SPINAL CORD GENE EXPRESSION CHANGES IN THE
CHICKEN (GALLUS GALLUS) MODEL OF PHENYL SALIGENIN
PHOSPHATE INDUCED DELAYED NEUROTOXICITY
By Jonathan Fox
Dissertation submitted to the faculty of the Virginia Polytechnic Institute and
State University in partial fulfillment of the requirements for the degree of
Doctor of Philosophy
in
Veterinary Medical Sciences
Approved

Marion Ehrich (Co-chairperson)

Bernard Jortner (Co-chairperson)

Bradley Klein

Cornelis van der Schyf

Peter Kennelly

William Huckle

April, 2002
Blacksburg, Virginia
Keywords: phenyl saligenin phosphate, neurotoxicity, gene expression, axon,
neurodegeneration, organophosphorus.

ABSTRACT
SPINAL CORD GENE EXPRESSION CHANGES IN THE CHICKEN
(GALLUS GALLUS) MODEL OF PHENYL SALIGENIN PHOSPHATE
INDUCED DELAYED NEUROTOXICITY
Jonathan Fox
Some organophosphorus (OP) esters induce a central-peripheral distal
axonopathy called organophosphorus ester-induced delayed neurotoxicity
(OPIDN). In the chicken model neurological deficits and microscopic lesions
develop 7-21 days after exposure. Neurotoxic esterase (NTE) is thought to be the
initial target in OPIDN. Evidence indicates that neuropathic OP esters have to
bind NTE and chemically ‘age’ for OPIDN induction. It was hypothesized that
phenyl saligenin phosphate (PSP), a neuropathic OP ester that essentially
irreversibly inhibits NTE as it undergoes the chemical aging process, results in
changes in spinal cord gene expression that do not occur with
phenylmethylsulfonyl fluoride (PMSF), a non-neuropathic compound that inhibits
NTE without aging. This hypothesis was tested in Gallus gallus in experiments
designed to detect differences in spinal cord gene expression between PSP, PMSF
and vehicle-treated birds 24 hours after exposure. Two approaches were used.
Targeted display was developed and used to screen approximately 15000 gel
bands.

Three candidate genes were identified by targeted display.

One,

designated P1 has 100% homology with expressed sequence tag
pgp1n.pk010.m23, another, P2, is homologous to human KIAA1307, and a third,
ii

P3, is unidentified. Northern blotting was used to measure spinal cord expression
of α-tubulin and other genes previously reported to be differentially expressed
following exposure to di-isopropryl phosphorofluoridate, another agent causing
OPIDN. Only expression of α-tubulin was altered in PSP-treated hens. Time
course experiments were undertaken to determine spinal cord expression changes
of P1, P2, P3 and α-tubulin transcripts at 12, 24, 36 and 48 hours post-exposure.
Findings indicated decreases and increases, respectively, of P1 (22%, p=0.0011)
and P2 (26%, p=0.0055) transcripts at 12 hours in PSP treated hen spinal cord
compared to DMSO controls. A ∼2.5 kb α-tubulin transcript was decreased
across most time points with maximum change at 48 hours (33%, p=0.0479); an
∼4.5 kb α-tubulin transcript was upregulated at 12 hours (38%, p=0.0125) and
down regulated at 48 hours (28%, p=0.0576). Responses to PMSF were different
than responses to PSP. Spinal cord in-situ hybridization experiments revealed, 1.)
mainly neuronal expression of P1, P2 and α-tubulin transcripts, and, 2.) decreased
expression of neuronal P1 and α -tubulin transcripts at 12 and 48 hours,
respectively. Results indicate that PSP can induce changes in gene expression
distinct from those induced with the non-neuropathic NTE inhibitor, PMSF.
However, expression changes were low in frequency and magnitude, and their
mechanistic importance remains to be fully established.
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CHAPTER 1: Introduction
Hypothesis and Specific Aims
Some organophosphorus (OP) esters, for example, phenyl saligenin
phosphate (PSP), induce nervous system injury characterized predominantly by
degeneration of distal regions of long large diameter axons within the central and
peripheral nervous system in susceptible mammals and birds. This is called
organophosphorus-induced delayed neurotoxicity (OPIDN). In the adult hen
(Gallus gallus) clinical and morphologic alterations consistent with axon injury
occur 7-21 days post-exposure. Several weeks later nerve lesions are virtually
resolved, however, there is persistent axon loss and gliosis in the spinal cord.1, 2
Inhibition of neurotoxic esterase (NTE, also known as neuropathy target
esterase), a serine carboxylesterase, occurs 2-48 hours after OP exposure. This
enzyme is thought to be the primary molecular target in OPIDN. NTE inhibition
alone, however, is not sufficient to induce OPIDN. Neurotoxic esterase inhibition
by covalent binding of the OP ester to its active site serine followed by chemical
aging of the bound OP compound is necessary before OPIDN can occur.3, 4
Aging is characterized by loss of a side group of the covalently bound OP ester,
leaving behind a negative charge. Once this occurs, the OP ester cannot be
removed from the enzyme.
irreversible.

This makes the covalent binding essentially

Substances that inhibit NTE but do not age, such as

phenylmethylsulfonyl fluoride (PMSF), do not induce OPIDN even under high or
repeated dosing regimes.4-6
1

Very little is known concerning the presumed cascade of events that
occurs between NTE inhibition and aging, and the development of neurological
deficits and morphological lesions. Evidence has been provided from one
laboratory to indicate that in spinal cord gene expression changes occur during
this clinically silent phase of OPIDN. In chickens, exposure to di-isopropylphosphorofluoridate (DFP) has been reported to induce alterations in the
expression of spinal cord transcripts for the α-subunit of calcium-calmodulin
kinase II,7 neurofilaments,8 vimentin,9 glial fibrillary acidic protein,9 α
tubulin,10 c-fos11 and c-jun.12 Studies in-vitro in our laboratory demonstrated
that spinal cord extracts taken from chickens 24 hours after PSP exposure were
able to promote neuritic outgrowth in human SH-SY5Y neuroblastoma cells,13
providing indirect evidence for upregulation of a neurotrophic factor(s).
Glucocorticoids act through altering gene expression14 and are also able to affect
responses to neuropathy inducing OP esters. For example, corticosterone pretreatment of hens ameliorated the adverse effect of PSP on Aβ compound action
potentials,15 and modulated the clinical response to tri-ortho-cresyl phosphate.16
Preliminary work in this laboratory has shown that there is down regulation of
spinal mRNA for both µ and m calpain on day 1 and upregulation on day 2 after
PSP exposure in hens (personal communication, Dr. D. Barber). Evidence for
gene expression changes in OPIDN have, therefore, been developed using a
variety of approaches. However, whether these expression changes are of

2

mechanistic significance, epiphenomena, or protective remains to be determined.
Neuropathic OP esters bind to a number of esterases and proteases in addition to
NTE. Therefore, dissecting gene expression changes that may be related to
neuropathic effects of OP ester on NTE, rather than non-neuropathic effects on
NTE, or other hydrolases, may be necessary to help determine mechanistic
relevance of specific gene expression changes.
The following hypotheses were proposed and form the basis for this
dissertation.
1. Changes in gene expression occur in adult hen (Gallus gallus) lumbosacral spinal cord in the pre-clinical phase of OPIDN following PSP-induced
NTE inhibition/aging.
2. None, or a limited subset of the above changes do not occur following
exposure to equivalent doses of the non-neuropathic NTE inhibitor, PMSF.
These hypotheses are based on the assumption that NTE is the primary
molecular target in OPIDN. There is considerable evidence that this is the case
(see literature review). Secondly, this hypothesis suggests that there may be gene
expression changes resulting from NTE inhibition/aging that do not occur
following NTE inhibition alone. This hypothesis does not address the issue of
whether gene expression changes are of mechanistic significance, and lead to
axonal degeneration.
experimentally.

This possibility is discussed but is not addressed

The following Specific Aims were proposed to test the

hypotheses.
3

Specific Aim #1 (Chapter 2): To identify differentially expressed mRNA
transcripts in lumbo-sacral spinal cord of adult hens (Gallus gallus) 24 hours after
exposure to equivalent NTE inhibiting doses of PSP, PMSF, or DMSO vehicle.
Specific Aim #2 (Chapter 3):

To identify temporal changes in mRNA

expression of genes identified in Specific Aim #1 through the clinically silent
phase of OPIDN in PSP and PMSF, or DMSO vehicle exposed adult birds.
Specific Aim #3 (Chapter 4): To determine the spinal cord cell types that
express and differentially express the gene transcripts identified in Specific Aim
#1.

4

REVIEW OF LITERATURE
Introduction and history
Degeneration of the distal extremities of axons within the central and
peripheral nervous system is a feature of exposure of susceptible mammals and
hens to a variety of toxicants including hexane, acrylamide, some
organophosphorus (OP) esters, p-bromophenylacetylurea, and carbon
disulfide.17-22 Compared to other neurodegenerative disorders these centralperipheral distal axonopathies have received comparatively little attention, and
their mechanisms are generally poorly understood.
Organophosphorus induced delayed neurotoxicity (OPIDN) was first
reported in 1899 in six tuberculosis patients treated with phosphocreosote
contained 15% (v/v) tri-ortho-tolyl phosphate (TOTP).23 Since then, there have
been several outbreaks in man and animals resulting mainly from contamination
of food or drink.24-28 The largest of these occurred in the 1930’s in the USA
where approximately 50000 people were affected as a result of ingestion of an
extract of ginger called “Ginger Jake” that had been contaminated with TOTP.24
The most recent outbreak occurred in England in 1990 where over 700 pigs were
affected as a result of ingestion of feed contaminated with isofenphos.28
Clinical findings
In man motor and sensory deficits start about 7-21 days after a single
exposure. Patients typically report aching and pain in the calf muscles; this is
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followed by paresthesiae and anesthesia, affecting the hands and feet. One-two
days later, signs of motor weakness develop, generally leg muscles of dorsiflexion are affected before calf muscles, and hands are only affected in the more
severely affected patients.26

There is muscular atrophy, hypotonia, and

hyporeflexia. Patients that survive acute toxicosis have a persistent upper motor
neuron syndrome characterized by distal muscular hypertonia.29
Structural abnormalities
Morphological lesions have been characterized in experimental animals,
especially the domestic fowl (Gallus gallus) and domestic cat. Swelling and
subsequent degeneration (lysis) of the distal regions of long, large diameter axons
within the peripheral and central nervous system is first noted around the time of
onset of neurological deficits.

Regions of axonal swellings in nerves consist of

intra-axonal and/or intra-myelinic vacuoles, and accumulations of axonal
agranular reticulum are sometimes observed.30 Axonal lesions in peripheral
nerves occur distally, but not terminally. These changes progress to chemical
transection with subsequent somatofugal axonal lysis.

Retrograde axonal

degeneration starting at axonal termini is not thought to occur.31 In the spinal
cord long ascending (dorsal columns and spinocerebellar) and descending
(mammalian corticospinal and tectospinal, avian medial pontine spinal) tracts are
primarily affected (Figure 1). Large diameter, heavily myelinated axons are most
susceptible to degeneration. Axonal degeneration is followed by secondary
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myelin degeneration (Wallerian degeneration) in central and peripheral systems.
Axonal regeneration is detectable in nerves (but not in the spinal cord) starting
around day 14 after a single dose exposure in one experimental paradigm.1 Silver
impregnation studies in the chicken have revealed axonal degeneration in
additional regions of the nervous system including the cerebellum (nuclei and
internal granule layer) and medulla oblongata (lateral vestibular, gracile, external
cuneate and lateral cervical nuclei).32
Mechanistic investigations
Work by Johnson starting in the 1960’s resulted in the identification of an
esterase activity, named neurotoxic esterase (NTE), that appeared to be the
primary molecular target in OPIDN. Neurotoxic esterase was initially identified
by using [32P]-labelled DFP to non-specifically label hen brain esterases and
proteases ex-vivo with and without prior incubation with non-radioactive nonOPIDN inducing OP esters.33 Neurotoxic esterase was shown to have esterase
activity based upon the ability of N, N'-diisopropyl phosphorodiamidofluoridate
(mipafox) to inhibit phenyl phenylacetate hydrolysis in brain homogenates.34
More than 70% NTE inhibition by a neuropathic OP ester is considered necessary
to reliably induce severe neurological deficits in hens, and inhibition 40-60%
results in an absence of, or mild deficits.35, 36
Sulfonyl, carbamyl and phosphinyl esters also inhibit NTE.4-6 Carbamate
inhibition of NTE is transient.

Activity returns quickly, and repeated

7

administration fails to produce OPIDN. Exposure to phenylmethylsulfonyl
fluoride (PMSF) results in prolonged reversible NTE inhibition, but does not
induce OPIDN.5 Phosphinyl esters (phosphinates) are also non-neurotoxic.
These findings suggest that NTE inhibition may be irrelevant to OPIDN initiation.
However, sulfonyl, carbamyl and phosphinyl esters, when given before a
neurotoxic OP ester, are protective towards the development of OPIDN.6 This
indicates that NTE inhibition by OP ester via active site serine phosphorylation in
and of itself is insufficient to induce OPIDN; an additional biochemical event is
required. It also suggests that initiation of OPIDN depends upon the nature of the
side groups attached to the phosphorus of the OP ester. When neuropathic OP
esters bind to the active site serine a molecular aging process takes place that is
characterized by loss of one of the side groups of the OP ester. One or two
mechanisms may be involved in this process. Loss of a side group from a
phosphate or phosphonate could leave behind a negative charge that may disrupt
protein structure, and unmask a latent non-esterase activity of NTE. With at least
some neuropathic OP compounds the leaving side group is thought to bind to
another site on NTE. This is a feature of NTE aging that does not occur with
acetylcholinesterase.3, 4, 37, 38 Recent work has shown that the additional site
includes an aspartate residue on NTE.39 The chemical aging process occurs
rapidly after covalent binding; the half time is on the order of a few minutes.39
(Continued on page 12).
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Figure 1. Distal Degeneration of Spinal Tract Axons in OPIDN
Fig 1A. Cervical Spinal Cord
FG
DSCT

VSCT

Figure 1B. Lumbo-sacral Spinal Cord

MPST
Hens were treated with 2.5 mg / kg PSP and sacrificed 21 days later.
Cervical level cord (1A) is characterized by degeneration of long ascending
tracts (arrows). Lumbo-sacral cord (1B) is characterized by degeneration of a
long descending tract (arrow). Abbreviations: FG = fasciculus gracilis, DSCT
= dorsal spinocerebellar tract, VSCT = ventral spinocerebellar tract, and,
MPST = medial pontine spinal tract. Slides are courtesy of Dr. B. Jortner.
9

The requirements of NTE inhibition and aging for OPIDN induction can be
explained if it is assumed that the chemical aging process results in a toxic gain or
loss of function within NTE or an adjoining molecule.

Lack of delayed

neurotoxicity of phosphinyl esters is explained by the lack of a leaving group
remaining once these OP esters are covalently bound to NTE.2, 40
Purification and cloning of NTE proved difficult, mainly because NTE is a
membrane associated protein that loses activity readily during purification.
However, the development of biotinylated saligenin cyclic phosphates enabled
labeling and affinity purification of NTE.41 Neuropathy target esterase has now
been cloned and sequenced, and is thought to represent a member of a new family
of esterases.42 Human NTE gene has 36 exons. It is located on chromosome
19p13.3-p13.2, a region that has been linked to or associated with several human
disorders including vacuolar neuromyopathy, autosomal dominant muscular
dystrophy with rimmed vacuoles, and familial febrile convulsions 2.43 Human
NTE has 41% homology with swiss cheese (Sws) protein of Drosophila
melanogaster, a neuronal protein that when mutagenically altered leads to brain
lesions including glial hyperwrapping, vacuolization, and neuronal apoptosis.44,
45 Neurotoxic esterase and Sws also exhibit homology to the type I regulatory
sub-unit (RIα) of protein kinase A.44, 45 This sub-unit forms part of a protein
complex suggested to be involved in neuron-glia interactions46 including the
induction of neuron-glia adhesion molecules in neurons.47 Immunohistochemical
10

studies in the chicken revealed that NTE was expressed in all neurons, but at
higher levels in large neurons such as those present in the spinal anterior gray
matter horns, dorsal root ganglia, cerebellar nuclei, optic tectum, and cerebellar
Purkinje cells.48 Murine swiss cheese / NTE gene has also been cloned.49
Developmental expression studies revealed widespread expression in brain areas
of young mice, with increasingly restrictive expression with the approach of
maturity. Adult mice expressed sws / NTE transcripts in sub-populations of large
neurons in a few brain areas such as the pons, medulla oblongata, mesencephalon
and thalamus.

Expression also occurred in the choroid plexi, ependymal

epithelium and various non-nervous system epithelial tissues.49
While this important information provides clues to NTE structure and
function, the exact function(s), molecular interactions and physiological substrates
of NTE remain unknown. Recent work provided evidence that NTE may mediate
that portion of the ionic conductance across liposome membranes that is inhibited
by neuropathic OP esters, but not by non-neuropathic NTE inhibitors.50
However, until the function(s) of NTE are better defined, linking downstream
biochemical effects following OP-induced NTE inhibition / aging to later events,
such as axon degeneration is problematic.
Non-neuropathic NTE inhibitors are able to promote as well as protect
against OPIDN when given after or before, respectively, a single dose of a
neuropathic OP ester.51 Protection has been shown to be the result of occupancy
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of the NTE active site by a non-neurotoxic compound, thus preventing covalent
binding of the neurotoxic OP ester.37 By the time the non-neurotoxic compound
has been removed from NTE the neurotoxic compound has presumably been
metabolized and excreted in sufficient quantity that it can no longer result in
sufficient NTE inhibition and aging to induce OPIDN. The mechanism of
promotion of OPIDN is not known, but is not thought to involve interaction with
NTE. Glucocorticoids and calcium channel blockers modulate the clinical and
morphologic manifestations of OPIDN. Dietary corticosterone was able to
modulate the expression of neurotoxic response to TOTP and DFP in a dose
dependent manner. 16 Verapamil, an L-type calcium channel blocker, was
protective against PSP induced OPIDN in hens.2, 52
Neurotoxic esterase is present within axons as well as cell bodies and has
been shown to undergo fast anterograde, as well as retrograde, axonal
transport.48, 53 It is not known whether mechanistically important interactions of
neuropathic OP esters are exerted via direct effects on axons, their cell bodies, or
both. Unilateral femoral artery injection of di-isopropryl-phosphorofluoridate
(DFP) in domestic cats resulted in clinical and electrophysiologic evidence of
mononeuropathy in the injected hind limb.54 The electrophysiologic changes
indicated injury to the axonal terminal arborization rather than to the distal main
axon, suggesting that this model may not replicate classical OPIDN. Further
work in this experimental paradigm using labeled DFP demonstrated that
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distribution is primarily to the affected limb, and not adjoining spinal cord,
supporting the hypothesis that neuropathic OP esters can act directly on axons.55
Confirmation that neuropathic OP esters induce OPIDN only through direct
effects on axons would require the converse experiment; exposure of spinal cord,
but not peripheral nerves. This experiment has not been performed presumably
for technical reasons.
Very little is known concerning the processes that occur between NTE
inhibition and aging, and the onset of neurological deficits and morphological
lesions of OPIDN. Studies performed to date have focused on effects on axonal
transport, cytoskeletal protein phosphorylation, calcium homeostasis, and gene
expression.
Axonal transport is necessary for axonal structural maintenance, function,
and neuronal survival. There are several transport mechanisms that have been
identified. Fast axonal transport occurs at a rate of approximately 400 mm and
200-270 mm / day for anterograde and retrograde directions, respectively. It is
concerned with movement of membranous organelles such as mitochondria,
smooth endoplasmic reticulum, endosomes and synaptic vesicle precursor
membrane. The mechanism involves ATP dependent molecular motors that move
along microtubule ‘tracks’.56 Slow axonal transport occurs in the anterograde
direction only and has two kinetic components. The slower slow component
travels at 0.25-2.5 mm / day and carries neurofilaments and tubulin proteins. The
faster component travels at about 0.5-5.0 mm / day and carries actin, actin13

binding proteins and cytosolic enzymes.56 Several studies have examined the
effects of neuropathic OP esters on axonal transport.

