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Summary
Characteristically, chronic inflammatory diseases such as rheumatoid arthritis (RA)
and psoriasis are symmetrical. The unilateral presentation of RA following nerve
injury indicates a role for the peripheral nervous system in this symmetry.
Experimentally, contralateral responses to a variety of unilateral stimuli have been
demonstrated. It is possible that an acute, localised inflammation stimulates a proinflammatory response in the topographically precise contralateral region as a
protective measure. E-selectin and nerve growth factor (NGF) are expressed by the
vascular endothelium, expression increases during inflammation and in response to
neuropeptides.

To determine the involvement of the vascular endothelium and

peripheral nervous system at distant sites two models of rat hindpaw inflammation
(^-carrageenan- and latex sphere-induced foreign body-mediated inflammation) and
capsaicin-induced neurogenic inflammation (NI) in man were used.

In both rat models measurements to determine paw swelling, cellular infiltration, Eselectin expression and NGF upregulation were made. Serum interleukin-6 content,
determined by ELISA, was comparable in all groups of rats indicating that
inflammation was not systemic. There was evidence of some contralateral cellular
infiltration and oedema in both models.

In the carrageenan model, E-selectin

immunofluorescence was increased contralaterally at 6 hours compared to naive
(P<0.05),

forepaw

expression

did

not differ.

During

latex

inflammation NGF immunofluorescence increased ipsilaterally.

sphere-induced
Despite no

observable change in protein expression, E-selectin and fi-NGF mRNA were
upregulated in contralateral paw skin at 6 hours. Similarly, in 1 subject unilateral
capsaicin-induced NI was accompanied by E-selectin mRNA upregulation in the
topographically precise contralateral region.

E-selectin mRNA was not detected

contralateral to capsaicin and local anaesthetic injection.

This work provides some evidence of topographically precise contralateral responses
involving the vascular endothelium, and suggests the involvement of the peripheral
nervous system. A contralateral pro-inflammatory response within the early stages
of RA or psoriasis may explain the symmetry of the chronic-stage symptoms.
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CHAPTER 1 - Introduction: Symmetry and Contralateral
Responses.
In this thesis the concept of symmetry in inflammatory diseases, the phenomenon of
contralateral inflammatory responses to unilateral stimuli and the involvement o f the
peripheral nervous system are discussed.

Using two rodent models o f localised

inflammation, and one model of neurogenic inflammation in man, experiments were
carried out to investigate the development of contralateral responses, the involvement
of the vasculature and the role of the peripheral nervous system. The results o f these
experiments are presented in chapters 3, 4, 5 and 6.

Finally, these findings are

discussed in relation to the hypothesis and the pathophysiology o f chronic
symmetrical inflammatory diseases.

1.1

Overview and hypothesis.

1.1.1

Symmetry and mirror-image responses.

The chronic inflammatory condition rheumatoid arthritis (RA) is a symmetrical
disease and the mirror-imaging o f pain and swelling is a diagnostic feature (Arnett et
al., 1988).

Symmetrical inflammation is also a characteristic of psoriasis and

psoriatic arthritis

(reviewed by Farber et al., 1986; Helliwell et al., 2000) and

mirror-imaging of symptoms is occasionally seen in the painful conditions of
complex regional pain syndrome (CRPS) and postherpatic neuralgia (Veldman and
Goris, 1996; Oaklander et al., 1998; Maleki et al., 2000).
symmetry seen in RA is topographically precise.

In many cases the

This suggests symmetry is a

regulated, connected process as opposed to a generalised systemic effect. It has been
hypothesised that the symmetry in RA is due to neural mechanisms and interactions
(Levine et al., 1985b, 1985c; Kidd etal., 1989).

The involvement of neurogenic mechanisms in the development of inflammation has
been demonstrated clinically.

There are reports o f cases of RA, osteoarthritis,
1
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psoriasis and psoriatic arthritis in which inflammation is markedly decreased, if not
absent, on the injured side following a neurological injury (Thompson and Bywaters,
1962; Glick, 1967; Bland and Eddy, 1968; Weiner et al., 1985; Veale et al., 1993;
Lapadula et al., 1997; Segal et al., 1998). It is possible that this lack of symptoms is
due to resting the neurologically affected limb.

Despite this, the unilateral

presentation of RA following nerve injury strongly indicates a role for neural
mechanisms, particularly peripheral ones, in the disease.

Courtright and Kuzell

(1965) demonstrated that neurological trauma has a sparing effect on the course of
adjuvant arthritis (AA) in the rat.

Humans and other mammals are categorised as bilaterally symmetrical animals
(Phylum: Chordata). The axons of the peripheral nervous system extend bilaterally
from the spinal cord to their targets.

This symmetry allows co-ordination of

movements, actions and responses between the two halves of the body. This may
also be responsible for the apparently non-random, symmetrical occurrence of minor
neurological abnormalities that predate contralateral plaque development in multiple
sclerosis and changes to the contralateral testes in patients with unilateral testicular
malignancy (Reinges et al., 1994; Werring et al., 2000).

As mentioned, symmetry is a characteristic of a number of chronic inflammatory
conditions and is hypothesized to be due to neurogenic mechanisms.

