects on the expression of pCREB protein in my study.
Previous studies indicated that an increase in NGF mRNA level was detected in skin 2d after
denervation (Mearow et al., 1993). According to my results, isolation alone did not result

in significant changes of pCREB protein at later time point (p<0.05) (Fig.6). The reason for



this might be that since these neurons are normally expressed to low levels of NGF, an
increase in cutaneous NGF did not furher induce the change of pCREB.
The change of pCREB was further detected by the cooperative effects of electrical

and isolation Under the influence of electrical stimulation and

isolation, while pCREB expression was elevated compared to control, the increases were not
significant (p<0.05).

In DRG neurons, although CREB mRNA and protein were observed in all sizes of
neurons, pCREB expression was most marked in small-size neurons (65.6%) (data not
shown); the CREB mRNA expression profile in small neurons was similar to that in the total
population of neurons (Fig. 3B). Since collateral sprouting occurs primarily in small
neurons, these results provided further evidence that CREB may be involved in mediating
signals during precocious sprouting.

However, an interesting resuit for these experiments is that, as early as 8h, stimulation

induced a significant increase of pCREB expression (p<0.05). It suggested that electrical

might be an i factor in the induction of pCREB ion. Since
pCREB was by electrical stimulation at early time point, the possible role of
pCREB may be that it is involved in the ion of genes

important for priming the neurons to respond more rapidly to the sprouting stimulus, NGF.

egr-1 egr-1 isa gene activated in different neuronal tissues by many factors (eg. Milbrandt,



1987; Cole et al., 1989; Hughes et al., 1992; Bartel et al., 1989; Felipe et al., 1993; Kendall,
1994; Mundschau et al, 1994). In cultured PCI2 cells and adult DRG neurons,
depolarization and NGF resulted in upregulation of this gene (Bartel er al., 1989; Kendall
et al., 1994). However, in the in vivo situation. a change in the expression of this gene
induced by electrical stimulation and NGF in DGR neurons has not been well studied.
Nevertheless, previous studies have shown an increase in the expression of this gene in
dorsal horns after sciatic nerve section (Herdegen er al., 1992) . The resuits from an in vivo
study in rat showed that Egr-l1 protein was either absent or gave a weak basal
immunostaining in up to 10% of large and small lumbar DRG neurons (Herdegen er al.,
1992). On the other hand, it was highly expressed in superior cervical ganglion of the adult
rat (Milbrandt, 1987), indicating that it has some cell-specific expression. In my study.
electrical st ion alone or in ion with NGF ined in the in vivo situation

in thoracic (T10-T13) DRG neurons. Unlike the former study where Egr-1 presented a
variable immunostaining in lumbar DRGs (Herdegen er al., 1992), Egr-1 basal expression
was detected consistently in three sizes of DRG neurons, and the protein was detectable in
as high as 32.29% to 34.37% of total labeled cells (Fig. 8). An increase of Egr-1 expression
started at 4h (42.18%), but the significant increase of Egr-1 protein was first observed at 8h
after electrical stimulation (p<0.05), later than that found in PCI2 cells (Bartel er al., 1989).
The expression of protein of Egr-1 in the isolation alone experimental condition did not show

any significant increases compared with control (p<0.05). This suggests that the change of



NGF alone might be not strong enough to induce the change of Egr-1 protein expression.
This was further supported by another group of experiments where the isolation plus
stimulation acted to induce a significant increase of Egr-1 protein (p<0.05) as early as 1d and
which lasted until 4d.

Since there are CRE elements in the promoter region of egr-1 (Changelian et al., 1989),
it might be a potential downstream target of the pCREB. In my study, the change of Egr-1
protein did show some relationship with that of pCREB protein (Fig.8). From the results of
pCREB (Fig. 6), electrical stimulation induced significant increase of pCREB protein at 8h
(p<0.05); similarly, electrical stimulation also resulted in a significant increase of Egr-1 at

the same time point. These results suggest that the increase of pCREB might induce the

increase of Egr-1 protein level and regulate its expression during p p g

Of interest is that electrical stimulation and isolation appeared to have certain interactive
effects in inducing the expression of Egr-1 protein. As shown in Fig. 8, when the nerves
were treated by electrical stimulation and isolation together, the expression of Egr-1 protein
was not a simple accumulation of these two effects. At early time points (4h and 8h),
electrical stimulation induced a large increase of Egr-1 protein expression, but the

bination of electrical sti ion and i did not show a significant increase.