Results have been

conflicting. Fast anterograde axonal transport rate was decreased 40-50% three
hours after intra-vitreal dosing in a rat optic ‘nerve’ model using a variety of
neuropathic OP esters, but not with the non-neuropathic OP ester, parathion.57
Evidence for increased fast anterograde axonal transport was reported in cat
ischiatic nerve following treatment with DFP. However, it was concluded that the
effect was small and probably secondary.58 The OPIDN inducing compound din-butyl-2,2-dichlorovinyl phosphate (DBDCVP) resulted in progressive, up to
∼70%, inhibition of retrograde axonal transport in hens. Furthermore, an effect
was not noted with the non-neuropathic NTE inhibitor, PMSF, indicating that the
response may be of mechanistic relevance to OPIDN.59 Gupta60 has observed
mildly decreased tubulin polymerization in hen brain 18-21 days after DFP
treatment.

Tubulin heterodimers are a major component of microtubules.

Therefore, alterations in microtubule stability could affect axonal transport. Other
work in the DFP-hen ischiatic nerve model61 or cat-TOTP model62, 63 reported
an absence of significant change in axonal transport rates. An in vitro assay of
hen brain kinesin-driven microtubule motility failed to identify significant effects
of 10 mM (each) DFP, PSP, or the non-neuropathic compound, paraoxon.64
These discrepancies may be due to differences in animal model, the nervous
system region studied, the neuropathic OP ester used, or other factors. Little is
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known about causes of altered axonal transport rates. Possibilities include altered
expression of transport proteins, dysregulation of post-translational
modification(s), or axonal energy deprivation.
Changes in calcium homeostasis and calcium activated pathways have
been hypothesized to play a role in OPIDN. Calcium-calmodulin protein kinase
II (CaM-Kin II) activation was observed during DFP induced OPIDN, and it was
postulated that this may lead to increased phosphorylation of axonal cytoskeletal
proteins and their subsequent dysfunction.65 Ex-vivo experiments using DFP and
TOTP have shown increased phosphorylation of α and β-tubulin, microtubuleassociated protein-2 (MAP-2), and three neurofilament proteins, as early as day 1
post-exposure continuing up to day 21 in chicken ischiatic nerve and spinal
cord.66-68

However, decreased neurofilament phosphorylation has been

observed 9-20 days after exposure of hens to another neuropathy inducing
compound, PSP, possibly suggesting a lack of mechanistic signficance of these
alterations.69 Calcium-calmodulin kinase II is distributed throughout the nervous
system; in neurons it is found within the soma and cell processes.70 Structurally
it is a complex protein comprising 8-10 sub-units with five known sub-unit genes
(α, β , β′, χ , δ) that are expressed in different proportions in different brain
regions.70 Activation of CaM-Kin II involves binding of calcium/calmodulin to
the kinase complex leading to dis-inhibition and subsequent autophosphorylation
to produce a state active in the absence of CaM.70 The mechanism of CaM-Kin
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II activation in OPIDN has not been studied. However, the protective effect of
the L-type calcium channel blocker, verapamil, in the development of chicken
OPIDN provides indirect support for a possible role of increased intra-cellular
calcium in activating this enzyme.52 Effects of CaM-Kin II activation will
depend on the substrate proteins phosphorylated, and the effect of
phosphorylation on their function. Numerous likely neuronal substrates of CaMKin II have been identified and include: the pre-synaptic protein tau71 and
synapsin I72; the post-synaptic proteins calcineurin73 and the IP3 receptor;74
and, proteins involved in the regulation of gene expression such as the translation
factor S6,75 and the transcription factors CREB76, 77 and C/EBPβ.78 Activation
of this enzyme could therefore lead to changes in neuronal gene expression. A
comprehensive understanding of all the functions of CaM-Kin II in neurons has
yet to be achieved, and it is likely that many neuronal substrates remain to be
identified. 79 While work done in the laboratory of Abou-Donia provides
evidence for phosphorylation of cytoskeletal proteins by CaM-Kin II,65 the
possible role played by phosphorylation of non-cytoskeletal substrates has not
been determined. Increased neuronal cytosolic calcium concentration may also
play a role in activation of the calcium sensitive protease, calpain, which may
then mediate cytoskeletal degradation.80 Assuming that there is calcium
dysregulation, the possibility that calcium may be disturbing other signaling
pathways such as those involving protein kinase C, and phospholipase A2, should
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be considered.

Inhibition of hen brain P2 synaptosomal fraction calcium-

magnesium activated ATPase occurs for PSP and TOTP, but not DFP. Since
inhibition is not related to neuropathic OP ester exposure, this effect is not
thought relevant to OPIDN.81
Proper pattenrs of gene expression are critical to cellular differentiation,
maintenance, survival, and development. Given the large number of genes
expressed by a given cell type (estimated between 12000-15000),82 regulation is
a hugely complex process. Expression of eukaryotic genes is a multistep process
involving transcription of pre-mRNA, splicing, cytoplasmic export, RNA
stability, translation, post-translational modifications, and transport to site of
action. The process can potentially be regulated at one or more levels, and at each
level there are many possible regulatory mechanisms.83 Transcription is thought
to be an important step in regulating expression of many genes. However, it
cannot be assumed that a gene altered at the mRNA level exhibits the same
change at the protein level. For example, pertubation of the galactose utilization
pathway in Saccharomyces cerevisiae leads to changes in the expression of many
genes. Some changes occur at the mRNA, but not protein level, while others
occur at the protein, but not mRNA level.84 Transcript levels are often measured
instead of protein in gene expression studies because antibodies are not available
for many proteins, especially in less commonly used research species.
Additionally, the phenomenon of nucleic acid hybridization has resulted in
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development of a variety of approaches for measuring mRNA expression. While
these approaches are of great value, results should be interpreted carefully until
protein expression is determined.
Alterations to gene expression in the nervous system have been studied in
numerous nervous system toxicity and repair models. Cell bodies of transected
hypoglossal nerve axons have been shown to upregulate kinesin light chain
isoenzymes and dynein mRNA transcripts, the gene products of which are
involved in fast anterograde and retrograde axonal transport, respectively.85
Neurofilament-L and M mRNA are down regulated 1-3 weeks after axotomy in
rat facial and rubrospinal neurons. In the same system, following axotomy,
tubulin and actin mRNA amounts were both increased for one and three weeks,
respectively, in the red and facial nuclei.86 Another study using the hypoglossal
nerve transection model identified upregulation of glutamine synthetase mRNA
levels, suggesting a possible function in the prevention of excitotoxicity.8 7 A
study of axonal regeneration identified differential expression of LA12.2 and
LC12 mRNA in spinal dorsal root ganglia.88 The sequence of LC12 corresponds
to a secreted protein, called Reg-2 that is known to act as a Schwann cell
mitogen.89 Several studies have looked at the effects of drugs or toxicants on
central nervous system gene expression. Upregulation of calcineurin A mRNA
occured in the striatum of amphetamine treated rats,90 and a novel gene is
upregulated in the cerebral cortex of lithium treated rats.91 A combination of
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corticosteroid administration and adrenalectomy in rats has been found to result in
the upregulation of a number of mRNA transcripts, one of which is thought to be
the homologue of the mouse transcription factor, KROX-20.92 One study in
alcoholic human patients identified upregulation of brain mitochondrial 12S
rRNA; subsequent blotting experiments in rats chronically exposed to alcohol
identified upregulation of mitochondrial 12S and 16S rRNA.93 A study of a
mouse model of the fetal alcohol syndrome resulted in the identification of three
genes that were upregulated, heat shock protein 47, alpha-tropomyosin and an
unknown gene.94
Little is known about OP-induced nervous system gene expression. In a
non-OPIDN model Balduini95 found that post-natal rats treated with the delayed
organophosphorus neurotoxicant, DFP showed decreased expression of the
mRNA encoding the muscarinic, sub-type 1, receptor. This and other evidence
suggests that changes in nervous system gene expression occur during the
clinically silent phase of OPIDN. For example, cervical cord extracts prepared
from eight week old chickens 24 hours after treatment with PSP and DFP were
able to promote neuritic outgrowth in the human neuroblastoma cell line, SHSY5Y. Neuritic outgrowth was less marked in spinal cord extracts from birds
protected by pre-treatment with PMSF. The interpretation was that there may be
upregulation of a neurotrophic factor(s).13 A number of publications have
resulted from studies with DFP using the hen model. These studies have shown
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that DFP induced increases in transcripts for calcium-calmodulin protein kinase II
α-subunit,7 and all three neurofilament in brain and spinal cord 24 hours postexposure.8

Spinal cord vimentin and GFAP mRNA transcripts have been

demonstrated to reach their minimum levels at 24 hours (50%) and 48 hours
(45%) after dosing with DFP, respectively.9 An α-tubulin transcript was down
regulated ∼31% on day 2 and upregulated about ∼100% on day 10 while
alterations were not found for β-tubulin.10 Spinal cord c-fos and c-jun transcripts
were increased 2 hours after exposure to DFP.11, 12 The relevance of these DFP
induced changes in gene expression is not known.

DFP inhibits

acetylcholinesterase as well as NTE. In addition, controls using non-neuropathic
esterase inhibitors were not included in these experiments. Therefore, few clues
exist as to its possible mechanistic relevance. However, other investigators found
that c-fos was upregulated in the brains of rats treated with the neurotoxicant γhexachlorocyclohexane.96 Therefore, alterations in the expression of this gene
may be part of a general response to injury rather than being specific to OPIDN.
It has yet to be determined whether DFP induced gene expression changes in the
hen contribute, protect or are epiphenomenal to OPIDN. Gene expression change
as a mechanism of xenobiotic induced toxicity is precedented. It was found to
occur following activation of the aryl hydrocarbon97 and peroxisome proliferator
receptors.98

In addition to the effects cited above, spinal cord ornithine

decarboxylase (ODC) activity reportedly decreased >90% 24 hours after DFP
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exposure in 8 week old chickens.13 Ornithine decarboxylase catalyzes the first
step in the synthesis of polyamines. The significance of ODC inhibition in this
context is not known. Although NTE is a recognized target of neuropathyinducing OP esters, an immunohistochemical study failed to identify altered
neuronal NTE protein expression in mono-o-cresyl diphenyl phosphate treated
chickens one and three days after dosing.48 Therefore, given that only a few
genes have been studied at 24 hours after administration of neuropathy inducing
OP esters, it is possible other genes show differential expression, and that these
could be mechanistically important. Genes coding for proteins involved in the
neuronal cytoskeleton, neurotrophic factor pathways and transcription factors
could be involved.
Gene expression is affected by rates of protein degradation in addition to
synthesis. In this regard it is interesting that alterations of calcium activated
neutral protease (calpain) have been reported in OPIDN. Calpains are known to
hydrolyse cytoskeletal proteins,99 so their dysregulation could lead to altered
cytoskeletal homeostasis. Calpain was activated in brain and ischiatic nerve of
PSP treated hens before onset of clinical signs.80 However, another study
reported DFP decreased calpain activity in the hen ischiatic nerve even though
there was increased cytoskeletal degradation.100
Recent in-vitro work indicates that neuropathic OP esters can induce
mitochondrial injury. One mM doses of tri-phenylphosphite and TOCP induce
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collapse of the mitochondrial membrane potential (∆ψm),101 activation of caspase
3 and apoptosis102 in human SH-SY5Y neuroblastoma cells. In chicken embryo
dorsal root ganglion cultures neuropathy inducing PSP and mipafox, but not
paraoxon, induced opening of the mitochondrial permeability transition pore.103
The in-vivo significance of these mitochondrial changes is not known. If
mitochondrial injury does occur in OPIDN it certainly does not initiate apoptosis
in spinal anterior horn neurons to any significant extent as this would result in
irreversible lower motor neuron failure and reduced clinical recovery. However,
it is possible that mitochondrial injury is sub-lethal to neurons, or that the
mitochondria within axons are more susceptible to injury. This latter possibility
has a precedent in neuropathy. Inhibition of mitochondrial γ-DNA polymerase
was demonstrated to lead to mitochondrial deficiency and energy failure. This
was thought to be the basis of nucleoside analogue induced sensory neuropathy
(axonopathy) in HIV patients.104
Understanding of OPIDN will be improved greatly if the function(s) of
NTE can be identified and related to known or newly identified downstream
events. The evidence described above for a possible role of gene expression
changes as an important mechanism in OPIDN suggests that there could be a link
between events occurring on NTE and down stream gene expression changes. A
major goal of this dissertation was to probe for possible links between the events
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of NTE inhibition and aging, and downstream spinal cord gene expression
changes.
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CHAPTER 2: Identification of Differentially Expressed mRNA Transcripts
in the Spinal Cord of Gallus Gallus 24 Hours Post-Exposure to Phenyl
Saligenin Phosphate
Introduction
Phenyl saligenin phosphate (PSP) and other neuropathy-inducing
organophosphorus (OP) esters induce degeneration of long, large diameter axons
within the central and peripheral nervous system of susceptible species, including
domestic fowl (Gallus gallus). Symptoms appear 7-21 days after a single dose
exposure. The exact mechanism(s) involved are not understood. However, there
is considerable evidence that development of this OP ester induced delayed
neurotoxicity, termed OPIDN, requires prior inhibition of the neuronal enzyme,
neurotoxic esterase (NTE), and subsequent chemical change of the bound OP
ester in a process called aging. 105,

106

Compounds such as

phenylmethylsulfonyl fluoride (PMSF), that only inhibit NTE but do not age on
NTE, are not neurotoxic. Based on these findings it has been suggested that
disruption of some unidentified non-esterase function of NTE by OP aging leads
to induction of OPIDN.105 The normal function(s) of NTE remain unknown.
Neurotoxic esterase is a carboxylesterase, but physiologic substrates have not
been identified. Recent evidence suggests that the non-esterase function of NTE
may involve facilitation of ionic conductance within intra-cellular membranes.50
Down stream events immediately following the early neurotoxic OP
interaction with NTE are not known. However, numerous biochemical alterations
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have been detected in OPIDN. These include changes in spinal cord expression
of cytoskeletal genes and transcription factors (see below), cytoskeletal protein
phosphorylation,69, 107-109 protease activation, 80, 100, 110 fast axonal
transport, 57, 58, 61, 111 and the dynamics of tubulin polymerization.6 0
Additionally, in vitro work has provided evidence for mitochondrial injury
leading to changes in mitochondrial membrane potential, mitochondrial
permeability transition, caspase 3 activation, and apoptosis.101-103
Changes in spinal cord gene expression occur following exposure to DFP
(an OPIDN inducing agent that also causes acute cholinergic poisoning), but
before onset of clinical neurotoxicity or structural alterations. Expression changes
have been identified for a number of genes including those encoding the
neurofilaments,112 α-tubulin,10 vimentin,9 GFAP,9 c-fos,11 c-jun,12 and CaMKin II.7 There is also indirect evidence for upregulation of a neurotrophic factor
in the spinal cord of PSP treated hens.13
The mechanistic relevance of gene expression and other changes to
OPIDN is not known. Whether these changes occur with other neuropathic OP
esters such as phenyl saligenin phosphate (PSP) is not known. Similarities
between OP esters such as DFP and PSP are important because PSP can induce
OPIDN without causing cholinergic poisoning. Links between early effects of
neuropathic OP esters on NTE, and downstream biochemical/cellular alterations
have not been identified.
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If NTE inhibition and aging is sufficient to induce OPIDN, then this offers
a possible approach for distinguishing changes in gene expression that are of no
mechanistic significance from those that might be related to the crucial processes
on NTE. In this study, patterns of spinal cord gene expression were compared
and contrasted among hens (Gallus gallus) exposed to a neuropathy inducing OP
ester (PSP), a non-neurotoxic NTE inhibitor (PMSF), and vehicle (DMSO). Use
of PMSF is considered important. It was included to help distinguish expression
changes that may be related to NTE inhibition alone, or non-specific inhibition of
esterases and proteases, from changes that are hypothesized to occur only in
OPIDN. While considered important, PMSF treated experimental controls have
rarley been used in previous studies of gene regulation in OPIDN.7, 8 Studies
were performed in hens because they constitute the US-EPA approved animal
model for studies of OPIDN.113
In this study, some gene transcripts or proteins reported altered following
exposure to DFP were investigated to determine if similar alterations occurred
following exposure to PSP. Northern blotting was used to evaluate vimentin,
neurofilament-M, and calcium-calmodulin protein kinase II. It was expected that
DFP and PSP would induce similar alterations in expression if changes were
necessary for manifestations of OPIDN. Given the evidence for the involvement
of neurotrophic factors in OPIDN,13 attempts were also made to evaluate
transcript expression of neurotrophic receptors trk A, trk B and trk C, and NGF-β
by Northern blotting. Additionally, a gene screening strategy, termed targeted
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display (TD), was developed and used to screen for spinal cord expression
changes 24 hours after PSP exposure in hens.
Targeted display (TD)114 is a cDNA screening approach related to
differential display (DD).115 Both techniques amplify multiple cDNA’s by
polymerase chain reaction. However, TD has the theoretical advantage that
primers should amplify regions of cDNA coding for protein, while DD primers
amplify 3’-untranslated regions (UTR). This can enable ready identification of
differentially expressed genes with TD. This advantage has been demonstrated in
a rat pheochromocytoma cell line (PC12),114 but not in Gallus gallus, which are
phylogenetically more distant than rats from humans, the species for which the
primers were designed.114, 116 The technique can identify both known and
unidentified genes. Complementary DNA screening is most commonly used for
the systematic search for differentially expressed genes in specific experimental
systems when comparing responses to two117 or more92 treatments. The
approach has been used throughout the neurosciences.92, 118-122
It was expected that genes found to be differentially expressed could be
those involved in, 1.) the axonal cytoskeleton (such as structural proteins, kinases,
phosphatases, or proteases), 2.) neurotrophic factor signaling, and, 3.) cell-cell, or
cell-matrix interactions.
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Specific Questions and Rationale
1 . What lumbo-sacral spinal cord gene transcripts are differentially
expressed in PSP treated compared to DMSO treated hens (Gallus gallus) 24
hours post-exposure?
The goal was to identify spinal cord transcripts that are up or down
regulated in PSP compared to DMSO exposed birds. With some exceptions,
proteins are the functional end product of gene expression. They are therefore of
potentially greater interest than mRNA. This study however focuses on mRNA
transcript expression because high throughput methods to study multiple genes at
mRNA level are readily available. A disadvantage of this approach is that
knowledge of changes in mRNA levels cannot be extrapolated to changes in
protein expression. Some genes are regulated post-transcriptionally.84
Domestic fowl (Gallus gallus) are the animal model accepted by the
Environmental Protection Agency for testing OP compounds for delayed
neurotoxicity.113 They have a similar level of susceptibility to OPIDN induction
as humans and develop very similar lesions. When studying gene expression,
results from an in vivo model should be of more relevance to the human
neurotoxicity than those from in vitro work. Performing the same approach using
a cell culture model may lead to results that do not reflect those that take place in
vivo. For example, it is possible that cell-cell interactions are important in
OPIDN. The use of an in vivo model also has the potential to detect altered gene
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expression in non-neuronal cells such as astrocytes, oligodendrocytes, microglial
and endothelial cells.
A 24 hour time point was chosen to examine spinal cord gene expression
by TD. The number of differentially expressed genes may increase with time
through the pre-clinical phase of OPIDN. However, many later changes in gene
expression changes may be part of a regenerative response. Knowledge of
regeneration responses is unlikely to provide additional understanding of OPIDN
because mechanisms of regeneration may be similar regardless of the initial insult
to the axon. It is important to examine gene expression sufficiently early that
changes found might be linked to the mechanism of PSP action, and not a
response to PSP induced lesions. Choosing too early a time point could result in
finding few or no gene expression changes. The 24 hour time point was chosen
for this study because DFP induced changes in gene expression were detectable in
chicken spinal cord at this or earlier times9, 10-12, 112 In addition, preliminary
work in this laboratory identified expression changes in mRNA encoding µ and m
calpain in chicken spinal cord 24 hours after dosing with PSP (personal
communication, Dr. D. Barber). By 96 hours after exposure in hens, PSP induced
lesions are present in some nerves.123
The long axons of motor neurons that innervate the hind-legs, biventer
cervis muscle, ascending fasciculus gracilis and spinocerebellar tracts, and
descending medial pontine spinal tract (MPST) of the chicken are most
susceptible to degeneration in OPIDN.2 Experiments were performed using the
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portion of the lumbo-sacral spinal cord corresponding to spinal nerves 25-30
(Figure 2). This region contains cell bodies of motor neurons whose axons
degenerate in OPIDN, and the distal end of the medial pontine spinal tract, but not
cell bodies of spinocerebellar or fasciculus gracilis axons. Targeted display type
methods have been used on chicken tissue previously.124-127
There are many OP esters capable of inducing OPIDN.40 Phenyl
saligenin phosphate (Figure 3) was used in this study mainly because it results in
only slight acetylcholinesterase inhibition, insufficient to result in clinical
manifestations of acute cholinergic toxicity (see results). It is a stable congener of
tolyl saligenin phosphate, the active metabolite of TOTP. Additionally, PSP has
been used extensively in OPIDN research13, 128, 129. Use of PSP also avoids
the confounding factor of debilitation from acute cholinergic toxicity produced by
DFP.
Several methods are available that could be used to address the above
question. These include, 1.) some form of array for screening large numbers of
genes simultaneously, 2.) a cDNA screening strategy, or, 3.) methods that
examine genes on an individual genes basis such as Northern blotting, or in-situ
hybridization. Two approaches were chosen in this study. Firstly, a cDNA
screening approach, targeted display (TD), was developed for screening large
numbers of transcripts for differential expression. It was considered that using an
approach that randomly screens cDNA for expression changes would avoid
potential bias as to what cellular systems might be affected in OPIDN (see
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methods for details). This type of approach has been used to address a number of
biological questions that range from the identification of genes involved in
mammalian development130 to the genes associated with strawberry ripening.131
It has also been used in the neurosciences, including neurotoxicology,118
pharmacology,9 2