It is not

apparent to what extent these mirror-image responses to unilateral inflammatory
stimuli occur, nor what the purpose of such responses would be. In relation to the
pathophysiology of the chronic inflammatory disease RA, a peripheral nervous
system-mediated contralateral response occurring within the early stages of the
disease could account for the symmetry of the symptoms in later stages when the
inflammatory response involves a multitude of other pathways and mediators.

One explanation for the occurrence of these contralateral responses is that the ability
to rapidly mirror-image a response to the contralateral region is what remains of a
protective system that ensured an organism responded asymmetrically to damaging
stimuli. This can be illustrated by taking the example of a fish living in infected
water. Fish breathe through gills located on either side of the body, if one gill were
to become infected this infection and the subsequent response launched by the
2
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immune system would compromise the efficiency of the fish’s breathing.

It is

assumed that the response generated by the immune system incorporates both
innate/cellular (e.g. phagocytes, reactive oxygen and nitrogen species (RONS)) and
adaptive/antibody (e.g. T and B lymphocyte) mediated responses.

As such, the

response would be complex and prolonged, involving oedema, recruitment of
phagocytic cells and the production of pathogen-specific antibodies. If a unilateral
infection compromises the efficiency of respiration it is imperative for the fish’s
survival to prevent a similar impairment to the contralateral gill (i.e. infection
followed by an inflammatory response). Solutions to this may involve sending a
signal to the contralateral region that immediately initiates an acute defensive
response, upregulating systems of receptors or lowering receptor thresholds. This
would prevent severe infection and preserve the function of the gill and the life of the
fish. As such, this would be a survival advantage and therefore likely to be retained
by subsequent generations.

Here, mirror imaging is discussed in the context of

destructive inflammatory diseases such as RA.

In relation to evolution, RA is a

condition that appears mainly after reproductive age, therefore there is no selective
pressure to eradicate it once the need for mirror-imaging to preserve asymmetry and
survival is no longer there.

1.1.2

Hypothesis

The hypothesis being investigated in this thesis is that an organism is able to mirror
image a response to the topographically precise contralateral region as a protective
measure against possible infection or injury. This contralateral response is an acute
inflammatory response that involves the activation o f the vascular endothelium and is
mediated by the neurons of the peripheral nervous system. A topographically precise
protective inflammatory response to unilateral stimuli is an advantage over a
generalised systemic response because it is more economic with regard to the amount
of energy expended and prevents widespread damage. Similarly, following a painful
stimulus, the reflex to withdraw the contralateral limb more quickly is advantageous.
Overall, this hypothesis is in keeping with the concept of ‘damage limitation’ by an
organism.

3
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1.2

Symmetrical inflammatory conditions

Some examples of symmetry and significant contralateral appearances of
inflammation in man are shown in table 1 . 1.

Table 1.1 Examples of symmetry and contralateral inflammation in man
Inflammatory
condition
Patients with
inflammatory
polyarthritis (IP)
Neurogenic
inflammation
(Capsaicin intradermal, 1%)

Patients with RA
(ARA/ACR
criteria)

Target region

Contralateral effect

Reference

Hands and feet
(radiographs) 5
years after onset of
IP
Volar surface of
the left fore-arm

Increased risk of erosions
developing compared to
other sites

Bukhari et
a l, 2002

Topographically precise
increase in skin
temperature,
vasodilatation,
hyperalgesia and allodynia
after 1 hour
Symmetric pain is the
most potent discriminator

Haigh et al,

Attributes of pain
(localisation,
symmetry,
continuity,
modulation)
Hands and wrists

2002

La
Montagna
et al., 1997

No difference in erosion
Clarke et
area or progression
a l, 1994
between dominant and
non-dominant hand
Both RA and PsA exhibit
Patients with RA
Joints
Helliwell et
or PsA
a greater degree of
a l, 2000
symmetry of joint
involvement than
predicted from a model
Symmetry of joint
Joints of the hand
Patients with OA
Niu et a l,
2003
involvement. (?>c?)
Predictor for symptomatic
OA is disease status in
same joint of opposite
hand
Maleki et
‘mirror-image’ spread in
Patients with
15% of patients
CRPS
a l, 2000
ARA = American Rheumatism Association; ACR = American College of
Rheumatology; CRPS = Complex regional pain syndrome; OA = Osteoarthritis;
PsA = Psoriatic arthritis; RA = Rheumatoid arthritis; $ = female; $ = male
Patients with RA

-
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1.2.1

Rheumatoid arthritis

Rheumatoid arthritis is a debilitating chronic inflammatory disease which
encompasses the five cardinal signs o f inflammation - swelling, heat, pain,
tenderness and loss of function (reviewed: Lems and Dijkmans, 2000). There is a
wide clinical spectrum and RA is associated with increased mortality.

Current

treatments are aimed at the various components o f the chronic inflammatory process.
Non-pharmacological approaches include weight reduction, specially designed
utensils and exercise programmes. Pharmacological treatments include nonsteroidal
anti-inflammatory drugs (NSAIDs) and disease modifying anti-rheumatic drugs
(DMARDs) such as methotrexate. New therapies are targeted at the modulation of
cytokines, signalling pathways or adhesion molecules (Firestein, 2003; Smolen and
Steiner, 2003).