However, at 1d, even though the separate effects of electrical stimulation or isolation did not
show significant changes (p<0.05), their cooperative effects induced significant increase of

Egr-1 protein.
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According to the results from ICC ‘data not shown), although Egr-1 was expressed in
all sizes of neurons, most of the labeled cells were the small neurons. The increasing trend
after stimulation or/and isolation treatment for the small neurons was similar to that of total
cell population. From previous knowledge, it is known that these small to medium size
neurons would be expected to undergo collateral sprouting (Diamond et al., 1992a; Mearow

etal., 1994). Therefore, these results further that, although the ism of their

interaction is not clear, electrical sti ion and isolation ibute to the activation of egr-

1 and might be involved in collateral sprouting process.
Previous studies showed that electrical stimulation of sciatic nerves at AS/C intensities
induced the expression of egr-1 in the central postsynaptic targets of the noxious afferents

in spinal cord (Herdegen er al., 1991), which may be an important mechanism in the

physiology of sensing noxious/pai i ion. Little change was observed in the DRG
neurons themselves, although the time points examined were somewhat different than those
used in the present experiments. A further point that might account for differences in

could be the hetic used. [n my il the animals were relatively

lightly anaesthetized, so that the effects of the stimulation on the CTM reflex could be
observed. More complete anaesthesia (as used in the previous studies) might depress some

potential responses.

c-fos  c-fos is a well studied gene that can be activated by many factors during different



biologic processes (eg. rev. in Angel and Karin, ef al., 1991; Sheng and Greenberg, 1991).
In different tissues and under different treatments, c-fos expression presents a variety of
patterns (eg. Bartel er al., 1989). While there are a number of studies examining the

of noxious sti ion in c-fos activation in DRG neurons (Hunt er al., 1987;

Jenkins and Hunt, 1991), in vivo studies on the involvement of c-fos in DRG neurons under
both electrical and NGF stimulation are rarely documented. For example, it was shown that
basal expression of c-Fos was not detected in lumbar DRG neurons in untreated animal
(Herdegen er al., 1992), and its expression in DRGs was neither activated by noxious
stimulation of sciatic nerve or hind paw (Hunt et al., 1987; Jenkins and Hunt; 1991), even
though c-fos was upregulated in dorsal hom after noxious stimulation (Herdegen er al.,
1991). NGF does induce a relatively rapid c-fos expression in cultured DRGs cells (Lindsay
et al., 1990), and an in vivo study also showed that NGF induces Fos protein in Trk A
immunoreactive lumbar DRG neurons (Michael er al, 1996). In my study, the basal
expression of c-fos in thoracic DRGs and the involvement of electrical stimulation and NGF
was initially found during the collateral sprouting accelerated by electrical stimulation

(Fig.10). The expression of c-Fos was not significantly increased (p<0.05) after electrical

stimulation alone and isolation alone but it was signi increased after of
stimulation and isolation at 2d and 4d (p<0.05). The results of some studies have indicated
that CRESs exist in the promoter region of c-fos (Sheng er al., 1988; Sheng er al., 1990).

Since the response of c-fos was later than CREB, and NGF cooperated with stimulation to
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result in some changes on c-Fos, it seems that CREs might be directly or indirectly involved

in the regulation of c-Fos response.

Since under sti i itions the basal ion of c-fos was not detected in the

previous studies (Hunt er al.. 1987; Herdegen ef al., 1991a), in order to clarify that the

in my i was real, the il were carefully A
control peptide which blocks c-fos epitopes was added into primary antibody incubation
solution in some experiments. Further, it is known that electrical stimulation of the sciatic
nerves results in the c-fos expression in the dorsal horn of the spinal cord (Herdegen er al..
1991). Therefore, spinal cord sections, from cord segments whose related DCNs were
electrically stimulated, were used as a positive control to test the signal of c-fos. In these
experiments, the peptide blocked the Fos expression, but the signal was also observed in the
appropriate spinal cord sections (data not shown). Thus, my observation should reflect a
real staining for c-Fos protein. Compared with my experiments, the observation that c-fos
expression was not detected in DRGs in other experiments might be due to the following
reasons. Firstly, the DRGs were from different sources. The DRGs tested in former
experiments were from the lumbar area, while in my experiments, the DRGs were from

thoracic area. Secondly, the electrical sti ion was on different nerves derived

from these DRGs, and it is conceivable that they might have different responses to the

electrical sti ion. Thirdly, the lition of electrical stis ion used in these

were different in terms of frequency and duration. Fourthly, the antibodies used in different



experiments were different, as were the time points investigated; the effects of anaesthesia

as discussed above may also be relevant.