aging,1 1 9 psychiatry1 2 0

and

studies

of

axonal

regeneration.121, 122 Secondly, Northern blotting was used on selected genes.
This enabled evaluation of specific genes of interest, namely, those reported to be
affected by DFP, and those involved in neurotrophic signaling pathways. An
array approach was not used because many genes of interest were not available
for array production at the time this study was initiated.
2. Are spinal cord genes differentially expressed following PSP exposure also
differentially expressed following PMSF exposure?
The goal was to determine whether genes that are differentially expressed
with PSP have altered expression following exposure doses of PMSF sufficient to
produce an equivalent inhibition of NTE activity. Gene transcripts that show
altered expression with PSP, but not PMSF, are of more interest than expression
changes that occur with both these compounds. Induction of OPIDN requires
inhibition and aging of NTE; inhibition alone is not sufficient. Use of a
compound that inhibits NTE without aging represents a crucial control, beyond
the requisite DMSO vehicle control.
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Numerous compounds inhibit, but do not age NTE. Examples include
sulfonyl, carbamyl and phosphinyl esters. Carbamate inhibited NTE is rapidly reactivated by loss of the carbamate. Phenylmethylsulfonyl fluoride was chosen for
use in this study (Figure 3). Although PMSF is not an OP ester it is considered
the compound of choice for this purpose (rather than a non-neuropathic OP ester)
because, 1.) it is a potent and prolonged inhibitor of NTE, with recovery of
activity in a manner temporally similar to that of PSP (see results), 2.) unlike
neuropathic OP esters, it does not undergo chemical “aging” after covalent
binding to NTE, and does not induce OPIDN, 3.) it is a non-specific inhibitor of
serine esterases and proteases like most OP esters, 4.) it does not produce clinical
toxicity at doses that result in >70 % NTE inhibition, and, 5.) it does not induce
significant acetylcholinesterase inhibition.4-6, 105 The use of a non-neuropathic
OP ester such as paraoxon would result in acute neurotoxicity as a result of
acetylcholinesterase inhibition; this would constitute a confounding factor.
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Figure 2. Anatomy of Gallus gallus lumbo-sacral plexus and spinal cord
Ventral View
Dorsal View

Femoral n.
Rhomboid
sinus

Obturator n.

Ischiatic n.

Two important macroscopic anatomic differences exist between avian and
mammalian spinal cords.132 Firstly, birds lack a cauda equina; consequently, the
spinal cord is almost the same length as the neural canal. Spinal nerves therefore
pass laterally to their intervertebral foramina. Secondly, avian lumbosacral spinal
cord contains a dorsal midline sinus (rhomboid sinus) that is filled with glycogen
rich glial cells innervated by unmyelinated axons (gelatinous or glycogen body).
The function of this structure is unknown. These anatomic differences are
thought by the author to have little / no effect on the validity of Gallus gallus as a
model for studying human OPIDN. The region of spinal cord shown in dorsal
view was used in this study. It gives rise to spinal nerves 25-30.
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Figure 3.

Structures of phenyl saligenin phosphate (PSP),

phenylmethylsulfonyl fluoride (PMSF), and dimethyl sulfoxide (DMSO)
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Experimental Design and Analysis
For the targeted display, a completely randomized design,133 with two
treatments (PSP and DMSO) and two birds per treatment group was used. A
PMSF treatment group was not incorporated at this point. It was considered that
large numbers of cDNA species could be screened more rapidly if the number of
hens and treatments could be minimized during the developmental stage of the
project.

Phenylmethylsulfonyl fluoride treated hens were incorporated in

subsequent experiments so that Specific Question 2 dealing with the relevance of
NTE inhibition could be addressed.
For later Northern blotting experiments on candidate differentially
expressed genes, and on chosen known genes, a randomized complete block
design133 with three treatments (PSP, PMSF and DMSO), and six hens per
treatment group was used. For logistical reasons, the experiment was split into
two blocks with three hens per treatment*block combination. It was considered
that performing confirmatory Northern blotting experiments for putative
differentially expressed genes using different hens would increase the statistical
validity of findings. It was possible to use the same hens for TD and Northern
blotting experiments, but findings would have had less external validity.
An additional PSP treated hen was used to confirm that PSP
administration would produce clinical evidence for OPIDN; this hen was kept
until the onset of neurological deficits consistent with OPIDN. Brain NTE
measurements on all hens also confirmed adequacy of treatments.
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Results from Northern blotting experiments were analyzed using the
general linear model (GLM) procedure in SAS (version 6.12, SAS Institute, Cary,
NC). Pre-planned two sided contrasts were made when the global ANOVA
hypothesis was rejected (p<0.05).
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Material and Methods
Targeted display method overview and development
Targeted display (TD) 114 is a methodologic approach that shares
similarities with differential display (DD)134 and arbitrarily primed RNA
fingerprinting.135 These three approaches use reverse transcriptase polymerase
chain reaction (rtPCR) with multiple combinations of primers under low
stringency conditions such that many cDNA molecules are amplified
simultaneously. During PCR, a labeled nucleotide is incorporated. Products are
then resolved on a gel and visualized by autoradiography or fluorescence. The
major difference between TD and DD resides in the area of primer design. In TD,
primers are designed to target sequences coding for proteins in cDNA’s.
Classical DD uses an anchored 3’ primer (oligo-dT) and an arbitrary primer; this
essentially anchors nearly all the PCR products to the 3’ end of the mRNA
transcripts. This approach has the disadvantage that only 3’-UTR tend to be
amplified. Therefore, other methods such as cDNA library screening may be
necessary before a gene transcript of interest can be identified. This problem may
not be as significant when working with species for which there is abundant
sequence data. However, it was considered important in this project because
sequence data for the chicken is less abundant than for the rat and mouse. This is
why TD was used in this study. Targeted display primers were designed based on
octa-nucleotides targeted for protein coding regions of genes. These regions
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contain many octamers that are conserved across protein families.116 These
octamers were extended by six nucleotides at five prime ends to produce fourteenmers with a 50% GC ratio.114 Previous studies have shown that the 3’ end of the
primer is mainly responsible for determining specificity.136 A total of 30 sense
primers and their reverse complement anti-sense primers have been designed.
Each sense primer can be used with all of the anti-sense primers except its own
reverse complement. Table 1 lists all the primers used in this study. Appendix A
gives a full list of TD primers, and probabilistic argument regarding detection of
differentially expressed genes.
Before this study was initiated different methods of DNA resolution and
visualization were evaluated. Use of high resolution agarose and gel staining as
described previously114 lacked sufficient resolution and sensitivity for a tissue as
complex as the CNS. Fluorescently labeled nucleotides incorporated by PCR
were resolved on an automated DNA sequencing gel, but this led to problems
with sensitivity and DNA band extraction.a Incorporation of [α-P33]-dATP with
DNA sequencing gel resolution gave the best combination of sensitivity and
resolution. Dried gels were exposed to film. Bands of interest were excised, reamplified and cloned.

Bands are often heterogenous,137 so clones may contain

different inserts. Screening of different clones from one cloning reaction is
therefore necessary. There are several ways in which this can be done including

a

Primers labeled with FAM, TAMRA and HEX-6 were utilized.
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single stranded conformational polymorphism,138 reverse Northern blotting,139
and use of base specific DNA ligands to separate equally sized fragments
differing in base composition.140, 141 The later approach was used in this study.
This type of technique is subject to a high rate of false positives.142, 143
Consequently, it is necessary to confirm putative differentially expressed genes as
being actually differentially expressed by an alternative technique, such as
Northern blotting, quantitative PCR or in-situ hybridization. Northern blotting
was used in this study.
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Table 1. Targeted Display Primers Used in this Study

Sense primers

Anti-sense primers

1s

tggtgaaagcagga

6a

tgatgaggccttct

2s

tgatgacatcgtgg

8a

tggtgatttccagg

3s

tgatgacctgagga

10a

tgatgagtccagga

4s

tggtgagaagctga

11a

tgatgacagggtct

5s

tggtgagtggagaa

14a

tgatgatccaggtc

6s

tgatgaagaaggcc

15a

tgatgagctcagca

7s

tggtgacatgaagg

17a

tggtgatcatctgg

11s

tgatgaagaccctg

18a

tgatgaccaggtag

12s

tggtgaccaagaag

19a

tggtgattcagctc

13s

tgatgacctggaga

20a

tggtgacttgtcca

25a

tgatgacaggtcca

15s

tgatgatgctgagc

16s

tgatgaagaggagc

26a

tggtgatctccttg

17s

tggtgaccagatga

27a

tgatgaccttcagg

28a

tgatgacttggcag

29a

tggtgactttctcc

30a

tggtgatctctcca

All sense and anti-sense primer combinations were used except for those
having the same number. Theoretically sense primers have sequence that is the
reverse complement of mRNA; and anti-sense primers have sequence that is
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reverse complement to the equivalent regions of cDNA. Based on the three genes
studied, sense and anti-sense primers worked in the correct orientation (appendix
B).
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Treatments
Adult female White Leghorn (Gallus gallus), age and strain matched were
used in this study. Hens were administered 2.0 mg/kg PSP (Lark Enterprises,
Webster, MA), 90 mg/kg PMSF (Sigma, St. Louis, MO), or DMSO (Sigma)
vehicle by intra-muscular (im) injection such that total volumes administered
were 0.5 ml/kg. These dosages of PSP and PMSF result in similar levels of NTE
inhibition (figure 4). Hens were evaluated for neurological deficits by visual
examination of movement and behavior while in cages.
Brain esterase measurements
Euthanasia 24 hours post dosing was by intra-venous pentobarbital
overdose. Whole brains were removed immediately, snap frozen on dry ice and
stored at –70 0 C.

Brain total carboxylesterase, neurotoxic esterase and

acetylcholinesterase activities were determined as described.144
Targeted display
RNA isolation and DNase I digestion: Lumbo-sacral spinal cords from
spinal nerves 25-30 were immediately removed (Figure 1). From this segment of
spinal cord arise the spinal nerves that form the ischiatic nerve, terminal axons of
which degeneration in OPIDN. Dura mater and glycogen body were removed
(Figure 1). The cord was weighed and homogenized in (>1 ml / 100 mg)
TRIzolTM Reagent (Life Technologies, Gaithersburg, MD) for 30 seconds using a
Polytron PT-7EC homogenizer (Fisher, Pittsburgh, PA). Homogenates were
incubated at 250 C for 5 minutes to ensure dissociation of nucleoproteins then
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snap frozen in an isopropranol-dry ice bath prior to storage at -700 C. Samples of
RNA were isolated the next day, according to the manufacturer’s instructions. In
brief, after thawing at 250 C, 0.2 volumes of chloroform was added, the samples
were shaken briefly, incubated for a further 3 minutes and then centrifuged at
12000 x g for 10 minutes at 40 C. Precipitation of RNA out of the isolated
aqueous phase was induced by the addition of an equal volume of isopropanol,
incubation for 10 minutes at 250 C, then centrifugation at 12000 x g for 10
minutes at 40 C. The supernatant liquid was removed taking care not to disturb
the gel-like pellet. The RNA containing pellet was washed in 1 ml 75% (v/v) cold
ethanol to remove salts, then centrifuged at 7500 x g for 5 minutes at 40 C. The
pellet was partially air dried at 250 C, then re-suspended in a minimal volume of
de-ionized formamide by gentle pipetting at 250 C. The RNA concentration was
determined by measuring absorption at 260 nm. As it is desirable to keep RNA
concentration high (>1 µg / µl formamide), the minimum amount of formamide
added was based on an estimated total RNA yield of 0.8 µg of RNA per mg wet
spinal cord. Aliquots, containing 50 and 10 µg RNA each, were stored at –700C.
Removal of DNA from RNA was performed to reduce the incidence of
false positives due to amplification of genomic DNA. RNA aliquots, 50 µg, were
thawed and four volumes of ethanol added. The samples were incubated at –700
C for 30 minutes and then centrifuged at 12000 x g for 15 minutes at 40 C. The
supernatant was discarded and the pellets partially air-dried at room temperature,
re-suspended in 40 µl of 50 mM Tris.HCl pH 7.5, then RNA concentration was
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determined by measuring absorption at 260 nm.

Immediately thereafter,

contaminating DNA was digested by combining 10 units of RQI RNase free
DNase I (Promega, Madison, WI), 10 units of ribonuclease inhibitor (Life
Technologies, Gaithersburg, MD), 1 mM MnCl2, 4 mM dithiothreitol and 40 µg
of the prepared total RNA in a total reaction volume of 100 µl.b The mixture was
then incubated for 30 minutes at 370 C. The reaction was stopped in an equal
volume of phenol-chloroform-isoamyl alcohol (25:24:1 v/v). The aqueous
fraction was re-extracted in an equal volume of chloroform to remove residual
phenol, RNA was then precipitated by adding one ninth volumes of 3 M sodium
acetate, pH 7.5, followed by 2.5 volumes of ethanol. The solution was mixed
then cooled to –700 C for at least 30 minutes.

RNA was collected by

centrifugation at 12000 x g for 15 minutes at 40 C. The pellet was washed in 1 ml
cold 80% ethanol to remove salts, partially dried at 250 C, then re-suspended in a
minimum volume of 50 mM Tris.HCl, pH 7.5, prior to determination of
concentration by absorption at 260 nm. One µg aliquots were frozen at –700 C in
PCR tubes. Integrity of ribosomal RNA was evaluated by resolution of 1 µg total
RNA from pre- and post- DNase I digests on a 1.5% denaturing formaldehydeagarose gel. Subsequent steps were only performed if 28S and 18S ribosomal

b

The use of Mn2+ instead of Mg2+ has been shown to result in digestion of DNA to produce blunt

ends or protruding termini only 1-2 nucleotides in length. In the presence of Mg2+ DNase I attacks
each strand of DNA independently and the sites of cleavage are distributed randomly; this may
lead to recombination during PCR.145
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RNA bands were well defined, and if the staining of the 28S bands was more
intense than the 18S bands.
cDNA synthesis: First strand cDNA was prepared using 1 µg aliquots of
the DNase-treated total RNA and Superscript II reverse transcriptase (Life
Technologies) in a total volume of 20 µl, according to the manufacturer’s
instructions. In brief, to 1 µg of total RNA was added 500 ng of oligo (dT17V),
where V is A, G, or C (random mixture) in a total volume of 12 µl. The mixture
was heated to 700 C for 10 minutes to denature secondary structure then chilled on
ice prior to the addition of 50 mM Tris-HCl pH 8.3, 75 mM KCl, 3 mM MgCl2,
500 µM of each deoxy-nucleoside triphosphate, 2 units of ribonuclease inhibitor
(Life Technologies) and 10 mM dithiothreitol in a total volume of 7 µl. This
mixture was heated at 420 C for 2 minutes prior to the addition of 200 units of
superscript II reverse transcriptase, followed by incubation for 50 minutes at 420
C. Superscript II was inactivated by incubation at 700 C for 15 minutes.
Following generation of first strand cDNA, remaining RNA was removed by the
addition of 2 units of RNase H (Life Technologies), followed by incubation at 370
C for 20 minutes. This step is not essential but was found to improve the clarity
of the gel banding patterns. Complementary DNA was diluted to a volume of 150
µl in nuclease free water and 20 ng equivalents of starting RNA (3 µl) were
aliquoted into 500 µl thin walled PCR tubes (Fisher) and stored at –200 C.
Targeted differential display PCR: Polymerase chain reaction was
performed in a Hybaid Omn-E thermal cycler using 500 µl thin walled tubes and
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a 25 µl mineral oil (Sigma) overlay. The PCR mixture was prepared such that
there were 1.5 mM MgCl2, 12 µM of each deoxynucleoside tri-phosphate, 1 unit
of ampli-taq gold (Perkin Elmer), 1 µM each of sense and anti-sense primers, 15
mM Tris-HCl, pH 8.0, 50 mM KCl and 1.5 µCi [33P]-α-dATP (>2500 Ci/mmol,
10 mCi/ml) (Amersham, Piscataway, NJ) in a total volume of 20 µl. To improve
[33P]-α-dATP incorporation, nucleotide concentrations are much lower than
compared to standard PCR. The PCR reaction mixture was prepared as a “super”
master-mix containing all components except primers and cDNA; this mixture
was then aliquoted into tubes containing sets of primer pairs. Seventeen µl of this
mixture was added to PCR tubes already containing 3 µl of cDNA. All primers
were obtained de-salted at “standard” purity (Life Technologies). They were
diluted to 100 ng / µl in nuclease free water and stored at –200 C. Cycle
parameters were 950 C for 9 minutes 30 seconds (hot start); 35 cycles of 950 C for
30 seconds, 500 C for 45 seconds and 720 C for 45 seconds; with a final extension
step of 10 minutes at 720 C. Primers used in this study are shown in Table 1.
Acrylamide gel electrophoresis and autoradiography:

Labeled PCR

products were resolved on a 0.4 mm thick, 6% (w/v) polyacrylamide gel
containing 8 M urea at 1600 volts. It was found important to resolve PCR
products the same day as the PCR reaction, otherwise radioactive decay of

33

P

would lead to increased background due to DNA strand breaks. One gel plate
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was treated with gluec and the other with chlorinated organopolysiloxane in
heptane (Sigmacote, Sigma). The gel was pre-run for about 30 minutes to warm
the buffer, gel and plates. Six µl of PCR reaction was mixed with 8 µl of
sequencing gel loading buffer. Samples were boiled for 5 minutes, quick cooled
on ice, and then loaded. The gel was run until the xylene cyanol dye was about to
enter the lower buffer chamber (∼4 hours). Based on the position of a 33P-labelled
PCR generated product it was found that 100 bp DNA fragments were very close
to the bottom of the gel Following electrophoresis, the gel was washed in 10%
(v/v) acetic acid with gentle agitation for 15 minutes to remove urea, briefly
rinsed in water, and dried overnight at 370 C. Corners of the dried gel were
marked with a radioactive marker comprising 1 volume of labeled PCR mixture to
20 volumes of a xylene cyanol solution. The gel was then exposed to Kodak
BioMax MS film (Amersham) for 24 to 72 hours at –700 C. An intensifying
screen designed for use with low energy beta particle emissions (BioMax
Transcreen LE, Amersham) was sometimes used; this reduced exposure times to
24 hours but resulted in decreased resolution. Candidate differentially expressed
genes were defined as those that showed the same pattern of altered expression,
when the particular PCR reaction was repeated on the same or different cDNA.
Cloning PCR products into plasmid vector pCRII-TOPO: Gel bands
representing reproducible changes were excised by aligning the film over the
c

Glue recipe: 19 mls ethanol, 1 ml water, 100 µl γ-methacryloxypropyl-trimethoxysilane (Sigma),

60 µl acetic acid.
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marked spots, then cutting the acrylamide corresponding to the position of the
band of interest using a sterile scalpel blade and forceps. A new scalpel blade
was used for each band excised. The gels were re-exposed to film to verify that
band excision was accurate. Dried acrylamide was placed in a sterile tube
containing 20 µl of a solution of 10 mM Tris.HCl, pH 8.3, and 50 mM KCl. The
mixture was incubated at 250 C for 10 minutes and then placed in boiling water
for 20 minutes. The tube was then centrifuged to sediment debris and 2 µl of
supernatant liquid was used for subsequent PCR. This was performed the same
day. The PCR mixture contained 1.5 mM MgCl2 , 0.2 mM of each deoxynucleoside triphosphate, 1 µM of each primer, 15 mM Tris-HCl pH 8.0, 50 mM
KCl and 0.5 units of ampli-taq gold in a final volume of 20 µl. Cycle parameters
were 940 C for 9 minutes 30 seconds; and 40 cycles of 950 C for 30 seconds, 500
C for 30 seconds and 720 C for 30 seconds; with a final extension step of 10
minutes at 720 C. It was necessary to estimate approximate band molecular
weights and determine band purity. PCR products were resolved in parallel with
a 100 base pair DNA ladder on a 2 % (w/v) metaphor agarose (FMC Bioproducts,
Rockland, ME) gel, stained with SYBR gold146 (FMC Bioproducts) and
visualized with 300 nm transillumination using an appropriate filter. If the band
was considered sufficiently pure the PCR mixture was used directly in the cloning
reaction, otherwise the band of interest was excised, and the DNA allowed to
diffuse into nuclease free water overnight. Polymerase chain reaction products
were cloned into the plasmid vector pCRII-TOPO (Invitrogen, Carlsbad, CA)
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essentially according to the manufacturer’s instructions. This plasmid can be used
for sequencing and in-vitro transcription; it also incorporates lacZ α-peptide
sequence for blue / white color screening. The completed ligation reaction was
transformed into chemically competent TOP10F’ Escherichia coli and the
resulting mixture plated onto LB-agar-ampicillin plates previously coated with 5bromo-4-chloro-3-indolyl-β-D-galactoside (Promega) and isopropyl-β-Dthiogalactoside (Promega), then incubated overnight at 370 C.
Colony PCR and identification of different clones from a given band:
Because cloned DNA samples were likely heterogenous137 it was considered
necessary to screen all the different clones obtained rather than choosing one
clone to screen for differential expression.

Rather than choose 10 random clones

to screen (some or even all of which may have been identical), we choose to
identify those clones that were different as candidates for further study. Ten
white colonies were chosen and pCRII inserts and flanking regions were
amplified by colony PCR in a 20 µl volume. Reactions were performed in a
volume of 20 µl containing 2 mM MgCl2, 0.2 mM of each deoxynucleoside triphosphate, 0.5 units of ampli-taq gold (Perkin Elmer), 1 µM of M13+ (g t a a a a c
g a c g g c c a g) and M13- (c a g g a a a c a g c t a t g a c) primers, 15 mM TrisHCl pH 8.0, and 50 mM KCl. Each white colony was picked with a sterile pipette
tip, touched onto marked squares in a fresh LB-agar-ampicillin plate, and then
mixed by gentle pipetting in the PCR mixture. Cycle parameters were 950 C for 9
minutes 30 seconds (hot start); 35 cycles of 950 C for 30 seconds, annealing for 45
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seconds and 720 C for 45 seconds; with a final extension step of 10 minutes at 720
C. The first annealing temperature was 590 C. At subsequent cycles the
annealing temperature was reduced by 0.50 C increments until an annealing
temperature of 550 C was reached.

There were 27 cycles with annealing

temperature of 550 C. High but decreasing stringency in the first 8 cycles was
used to increase the specificity of primer binding and DNA amplification in the
first few cycles (touch down PCR).
The first step in identification of different clones of near identical length
was to rule out those clones that were significantly different from the correct
length from the agarose gel analysis. This step was important because the PCR
mixture was generally used directly in the cloning reaction so “background” DNA
generated during this PCR reaction could potentially be cloned. Inserts of the
correct length were kept for further analysis; any remaining ones were discarded.
The second step is to identify different clones and flanking regions that are near
identical in length. To do this colony PCR products were resolved twice on 1.5%
(w/v) agarose gels containing bisbenzimide-PEG (H.A.-Yellow, Hans-Analytik,
Germany) or phenyl neutral red-PEG (H.A.-Red, Hans-Analytik).

These

compounds can induce differential migration of equally sized DNA species based
on sequence differences. They act as DNA ligands that bind specific sequence
motifs and thus alter frictional coefficients of DNA within the gel according to
differences in sequence.147 Bis-benzimide-polyethylene glycol (PEG) polymer
interacts with A plus T sequence motifs. Phenyl neutral red-PEG interacts with G
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plus C sequence motifs.141 Bands that migrated differently in either of the two
gels were interpreted to represent different clones.
Northern blotting
RNA preparation: Ten µg of total RNA was fractionated under denaturing
conditions using a 1.1% (w/v) agarose horizontal gel containing 0.22 M
formaldehyde, 20 mM 3-(N-morpholino)-propanesulfonic acid, 5 mM sodium
acetate, pH 7.0, and 1 mM di-sodium EDTA, at 5 volts / cm. The RNA was
transferred to nylon (Zeta-Probe GT, Bio-Rad, Hercules, CA) by capillary
blotting overnight in 1.5 M sodium chloride and 150 mM sodium citrate pH 7.0,
then incubated at 800 C for 30 minutes to cross-link RNA to nylon. Membranes
were stored dry at 250 C until required.
Probe preparation and labeling: Probes for analysis of candidate genes
from TD were made by M13 primer amplification of the appropriate plasmid
clone. All other probes were produced by PCR using gene specific primers.
Forward and reverse primers used were: 18S rRNA (ccgggggcattcgtattgtg,
cgggccgggtgaggtttc), vimentin (gcgccaggccaaacaagaa, cccccacagtaagccaaacaca),
α-tubulin (cgtgccccgtgccgtctttgt, ggggcgctcgatgtccaggttc), neurofilament-M
(ctgcgggggcggagaaacg, gtccacccccggccctacctcag), CaM-Kin II α-subunit
(gaccccgggatgactgcttttgag, gggggtggagatgggatgcttgta), and t r k
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(agcggactgtggatttcgtgtg, aacccgcttttcatcctctccata). All probes were quantified by
gel electrophoresis. Alpha-tubulin product was cloned as described earlier.
Twenty-five ng of probe DNA was labeled using 50 µCi [α-32P]-dATP (3000
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Ci/mmol) (Amersham) by random priming in a total volume of 20 µl using StripEZTM DNA (Ambion, Austin, TX). In brief, this variation of the random primer
labeling approach uses random decamers, a 3’-5’ exonuclease free klenow
enzyme, and a modified dCTP that allows for easy membrane stripping and reprobing. Low molecular weight 32P containing compounds were removed using a
G50 spin column (ProbeQuantTM G-50 Micro Columns, Amersham).
Hybridization:

Membranes were pre-hybridized by soaking in

ULTRAhybTM (Ambion) for 30 minutes at 420 C. The labeled probe was
denatured, by heating to 950C for 5 minutes, it was then added to the prehybridization solution and the mixture incubated overnight at 420 C. Membranes
were then washed twice for 5 minutes at 420 C in 0.1% SDS, 0.03 M sodium
citrate, pH 7.0, and 0.3 M sodium chloride. This was followed by two high
stringency washes for 15 minutes at 420 C in 0.1% SDS, 1.5 mM sodium citrate
pH 7.0 and 0.015 M sodium chloride. Wet membranes were wrapped in Saran
wrap.

Kodak BioMax MS film (Amersham) was pre-flashed using a

SensitizeTM pre-flash unit (Amersham), then exposed to membranes with an
enhancer screen (BioMax Transcreen HE, Amersham) at –700 C for 24-72 hours.
Pre-flashing light exposure had been calibrated to ensure a linear response of film.
As necessary, membranes were stripped using Strip-EZTM DNA (Ambion), and
then re-probed with other candidate genes. Membranes were finally probed with
the constitutively expressed chicken 18S rRNA. Autoradiographs were digitized
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and bands quantified by densitometry using NIH image software. Data analyzed
represented gene band densities as a ratio of 18S rRNA densities.
Identification of differentially expressed mRNA transcripts: Sequencing
was contracted to the Virginia Tech Bioinformatics Institute. Sequence homology
searches were performed through the National Center for Biotechnology
Information (NCBI) using the BLAST network service.148, 149
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Results
Clinical signs
No clinical signs were detected in the period between dosing and
euthanasia 24 hours later. Clinical evidence of OPIDN was present in sentinel
hens treated with PSP at 7-9 days.
Brain esterase activities
Data was log normally distributed so results are presented as geometric
means and confidence intervals (Figure 4). While treatments PSP and PMSF
produce in similar effects on NTE activity, only PSP results in development of
OPIDN.
Targeted display
One hundred and fifty primer combinations were screened. Most primer
combinations produced about 100 bands per gel, in the size range 100-600 bp
(Figure 5). Band patterns exhibited good reproducibility when PCR reactions and
gels were repeated using the same, or different cDNA from the same hen. Three
putative differentially expressed genes were identified. These were designated
P1, P2 and P3 (Figure 6). PCR and gels were repeated at least once and banding
pattern reproducibility was confirmed before proceeding to Northern analysis. P1
and P3, and P2, were down and upregulated, respectively, in PSP as compared to
DMSO treated birds. Occasionally there were ‘aberrant’ bands characterized by
strong presence or absence of a band in one hen only. The banding patterns of the
gels were always reproducible. Heterogeneity of the three bands that were
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excised and processed for Northern blotting was not detected following screening
using DNA binding ligands (Figure 7).
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Figure 4. Gallus gallus brain esterase activities 24 hours post dosing with
PSP, PMSF and DMSO
160
140
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PMSF
PSP
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20
0

NTE

CBE

ACHE

Whole brain esterase activities 24 hours after dosing im with PSP (2
mg / kg), PMSF (90 mg / kg) or DMSO (0.5 mls / kg). Data are expressed as
percentage of DMSO controls (n=3). Geometric means and 95% confidence
intervals are shown.

Loge transformed data was analyzed using the GLM

procedure of SAS (version 6.12, SAS Institute Inc., Cary, NC). Contrasts were
used to compare PSP and PMSF treatment groups with controls for each
esterase. An asterisk indicates significant difference from DMSO controls
(p<0.01). Although statistically significant inhibition of acetylcholinesterase
was observed, hens did not show clinical signs of acute cholinergic
neurotoxicity. NTE = neurotoxic esterase, CBE = carboxylesterase, ACHE =
acetylcholinesterase.
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Figure 5. Targeted Display Autoradiograph

1 1 2 2 1 1 2 2 1 1 2 2 1 1 2 2

Shown is part of a targeted display gel autoradiograph. Each set of
four lanes represents different primer combinations. Lanes: 1 = PSP, and, 2 =
DMSO treated hens.

Within each set of four lanes, the same number

represents independently treated hens. Putative differentially expressed genes
are not present in this autoradiograph.
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Figure 6. Putative Differentially Expressed Genes

PSP

P S P D M S O DM S O

P1 (15S-20A)

P2 (17S-20A)

P3 (3S-11A)

Portions of three targeted display autoradiographs are shown. Putative
differentially expressed genes are designated P1, P2 and P3. The primer
combinations used for each rtPCR reaction are shown in parentheses. The
above banding patterns were repeatable using the same, or different cDNA,
from the same hens.
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Figure 7. Processing Differentially Expressed Genes
Fig. 7a

Fig. 7b

Up to 10 colony PCR products were resolved on an agarose-HA red
and agarose-HA yellow gel to determine whether inserts of the same length
represented different sequences. Figure 7a shows a HA-yellow gel containing
seven PCR products that had all migrated the same distance, suggesting they
represent the same sequence. Using HA-yellow / red agarose gels, no
evidence was found that cloned products representing P1, P2 and P3 were
heterogenous. Figure 7b shows a positive control reaction. Both lanes
represent an identical PCR reaction run on a normal agarose gel (left lane), or a
HA-yellow / agarose gel (right lane). The control sample was produced by
excising a longitudinal region of gel comprising of more than one band.
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Northern blotting
Spinal cord transcript was not detected for trk A, trk C, and NGF-β.
Attempts were made using [32P]-labeled DNA probes as described, and RNA
probes (method not described).

All other genes were detected with varying

degrees of ease using [32P]-labeled DNA probes.
The α-tubulin probe identified two bands approximately 2.5 and 4.5 kb in
length. The 2.5 kb α -tubulin transcript showed significant (p<0.001) down
regulation in the PSP (38%) and PMSF (28%) treatment groups compared to the
DMSO controls (Figure 8). Statistically significant expression changes or
possible trends towards significance were not observed for the 4.5 kb transcript,
or for vimentin, trk B, neurofilament-M, and CaM-Kin II α-subunit (data not
shown).
The putatively differentially expressed gene P1 was estimated to be about
6-7 kb in length based upon its position relative to 18S and 28S rRNA bands. In
PSP treated hens it was down regulated 26% (p=0.0278) compared to DMSO
controls (Figure 9). Significant changes in expression of this transcript in PMSF
treated birds were not identified.
The transcript P2 was long. Its approximate size could not be estimated
because it was much longer than the ∼5 kb 28S rRNA band, and larger size
markers were not used. Mean expression values for PSP and PMSF treated hens
compared to DMSO treated controls were 14% and 12% lower. However, these
effects were not statistically significant (p<0.05). There was considerably more
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variability in the response to PSP, than to PMSF and DMSO. Coefficients of
variation for PSP, PMSF and DMSO treatment groups were 60%, 20% and 14%,
respectively.
Transcript P3 was estimated to be about 5-6 kb in length. Significant
mean expression changes for P3 transcript in PSP and PMSF treated hens
compared to DMSO treated birds were not identified. Mean expression of P3
transcript in PSP treated birds was decreased 22% compared to DMSO controls.
The p value was just greater than 0.05 suggesting a trend towards statistical
significance.
All three of the differentially expressed genes were sequenced. P2
represented an open reading frame with 82% DNA homology to human
KIAA1307. This gene was identified from a large size fractionated human brain
cDNA library.150 P1 and P3 did not contain significant open reading frames on
either strand. P1 has 100% homology to a region of expressed sequence tag
designated pgp1n.pk010.m23 (see Appendix B).
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Figure 8. Expression of Spinal Cord α -Tubulin mRNA (2.5 kb) 24 hours post
exposure to PSP, PMSF, and DMSO

Treatments
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The α-tubulin probe used revealed two transcripts ∼2.5 kb and ∼4.5 kb
in length. Only results for the 2.5 kb transcript are shown here. Ratios of αtubulin to 18S rRNA were taken to normalize for variability in gel loading.
Graph shows mean ± SEM of these ratios. Treatments PSP, PMSF or DMSO
are represented by the numbers, 1, 2, and 3, respectively. There is significant
(p<0.001) down regulation of α-tubulin transcript in PSP and PMSF treated
hens of 38%, and 28%, respectively (n=6). Significant differences were not
identified for the 4.5 kb transcript.
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Figure 9. Expression of Spinal Cord P1 mRNA 24 hours post exposure to
PSP, PMSF, and DMSO

Treatment
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The P1 probe used revealed one transcript of approximately 6-7 kb in
length. Ratios of P1 to 18S rRNA were taken to normalize for variability in
gel loading. Graph shows mean ± SEM of these ratios. Treatments PSP,
PMSF, and DMSO are represented by the numbers, 1, 2, and 3, respectively.
There is small (26%), but statistically significant (p=0.0278) down regulation
of P1 transcript in PSP versus DMSO treated hens (n=6). Within the PSP
treatment group not all birds responded the same (see discussion).
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Discussion
Previous work reported that the neuropathy-inducing OP ester DFP
induces changes in the expression of mRNA transcripts for chicken spinal cord
neurofilaments L, M and H,112 vimentin,9 GFAP,9 α-tubulin,10 c-fos,11 cjun, 12 and CaM-Kin II α -subunit. 7