1.2.1.1 Epidemiology
RA affects approximately 0.5-1% of the world’s population (Gabriel, 2001). RA
predominantly affects people in the fourth to sixth decade of life, although it can
strike at any age; there is a juvenile form o f the disease that occurs in the under 16s.
It is three times more likely to affect women than men, indicating a hormonal
influence (Lems and Dijkmans, 2000; Issacs and Moreland, 2002).

1.2.1.2 Aetiology
The aetiology of RA is unknown but there are several risk factors for its development
or progression.

Silman and Pearson (2002) have reviewed current literature on

genetic and environmental factors in RA. They highlight the involvement of human
leukocyte antigen (HLA) alleles, such as HLA DRB1, situated in the major
histocompatability complex.

Non-genetic environmental contributors include

hormones, infection, diet and smoking.

Biomechanical factors, use of limbs or

joints, are not predictors for development of RA. Erosion area and progression in the
bones of the hand and wrist do not differ between dominant and non-dominant hands
(Clarke et al., 1994).

5
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1.2.1.3 Clinical picture of RA
RA is a symmetrical polyarthritis that affects the smaller synovial joints such as the
diarthrodial joints of the hands and feet. RA can also affect the larger joints such as
the knee and spine (Fleming et al., 1976). The symmetry o f joint involvement in RA
is an important diagnostic feature (Arnett et al., 1988). Pain, swelling, stiffness and
fatigue are symptoms of the disease that accompany chronic synovitis, which
progressively destroys the joints, causing deformities and disability.

Muscles,

tendons and ligaments can also become inflamed and this can affect mobility. Extraarticular involvement in the disease can include nodules, pericarditis, pulmonary
involvement, Felty’s syndrome, mononeuritis multiplex and vasculitis.

Increased

mortality is attributed to the increased risk from the extra-articular aspects of the
disease (Gabriel, 2001).

1.2.1.4 The synovial joint
The synovial joint is composed of two adjacent ends of bone which are capped with
cartilage and separated by a joint space (figure 1.1). The synovium lines the cavity
of the joint, the intimal cell layer faces the joint space. The sub-intima beneath this,
is a layer of connective tissue containing blood vessels, lymphatics, nerves, collagen
and fibrous tissue (Gronblad et al., 1988; reviewed Issacs and Moreland, 2002). The
synovium is normally 1 to 2 cells thick, with type A (macrophage derived, CD 68 +)
and type B (fibroblast derived, CD55+) synoviocytes in a proteoglycan and
glycosaminoglycan rich matrix. The synovium contains a vascular network which is
densely innervated by nerve fibres (Mapp et al., 1990; Stevens et al., 1991a).
Sympathetic fibres and neuropeptide-containing sensory neurons are found around
the blood vessels, some free unmyelinated fibres are immunoreactive for
neuropeptides and may extend to the intimal layer (Mapp et al., 1990; Konttinen et
al., 1990).

In the naive rat neuropeptide-containing fibres are also found in the

meniscus and bone (Hukkanen et al., 1992).

6

P h D T h e s is

Hmma M R oberts

Bone
Fibroblast
Osteoclast

Capsule

Synovium —

M acrophage
1

Synoviocytes
Neutrophil
Cartilage

Dendritic cell
T cell
Plasma cell
B cell
Mast cell
Hyperplastic
synovial lining

Capillary
NPY-IR nerve fibre
------------S P -o r CGRP-IR nerve fibre
Figure 1.1 Schematic view of the normal joint and some of the changes that occur in
RA (adapted from Smolen and Steiner, 2003). The normal synovial joint (left);
synovial joint in RA (right) - characteristic synovitis occurs due to the influx o f Tcells, B-cells, dendntic cells, macrophages and mast cells, and as a result of
angiogenesis. The intima becomes hyperplastic and hypertrophic; the synovium
forms a pannus that erodes the bone and cartilage. Also shown are the vasculature
and innervation in the normal synovium (left) which has a rich network of capillaries
and is densely innervated
by neuropeptide Y (NPY)-immunoreactive (IR)
sympathetic nerve fibres and neuropeptide (substance P- (SP) or calcitonin generelated peptide (CGRP))-IR sensory nerve fibres. In the RA synovium (right) the
capillary network is less dense and is present deeper in the synovium, the distribution
of nerve fibres is similar to normal synovium except for an absence o f free
neuropeptide-containing fibres in the superficial regions (intima).
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In RA the synovium becomes hyperplastic and forms an invasive pannus which
destroys the articular cartilage and subchondral bone (see figure 1.1 and figure 1.2)
(reviewed Issacs and Moreland, 2002).

There is an increase in type A and B

synoviocytes and in the thickness of the intima.

During the progression of the

disease synoviocytes migrate into the articular cartilage and inflammatory cells such
as macrophages, B and CD4+ T cells and dendritic cells infiltrate the sub-intima.
Polymorphonuclear cells (PMN) congregate in the joint fluid.

Angiogenesis and

leukocyte transmigration are integral contributory factors to the development o f RA
(angiogenesis reviewed by Walsh, 1999). Enzymes secreted by PMN, synoviocytes
and chondrocytes destroy the extra cellular matrix, cartilage and bone. Osteoclasts
attack the bone-cartilage-synovium junctions destroying it further.

In active RA

osteoblasts are unable to repair the bone satisfactorily.