Recent results our ions of c-F ion in DRG neurons, and its
upregulation by NGF (Michael et al., 1996). This preliminary report indicated that 3 hr after
an intrathecal injection of NGF there was a significant increase (about 10%) in the number
of DRG neurons expressing c-Fos. In cultured DRGs, NGF upregulated the expression of
c-Fos rapidly; by adding NGF to the culture medium, c-Fos expression was elevated within
30 min (Lindsay ef al.. 1990). In my study, c-fos appeared to increase under the treatment
of isolation, however, this was not significant (p<0.05) (Fig. 10). A potential explanation
is that c-fos is not very sensitive to small changes in NGF levels in the skin. Unlike
stimulation and isolation alone, electrical stimulation and isolation together induced
significant increases (p<0.05) in c-fos protein after 2d, suggesting that depolarization and
NGF might work in coordination with each other through the same or different pathways in

inducing this protein expression.

c-Jun As acomponent of the AP-1 DNA-binding protein, c-Jun has been well studied. /n
vivo studies showed that c-Jun expression is more related to the transection/injury of nerves.
Transection of the sciatic nerves resulted in a rapid induction of c-Jun expression in its
lumbar DRG neurons (Herdegen et al., 1992). However, in L4/5 DRG, small and large

neurons showed low basal c-Jun expression which was restricted to the cell nucleus (Leah
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etal., 1991; Herdegen et al., 1991; Herdegen et al., 1992; Jenkins et al., 1993). In my study,
the basal expression of c-Jun in DRGs was stable and high in all sizes of neurons. Noxious
electrical stimulation, which activated Ad and C- fibers, produced a quick increase of c-Jun
expression in ipsilateral dorsal hom of lumbar spinal cord, but did not provoke additional c-
Jun immunoactivity in dorsal root ganglia within 2 h after electrical stimulation (Herdegen
etal.,1991). Similar results were obtained in my study (Fig.12). During my experimental
period (1h, 4h, 8h, 1d, 2d, and 4d), electrical stimulation did not induce any change of c-Jun
protein in DRGs after electrical stimulation of DCNs. The involvement of ¢c-Jun in DRG
during collateral sprouting was previously investigated (Jenkins ef al., 1993). It was shown
that after denervation of L4/L5 nerves, the saphenous nerve, which was derived from L3
DRG, could collaterally sprout into the L4/L5 area. During this process, an elevation in c-
Jun protein expression was visualized in the intact L3 DRG nucleus even though the results
were equivocal due to the high variation of immunopositive cells (Jerkins er al., 1993). Like
the above results, in my study, isolation alone significantly upregulated expression of c-Jun
protein as early as 8h after isolation and this increase lasted to 4d (p<0.05). An interesting
result in my study is that, under the treatments of stimulation and isolation, c-Jun protein

also signi i (p<0.05) even though that the increases were not

significantly different from isolation alone treatment at the same time point (p<0.05). Again,

these results support the idea of cooperativity between ization and the provision of

the sprouting stimulus (i.e., nerve isolation).



Oct-2 Oct-2, as a member of the POU (named for its founder members, Pit-1, Oct-1 and
2, uns-86) family , is specifically expressed in sensory neurons (Latchman et al 1992). In
cultured DRG neurons, it is expressed at high levels and regulated by NGF (Wood e al.,
1992; Latchman er al., 1992; Kendall et al., 1995). An in vivo study also showed that NGF
increased Oct-2 mRNA level in DRG neurons innervating inflamed tissue during
inflammation, and that anti-NGF blocked this increase, indicating that the expression of Oct-
2 was NGF-dependent (Ensor er al., 1996). However, the effects of electrical stimulation
on the expression of this gene have not been studied. I carried out preliminary experiments
and found that although Oct-2 protein had a basal expression in DRG neurons (Fig.14), as
previously reported (Wood et al., 1992; Latchman et al., 1992), the results of Oct-2 under
different treatments were not consistent. Since the sample number used here was small,
further experiments need to be performed in order to find out the involvement of Oct-2 in
precocious sprouting.