However, whether changes in gene

expression are mechanistically relevant events to OPIDN is not known. If similar
expression changes occur with other OPIDN inducing compounds, then this could
provide supportive evidence that the changes are of some significance. In this
study, the expression of transcripts for neurofilament-M, α-tubulin, vimentin, and
CaM-Kin II were determined 24 hours after exposure to an OPIDN inducing dose
of PSP. Expression changes were only identified for an ∼2.5 kb α-tubulin
transcript, which was down regulated 38%. An α-tubulin transcript was down
regulated 4 and 69%, in the spinal cord of DFP treated chickens at 24 and 48
hours, respectively.10 While it is not known whether these α-tubulin transcripts
are identical, it does provide associative evidence that these expression changes
could be of relevance to OPIDN. However, in this study PSP induced expression
changes appeared to be mirrored by a similar change, albeit of less magnitude, in
PMSF treated birds. This suggests that this response could be the result of a nonOPIDN specific mechanism, and thus is insufficient or perhaps even unnecessary
for axonal degeneration. Clearly, the relevance of expression changes of αtubulin needs further clarification. This will depend initially on determining
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whether expression changes occur at the protein level. Alpha-tubulin is a major
constituent of microtubules, which form a scaffold for the structural organization
of the cell interior, and for highways for fast axonal transport. The effect a small
expression change of this protein might exert on fast orthograde, or retrograde
axonal transport, or other processes, is not known. It is possible that a nonneuropathic NTE inhibitor such as PMSF may induce changes in fast axonal
transport, even though manifestation of neurotoxicity does not occur. The issue is
discussed further in chapter 5.
Following PSP exposure expression changes were not detected in mRNA
encoding for neurofilament-M 12-48 hours later, or for vimentin and CaM-Kin II
24 hours later (data not shown) even though DFP induced responses in these
mRNA transcripts,7-9 indicating that not all OPIDN inducing compounds induce
the same expression changes. This is not surprising given the structural diversity
of OPIDN inducing compounds,2, 40 and other differential effects of these
compounds, such as on calcium-magnesium activated ATPase8 1 and
acetylcholinesterase.151
The work of Pope et al13 showed that spinal cord extracts from chickens
exposed to PSP were able to promote neuritic outgrowth in human SH-SY5Y
neuroblastoma cells. This provided the rationale for investigating neurotrophic
factor / receptor expression in this study. The failure to identify transcripts for trk
A, trk C and NGF-β indicates that these genes are expressed at a low level in the
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adult hen (GG) spinal cord. More sensitive approaches such as quantitative PCR
may be needed to evaluate these gene transcripts. More work may be indicated in
this area.
The targeted display provided evidence for low frequency and low
amplitude gene expression changes occurring in this model 24 hours after PSP
exposure. Only for gene P1 were statistically significant mean expression
changes identified in confirmatory Northern blotting experiments. The lack of
parallel expression changes did not occur in PMSF treated birds, suggesting that
this change could be related to NTE inhibition and aging. This change is
investigated further in chapters 3 and 4, and discussed in chapter 5. For P2 there
was increased variability of response in the PSP treatment group, but the mean
change was not increased, as it was in the TD autoradiographs. It is thought
unlikely that the scarcity of findings relates to failure of this method. Targeted
display autoradiograph banding patterns were found to have good reproducibility,
even when using different cDNA prepared at different times from the same RNA.
However, the exact number of different genes screened is not known, because the
rate of redundancy in the banding pattern can only be estimated. It is possible that
there are more changes in gene expression that were not identified using this
approach.
Targeted display was chosen to screen cDNA for this study over
differential display (DD), because it was thought that it would expedite the
process of gene identification, due to amplification of protein coding regions
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(open reading frames) of mRNA, rather than 3-prime un-translated regions. Of
five bands that were isolated and sequenced, two represented open reading frames
(ORF). While this is an improvement over DD, it did not give quite the same
level of success in ORF identification that was reportedly achieved when this
technique was applied on a rat cell line.114 This may be a reflection of the fact
that birds are phylogenetically more distant than rats to humans, the species for
which these primers were designed.
It was expected that the bands isolated would be heterogenous based on
results reported with DD.138 Fortunately, evidence of this was not found when
colony PCR reactions were screened using HA-red / yellow agarose gels. It is
possible that heterogeneity was missed; this could occur if different DNA species
of the same length contained the same frequency of specific motifs. However, it
is thought more likely that the lack of band heterogeneity is a reflection of the
primers, annealing temperature, and by ‘chance’ short lengths of PCR products of
interest (see Appendix B). Shorter products migrate further through the gel
resulting in better resolution, reducing the chance of cross contamination of bands
during excision.
The occurrence of ‘aberrant’ bands representing large variation between
hens in the same treatment group in the TD autoradiographs is interpreted to
result from variability in gene expression between individual birds, because these
changes were always reproducible. Variability in expression and / or response to
PSP is also evident in the Northern blotting (Figures 8 and 9) even though some
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changes were statistically significant. The reason(s) for this are not known, but it
is thought most likely the result of individual hen variability. It is possible that all
the hens show the same response to PSP, but that they would be variable in the
time of onset of this change post-exposure. Alternatively, not all hens may
exhibit the same pattern of gene responses to PSP. If a gene expression change is
necessary for OPIDN induction, then it should occur in all treated birds. While
there are strain differences in susceptibility to OPIDN in White Leghorn G.
gallus,152 highly variable clinical responses to PSP within a strain have not been
reported.
Remaining work in this dissertation focuses on further characterizing the
gene expression changes identified in this chapter. In chapter 3 temporal aspects
of gene expression change are characterized. Chapter 4 examines cellular
expression and differential expression of these genes.
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CHAPTER 3: Temporal Changes in Phenyl Saligenin Phosphate-Induced
Spinal Cord Expression of α -Tubulin, P1, P2 (KIAA1307) and P3
Transcripts
Introduction
Exposure to any one of a sub-set of organophosphorus (OP) esters results
in degeneration of distal regions of long, large diameter axons within the central
and peripheral nervous system of the adult domestic fowl (Gallus gallus) 7-21
days after a single dose exposure.2 This toxicosis is called organophosphorus
induced delayed neurotoxicity (OPIDN). It is readily induced by phenyl saligenin
phosphate (PSP) and di-isopropryl-phosphorofluoridate (DFP). OPIDN is always
preceded by essentially irreversible inhibition of neurotoxic esterase (NTE) and
aging of the bound OP compound.
Changes in spinal cord mRNA transcript expression have been
demonstrated to occur 24 hours after OPIDN inducing doses of PSP (chapter 2).
Expression changes were observed for an ∼2.5 kb transcript encoding α-tubulin,
and for an unknown gene transcript, named P1. However, expression changes
were not detected for several cytoskeletal genes that have previously been
reported to be altered at this time following exposure to DFP, for example,
neurofilament-M. 8 There are several possible explanations for this lack of
concordance between findings with PSP and DFP. These include the possibilities
that, 1.) gene expression responses may differ temporally between PSP and DFP,
and, 2.) expression changes for these genes may occur with DFP, but not with all
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other OPIDN inducing compounds. DFP differs from PSP in that it inhibits
acetylcholinesterase as well as NTE, and that neuropathy inducing doses of DFP
are sufficient to cause cholinergic poisoning due to acetylcholinesterase
inhibition.151
In studies reported previously (chapter 2) gene P1 was identified as being
down regulated in spinal cord of hens 24 hours after treatment with PSP, but not
in hens treated with phenylmethylsulfonyl fluoride. PMSF is not an OP ester, but
it will inhibit NTE, although this inhibition is more readily reversed than that
caused by OP esters.37 The gene transcript designated P1 was identified by
screening ∼15000 gel bands using targeted display (TD). Transcripts P2 and P3
were also identified by TD. However, subsequent Northern blot measurements
while indicating some alterations in PSP treated birds, did not reveal statistically
significant alterations.
Studies reported in chapter 2 noted that α-tubulin and P1 transcripts were
down regulated 38% and 26%, respectively. Possible explanations for the low
magnitude of the observed changes were considered and included, 1.) sub-optimal
time point for identifying gene expression changes, 2.) expression changes only
occurring in a sub-population of the cells that express the gene resulting in a
dilution effect, and, 3.) large magnitude spinal cord transcript expression changes
may not occur in PSP induced OPIDN .
In this section temporal issues of transcript expression are addressed using
the same experimental system as described in chapter 2. Firstly, the issue of
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whether larger expression changes of α-tubulin and P1 transcripts occur at time
points other than 24 hours is addressed.

Secondly, the issue of whether there

are temporal differences in gene expression for mRNA encoding for
neurofilament-M was examined. This transcript is increased in spinal cord 24
hours after exposure to DFP, but not after exposure to PSP.
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Specific Question and Rationale
1.

What is the temporal pattern of changes in expression for α -tubulin and

P1 gene transcripts?
An ∼2.5 kb transcript for α-tubulin and a second transcript designated P1
both exhibited low level decreased expression in the spinal cord of hens 24 hours
after PSP exposure (chapter 2). However, nothing is known concerning the
expression of these genes at other times following exposure. Information
regarding the initiation and persistence of these alteration(s) in gene expression,
and the magnitude of expression change may provide additional insights into the
mechanisms of OPIDN.
While expression changes previously identified for P2 and P3 by TD were
not statistically significant on subsequent Northern blots (see chapter 2), these
genes were also studied further. As Northern blots were performed on separate
birds from those analyzed by TD, it was hypothesized that the failure to find
significant changes may be the result of variability in temporal gene expression
response between experiments, due to unknown factors. Examination of P2 and
P3 gene expression over several time points may help to resolve this issue.
The experiment designed to address this and the following question
examines transcript expression at 12, 24, 36 and 48 hours. These time points
were chosen for a variety of reasons. Firstly, as some transcripts can be up or
down regulated rapidly, and then return to normal levels, it was considered
important that the time points be not too distant from one another. Secondly, the
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goal was to concentrate in the period prior to that at which morphologic,
electrophysiologic or clinical changes occur, i.e. 4 days after exposure to PSP.123
2. Do PSP induced hen spinal cord neurofilament-M transcript expression
changes occur in the 12-48 hour period?
Numerous gene transcripts have been reported to exhibit changes in
expression in the spinal cord of hens 24 hours after dosing with DFP. These
genes encode several cytoskeletal proteins,8-10 transcription factors,11, 12 and a
protein kinase.7 If these alterations are necessary for OPIDN induction, then they
should be observed following exposure to any OPIDN inducing compounds, at
the same or similar time points. If changes in neurofilament-M expression do not
occur then it suggests that expression changes are the result of DFP induced, but
not OPIDN related effects. Spinal cord expression changes were not observed for
neurofilament-M, vimentin or calcium calmodulin protein kinase II (CaM-KinII)
24 hours after dosing with PSP, even though expression changes had been
reported after DFP exposure.7-9
Neurofilament-M transcript was reported to be upregulated ∼225% in the
spinal cord of DFP treated hens 24 hours post-exposure.8 Western blot analysis
revealed that this change in transcript level was reflected at the protein level.112,
153 The transcript encoding for neurofilament-M was chosen to address this
question in the present studies because this gene exhibits the highest changes in
expression at 24 hours in DFP treated hens compared to other genes reported to be
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altered in this system. These issues were addressed using the same experiment
used to address question 1 above.

74

Experimental Design and Analysis
A factorial design with two treatment factors and blocking was used.133
Treatment factors were compound (PSP, PMSF or DMSO) and time (12, 24, 36,
48 hours). The experiment was performed in three blocks to overcome logistic
problems in sacrificing numerous birds simultaneously.

Within each

block*compound*time combination, 1-2 birds were present. There were 3-5 hens
per treatment group. Data was analyzed by performing pre-planned comparisions
of PSP and PMSF with DMSO controls at each time point, using the general
linear model procedure in SAS (version 6.12, SAS Institute, Cary, NC).
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Materials and Methods
Adult female White Leghorns (in lay) were acclimatized for 7-10 days at
250C with an 8 hour light 16 hour dark cycle. Unlike experiments reported in
chapter 2, hens were in lay. There was therefore known variability between
experiments. Dosages were identical to those used previously (PSP 2 mg/kg,
PMSF 90 mg/kg, DMSO 0.5 ml/kg all by im injection). Euthanasia was by intravenous pentobarbital injection. Spinal cords were snap frozen in liquid nitrogen,
and maintained there until RNA extraction (4-66 hours later). Brains were frozen
on dry ice, then stored at –700C until prepared for the measurement of esterase
activities. Standard Northern blotting procedures were used to evaluate transcript
expression as described in chapter 2.

Total RNA was resolved on a

formaldehyde-agarose gel prior to transfer and hybridization with the 32P-labelled
probe of interest. To normalize for differences in gel loading blots were then
probed to determine 18S rRNA expression. Linearity of film response was
ascertained by excising bands, counting radioactivity using a scintillation counter,
and plotting log (cpm) transformed scintillation counts against the corresponding
densitometry measurements. Ribosomal RNA (18S) bands were also counted for
some of the blots. Ratios of cpm for gene of interest / cpm 18S rRNA were
determined whenever gene transcripts were not superimposed or contiguous on
the Northern blots.
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Results
1. What is the temporal pattern of transcript expression change for αtubulin and P1 gene transcripts?
Alterations were observed in the expression of both α-tubulin transcripts.
The quantity of the ∼2.5 kb transcript increased as a function of time in all
treatment groups (Figure 10). While PSP treated birds exhibited lower levels of
expression of the ∼2.5 kb transcript as compared to DMSO controls, this
difference was only statistically significant at 48 hours (33% decrease, p=0.0479).
There was 18% down regulation at 24 hours but this was not statistically
significant. Though expression changes were not statistically significant at 24
hours, changes tended toward significance in the same direction as reported in
chapter 2. Previously, changes in expression of the ∼4.5 kb α-tubulin transcript
were not identified at 24 hours. Results from this experiment support those
findings (Figure 11). However, alterations were found before and after 24 hours.
In PSP treated hens at 12 hours this transcript was upregulated 38% (p=0.0125),
while at 48 hours it was down regulated 28% (p=0.0576). The expression change
noted at 12 hours was not mirrored by a similar change in PMSF treated birds. At
48 hours in PMSF treated hens, the 4.5 kb α-tubulin transcript was down
regulated 42% (p=0.0062).
Gene P1 was down regulated 26% (p=0.0278) at 24 hours in the previous
experiment (chapter 2). In this experiment, down regulation (22%) was evident at
12 hours only (p=0.0011) (Figure 12). Gene P2 was upregulated 26% (p=0.0055)
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at 12 hours (Figure 12). However, expression data from this gene appears to
contain a large amount of variability between treatments. Gene P3 did not show
any significant treatment effects. However, expression at 12 hours was decreased
for all treatments compared to combined treatment expression at other time points
(p<0.01) (Figure 14). Expression ratios generated by scintillation counting (data
not shown) were found to be in close agreement to densitometry data.
2. Do PSP induced hen spinal cord neurofilament-M transcript expression
changes occur in the 12-48 hour period?
Significant differences, or possible trends towards significance, were not
detectable between PSP or PMSF, and DMSO treatment groups (data not shown).
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∼ 2.5 kb) transcript levels in spinal cord to
Figure 10. Response of α -tubulin (∼
treatment with neuropathic esterase inhibitor (PSP), non-neuropathic
esterase inhibitor (PMSF), and vehicle (DMSO)
Psp Pmsf Dmso Psp Pmsf Dmso

Tubulin ∼2.5 kb
18S rRNA

Tubulin/18S rRNA

24 hr

48 hr
DMSO

1.5

PMSF

1
*
33%,
p=0.0479

0.5

PSP

0
0

12

24

36

48

Time (hours)
Shown is expression of an ∼2.5 kb α-tubulin transcript in the spinal
cords of hens 12-48 hours after treatment with PSP, PMSF or DMSO. Least
square means ± SE are shown. PSP treated birds at 48 hours have significantly
less transcript than DMSO birds (33% decrease, p=0.0479). Post-hoc contrasts
reveal that, 1.) PSP mean (averaged across time) is significantly lower (18%,
p=0.0204) than DMSO mean (averaged across time), and, 2.) there is
significant increase in transcript level across time when averaged across
treatments. The 48 hour mean is 36% greater than 12 hour mean (p=0.0008).
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∼ 4.5 kb) transcript levels in spinal cord to
Figure 11. Response of α -tubulin (∼
treatment with neuropathic esterase inhibitor (PSP), non-neuropathic
esterase inhibitor (PMSF), and vehicle (DMSO)

Psp Psp Pmsf Dmso Dmso

Tubulin ∼4.5 kb
18S rRNA

Tubulin/18S rRNA

12
12hours
hr
1.6
1.4
1.2
1
0.8
0.6
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0.2
0
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PSP

38%, p=0.0125
*

28%, p=0.0576
*42%, p=0.0062

0

12

24

36

48

Time (hours)

Shown is expression of an ∼4.5 kb α-tubulin transcript in the spinal
cords of hens 12-48 hours after treatment with PSP, PMSF or DMSO. Least
square means ± SE are shown. PSP treated birds at 12 and 48 hours have 38%
more and 28% less transcript than DMSO birds (p=0.0125 and 0.0576,
respectively). PMSF treated birds have 42% less transcript at 48 hours
compared to DMSO birds (p=0.0062). Autoradiograph shows representative
findings from one of three blocks.

80

Figure 12. Response of P1 transcript levels in spinal cord to treatment with
neuropathic esterase inhibitor (PSP), non-neuropathic esterase inhibitor
(PMSF), and vehicle (DMSO)
Psp psp pmsf dmso dmso

P1
18S rRNA
12 hours

DMSO
PMSF
PSP

P1/18S rRNA

1.5
1
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22%, p=0.0011
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0
0

12

24

36

48

Time (hours)
Shown is expression of a gene P1 transcript in the spinal cords of hens
12-48 hours after treatment with PSP, PMSF or DMSO. Least square means ±
SE are shown. PSP treated birds at 12 hours have 22% less transcript than
DMSO birds (p=0.0011). Autoradiograph shows representative findings from
one of three blocks.
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Figure 13. Response of P2 transcript levels in spinal cord to treatment with
neuropathic esterase inhibitor (PSP), non-neuropathic esterase inhibitor
(PMSF), and vehicle (DMSO)
Psp Psp Pmsf Dmso Dmso
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18S rRNA
P=0.0055
26%
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12 hours
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0.1
0
0

12

24

36

48

Time (hours)
Shown is expression of a gene P2 transcript in the spinal cords of hens
12-48 hours after treatment with PSP, PMSF or DMSO. Least square means ±
SE are shown. PSP treated birds at 12 hours have 26% more transcript than
DMSO birds (p=0.0055). Autoradiograph shows representative findings from
one of three blocks.
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Figure 14. Response of P3 transcript levels in spinal cord to treatment with
neuropathic esterase inhibitor (PSP), non-neuropathic esterase inhibitor
(PMSF), and vehicle (DMSO)
Psp psp pmsf dmso dmso
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24 hours
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14
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0

12

24
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48

Time
Shown is expression of a gene P3 transcript in the spinal cords of hens
12-48 hours after treatment with PSP, PMSF or DMSO. Least square means ±
SE are shown. Significant treatment effects are not present at any time points.
The 12 hour mean (averaged across treatments) is significantly less than 24,
36, 48 (20% decrease) hour means (p=0.0.009, 0.0061, 0.0045, respectively),
as revealed by post-hoc contrasts. Autoradiograph shows representative
findings from one of three blocks.

83

Table 2. Summary of gene expression data
α-tubulin

α-tubulin

P1

P2

P3

∼2.5kb

∼4.5kb

transcript

transcript

transcript

ND

ND

PSP ↓

PSP ↑

PSP ↓

Northern at

PSP ↓ 38%

NC

PSP ↓ 26%

PSP NC

PSP NC

24 hours

PMSF ↓ 28%

PMSF NC

PMSF NC

PMSF NC

PSP ↓ 22% at

PSP ↑ 26% at

PSP NC
PMSF NC

Targeted
display at
24 hours

(chapter 2)
Time
course
Northern
(chapter 3)

PSP ↓ 33% at

PSP ↑ 38% at 12

48 hours. PSP

hours and ↓

12 hours.

12 hours.

shows NS at

28%* at 48

PMSF NC

PMSF NC

other times.

hours. PMSF ↓
42% at 48 hours.