Figure 1.2 Radiographs of a normal and a RA hand (Smolen and Steiner, 2003). A
radiograph of a normal hand (left), showing the second, third and fourth metacarpal
phalangeal joints; the joint spaces between the subchondral bone ends are clearly
visible. A radiograph from a patient with established RA (right), the radiograph
shows bone destruction, narrowing of the joint space and erosions.
It is postulated that the symmetrical presentation of RA is a result of cross talk within
the nervous system during the initial stages o f the disease, and that this results in
altered vascular function, endothelial cell activation, expression of adhesion
molecules and initiation of destructive inflammatory pathways. In RA, both serum
and synovial tissue levels of E-selectin expression are elevated during the initial
stages of the disease ((<lyear) Tak et a!., 1995).

Chronic (established) RA is

associated with a change in the distribution of the synovial vasculature, capillaries
are found in the deeper synovium and are less densely distributed (Stevens et a/.,
8
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1991a). Similarly, arthritis is associated with nerve fibre depletion particularly in the
superficial synovium (Gronblad et al., 1988; Mapp et al., 1990; Hukkanen et al.,
1991). In the normal synovium, and in the contralateral joints during the early stages
of RA, the dense vasculature and its close association with neuropeptide-containing
neurons could facilitate the development of a neurogenically-mediated inflammatory
response. Bilateral alterations in cartilage anabolism occur within 72 hours during
complete Freund’s adjuvant (CFA)-induced monoarthritis. These changes can be
prevented by interrupting the peripheral nervous system (Decaris et al., 1999).

E-selectin is involved in acute inflammatory responses by facilitating tethering and
rolling of neutrophils on the endothelium (reviewed by Carlos and Harlan, 1994).
Synovial vascular endothelial cells express binding sites for the neuropeptide
substance P (SP) and the RONS-generating enzyme xanthine oxidase (Walsh et al.,
1993; Stevens et al., 1991b).

Neutrophils are sources o f RONS, and hence

significant mediators of innate inflammatory responses.

Human memory CD4 T

lymphocytes that bind E- and P-selectin are recruited to inflammatory sites (Mukasa
et al., 1999). Numerous theories implicate T lymphocytes in the pathogenesis of RA
and other chronic conditions (reviewed by Firestein, 2003). These cells are involved
in adaptive immune responses and the development of chronic inflammation. As
such, a link between the occurrence of a contralateral response in man and the
capability of attracting neutrophils and T lymphocytes, i.e. via increased expression
of E-selectin and other adhesion molecules, further implicates this mechanism in the
initial pathophysiology of RA.

1.2.2

Other chronic inflammatory conditions displaying symmetry

1.2.2.1 Psoriasis
Psoriasis is a chronic skin disease characterised by hyperproliferation, inflammation,
altered skin structure and altered vascular structure (Reviewed by Peters et al, 2000).
Like RA, its clinical appearance is broad, ranging from a few small plaques to large
lesions anywhere on the body, appearance can be cyclical. First line treatment for
psoriasis involves topical administration of a range of medications including
moisturisers, keratolytic agents such as salicylic acid, vitamin D analogues and
9
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corticosteroids. Severe psoriasis is treated more aggressively with DMARDs such as
methotrexate or cyclosporine, anti tumour necrosis factor-alpha (TNFa) drugs or
alefacept which blocks adhesion molecule ligands (reviewed by Saini et al., 2005).
Phototherapy is also effective.

In psoriasis the cycle of epidermal development is altered. The normal cycle takes
about 4 weeks to complete. Approximately every fourteen days keratinocytes in the
stratum basale (closest to the dermis) divide and the cells migrate through the other
four layers to the outer stratum comeum. On reaching the stratum comeum the cells
are almost completely keratinocysed and are dead. This outer layer provides the
protective function of the skin.

In psoriasis there is an accelerated cycle during

which the stratum basale keratinocytes divide every 1-2 days and migration to the
stratum comeum takes 4 days. Consequently, the cells do not mature properly and
are not fully keratinocysed. There is an abnormal build up of cells at the skin surface
which becomes scaly and is 3-5 times thicker than normal non-lesional skin. The
papillary layer vasculature is dilated in psoriasis and there is infiltration of
inflammatory cells (neutrophils) into the tissue. Mechanistically, inflammatory cell
infiltration involves chemokines,
adhesion molecules.

selectins

and immunoglobulin-like cellular

Schon (2004) reviews current strategies that target selectin

function in the therapy of psoriasis.

This review highlights the multifactorial

adhesion process that occurs during psoriatic inflammation, and suggests that
targeting selectins alone will not provide sufficient therapy.

The pathology of psoriasis is associated with abnormal keratinocyte activity and
lymphocyte infiltration (reviewed by Peters et al., 2000). In psoriatic skin there are
increased levels of cytokines (IL-8 , TNFa) and growth factors, and decreased levels
of developmental factors, differentiation-related keratins and interleukin-10 (IL-10).
Current theories regarding the pathogenesis of psoriasis revolve around the activation
and release of cytokines by keratinocytes following injury, Langerhans cell-T
lymphocyte interactions or the action of killer T lymphocytes.