While it is appreciated that larger sample sizes would provide greater accuracy to the

results obtained, this was not always possible to achieve due to time constraints,

| design, and availability of reagents. For example, with respect to the ICC
analyses, loss of sections from slides resulted in smaller sample sizes than original expected.
However, although for some samples, the n value is small, the results from my study still
suggested that stimulation and isolation indeed caused some change of these [EGs. In order

to further confirm these results, in the future, more samples can be used and further studies
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can be done based on my experiments.

The protein expression of these above [EGs was also examined by Western blot
assay. Since [EG proteins of interest were likely present in the lysates at relatively small
amounts and the Western technique may not have been sensitive enough to specifically detect
the band of interest, the Western blot analysis did not yield satisfactory resuits to show the
change of protein level on blots. Because only limited amounts of lysate were available,
immunoprecipitation, which is a more sensitive technique to check protein expression, was
not performed to investigate the changes on the protein of interest under the present

situations.

4.3 The role of NGF receptor in precocious sprouting

The effects of electrical stimulation or depolarization on NGF receptor expression have

not been studied extensively in vivo. In in vitro i ization has
been shown to induce the expression of the Trk A receptor in MAH cells, an immortalized
sympathoadrenal progenitor cell line which did not initially respond to NGF due to the
absence of Trk A receptor (Birren ef al., 1992), suggesting the relationship between
depolarization and NGF receptor. In my study, the effects of electrical stimulaiion on the
expression of Trk receptor were for the first ime investigated in vivo. At the mRNA level
(Fig.15) and protein level (Fig.17), Trk A expression was increased very little after electrical

stimulation compared with control. Although p75 receptor presented an elevation over time,
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the elevation was also not signifi These results are consistent with those from other

studies in adult DRGs (Mearow, 1998), ing that electrical sti ion had some

effects on NGF receptors, but that it was not sufficient in itself to significantly alter the
receptor mRNA expression.

Previous in vitro studies showed that NGF receptor was upregulated by NGF in adult
sensory neurons (Lindsay ef al., 1990). In vivo studies have also indicated that NGF mRNA
level increased in the skin during collateral sprouting ( Mearow ef al., 1993). In addition,
in DRG neurons both p75 and Trk A mRNAs were upregulated prior to and during collateral
sprouting ( Mearow et al., 1994; Mearow, 1994). Similar results were obtained in my study
but in my experiments earlier time points were examined. So, as early as 2d, increases in
these two NGF receptor mRNAs could be seen.

in my experi gh ical sti ion alone did not induce

significant upregulation of Trk A and p75 receptor i lectrical stimulati

bined with isolation resulted in signifi increase of these two receptor starting at 1h
and 4h respectively.

Since the phosphorylation state of the Trk A receptor is an indication of its activation, any

change on this phosphorylation is a useful to evaluate the involvement of Trk A in
mediating biological pt The phosphorylation of Trk A is a rapid process; for
le, phosphorylated Trk A was d ble 5 min following the addition of NGF to PC12

cell culture (Kaplan e al., 1991b). Membrane depolarization by KCl resulted in the phos-



phorylation of Trk A in NGF sensitive PC12 cells and subsequent neurite formation (Solem
etal., 1995).

Based on the possible involvement of NGF and membrane depolarization in the
phosphorylation of Trk A in other tissues, phosphorylated TrkA was detected in DRG neurons
in vivo in my study. The basal expression of phosphorylated Trk A was detected in DRG
neurons using Western analysis (Fig. 18). However, electrical stimulation did not increase
the activity of Trk A. Even in the presence of increased NGF (isolation) at later time points
(2d. 4, 8d), electrical stimulation did not induce an obvious increase in the phosphorylation
state of Trk A.

According to the results, there might be two possibilities to explain the function of
electrical stimulation. One is that the change of Trk A activity induced by electrical
stimulation and NGF might be very fast and transient, and the time duration selected in my
study might not be narrow enough to cover the time points where the phosphorylated Trk A

was increased. The other one is that izati i i ion) might not be

strong enough to induce the change of phosphorylation of Trk A, but it could be transiently

“priming” the cells to response to the real sprouting stimulus, ie., NGF.