Shown is a table summarizing gene expression data from chapters 2 and 3.
Arrows refer to direction of expression change in spinal cords of PSP or PMSF
treated, compared to DMSO treated hens. Expression changes unless otherwise
noted are significant at p<0.05. ↑ = upregulated; ↓ = down regulated; ND = not
determined; NC = no expression change; NS = possible trend towards significant
expression change. * p=0.0576.
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Discussion
These results indicate that PSP treatment altered α-tubulin transcript
responses. Tubulin, in the form of αβ-heterodimer units, forms the basic building
block of microtubules.154 Microtubules are involved in many essential processes
including intra-cellular transport, cell division, and ciliary and flagellar motility.
Numerous isotypes exist for both α and β tubulin. These are defined by geneencoded isotypes, in addition to a variety of post-translational modifications. The
latter include polyglutamylation, polyglycylation, acetylation, C-terminal
tyrosination/detyrosination, phosphorylation and palmitoylation.154-156 (Not all
of these modifications have been reported in mammalian or avian axons). There
is therefore considerable opportunity for development of heterogenous structure
within specific tubulin families. There is evidence that different isotypes have
different cellular functions.

Specific α -tubulin isotypes are differentially

regulated in the developing, versus the adult rat brain.157 The dynamics of
microtubule growth and shortening is also affected by the isotype composition of
αβ-tubulin heterodimers.158 These observations raise the possibility that the
ratio of different α-tubulin isotypes could be as important as absolute expression
level in determining microtubule functional state.
The two α-tubulin transcript isotypes studied displayed differences in
expression. At 12 hours levels of the ∼4.5 kb transcript increased ∼38%, while
the ∼2.5 kb transcript decreased ∼20%, raising the possibility that alterations in
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the ratios of their gene products occur. The levels of both transcripts decreased at
48 hours. A similar response was reported in spinal cord of DFP treated hens at
48 hours post exposure.10 However, it remains to be determined if these
expression changes are carried through to the protein level. The two α-tubulin
transcripts identified in this study differ considerably in size. The ∼2.5 kb
transcript matches the expected length of most α-tubulin full length transcripts as
determined by DNA database searches. The ∼4.5 kb transcript is longer than αtubulin transcripts from G. gallus, and mammalian species. The larger transcript
may represent a previously unidentified α-tubulin transcript. In the present study
both transcripts required equal film exposure times to develop similar band
intensities. It is probable that they represent similar sequences expressed at a
similar level consistent with both being within the α-tubulin family. Length
differences may be a function of length of un-translated region (UTR) sequence
within the transcript, because α-tubulin proteins do not appear to vary much in
length based on protein database searches. Variability in UTRs could lead to
differences in mRNA stability, transport, and site of translation. Finally, since the
exact α-tubulin isotypes identified by the probe used are not known, the
possibility that one of the transcripts represents a pseudogene cannot be fully
ruled out. Alpha-tubulin pseudogenes have been identified in the rat159 and
chicken.160 However, it is considered unlikely that a pseudogene would be
expressed at such a high level suggested by the 45-60 minute exposure times
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required for Northern analysis. Clarification of these issues will depend on
further characterization of tubulin isotypes in G. gallus.
Transcript P1 exhibited a small decrease in abundance at 12 hours, but not
at other time points in our experiments. While this result is not in exact
agreement with the previous Northern blot experiment for this gene (chapter 2), it
does suggest that in general this gene transcript is down-regulated to a small
degree during the first 12-24 hours after PSP exposure. The disparity in response
over time between the two studies could be because down-regulation is transient
and showed some variability between experiments. Inter-experiment variability
could relate to a number of factors, including differences in reproductive status
(laying versus not laying eggs) between experiments. Unfortunately, gene P1 has
not yet been identified, despite attempts to obtain additional sequence information
using 5’-RACE. Whether a low magnitude expression change is biologically
significant will depend on a number of factors including, 1.) if change in the
expression of the transcript is carried through to the protein level, 2.) presence or
absence of other proteins performing the same function, and, 3.) if the protein acts
at a rate limiting step in a pathway or process. Gene P2 exhibited a small increase
in expression at 12 hours only in PSP, but not PMSF treated birds. Given that
statistically significant changes in gene expression were not found in the previous
Northern experiment measuring responses at 24 hours, the relevance of this
finding is equivocal.
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For the ∼2.5 kb transcript encoding for α-tubulin, and for the P3 gene
transcript there were significant changes in gene expression across time when
averaged across the three treatments. In some cases the effect of time was as
great in magnitude as the PSP or PMSF treatment effects. While the reason for
these changes has not been investigated further, the results obtained thus far
suggest a potential effect of the vehicle. Other possibilities, such as age effects,
are considered unlikely. An age effect over a 48 hour period would be more
likely in the rapidly developing nervous system, not in adult hens.
Dimethyl sulfoxide (DMSO) is used extensively as a solvent for
hydrophobic substances in experimental toxicology, as an analgesic in veterinary
medicine, and for the treatment for urticaria in humans.161 In 1965 DMSO was
brought under control by the Food and Drug Administration after it was found
that it caused changes in the refractive index of lens of experimental animals.162
There are several publications indicating that DMSO can be directly neurotoxic,
as well as modulate the effect of other compounds. For example, the tail nerve
conduction velocity is reduced in rats given intra-peritoneal DMSO at 0.36
ml/kg/day for 10 days.163 DMSO has also been reported to potentiate the
suppressive effect of lidocaine on synaptic transmission in bullfrog sympathetic
ganglia,164 and was implicated in a case of peripheral neuropathy in a man also
taking suldinac for arthritis.162 When directly applied to nerve, DMSO induces
action potential block.161 Given these findings the possibility that these results
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reflect interactions between DMSO and PSP should be considered. However,
hens in this experiment were only given a single 0.5 mls / kg im dose of DMSO.
The possibility of solvent effects could be addressed by repeating the experiment
using a different vehicle or including untreated hens in the experiment. Ethanol is
also an effective solvent for PSP or PMSF, however, it has the disadvantage of
being neurotoxic.165 Corn oil has been used to dilute liquid OP esters such as
DFP but is not suitable for dissolving the solids, PSP and PMSF.
The absence of detectable changes in the expression of neurofilament-M
transcript in spinal cord between 12-48 hours after PSP exposure was somewhat
unexpected based on the notable effect reported for DFP.8 This raises questions
as to the necessity of neurofilament-M expression changes in the progression of
OPIDN.
To summarize, this work supports and extends earlier work (see chapter 2)
regarding gene expression in pre-clinical OPIDN. Gene transcript changes are
still considered low in magnitude, especially for genes P1 and P2. In the next
chapter, one issue that is addressed is whether low magnitude expression changes
result from dilution effects due to differential expression being restricted to a subpopulation of expressing cell types.
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CHAPTER 4: Cellular and Differential Cellular Spinal Cord Expression of
α-Tubulin, P1 and P2 (KIAA1307) in Phenyl Saligenin Phosphate Treated
Gallus Gallus
Introduction
Data presented so far (chapters 2 and 3) indicate that PSP induces changes
in the pattern of spinal cord mRNA expression prior to the occurrence of any
morphological, clinical or electrophysiological alterations. Furthermore, certain
of the observed changes occur in PSP, but not PMSF treated birds suggesting that
they could be related to NTE inhibition and aging. However, these changes are
fewer in number and of lower magnitude than originally expected. The methods
used thus far have relied upon isolating whole spinal cord RNA from tissue
homogenates. Consequently, only gross expression changes will be evident and
not those which may be of greater relative magnitude in specific cells or regions.
This problem is of special importance in tissues that are highly heterogenous,
such as the CNS. Knowledge of cellular expression of the genes being studied
could provide valuable mechanistic information. In the work described below
differential cellular expression of α-tubulin, P1 and P2 were studied in spinal cord
of PSP compared to vehicle treated birds. Additionally, as P1 and P2 are poorly
characterized, their transcript expression was determined in different regions of
the CNS and PNS as well as extra-neurally.
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Specific Questions and Rationale
1. What spinal cord neuronal/cell types express the transcripts for α -tubulin,
P1 and P2 (KIAA1307)? Knowledge of the spinal cord cell types that express
transcripts that are differentially expressed in OPIDN may provide useful clues to
the mechanism of this toxicity. This information is of special importance for the
uncharacterized P1 and P2 transcripts. For example, there is indirect evidence
that OPIDN results from abnormal glial-neuronal interaction. Mutated Sws leads
to glial hyperwrapping, vacuolization, and neuronal apoptosis.44, 45 Neurotoxic
esterase and Sws also share homology to the regulatory sub-unit (RIα) of protein
kinase A.44, 45 This sub-unit forms part of a protein complex suggested to be
involved in neuron-glia interactions46 including the induction of neuron-glia
adhesion molecules in neurons.47 In light of the observations listed above it is
important to determine whether transcripts found to have altered expression in
OPIDN are expressed by neurons and / or glial cells. Additionally, for genes of
unknown function, determination of cellular expression patterns may provide
clues as to the functions of their protein products. For example, if a transcript is
expressed at similar levels in all neurons it will suggest that the gene is not related
to the function of a specific neurotransmitter system, but is more likely related to
general neuronal function.
2.

Is the expression of P1 and P2 (KIAA1307) restricted only (or

predominantly) to neurons that undergo axonal degeneration in OPIDN? It
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is possible that neurons possessing long axons, which are more susceptible to
OPIDN, express proteins that are not present, or are present in much larger or
smaller quantities, in neurons that have short axons. Abnormal regulation of such
a hypothetical protein could lead to axonal degeneration, assuming that this
protein is necessary for axonal maintenance. The notion that a certain protein
could be expressed by a discrete neuronal sub-population sensitive to a certain
type of injury is precedented. Evidence indicates that neural stannin expression is
occurs mainly within trimethyl-tin sensitive neurons.166
3. What spinal cord cell types display differential expression of α-tubulin,
P1 and P2 transcripts following exposure to PSP? Given the heterogeneity of
spinal cord and the low magnitude of the transcript expression changes identified
by Northern blotting (∼20-40%) the possibility that altered expression may be
occurring only in a sub-set of cells expressing a specific gene was considered. It
is possible that a large magnitude gene expression change is occurring in a
neuronal sub-population, and that this effect is diluted by other cells that do not
differentially regulate this gene.

Answering this question could provide

additional corraborative data to support previous results of Northern blotting. The
results of the prior time course experiment were used to select the time point to
evaluate transcript expression by in-situ hybridization (ISH). Evaluation of P1
and P2 was performed at 12 hours post-dosing. Alpha-tubulin was only evaluated
at 48 hours, the time at which both α-tubulin isotypes were down regulated
(chapter 3). The α-tubulin probe identified two isotypes by Northern blotting.
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Presuming that the probe identified these two isotypes by ISH then evaluation at a
time at which one was upregulated, and the other down regulated (12 hours)
would be futile. The effects would cancel out because the α-tubulin probe used in
this study cannot distinguish between the two α-tubulin isotypes when used for
ISH.
4. Are P1 and P2 transcripts expressed elsewhere within the central and
peripheral nervous system, or extra-neurally? As P1 and P2 (chicken
KIAA1307) transcripts are uncharacterized additional information about
expression would be useful. This may provide functional clues, for example, a
gene expressed universally may be involved in energy or membrane metabolism.
Finding multi-organ expression of a gene would not lessen its potential
significance with regard to OPIDN. Neurotoxic esterase is also expressed in
blood lymphocytes167 and non-susceptible neurons48 even though significant
toxicity with neuropathic OP ester compounds is only noted in neurons with long
wide axons.
Non-radioactive ISH was considered the most appropriate method to
address all the above questions. It has the advantages of high resolution and
sensitivity, and importantly, the ability to use ‘unknown’ DNA as templates for
probe synthesis. It has the disadvantage of measuring mRNA, not protein. Using
an alternative approach to Northern blotting that gives quantitative as well as
spatial information could provide further evidence to support earlier findings.
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Experimental Design
Four adult White Leghorn hens were randomly assigned to PSP and
DMSO treatment groups in two separate experiments in which sacrifices were
performed at 12 or 48 hours. The times used correspond to the points of
maximum alterations in expression found for P1 and P2, and, α -tubulin,
respectively (see chapter 3).
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Materials and Methods
Treatments and perfusion
Hens were dosed im with 2 mg/kg PSP or 0.5 ml/kg DMSO.

At

appropriate time points they were catheterized in the brachial vein. Deep
anesthesia was induced with pentobarbital. Two thousand units of heparin sulfate
were infused iv. This was followed by 0.9% (w/v) sodium chloride for two
minutes then by freshly prepared 4% (w/v) paraformaldehyde in 0.1 M phosphate
buffered saline, pH 7.4, for 15 minutes. Flow rates were 90-100 mls / minute and
solutions were at 250 C. Carcasses were stored at 40 C. Tissues were dissected
within 4 hours after perfusion, post-fixed for a further 3 hours then processed
routinely overnight into paraffin.

Spinal cords from different birds were

embedded into the same block so that they could be processed for ISH under
‘identical’ conditions.

Paraffinized tissues were stored at 40 C.

In-situ hybridization
All materials coming into contact with tissue were treated to render them
RNase free. 0.05% (v/v) diethylpyrocarbonate (DEPC) was added to all water
used to make solutions, glassware was baked at 1600 C for 4 hours, or treated with
0.5 M sodium hydroxide for 30 minutes then rinsed in DEPC treated water.
Plastic tubes were autoclaved or cleaned with RNaseZAP (Ambion, Austin,
TX). Slides were washed for 1 hour in ethanol, dried at 600 C, immersed into 2%
(v/v) 3-aminopropryl-triethoxysilane (Sigma) in acetone for 1 minute, washed in
acetone, then baked at 1600 C for 4 hours. Ten µm sections of paraffinized tissues
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were prepared in a clean water bath, dried at 250 C, and stored at 40C in a dust
free environment. Sections were used within 2 weeks following preparation.
All reagents used for the preparation of riboprobes were from Roche
(Indianapolis, IN) unless otherwise specified. Plasmids containing P1, P2 and αtubulin were cut and linearized using appropriate restriction enzymes. They were
extracted from the 40 µl aqueous layer with an equal volume of phenolchloroform-isoamyl alcohol (25:24:1 v/v) then re-extracted in an equal volume of
chloroform to remove residual phenol. DNA was precipitated from the aqueous
fraction by the addition of one ninth volume of 3 M sodium acetate, pH 7.0, then
2.5 volumes ethanol followed by centrifugation at 12000 x g for 15 minutes. The
pellets were washed in 80% ethanol, air dried then dissolved in 10 µl DEPC
treated water. One µg of linearized plasmid was used in a 20 µl in-vitro
transcription reaction. This reaction included 1 mM ATP, GTP and CTP, 1.3 mM
UTP, 0.7 mM digoxigenin-11-uridine-5'-triphosphate, 20 units RNase inhibitor
(SUPERase.InTM, Ambion), 50 units SP6 (Ambion) or T7 (Life-Technologies)
RNA-polymerase and supplied buffers in a total volume of 20 µl. Transcription
was for 2 hours at 370 C. The reaction was stopped by the addition of 2 µl of 0.2
M di-sodium EDTA, pH 8.0. RNA was then precipitated by the addition of 22 µl
of 0.8 M lithium chloride (0.4 M final concentration), followed by four volumes
(176 µl) of cold 100% ethanol. Samples were incubated at -700 C overnight.
Pellets were washed briefly in 1 ml of cold 80% (v/v) ethanol, dissolved in 100 µl
of formamide. Ten µl aliquots were stored at -700 C. (Post-labeling DNase 1
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digestion did not improve the method). Probe yields were estimated to be ∼5 µg /
reaction. Sense / anti-sense probe concentrations were compared so that similar
concentrations could be used during hybridization reactions; this was by
measuring uv light absorption between wavelengths of 190-300 nm on probe
dilutions.
Wax was removed from tissue sections by incubation at 600 C for 10-12
minutes. The following was then performed at 250 C: Two 10 minute incubations
in xylene, one 10 minute incubation in ethanol:xylene (50:50 v/v), one 10 minute
wash in ethanol, one 10 minute wash in 95% (v/v) ethanol, one 5 minute wash in
70% (v/v) ethanol, and one 10 minute wash in water. The following steps were
performed at 250 C to increase mRNA target accessibility for probe and improve
signal-to-noise ratio: One 20 minute incubation in freshly prepared 0.2 M HCl
followed by one 10 minute wash in water. One 20 minute incubation at 370 C in
20 mM Tris.HCl, pH 7.4, containing 2 mM CaCl2 and 10-50 µg / ml proteinase K
(concentration had to be optimized). The reaction was stopped by the addition of
0.2 M Tris.HCl, pH 7.4, and 0.1 M glycine for 5 minutes at 250 C. Slides were
then equilibrated in water for 5 minutes followed by 70% (v/v) then 100% ethanol
for 4 minutes each.
Hybridization was performed in buffer containing 0.5 µg / ml riboprobe.
The hybridization buffer was comprised of 50% (v/v) formamide, 10% (w/v)
dextran sulfate, 0.05% (v/v) Triton-X-100, 500 µg/ml herring sperm DNA, 0.05
% (v/v) polyvinyl pyrrolidone, 5X sodium chloride / sodium citrate pH 7.0
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(SSC)d. All hybridization reagents were from Sigma except for the herring sperm
DNA (Roche). One batch of hybridization buffer was prepared and stored in
aliquots at -200 C. Probe was mixed thoroughly with hybridization buffer then
heated to 850 C for 10 minutes. Eighty µl of hybridization solution was used per
slide. The solution was covered with a Hybridization Cover Slip (Electron
Microscopy Sciences, Fort Washington, PA) sealed with nail hardener then
incubated for 15-18 hours at 520 C in a humidification chamber.
Cover slips were removed by soaking in 2X SSC for 5-10 minutes. This
was followed by washing in 2X SSC for 30 minutes at 500 C, followed by 1X
SSC for 15 minutes. This was followed by three ten minute washes in 1 X SSC,
one for 15 minutes in 0.1X SSC, then one for 5 minutes in 150 mM NaCl, 100
mM Tris.HCl, pH 7.4 (buffer 1), all at 250C. Slides were blocked in buffer 1
containing 2% (v/v) normal goat serum (NGS) for 0.5 hours at 370 C. They were
then incubated with 1/300-1/400 dilution of anti-digoxigenin-alkaline phosphatase
(Fab fragments) in buffer 1 containing 2% NGS for 2 hours at 370 C. This was
followed by three fifteen-minute washes in buffer 1 at 250 C. Antibody was
detected by incubating for 0.5-24 hours in the dark in 100 mM TRIS.HCl, pH 9.5,
containing 50 mM magnesium sulfate, 0.4 mg / ml nitro blue tetrazolium, 0.19 mg
/ ml 5-bromo-4-chloro-3-indolyl phosphate and 2 mM levamisole (Sigma).
Following development slides were rinsed twice in water then cover slips
mounted in Fluoromount G (Electron Microscopy Sciences).
d