The peripheral

nervous system, neuropeptides and nerve growth factor may be involved (reviewed
by Raychaudhuri and Raychaudhuri, 2004).
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1.2.2.2 Psoriatic arthritis
Psoriatic arthritis is an inflammatory arthritis associated with psoriasis (reviewed by
Gladman, 2004). The disease is distinct from RA in a number of ways and it may or
may not include symmetrical joint involvement.

In cases with polyarticular

involvement (>5 joints) psoriatic arthritis is often symmetrical (Helliwell et al.,
2000). Like psoriasis, psoriatic arthritis affects men and women equally and like
RA, the average age of onset is during the fourth to sixth decades of life. In the
clinic both aspects of the disease are treated independently as appropriate.

1.2.2.3 Osteoarthritis
Osteoarthritis is a form of degenerative joint disease affecting synovial joints.
Changes occur in the hyaline cartilage that cap the bone ends resulting in progressive
damage and sclerotic outgrowths of bone. The most frequently affected joints are
those of the hands, feet or hips and there is symmetry of joint involvement (Niu et
al., 2003). Clinically, osteoarthritis affects women more than men (ratio 3:1) and has
an autosomal dominant pattern of inheritance. Osteoarthritis is highly characteristic
in middle aged women and affects the terminal interphalangeal joints of the fingers.
Biomechanical factors are significant in the development of the disease (reviewed by
Shakoor and Moisio, 2004).

Secondary osteoarthritis is a degenerative process

triggered by abnormal stress such as a fracture. Pain is associated with the
collagenous structures and to some extent crystal synovitis osteoarthritis. Treatment
includes use of walking aids and physiotherapy. Pharmacologically, NSAIDs, but
not systemic corticosteroids or DMARDs, are prescribed .

1.2.2.4 Sympathetic ophthalmia
Sympathetic ophthalmia is a rare, bilateral granulomatous panuveitis that occurs
from days to years after a penetrating eye injury (Easty and Sparrow, 1999).
Histopathologically it appears as a diffuse choroidal thickening associated with
lymphocytic infiltration and collections of epitheloid cells. This can be prevented by
enucleation of the traumatised eye.

It appears therefore, that factors in the

traumatised eye influence the initiation and progression of the disease in the
sympathising (contralateral) eye. Again this illustrates the hypothesis - damage to
11
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one eye stimulates a response in the other eye to ensures that an organism is not left
unable to see. As with RA and similar chronic inflammatory diseases, this distant
response does not resolve, instead it becomes a chronic destructive inflammation.
There are a number of possible explanations for the involvement of the second,
uninjured eye. There may be hidden antigens that are exposed at the time of trauma
that trigger an autoimmune reaction, or a mechanism involving bilateral innervation
and a mirror-image neurogenic inflammation similar to that proposed for RA. In the
rat, neuropeptide containing neurons are distributed throughout the eye (Selbach et
al. 2005).

1.3

Contralateral responses to unilateral stimuli

The previous sections have introduced the concept o f bilateral, topographically
precise, inflammatory responses and symmetry in inflammatory disease. There are a
multitude of examples of an organism responding bilaterally to a unilateral stimulus
under experimental conditions. These models can be used to investigate the possible
involvement of the peripheral nervous system in symmetry and mirror-imaging.

It is clear that contralateral responses to unilateral stimuli are not unique occurrences.
They are not restricted to one laboratory, are not species specific, arise following a
variety of stimuli, occur in both chronic and acute situations and cover a diverse
array of outcomes. Examples of contralateral responses to neuropathy or axotomy
are well established in the literature (reviewed by Koltzenburg et al., 1999a) and in
light of this, some authors highlight the inappropriateness of using the contralateral
limb as an experimental control (Souyri and Bourre, 1989; Hanesch et al., 2004).

12
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1.3.1

Characteristics of contralateral responses

1.3.1.1 Stimulus specificity
A contralateral response appears to be stimulus specific.

A proinflammatory

unilateral stimulus such as complete Freund’s adjuvant causes inflammation on the
opposing side (Donaldson et al., 1995; Decaris et al., 1999); structural changes such
as sectioning the ipsilateral nerve cause sprouting o f the contralateral nerve (Chung
et al., 1993); noxious neurogenic stimuli alter the thermal sensitivity (Chen et al.,
2000 ) and ipsilateral anti-inflammatory stimuli have a anti-inflammatory effect

contralaterally (Lechman et al., 1999; Bileviciute-Ljungar and Lundeberg, 2000;
Bileviciute-Ljungar and Spetea, 2001).

1.3.1.2 Intensity of stimulus
Contralateral responses only become apparent once a specific threshold is met.
Levine (1985a) detected contralateral inflammatory responses after repeated, but not
single saline injection in the rat hindpaw. The occurrence of contralateral responses
during CFA-induced monoarthritis is dose dependent (Donaldson et al., 1993).
During unilateral inflammation, doses of CFA that alone do not produce contralateral
responses will do so if administered with SP (Lam et al., 2004).