4.4 The involvement of NGF receptor down-stream proteins in precocious
sprouting

As the high affinity receptor, Trk A is thought to mediate the effects of NGF, and result
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in the activation of intracellular proteins (rev. Kaplan and Stephens, 1994; Segal and
Greenberg, 1996k; Kaplan and Miller, 1997). In PC 12 cells, the proteins which propagate
the information from Trk A receptor have been of intensive study (e.g. Loeb et al., 1994;
Stephens et al. 1994; Soltoff et al., 1994; Obermeier ef al., 1993; Ohmichi ez al., 1991; Vetter
etal, 1991). It is thought that PLC-y, PI-3 kinase and SHC mediate different pathways to
produce different biological effects on the cells. In addition to the above proteins, MAPK is
an important protein recognized to mediate the signals. Based on information obtained by
studying PCI2 cells, potential changes in the above proteins under electrical stimulation
or/and isolation were investigated in DRG neurons in my study. However, while the results
showed that these protein were basally expressed in adult DRG neurons, electrical stimulation
or/and isolation did not result in any obvious influence on these proteins during collateral

sprouting process. Again this may be because basal levels are already relatively high, and as

such our stimuli may not infl changes d ble with the thod. ployed.
Furthermore, at the time I carried out my experiments, phospho-specific antibodies against
these signalling components were not available. Use of such reagents would allow for the
investigation of whether the various treatments resulted in activation of these proteins, rather

than changes in their levels of expression.

4.5 The probable pathways mediating electrical stimulation and NGF

signals in precocious sprouting
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Evidence from PC12 cells show that depolarization induced neurite outgrowth occurs
only when NGF receptor was partially activated, either by overexpression of TrkA or by

with a low ion of NGF; ization alone was i ient to

stimulate neurite formation (Solem et al., 1995). Further studies indicated that the inhibitors

of Ca?* channels and Ca " /Calmodulin-dependent protein kinase Il and IV reduced this

induced outgr ing that ization stimuli act together with
subthreshold activation of NGF receptors to induce neurite growth through a Ca*” and CaM
kinase-dependent signal transduction pathway (Solem et al., 1995). From the results in my
study, it seems that electrical stimulation of the DCN nerves and the likely NGF increase
after denervation (isolation) could have similar effects. [n my study, electrical stimulation
induced increased expression of certain [EGs ( egr-1), and NGF also induced the expression
of this gene separately, even though there was a time delay on this induction. The mRNA
levels and protein expression of CREB, and egr-1 significantly (p<0.05) increased at very
early time points under the treatment of electrical stimulation and the appearance of the
increases in these two genes showed a time order (CREB appeared firstly, then egr-1
appeared). [solation, which activated NGF receptor expression in my experiment at the later
time points (after 1d), also sti egr-1 i i under the situation of

electrical stimulation and isolation, the increase in the expression of this gene appeared

earlier than isolation alone. In addition, the amplitude of increase was not the simple
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addition of these two treatments. For example, Egr-1 protein was increased by electrical

as early as 8h. it was i by isolation plus stimulation at 1d,
later than stimulation alone.

From former evidence it is known that electrical stimulation or depolarization can

increase the influx of Ca *" into the plasm of i itable cells and

the increased Ca ** can upregulate the expression of CREB or pCREB in the nucleus (Sheng
etal., 1991). Since the existence of CRE binding site in the promoter regions of egr-1, c-fos,
c-jun, these genes were thought to be the downstream genes of CREB (e.g., Angel et al.,
1988; Christy er al., 1988; Changelian er al., 1989; Fisch et al., 1989). Previous studies
suggest that calcium influx induces neurite growth through a src-ras signaling cassette in
PC12 cells and egr-1 was also activated in this process (Rusanescu ez al., 1995). My results
suggest a similar order of regulation among these genes: the expression of egr-1 and c-fos
were partially regulated by the increase of CREB under electrical stimulation alone.
However, since under the co-treatment of electrical stimulation and isolation, the expression
of the IEGs were different, other mechanisms might be involved in this process. The results
suggested that isolation and stimulation might induce an increase in NGF receptors, and this
increase in expression and potential for increased activation might consequently activate ras-
mediated transduction pathways (Ginty ef al., 1994). Downstream genes regulated by CREB,
egr-1, c-fos and c-jun might also be controlled by this transduction pathway. Therefore, the