20 x SSC comprises 3 M sodium chloride, 0.3 M sodium citrate, pH 7.0
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For quantification, images were captured under identical conditions using
a Nikon eclipse E600 microscope and a Nikon Coolpix 990 digital camera. Sets
of four images representing birds from one experiment were grouped, and the
image flattened before minor image adjustments were made globally. For each
gene transcript studied the ISH procedure was repeated at least twice on different
sections of the same tissues to determine reproducibility. Evalution of expression
of transcripts in different tissues / regions / cells was by visual examintion using a
bright field microscope. In addition, for each hen background subtracted neuronal
cytoplasmic staining intensity was quantified in five randomly chosen motor
neurons from the lateral-ventral gray matter using The Image Processing Tool Kit
(version 3.0) and Adobe Photoshop (version 5.0) software. For the PSP and
DMSO treatment groups, the mean of ten neurons over two hens was calculated.
Statistical comparison of transcript staining data between the two treatment
groups was not carried out because there were only two hens per group.
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Results
Transcripts encoding α-tubulin, P1, and P2 (KIAA1307) were detected
using the above method. Development times required were ∼4 hours for αtubulin, ∼0.5 hours for P1, and ∼24 hours for P2 suggesting that P2 is expressed at
a much lower level than the other two genes. The reproducibility of the ISH
procedure for α-tubulin and P1 was good, while that for P2 was poor (perhaps
because the quantity of transcript was at the limit of detection by this method).
1 . What spinal cord neuronal/cell types express the transcripts for αtubulin, P1 and P2 (KIAA1307)?
Within lumbo-sacral spinal cord, transcript for α-tubulin was expressed
predominantly within motor neurons having long axons (those most laterally
within anterior gray matter) and to a lesser extent in all other neuronal types
(Figure 15). No expression could be detected within glial or other cell types. All
spinal cord neurons expressed P1 transcript (Figure 16a). However, this transcript
was also expressed within other cell types. Weak staining was present within
cells that may represent oligodendrocytes and astrocytes, and also ependymal
cells and choroid plexus epithelial cells. In spinal cord the pattern of expression
of P2 was similar in distribution to that of P1. Some motor neurons exhibited
single round puncta of nuclear signal in addition to diffuse cytoplasmic staining
(Figure 17).
2. Is the expression of P1 and P2 (KIAA1307) restricted to neurons that
undergo axonal degeneration in OPIDN?
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Expression of transcripts for P1 and P2 were not restricted to PSP
sensitive neurons such as those of the ventral horn or DRG.
3. What spinal cord cell types differentially regulate α-tubulin, P1 and P2
transcript expression following exposure to PSP?
Alpha-tubulin transcript was down regulated at 48 hours in lumbo-sacral
spinal cord of PSP versus DMSO treated birds. Based on visual examination
down regulation was diffuse across all neuronal types and was not restricted to
affected neuronal sub-populations (Figure 18). PSP treated hens had a mean
neuronal staining of the transcript for α-tubulin in ventro-lateral motor neurons
that was 35% of controls (individual neuron range was 18-70% of control mean).
P1 transcript was down regulated at 12 hours in PSP treated birds. Based on
visual examination down regulation was diffuse across all neuronal types (Figure
19). Staining of the gray matter neuropil was also weaker in PSP treated birds.
This suggests that P1 may be expressed in dendrites or the astrocytic processes.
Density measurements revealed that PSP treated hens a mean neuronal staining of
the transcript for gene P1 in ventro-lateral motor neurons that was 29% of
controls (individual neuron range was 24-36% of control mean). P2 transcript did
not show repeatable changes in expression levels between treatment groups (data
not shown).
4. Are P1 and P2 transcripts expressed elsewhere within the central and
peripheral nervous system, and extra-neurally?
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P1 transcript was strongly expressed in a variety of cell types throughout
the brain (Figures 16 and 20). Diffuse, variable cytoplasmic expression was
detected in all neurons. Expression appeared highest in large neurons such as
those of the dorsomedial vestibular and olivary nuclei of the brain stem,
tuberculum olfactorium, lamina medullaris ventralis, hippocampus dorsalis,
parahippocampus, optic lobe, striatum and cerebral cortex and cerebellar Purkinje
neurons. Weak neuronal expression was present within small neurons such as
those of the molecular layer (stellate and basket neurons) and inner granule cell
layer of the cerebellar cortex. Moderate expression was detected in ependymal
and choroid plexus epithelium, and cells interpreted to be oligodendrocytes.
Staining in cells interpreted to be astrocytes was weak or equivocal. Within
choroid plexus epithelium, the transcript was localized mainly in the region basal
to the nucleus. Elsewhere, it was diffusely cytoplasmic. Within the peripheral
nervous system (PNS), strong staining was detected within dorsal root ganglia and
sympathetic ganglia (adrenal ganglia) neurons, but not within the adrenal gland
itself. Weak staining was present within peripheral nerve in cells thought to be
endoneurial fibroblasts. Weak staining was detected in small intestinal epithelial
cells and proprial lymphocytes. Table 2 summarizes extra-CNS expression of P1
transcript.
P2 transcript was expressed throughout the CNS in a variety of cell types.
All neurons exhibited diffuse cytoplasmic expression of this gene. In addition
some neurons exhibited single round puncta characteristic of a nuclear location.
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Expression in other cells types was also detected, but to a much smaller degree
than for neurons. Staining in white matter cells interpreted to be oligodendrocytes
was weak and diffusely cytoplasmic. Staining in gray matter cells interpreted to
be astrocyte was very weak.

Moderate staining was also present within

ependymal and choroid plexus epithelial cells. Within the PNS staining was
detected within dorsal root ganglia and sympathetic ganglia (adrenal ganglia)
neurons. Weak staining was present within peripheral nerve cells. Extraneurally, this gene was expressed more widely than P1. Transcript was identified
within the kidney (distal convoluted tubule epithelial cells, glomerular visceral
epithelial cells), splenic lymphoid cells, adrenal gland epithelial cells, myocytes,
cardiomyocytes, pulmonary air capillary macrophages, hepatic sinusoidal
macrophages, and arterial smooth muscle cells (Figures 21 and 22). Transcript
expression within cortical epithelial cells was nuclear, cytoplasmic signal was not
identified. Table 3 summarizes extra-CNS expression of P2 transcript.
An unexpected finding on H&E spinal cord preparations was the presence
of granules within the cytoplasm of motor neurons of lumbo-sacral spinal cord.
Granules were present regardless of treatment or time of sacrifice. This is
discussed further in appendix C.
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Figure 15. Lumbosacral spinal cord α-tubulin expression

Shown is a hemi-transverse section of spinal cord from a DMSO treated
hen. There is α-tubulin transcript staining within neurons throughout the gray
matter. Large neurons within the lateral anterior horn, representing those that
project long axons exhibit strong cytoplasmic staining (arrows).
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Figure 16. Neural tissue P1 transcript expression

B

A

D

C

Shown are different nervous system regions from a single hen treated with
DMSO. Strong neuronal staining of P1 transcript is present within spinal cord
neurons, especially those of the lateral anterior horn (A), throughout the cerebral
hemispheres (B) and within dorsal root ganglion neurons (C). Weaker P1 staining
was present in peripheral nerve (D) in cells thought to be endoneurial fibroblasts,
and in spinal oligodendrocytes (A).
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Figure 17. Expression of P2 transcript in spinal cord anterior horn

Shown is spinal cord from a hen treated with DMSO. The closed arrows
indicate the presence of motor neurons exhibiting diffuse cytoplasmic staining in
additional to puncta of nuclear staining (open arrow). Weak neuropil staining
may represent astrocyte or dendritic processes.
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Figure 18. Alpha-tubulin transcript expression in lumbosacral lateral
anterior horn 48 hours after exposure to PSP or DMSO

PSP anti-sense

PSP anti-sense

DMSO anti-sense

DMSO anti-sense

H&E

Sense

Shown are ventral gray matter horns from hens treated with PSP or
DMSO. Less staining is present in large motor neurons of PSP versus DMSO
treated birds using α-tubulin anti-sense probe. Sense probe demonstrates lack of
background cell staining. Region of anterior horn is also represented by H&E
staining.
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Figure 19. P1 transcript expression in lumbosacral lateral anterior horn 12
hours after exposure to PSP or DMSO

DMSO anti-sense

PSP anti-sense

DMSO anti-sense

PSP anti-sense

H&E

Sense

Shown are ventral gray matter horns from separate birds treated with PSP
or DMSO. Less staining is present in large motor neurons of PSP versus DMSO
treated birds using P1 anti-sense probe. Staining from cells interpreted to be
astrocytes also appears less in PSP treated birds (arrows).

Sense probe

demonstrates lack of background cell staining. Region of anterior horn is also
represented by H&E staining.
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Figure 20. Neural tissue P1 transcript expression continued

A

B

C

D

Shown are different brain regions from a single hen treated with DMSO.
There is neuronal staining of P1 transcript throughout all layers of the optic lobe
(A), and within the molecular, granule and Purkinje cell layers of the cerebellar
cortex (B). Purkinje cells strongly express P1 (closed arrow) while expression is
much weaker in granule neurons (open arrow). Expression is also present within
ependymal (C) and choroid plexus (D) epithelial cells.
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Figure 21. Extraneural P2 transcript expression

Nerve Anti-sense

Nerve H&E

Nerve Sense

Artery Anti-sense

Artery H&E

Artery Sense

Adrenal cortex AS

Adrenal cortex H&E

Adrenal cortex Sense

Shown are different tissues from a single hen treated with DMSO. P2
transcript is present within peripheral nerve, arterial smooth muscle cells, and
adrenocortical epithelial cells. Long development times were required during ISH
as evidenced by background staining on sense images. The peripheral nerve cell
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type expressing P2 is thought to be an endoneurial fibroblast but is not known
with certainty. Within adrenocortical epithelial cells staining is nuclear.
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Figure 22. Extraneural P2 transcript expression continued

Kidney Anti-sense

Spleen Anti-sense

Kidney H&E

Spleen H&E

Kidney Sense

Spleen Sense

Shown are different tissues from a single hen treated with DMSO.
Staining is present within kidney and spleen. Renal staining is present within
glomerular and distal convoluted tubular epithelial cells. Splenic staining is
mainly within lymphoid cells.
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Table 3. Expression of P1 transcript outside central nervous system
Tissue

Relative Expression

Predominant Cell Type

Spleen

-

Kidney

-

Skeletal muscle

-

Lung

-

Heart

-

Liver

-

Adrenal gland

-

Sympathetic ganglia

++

Dorsal root ganglia

+++

Peripheral nerve

+

Endoneurial fibroblasts?

Small intestine

+

Epithelial cells and
lymphocytes

Adipose tissue

-

Artery

-

Post-ganglionic neurons
Neurons

ISH was optimized on brain then used to determine expression in other
tissues. – indicates no staining detected; +, ++ and +++ indicate weak,
moderate and strong staining compared to other tissues examined using the
same probe.

Relative levels of expression were assigned following

microscopic examination of tissue sections.
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Table 4. Expression of P2 transcript outside central nervous system

Tissue
Spleen

Relative
expression
++

Kidney

+++

Predominant Cell Type
Lymphocytes
Distal

convoluted

tubules,

glomerular epithelial cells
Skeletal muscle

±

Myocytes

Lung

+

Air capillary macrophages?

Heart

+

Cardiomyocytes

Liver

+

Sinusoidal macrophages?

Adrenal gland

++

'Cortical' epithelial cells

Sympathetic ganglia

++

Post ganglionic neurons

Dorsal root ganglia

+++

Neurons

Peripheral nerve

+

Small intestine

-

Adipose tissue

-

Artery

++

Endoneurial fibroblasts / Schwann
cells?

Smooth muscle cells

ISH was optimized on brain then used to determine expression in other
tissues. – indicates no staining detected; ± indicates equivocal signal; +, ++
and +++ indicate weak, moderate and strong staining compared to other tissues
examined using the same probe. Relative levels of expression were assigned
following microscopic examination of tissue sections.
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Discussion
The observations of this chapter regarding expression of transcripts for αtubulin and P1 support findings of the time course study described in chapter 3.
(ISH for gene P2 was not considered quantitative). They also provide additional
information regarding expression in normal hens and in hens exposed to PSP.
Within the spinal cord, α-tubulin, and genes P1 and P2, were all detected
predominatly within neurons.
Changes in the expression of both α-tubulin and P1 were observed across
all spinal cord neurons and were not restricted to motor neurons. This suggests
that while only some neurons undergo axonal degeneration, many neurons may be
affected by PSP. If this is correct then certain feature(s) of neurons with long
large diameter axons may make them more sensitive to PSP induced injury. In
OPIDN, degenerative changes have been identified in the medulla oblongata, in
addition to long axon extremities.32, 168 While these changes are not the most
striking morphological feature of OPIDN, their occurrence supports the
suggestion that a spectrum of neuronal sensitivity exists to neuropathic OP esters
that may be related to axonal length and width.
Expression of the P1 transcript also appeared to be down regulated in
astrocytes of PSP treated birds. There is little evidence for a significant role of
astrocytes in OPIDN. However, astocytes differentially express glial fibrillary
acidic protein and vimentin transcripts in DFP induced OPIDN.9, 169 No
changes were observed in the expression of the vimentin transcript in spinal cord
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by Northern blotting 24 hours after exposure to PSP (data not shown). This
finding further suggests that the changes in gene expression that take place in the
spinal cord in response to PSP and DFP are different, raising into question the
significance of these changes.
The presence of apparent P2 transcript staining in the nuclei of some
neurons and adrenal cortical epithelial cells is unusual. Localization in other cells
types appeared entirely cytoplasmic even though nuclei were easily seen using a
microscope. The biological significance of this is unknown, but likely has no
relevance to OPIDN as distribution of P2 altered from that which appeared in
control hens was not noted following exposure to PSP. The probe used to identify
P2 corresponds to a region of an open reading frame, so the nuclear signal
observed was not pre-mRNA.

The underlying causes of difficulties with

performing repeatable ISH analysis of P2, as well as the lack of observable effect
in these experiments, likely relate to the long development times that were
required to obtain a signal, indicating that the transcript was at the limit of
detection. The ISH approach must therefore be considered qualitative for P2
transcript.
Expression of P1 and P2 in essentially all CNS neurons, as well as other
CNS cells, PNS and extra-neural tissues does not detract from their potential
mechanistic significance.

Rather, it suggests that if these genes are

mechanistically necessary, they are likely insufficient in and of themselves to
mediate the down stream effects of OPIDN. Other factors presumably must be
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present for axonopathy to develop. Expression of the P1 transcript is interesting
in that it is present in many neural cell types (neurons, astrocytes,
oligodendrocytes, ependymal epithelial cells), but has quite limited expression
outside the nervous system. The relevance of this is unknown as the gene has not
yet been characterized. It should be noted that the ISH procedure was optimized
on CNS tissue only. It is possible that optimization was not appropriate for P1
detection in non-neural tissues. The extra-neural expression of P2 (KIAA1307)
was in keeping with previous studies using human tissues.150
Understanding the relevance of the above findings will depend on
understanding the functions of these genes. Unfortunately, P1 has not yet been
identified (despite attempts using 5’-RACE). Gene P2 has a human homologue
that was called KIAA1307. This was identified from a human brain cDNA
library. However, sequence analysis of this gene failed to identify a possible
function.150 Down regulation of α-tubulin transcript suggests the possibility of
down regulation at the protein level. If this occurs, then there could be effects on
fast orthograde and retrograde axonal transport, and other cellular functions. This
could relate to evidence indicating altered fast orthograde57 and retrograde59
axonal transport in OPIDN.
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CHAPTER 5: General Discussion, Future Directions and Conclusion
General Discussion
Organophosphorus ester induced delayed neurotoxicity (OPIDN) is a
manifestation of exposure of susceptible mammals and birds to specific
organophosphorus (OP) esters, such as phenyl saligenin phosphate (PSP) and diisopropryl phosphorofluoridate (DFP).2 The most striking nervous system lesions
that develop following OP ester exposure are degeneration of the distal regions of
long large diameter axons within the central and peripheral nervous system. The
foundations for the hypotheses developed and tested in this dissertation are
represented by two bodies of work relating to OPIDN: 1.) evidence implicating
neurotoxic esterase (NTE) as the prime molecular target in OPIDN, especially,
the mechanistic relevance of NTE inhibition and aging in OPIDN induction,105,
170 and, 2.) data demonstrating effects of DFP on gene expression within
different regions of the nervous system in domestic fowl (G.gallus).7-12, 112
The hypotheses tested in this dissertation were that, 1.) changes in gene
expression occur in adult hen lumbo-sacral spinal cord 24 hours after exposure to
an OPIDN-inducing dose of PSP, and that, 2.) some or all of these gene
expression changes do not occur following exposure to an equivalent esterase
inhibiting dose of the non-neuropathic NTE inhibitor, PMSF.
The hypotheses for this dissertation represented an attempt to determine if
a direct association exists between NTE inhibition and aging, and, changes in the
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expression of specific genes. This hypothesis was considered important because
it has the potential to tie together two disparate areas of OPIDN research, namely,
effects of neuropathic esters on NTE, and later gene expression changes. The
results obtained indicated that changes in gene expression occur following
administration of PSP, an NTE inhibiting neuropathy inducing OP ester, that do
not occur following NTE inhibition by non-neuropathy inducing PMSF, and that
these changes are evident within 48 hours of PSP exposure. Transcript expression
changes were not restricted to susceptible neurons. In addition, it is emphasized
that because PSP and PMSF very likely have other differential effects on cells, it
cannot be assumed that a change occurring in PSP but not PMSF treated hens is
causally related to NTE inhibition and aging.
Data provided in chapters 2, 3 and 4 provide some evidence for an
association between NTE inhibition and aging, and specific changes in gene
expression. However, these changes were low in frequency and magnitude. It
remains to be determined whether there is a direct mechanistic link between these
two processes, or whether these represent chance associations. One gene was
found by targeted display (TD) cDNA screening to be differentially expressed by
Northern and in-situ hybridization analysis in subsequent experiments. This gene
(P1) remains to be fully identified, even though it exhibits 100% homology with
an expressed sequence tag (pgp1n.pk010.m23). The two alpha-tubulin transcripts
also demonstrated expression changes following PSP exposure. An α-tubulin
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transcript has previously been shown to be differentially expressed following DFP
exposure in hens.10
The absence of detectable changes in spinal cord transcript expression
changes for vimentin, CaM-Kin II α-subunit, neurofilament-M with PSP, but not
DFP7-9 is interesting.

Disparity could be for several reasons including

differential toxicant-induced effects, different bird strain responses, unidentified
vehicle effects on gene expression,e vehicle-toxicant interactions,f or experimental
conditions. If differences are due to differential effects of DFP and PSP then it
raises the question of the significance of these effects. As both DFP and PSP
readily induce OPIDN it is expected that any changes in gene expression that are
mechanistically necessary occur with both compounds. However, DFP has
notable capability to induce inhibition of acetylcholinesterase and cholinergic
poisoning at doses that cause OPIDN, whereas PSP does not.151 It is important
that results from this type of study are not over-interpreted. For example, in
acrylamide and hexane induced axonopathy, neurofilament cross-linking171 and
modification172 have been implicated as being important. However, a later study

e

Results of DFP gene expression studies cited in this dissertation appear to report vehicle controls

only at one time point. The vehicle had not previously been shown to have no effect on gene
expression for the gene(s) being studied, using exactly the same model system.
f

DFP, a liquid, was diluted in propylene glycol in the studies cited; PSP, a solid, was dissolved in

DMSO.
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using mice lacking axonal neurofilaments showed that these proteins are not
necessary for toxicosis to develop.173
The transcript coding for α-tubulin is the only transcript that was
demonstrated to be altered at the transcript level following DFP or PSP exposure
in G.gallus. Following DFP exposure spinal cord α-tubulin transcript was down
regulated about 31% on day 2, and upregulated to 200% on day 10.10 The
increase on day 10 is consistent with the axon reaction, changes occurring in the
neuronal cell body following axotomy. For example, rat facial nucleus tubulin
transcript expression increases considerably following facial axotomy.86 The
decrease noted on day 2 is consistent with the findings of this study where both
the ∼2.5 and ∼4.5 kb α-tubulin were down regulated, 33% and 28%, respectively,
following exposure to PSP. The significance of this down regulation is not
known.

The down regulation noted for the 4.5 kb transcript was clearly

associated with a similar expression change in the PMSF treated birds, while that
for the 2.5 kb transcript was not.

Using the rationale developed in this

dissertation, this suggests that down regulation of the 2.5 kb transcript may be of
greater mechanistic importance in OPIDN than down regulation of the 4.5 kb
transcript.