Intraplantar

injection of calcitonin gene-related peptide (CGRP) produces dose-dependent
contralateral hindpaw oedema (Bileviciute et al., 1998). Contralateral responses to
carrageenan-induced unilateral inflammation in the rat hindpaw also appear dose
dependent. Injection of a 1% solution (lOOpl) gives rise to changes in nociceptive
thresholds to mechanical and thermal stimulation; nociceptive changes and increased
CGRP-immunoreactivity (-IR) in the perfusate occur after injection o f 2%
carrageenan (50pl) and changes in enzyme histochemistry in the dorsal horn are seen
with 3% (200pl) (Solodkin et al., 1992; Yu et al., 1996; Bileviciute-Ljungar and
Lundeberg, 2000; Bileviciute-Ljungar and Spetea 2001). Changes seen with 3% may
not be solely restricted to the contralateral region (Solodkin et al., 1992).

This

demonstrates a window of opportunity before a systemic response develops and
supports the dose-dependency of the phenomenon.
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1.3.1.3 Distance and temporal delay
Structural changes in the contralateral nerve, such as sprouting or the occurrence of
immunoreactive endplates following ipsilateral nerve injury, occur at times that
reflect the distance of the original injury from the spinal cord (Rotshenker and Tal,
1985; Hughes and Smith, 1989; Scott et al., 2000). This is true for both motor and
sensory neurons. A similar scenario could occur following a unilateral inflammatory
stimulus.

During unilateral CFA-induced arthritis, growth activating protein-43

(GAP-43) mRNA and epidermal GAP-43 protein expression increase in the
ipsilateral dorsal root ganglion (DRG) from 6 hours and 48 hours respectively;
contralaterally the same increases are seen but from 48 hours and 5 days (Leslie et
al., 1995). This is not the case for SP; the number of DRG cells expressing its
precursor pre-pro-tachykinin (PPT) mRNA is elevated bilaterally from 6 hours.

The majority of contralateral peripheral changes are transient in nature compared to
the original ipsilateral response (Donaldson et al., 1995; Kidd et al., 1995;
Dumitrescu et al., 2004) although contralateral changes in neuropeptide-IR in
synovial fluid followed a comparable time course to ipsilateral changes.
Interestingly, these peripheral changes occurred rapidly (within 2 hours) (Bileviciute
et al., 1993). This could suggest the contralateral response was due to an electrical
signal and mediation by factors already present in the periphery. In the acute stages
of CFA-induced monoarthritis, bilateral increases in hindpaw TNFa were detected at
all time points (Woolf et al., 1997). Contralateral alterations in hindpaw withdrawal
latencies to noxious stimuli do not appear to be temporally different from ipsilateral
responses during unilateral inflammation (Yu et al., 1996; Bileviciute-Ljungar and
Lundeberg,

2000;

Bileviciute-Ljungar

and

Spetea

2001).

This

suggests

communication by an electrical signal and sensitisation of the neuron. It is difficult
to draw conclusions regarding the temporal nature of contralateral responses as not
all experiments are designed to examine the time course of events in great detail.

1.3.1.4 Magnitude
Characteristically, the contralateral response is diminished in magnitude compared to
the original ipsilateral response (Inflammatory stimuli: Mapp et al., 1993; Kidd et
al., 1995; Rees et al., 1996; Yu et al., 1996, 1998; Kontinen et al., 1997; W oolf et
14
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al., 1997; Meyer et al., 2000; Gouze-Decaris et al., 2001; Abd El-Aleem et al., 2004;
Dumitrescu et al., 2004. Nerve injury: Booth and Brown, 1993; Chung et al., 1993;
Eckert et al., 1999; Kingery et al., 2003. Noxious stimulus: Chen et al., 2000).
However, this is not always the case.

Following intraplantar injection o f the

neurotrophin nerve growth factor (NGF) in the rat hindpaw, Amann’s group (1996)
found comparable bilateral increases in PPT and CGRP mRNA expression in the
DRG, and in sciatic nerve CGRP-IR and SP-ER.
contralateral

increases

in

neuropeptide

FF

Similarly, ipsilateral and

binding

during

CFA-induced

monoarthritis were of comparable magnitude; in addition these changes followed the
same time course (Lombard et al., 1999). Intraplantar injection of 3% carrageenan
produced a bilateral increase in NADPH-diaphosphorase histochemical staining in
laminae I-III of the lumbar (L* and L5) regions of the dorsal horn; again, the
magnitude of the increase was the same ipsilaterally and contralaterally (Solodkin et
al., 1992). Bileviciute et al. (1993) measured rat synovial fluid neuropeptide-IR
following induction of inflammation by a number of different stimuli and found little
difference between ipsilateral and contralateral results.

Unilateral inflammation-

induced bilateral cartilage anabolism occurs to the same degree ipsilaterally and
contralaterally during hindpaw inflammation, but appears to be of greater magnitude
on the contralateral side during articular inflammation (Gouze-Decaris et al., 2001).
Conversely, cartilage anabolism is greater on the ipsilateral side following sciatic
nerve transaction (Kingery et al., 2003).

1.3.2

Contralateral responses to inflammatory stimuli

As mentioned, contralateral responses occur following a wide variety of stimuli
including noxious, inflammatory or electrical stimulation or structural changes. In
light of the symmetry seen in numerous inflammatory conditions it is o f interest to
note that contralateral responses occur in a number of different experimental animal
models of unilateral inflammation of both acute (carrageenan-, neuropeptideinduced) and chronic (CFA-induced monoarthritis, antigen-induced arthritis)
duration.