effects of electrical stimulation on precocious sprouting could be such that, electrical
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stimulation directly activated [EGs, such as CREB, egr-l1 expression. In addition,
denervation induced increases in skin levels of NGF might lead to activation of the Trk A
receptor at certain time points, which could enhance the transduction through the ras-
pathway and subsequently upregulate expression of these [EGs. When these two effects are
combined together, it could produce a particular pattern of [EGs expression. In this way, it
is possible that target genes which regulate collateral ing could be

earlier with the ination of sti ion plus isolation than isolation alone, thus

shortening the latency of the onset of collateral sprouting. For example, with electrical
stimulation and systemic NGF injection (rather than nerve isolation), the expression of
mRNAs for GAP43 and Tal (proteins known to be involved in collateral sprouting), are

upregulated earlier than with just NGF alone; sti ion alone has little il on their

expression (Kril er al., 1993; Mearow, 1998).

4.6 Future directions

The results of the present series of i have the hyp is that,

during the ious collateral ing, electrical sti ion activates the ion of

certain [EGs and elevates Trk A receptor expression; electrical stimulation acts in concert
with the increased availability of NGF to result in an accelerated terminal sprouting response.

With respect to the role of parti IEG ion in the of

sprouting, the results are not fully conclusive. However, as the results from the different
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methodological approaches (ie., ICC and ISH) are at least consistent, it would seem that the
trends seen and the seemingly inconsistent increases and /or decrease in expression may be
of importance in the neuronal response to changes in the external environment. The
alterations seen in p75 and Trk A mRNA expression are essentially the same as those
observed in previous studies of this system (Kl er al., 1993; Mearow, 1994; Mearow et al.,
1994; Mearow, 1998). The present results add further information by examining earlier time

points. In addition, to ini ions in mRNA ion of the NGF

‘which might be assumed to be a downstream event, it was of interest to investigate the

that electrical stii ion (ie., ization) might have a much earlier effect

on at least the Trk A receptor.
Thus, the influence of stimulation on the activity of the Trk receptor (as reflected by its

state) was i as were the potential effects on downstream signaling

interaction that could eventually lead to the sorts of alterations expected in gene expression.

‘The results obtained provide for the first time i ion from in vivo i about

phosphorylation states of Trk and potential downstream interactions. While a more invoived
study was beyond the scope of the present thesis, these data provide a basis upon which to
continue further studies.

Such studies could include:

i) The duration between each sampling could be narrowed in the future experiments and the

change of phosphorylation state of Trk A would be detected under these conditions.
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ii) Since the NGF- mediated activation of the ras pathway is most likely involved in the

process, the activation of ras or inhibition of ras after isolation and isolation plus stimulati
treatments could be tested by Western blot analysis in the future.

iii) In addition to examining the DRG neurons, ligation studies of stimulated nerves could
be included to assess changes in retrograde signals. It is possible that any alterations in
signaling components may have been attenuated by the time the cell body is reached. The

NGF receptor lex or other signaling i diates must travel several centimeters from

the nerve terminals to the cell bodies. Alternatively, the signaling events may be purely local
events, occurring at the site of NGF interaction with its receptors at the terminal site (eg.,
Campenot, 1994; Kimpinski ef al., 1997; Senger and Campenot, 1997).

iv) Studies in which endogenous NGF is blocked using anti-NGF are useful. It is possible

that in these in vivo experi the prol d exp of the axons to target-derived NGF

may act to either 1) result in relatively high basal levels of activation, where small changes
(as might be induced by our stimuli) would be difficult to detect (Knusel et al., 1996). 2)
Alternatively, the increased exposure could act to depress Trk activation (Knusel ef al.,
1997); the timing of the exposure compared to when samples are taken for analyses would
be an important variable. ICC may be another approach which might show small changes
better; with the Western analysis, where lysates of total DRGs were analyzed, small changes
in Trk A activation in the NGF responsive population (50% of the neurons, at least) may be

diluted out by the total DRG signal.
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v) The use of phospho-specific antibodies (i.e., p-trk and MAPK and others) that are
currently becoming available may prove to be more sensitive and allow for detection of smail

and more specific changes.
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