Alpha-tubulin transcript isotypes are not well characterized in

G.gallus. However, there are at least five expressed genes in this species.160 It
is not known whether the transcript described in the DFP study represents one of
those studied here. Given that tubulin is a major component of microtubules, it
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would be interesting to know the relationship between alterations in tubulin
expression, and effects on fast axonal transport.

As α-tubulin transcript

expression changes were identified following PMSF treatment, it would also be
interesting to know whether PMSF can induce changes in fast orthograde axonal
transport. It has already been demonstrated that PMSF does not affect retrograde
axonal transport in di-n-butyl-2,2-dichlorovinyl phosphate induced OPIDN.59
Gene expression change as a mechanism of xenobiotic induced toxicity is
precedented. Examples include dioxin174 and peroxisome proliferators.98 These
act through the Ah receptor and peroxisome proliferator-activated receptors,
respectively. Both of these proteins interact with DNA following ligand binding
and affect gene expression. However, there is no evidence that NTE acts in this
way. Neurotoxic esterase is membrane associated39 which precludes direct
interaction with DNA. If there is a biochemical pathway linking NTE inhibition
and aging with gene expression changes it might involve multiple steps.
Alternatively, this study does not rule out the possibility that gene expression
changes identified are caused by effects of PSP not associated with OP compound
aging on NTE. If gene expression changes are important mechanistic events
leading to axonal degeneration in OPIDN then it does not appear to be a result of
large numbers of expression changes. Perhaps, early alteration of expression of
one or a few critical gene products is sufficient to initiate axonal degeneration.
Alternatively, gene expression changes may not be necessary for OPIDN
induction.
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Lumbo-sacral spinal cord, giving rise to the ischiatic nerve (corresponding
to spinal nerves 25-30), was chosen for this study. This region contains both the
cell bodies of motor neurons whose axons undergo degeneration, and the distal
end of the medial pontine spinal tract (MPST) that also degenerates in OPIDN.
Therefore, both ‘ends’ of affected neurons (and associated glial cells) were
examined utilizing a single tissue. The targeted display approach used here had
the potential to detect expression changes in motor neuron cell bodies, support
cells associated with MPST axons, and other sites. However, tissue heterogeneity
has the potential to dilute out effects occurring in specific cell sub-populations,
making detection of expression changes in individual cell types more difficult. In
this study (chapter 4) expression changes for α-tubulin and P1 occurred across all
neurons, and for P1 perhaps astrocytes also. Another group of investigators
examined gene expression in multiple regions of the nervous system, and tried to
identify a link between gene expression change and susceptibility of tissue to
degeneration in OPIDN.8, 10 Examination of nervous system regions not
affected by axonal degeneration may provide indirect evidence for specific gene
involvement in OPIDN. However, NTE itself is expressed in regions where
axonal degeneration does not occur.4 8

It is therefore possible that

mechanistically significant gene expression changes occur in susceptible and nonsusceptible nervous system regions. Additionally, a gene expression change
occurring only in a susceptible nervous system region does not imply that the
alteration is mechanistically significant because it may not be related to OPIDN
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initiation. For these reasons differential expression of α-tubulin and P1 was only
examined in the spinal cord, a region susceptible to OPIDN.
Other regions of the nervous system, such as OPIDN-susceptible
peripheral nerves or dorsal root ganglion (DRG) could have been examined for
gene expression changes. However, obtaining sufficient RNA from peripheral
nerve and DRG for TD would have been problematic. Having said this, an
advantage of using peripheral nerve is that possible gene expression changes in
nerve cells can be sought within a simpler tissue where axonal degeneration
occurs. This tissue would perhaps be the choice if the specific hypothesis tested
related to the role of gene expression changes in axon-support cell interactions in
OPIDN. This hypothesis is viable, especially given the evidence that Drosophila
NTE may be involved in neuronal-glial interactions.44 Theoretically, dorsal root
ganglia would have been excellent for this type of study because they represent a
simpler tissue than whole spinal cord. They contain primary sensory neurons,
glial cells and other support cells. They have been used previously for similar
investigations in the rat.88 However, in adult domestic fowl this presents
practical problems because DRG are small, probably because peripheral
sensibility is less well developed in birds.175 Obtaining sufficient RNA for TD
and Northern blotting would have been problematic.
There has been discussion in the literature as to whether neuropathic OP
esters act on neuronal cell bodies or on their axons. Experiments utilizing
unilateral femoral artery injections of DFP in cats show that ‘axonal’ exposure
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can induce lesions similar to OPIDN.55 NTE is transported into axons.48
However, it is not known whether lesions are induced by only cell body exposure.
While it has been reported that neuropathic OP esters act primarily on axons,176
this does not rule out the possibility that the mechanism would still involve gene
expression changes in neurons. Results presented in this dissertation that
demonstrates down regulation of expression of α-tubulin, for example, suggest
this possibility. However, even if OP esters act on axons, interference with
retrograde neurotrophin signaling back to the neuronal nucleus could affect gene
transcription secondarily, leading to axonal degeneration.
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Future Directions
Findings from this research raise several new questions and possibilities
for research. These are outlined below.
Further characterization of gene P1 is a logical next step. While the
sequence identified has 100% homology with a chicken EST (pgp1n.pk010.m23)
this did not enable identification of the gene. Five prime RACE was used. Future
attempts could use different permutations of 5’-RACE, or screening of a chicken
brain cDNA library. Given the rate of G.gallus genome sequencing, regular DNA
data base searches using this sequence are indicated. Identification of this gene
could provide new questions or avenues of work.
Several questions generated by this research could be readily addressed.
These are outlined below1 . Is differential expression of α-tubulin, P1 and P2 transcript carried
through to the protein level? Expression of α-tubulin, P1 and P2 protein in PSP
treated hen spinal cord could be measured. Antibodies to α-tubulin are already
available; some of these may cross react with tubulin in this species. The
importance of this is that, as stressed in this dissertation, altered regulation of
mRNA does not imply altered protein expression. Finding expression changes
carried through to the protein level could increase the significance of findings.
2 . What is the mechanistic significance of the detected gene expression
changes? Experiments could be designed to further evaluate the mechanistic
significance of transcript (or protein) expression changes.
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For example,

comparisons could be made between PSP, PMSF, and PMSF then PSP treated
hens. As pre-treatment with PMSF is protective, if an expression change occurred
in PSP treated hens, but not in protected or PMSF treated hens, it would provide
further evidence that the gene is of mechanistic relevance to OPIDN.

If

expression change occurred in the protected group, but not the PSP or PMSF
groups, it would suggest that the change is the result of an interaction between
PSP and PMSF, and probably does not relate to OPIDN. The above experiment
could be combined with an additional treatment group consisting of birds treated
with PSP then PMSF, as this promotes OPIDN.51 These promoted birds would
be expected to show more marked or earlier gene expression changes than PSP
treated or protected birds if the gene studied is of mechanistic significance.
3.

Do changes in transcript expression of spinal cord α-tubulin, P1 and P2

also occur following treatment with other neuropathic OP compounds?
Genes P1 and P2 could be evaluated following DFP treatment. All three could be
evaluated following treatment with other neuropathy-inducing OP esters such as
mipafox or TOTP.
4. Do reported DFP induced changes in fast orthograde axonal transport
occur following exposure to PMSF and PSP? Previous work examining effects
of neuropathic OP esters on fast orthograde axonal transport have focused on
DFP.57, 58 Tubulin is a major component of microtubules, the scaffold on which
fast axonal transport occurs. PMSF has been shown in this study to affect tubulin
gene expression. Therefore, it would be interesting to know whether PMSF
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affects fast orthograde axonal transport.

If PMSF affects fast axonal transport in

a similar manner to DFP then it suggests that transport changes may not be
necessary for OPIDN induction. The relevance of DFP induced changes in fast
axonal transport would be strengthened if similar responses occurred after PSP
exposure. The type of study suggested here has also already been performed for
retrograde axonal transport in OPIDN. Di-n-butyl-2,2-dichlorovinyl phosphate
(DBDCVP) induced a 70% decrease in retrograde axonal transport 7 days after
exposure. There was no effect of PMSF, but this compound was protective when
given before DBDCVP.59
5. Did the observed changes in transcript expression in this study result
from interactions between PSP and DMSO? Given the effect of DMSO on
expression of transcripts for α-tubulin and P3 (50% of genes studied temporally),
the question arises as to the relative importance of an interaction between PSP and
DMSO (see above). This issue could be addressed experimentally by using a
different vehicle for PSP and PMSF, such as ethanol. Ethanol is unfortunately
also neurotoxic,165 however, as it has different properties to DMSO, it may be
useful for addressing the issue of compound interactions.
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Conclusion
Organophosphorus induced delayed neurotoxicity is a condition
characterized by degeneration of long wide axons within nerves and the spinal
cord. NTE is the primary target for OPIDN, and is expressed in susceptible and
non-susceptible neurons. This study shows that PSP induced gene expression
changes occur in the clinically silent period before clinical toxicosis develops, and
that some of these changes do not occur following exposure to PMSF, a nonneuropathic compound that also targets NTE. Expression changes occurred in all
neurons within a spinal cord level indicating that while expression changes may
be necessary for OPIDN induction they are not sufficient. The factors that result
in degeneration restricted to long wide diameter axons in OPIDN need further
clarification.
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APPENDIX A: TARGETED DISPLAY PRIMER DESIGN
Primer Design
The TD approach used in this dissertation is a variation of classical
isotopic differential display (DD) methodology. The only significant difference
from DD is primer design. These primers were based on the octamer primers
designed by Lopez-Nieto116 with subsequent modification by Brown.114
Octamers were designed by statistical analysis of 1000 human protein coding
regions of genes to amplify protein coding regions of large numbers of genes.116
Subsequent extension of 5-prime ends by six base pairs to produce 14-mers all
having a 50% GC ratio enabled use in PCR.114 A total of 30 sense primers and
their reverse complement anti-sense primers have been designed. The full set of
primers available using this methodology is shown below (Table 4). Each sense
primer can be used with all of the anti-sense primers except its own reverse
complement. There are therefore a total of 870 (30 x 29) possible primer
combinations. As targeted display primers are designed to target and amplify
protein coding regions of genes they give a theoretical advantage over DD, an
approach in which 3-prime untranslated regions of genes are amplified.
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Table 5. Full set of targeted display primers
Sense primers

Anti-sense primers

1s

tggtgaaagcagga

1a

tggtgatcctgctt

2s

tgatgacatcgtgg

2a

tgatgaccacgatg

3s

tgatgacctgagga

3a

tgatgatcctcagg

4s

tggtgagaagctga

4a

tggtgatcagcttc

5s

tggtgagtggagaa

5a

tggtgattctccac

6s

tgatgaagaaggcc

6a

tgatgaggccttct

7s

tggtgacatgaagg

7a

tggtgaccttcatg

8s

tggtgacctggaaa

8a

tggtgatttccagg

9s

tggtgagaagtgga

9a

tggtgatccacttc

10s

tgatgatcctggac

10a

tgatgagtccagga

11s

tgatgaagaccctg

11a

tgatgacagggtct

12s

tggtgaccaagaag

12a

tggtgacttcttgg

13s

tgatgacctggaga

13a

tgatgatctccagg

14s

tgatgagacctgga

14a

tgatgatccaggtc

15s

tgatgatgctgagc

15a

tgatgagctcagca

16s

tgatgaagaggagc

16a

tgatgagctcctct

17s

tggtgaccagatga

17a

tggtgatcatctgg

18s

tgatgactacctgg

18a

tgatgaccaggtag

19s

tggtgagagctgaa

19a

tggtgattcagctc
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20s

tggtgatggacaag

20a

tggtgacttgtcca

21s

tggtgaatgctgga

21a

tggtgatccagcat

22s

tgatgacctcacca

22a

tgatgatggtgagg

23s

tggtgactgcagaa

23s

tggtgattctgcag

24s

tggtgagaggagat

24a

tggtgaatctcctc

25s

tgatgatggacctg

25a

tgatgacaggtcca

26s

tggtgacaaggaga

26a

tggtgatctccttg

27s

tgatgacctgaagg

27a

tgatgaccttcagg

28s

tgatgactgccaag

28a

tgatgacttggcag

29s

tggtgaggagaaag

29a

tggtgactttctcc

30s

tggtgatggagaga

30a

tggtgatctctcca
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Gene Detection Rates using Targeted Display Primers
Individual eukaryotic cells express about 12000–15000 different mRNA
species.134 The author estimates that chicken spinal cord gray matter expresses
∼30000 genes. One hundred and fifty primer combinations were used in this
study. About 100 gel bands were identified per primer combination; thus, a total
of 15000 bands were screened in this TD study. However, the number of gel
bands does not equate with the number of gene transcripts studied. This is
because some transcripts are represented more than once. Redundancy in this
context is the presence of different amplification products of the same transcript
derived from the same or different primer combinations. The rate of band
redundancy is unknown, but is estimated by the author to be 10-20%. If
redundancy in this system is assumed to be 15% then 12750 different genes were
screened, this is 42.5% of the expressed gene pool for this tissue based on the
above assumptions.
The work of Lopez-Nieto116 showed that designed primers had a gene
detection rate of ∼76% in humans. Gene detection rates are much higher with
statistically designed targeted primers versus randomly designed primers (Figure
23).

Computer modeling showed that statistically designed primers are

theoretically able to target protein coding sequences of non-human species with
reducing detection rates moving down the phylogenetic tree (Figure 23).116
Based on this information it is expected that the gene detection rate in the chicken
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is between 60-70%. That is, if all the primer combinations were used then 6070% of the expressed gene pool would be amplified.
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Figure 23. Comparison of expected gene detection rates by 30 human
statistically designed primer pairs and 30 randomly selected octa-nucleotide
primer pairs in different species
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From Lopez-Nieto et al, Nature Biotechnology, 1996.
Percent of genes detected using eight-mer primers designed in man
(H.sapiens) and used against other species. Gene detection rates using random
sequences are also shown. Gene detection rates decrease moving down the
phylogenetic tree.

M.musculus, mouse; D.melanogaster, drosophila;

S.cerevisiae, a yeast.
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APPENDIX B: DNA SEQUENCE OF P1, P2 AND P3
Gene P1
(20A primer)
TGGTGACTTGTCCAGGAGGTGCAGAGACGGGTTCCAGTTATTCCCTGT
ACAGAGCCTCTGCCCAACCAGAGCATGGGCTGTAGGGGCAGGAGAGA
GATCCTGACACTGTGGAAGGACAAAGCAGGAGTGGAAGCCCACTGGC
AGAAACATGCAAGCTGAGCAAGAGCAGTGTCCAAGGCAAGTCTCTTC
TAAGCAGGCTTCTACTGCCTTGGGGGGCAGGAAGTGGGGATAAGCTCA
GCATCATCA (15S primer)
Primers are shown in bold italics. There was 100% homology with
expressed sequence tag (EST) pgp1n.pk010.m23 (GenBank Accession:
BI393303). This EST comprised 1500 bp of 3-prime untranslated region (UTR)
(complete sequence not shown). Patching together sequences of ESTs revealed a
UTR of ≥2700 bp. There was 100% homology between primers and primer
binding sites. The entire transcript is ∼6-7 kb in length based on Northern
analysis.
Gene P2
(20A primer)
TGGTGACTTGTCCAACGTATGCAGCTCATTGAGAGCCTGCTGTGCACG
ACTGCTGCTCCCCATAGCTGAGGCTTGCTGGAAGTTGATCTGAATTGC
ATCCATTAAGAAATTCAACATCTCCAGCACCAAAGGAGCAAAGGAGA
AGTTGGCCTGGGACTGTAATTCCTCTCGACAGCCCTCAACATTTCTACA
CAGGCTGCTCTTCTTGGGTTTTTCCTCATCTGGTCACCA (17S primer)
Primers are shown in bold italics. There was ∼82% DNA homology with
human gene KIAA1307.150 The sequence shown represents an open reading
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frame. It is not known whether the primer sequences are 100% homologous to
binding sites.
Gene P3
(11A primer)
TGATGACAGGGTCTATAGACAACTTTACAGCCAATAAGTTCCATATTT
ACCAACCACTTCTGGAAAAAAAAACCCACAAAACACCACAATCACAC
ACACCACACTCGAACGTTTGCTCCTCAGGTCATCA (3S primer)
Primers are shown in bold italics. Homologies were not found following
DNA data base searches. It is not known whether the primer sequences are 100%
homologous to binding sites.
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APPENDIX C:

MORPHOLOGIC ANALYSIS OF ADULT WHITE

LEGHORN SPINAL MOTOR NEURONS
An unexpected finding noted during the in-situ hybridization study
(chapter 4) was the presence of motor neuron cytoplasmic inclusions that were
dark pink with H&E staining (Figure 24). These inclusions were present equally
in PSP and DMSO treated birds at 12 hour, and 48 hour sacrifice points, and were
restricted almost entirely to large motor neurons. Given the previously noted
effects of DMSO on spinal cord gene expression (chapter 3), the possibility of
DMSO neurotoxicity was considered. A literature search provided some evidence
for DMSO neurotoxicity.161-163 The author was not aware of this literature
before embarking on this study. No further evidence was found that inclusions
represent a normal avian morphological feature. The question arose: Are motor
neuron inclusions transiently induced by DMSO? To answer this question an
experiment was performed in which adult hens were treated with 0.5 mls / kg im
DMSO (100%) or saline (0.9%) and sacrificed at 24 hours. Tissues were fixed by
immersion or perfusion. The treatment structure is shown belowTreatment

# Birds

Fixation

DMSO

2

Perfusion

DMSO

2

Immersion

Saline

2

Perfusion
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All birds had the inclusions on H&E staining. Method of fixation or
treatment had no effect on presence of granules. It was concluded that inclusions
are most likely a feature of this strain of White Leghorn bird. Ultra-structural
examination of perfused tissues revealed inclusions comprised double membrane
bound structures with occasional continuity with tubular membranes consistent
with rough endoplasmic reticulum, and homogenous osmiophilic centers (Figure
25 and 26). There appeared to be occasional surface ribosomes. Structurally,
granules appear to be analagous with Russell bodies, foci of protein dilated rough
endoplasmic reticulum found in plasma cells. These proteinaceous inclusions are
thought to accumulate when a proteins synthesis exceeds its rate of folding and
degradation, leading to an accumulation somewhere along the secretory
pathway.177 These features are suggestive of an endoplasmic reticulum storage
disease.178
While interesting in themselves, these findings are not thought to have any
impact on the findings of this study. These birds do not demonstrate any
neurodegenerative changes or clinical deficits up to ∼3 years, so the abnormality
appears to be sub-clinical. Furthermore, this low antibody strain of White
Leghorn chicken was found to be less sensitive to DFP induced OPIDN,
compared to other closely related strains.152
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Figure 24. Spinal Cord Motor Neuron Cytoplasmic Granules

Shown are motor neurons are from the lateral-ventral gray matter of
lumbo-sacral spinal cord. Within the Nissl substance there are numerous pink
rounded granules (arrows). These granules were much less numerous within
cervical cord motor neurons. Neurodegenerative changes were not evident.
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Figure 25. Ultra-structural Features of Cytoplasm of Motor Neuron

7

Cytoplasmic granules have homogenous osmiophilic centers and are
typically present within or at the edge of rough endoplasmic reticulum (*).
Rectangles represent regions shown in figure 26. Bar = 1 µm.
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Figure 26. Ultra-structural Features of Cytoplasmic Granules

Electron photograph micrographs represent magnifications from figure
25. Left: a structure interpreted to represent an early granule showing
continuity with a double membranous structure (arrow) interpreted to be part
of the endoplasmic reticulum. Right: a larger granule showing its surrounding
double membrane (arrows). Bars = 100 nm.
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