Contralateral responses to different ipsilateral inflammatory stimuli are

listed in table 1.2 .
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Table 1.2 Examples
Inflammatory
condition/stimulus
CFA-induced
arthritis

(Incomplete FA)
Antigen-induced
arthritis

Foreign bodyinduced
inflammation
(Latex spheres)

P h D T h e s is

of contralateral responses during unilateral inflammation.
Contralateral response
Reference
t PPT mRNA (6 hours) and GAP-43
mRNA (48 hours) in L4 & L5 DRG
f GAP-43-IR in epidermis (day 5)
| opioid p and 5 binding sites in L4 (2
weeks)
| 5 binding sites in L4 and C 7 (6 weeks)
I k binding sites in L4 (4 weeks)
t SS mRNA in DRG (24 hours)
f in synovial fluid SP-, NKA-, CGRP-IR
(from 2 hours) and NPY-IR (from 6
hours)
I in cartilage anabolism (6-72 hours)
t expression of IL-ip mRNA in
synovium
| in joint circumference (day 14)
t in histological features o f inflammation
t in PPT and CGRP mRNA in L5 DRG
t in hindpaw TNFa content (6 hours,
peak at 24 hours)
I in I-SP binding in L4 dorsal horn at 6
hours
| in 125I-SP binding in L4 dorsal horn and
in NKi receptor affinity at 2 days
t in neuropeptide FF-binding in L4 /L 5 at
24 hours and 15 days, returned to control
at 4 weeks
Thermal hyperalgesia (day 3-5)
t in dorsal root reflex activity (day 3-5)
| in area o f CGRP-IR and SP-IR nerves
in L4 dorsal horn (day 3)
t in CGRP-IR cells in L4 DRG (day 3)
Not see chronic inflammation (day 28)associated I in SP-IR in L4 DRG or
dorsal horn
| in SP- and BK-binding sites in L]-Ls
DRG (days 1-3)
Slight mechanical hyperalgesia (days 19)
Accumulation of labelled macrophages
(day 7 - mice)
Loss of articular cartilage (day 80)
Mononuclear cell infiltration (day 80)
I BK-induced PPE (day 3 & 5); | day 10
t in intimal layer depth and mean cell
count (day 3)
TDRG SP-IR (day 3), j (day 21)

Leslie et al.. 1995

Besse et al., 1992

Abd El-Aleem et
al., 2005
Bileviciute et al.,
1993
Decaris et al.,
1999, GouzeDecaris et al.,2001
Donaldson et al.,
1995
Woolf e ta l, 1997
Stuckye/tf/., 1993

Lombard et al.,
1999
Rees et al., 1996
Mapp et al., 1993

Segond von
Banchet et al.,
2000
Hanesch et al.,
2004
Mayer et al., 2000
Kidd etal., 1995
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Lipopolysaccharide

Carrageenan

Trend for f bone loss
f in osteoclast activation (day 10)
inflammatory infiltrate (day 10)
t CGRP-IR in mandible
t PPT and ppCGRP mRNA in
mandibular division o f trigeminal
ganglia (day 10)
t density of NADPH-d associated
staining in L4 and L 5 (6 hours)
Neuropeptide FF-IR cells in laminae I, II
and III of L3-L6 (2 hours) and Si of
dorsal horn
Thermal and mechanical hyperalgesia
(6 hours)

Dumitrescu et al.,
2004
Abd El-Aleem et
al., 2004

Solodkin et al.,
1992
Kontinen et al.,
1997
Bileviciute-Ljungar
and Lundeberg,
2000; BileviciuteLjungar and Spetea
2001

Nerve growth
factor

Neuropeptide (SP,
CGRP)

T synovial fluid SP-, CGRP-, and NPYIR (2 hours)
f in NKA-IR (24 hours)
Thermal and mechanical hyperalgesia
(3 hours)
| CGRP-IR in hindpaw perfusate
(24 hours)
f in % of L5 cells expressing ppCGRP
and PPT mRNA (24 hours)
f in sciatic nerve CGRP-IR and SP-IR
(24 hours)
f in synovial fluid SP-IR (from 2 hours)
and in CGRP- and NPY-IR (from 6
hours)
Oedema (5 hours)
f in hindpaw perfusate CGRP-IR (4 and
5 hours)
I in cartilage anabolism (6-72 hours)
f expression of IL -lp mRNA in
synovium
| in synovial fluid SP-, NKA-, CGRPand NPY-IR (from 2 hours)
f in synovial fluid NKA- and CGRP-IR

Bileviciute et al.,
1993
Yu et al., 1996,
1998

Amann et al., 1996

Bileviciute et al.,
1993
Bileviciute et al.,
1998
Decaris er #/., 1999

Bileviciute et al.,
1993
Bileviciute et al.,
Histamine
1997
t = Increase compared to control; j = Decrease compared to control; % =
Percentage; BK = Bradykinin; CFA = Complete Freund’s Adjuvant; CGRP =
Calcitonin gene-related peptide; DRG = Dorsal root ganglion; GAP-43 = Growth
associated protein-43; IL-lp = Interleukin-1beta; IR = Immunoreactivity; mRNA =
Messenger ribonucleic acid; NGF = Nerve growth factor; NKA = Neurokinin A;
NPY = Neuropeptide Y; ppCGRP = PreproCGRP; PPT = Preprotachykinin; SP =
Substance P; SS = Somatostatin; TNFa = Tumour necrosis factor-alpha.___________
Interleukin-1
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It is clear to see that there are a wide range of responses on the contralateral side
during unilateral ipsilateral inflammation. The changes are predominantly mirrorimages of the original ipsilateral response and reflect the inflammatory nature o f the
response.

The changes that occur within the peripheral nervous system include

upregulation of neuropeptide gene expression (Donaldson et al., 1995; Leslie et al.,
1995; Amann et a l, 1996; Abd El-Aleem et al., 2004, 2005), changes to receptor
binding sites (Besse et al., 1992; Stucky et al., 1993; Lombard et al., 1999; Segond
von Banchet et al., 2000), increased neuropeptide-IR (Mapp et al., 1993; Kidd et al.,
1995), altered neuronal activity (Rees et al., 1996) and sensitisation as indicated by
the development of hyperalgesia to thermal and mechanical stimuli (Rees et al.,
1996; Yu et al., 1996, 1998; Segond von Banchet et al., 2000; Bileviciute-Ljungar
and Lundeberg, 2000; Bileviciute-Ljungar and Spetea, 2001). Peripheral changes
contralateral to the original stimulus include altered neuropeptide-IR (Bileviciute et
al., 1993, 1997, 1998; Leslie et al., 1995; Dumitrescu et al., 2004) and altered
cytokine expression (Woolf et al., 1997; Decaris et al., 1999, Gouze-Decaris et al.,
2001).

Changes characteristic of the development of an inflammatory response

include oedema (Bileviciute et al., 1998), cartilage and bone loss (Decaris et al.,
1999, Gouze-Decaris et al., 2001; Dumitrescu et al., 2004), cellular infiltration (Kidd
et al., 1995; Mayer et al., 2000; Dumitrescu et al., 2004; Hanesch et al., 2004) and
altered vascular responses (Kidd et al., 1995).

It is difficult to discern a specific timeline regarding the appearance o f contralateral
responses during unilateral inflammation. As mentioned, this is partly because that
was not always the primary aim of the original experiment. Neuropeptide mRNA
expression is increased in the DRG from as early as 6 hours after induction of
inflammation (Leslie et al., 1995). As well as in the initial stages of inflammation,
elevated levels of neuropeptide gene expression are detected in more chronic stages
of inflammation (Donaldson et al., 1995).

Contralateral thermal and mechanical

hyperalgesia develop rapidly and are likely to be due to signals from higher centres
in the central nervous system (CNS) and descending pathways that modulate pain
(Yu et al., 1996, 1998). A widespread increase in thermal and mechanical sensitivity
is reflected in the development of secondary hyperalgesia at sites distant to the
original stimulus (Kissin et al., 1998; Radhakrishnan et al., 2003). Rees et al. (1996)
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demonstrated that the occurrence of thermal and mechanical hyperalgesia was
associated with an increase in dorsal root reflex activity.

Some contralateral peripheral responses occur rapidly.

Bileviciute (1993, 1997,

1998) detected increased neuropeptide-IR from 2 hours after the original ipsilateral
stimulus was given. Decaris (1999) found contralateral changes in synovial IL-1J3
mRNA and cartilage anabolism from 6 hours. Altered neuropeptide content in the
periphery is harder to determine due to release into the surrounding tissues, as well as
the presence of degrading enzymes. Several authors report increases in peripheral
neuropeptide-IR at least 24 hours after the original stimulus, this increase perhaps
reflecting replenishment of the nerve terminals (Donnerer et al., 1996; Dumitrescu et
al., 2004). Histological signs of inflammation in the contralateral region have been
reported from day 3 (Kidd et al., 1995; Meyer et al., 2000; Dumitrescu et al., 2004;
Hansch et al., 2004).

1.3.3

Topography of contralateral responses to inflammatory stimuli

The topography of symmetrical joint involvement associated with inflammatory
diseases (i.e. a response develops only in the directly opposing limb and not in other
neighbouring limbs) is also seen experimentally. However, not all researchers have
carried out comparisons to other distant joints. Hence, it is difficult to ascertain the
true symmetry of the contralateral response. What evidence there is allows some
conclusions to be drawn. Topographically precise contralateral responses that occur
without measurable changes in neighbouring regions

are most frequently

documented in association with structural changes to the ipsilateral nerve such as
ligation or axotomy (e.g. Chung et al., 1993; Eckert et al., 1999; Kingery et al.,
2003; Oaklander and Brown, 2004).

With regard to distant responses to unilateral inflammation, a topographically precise
contralateral location has been documented following a variety of stimuli and at
different stages of the inflammatory response (e.g. Leslie et al., 1995; Amann et al.,
1996; Kontinen et al., 1997; Mayer et al., 2000; Schicho et al., 1999a). During a
foreign body-induced unilateral inflammation of the rat knee, increased intimal layer
depth and cell count were see in the contralateral knee but not in the ankle or hip
19

E m m a M R o b e rts

P h D T h e s is

joint. When the model was repeated with injection into the ankle joint there were no
changes in the knees (Kidd et al., 1995). NGF-induced neuropeptide replenishment
was seen bilaterally in the lumbar dorsal horn region and the sciatic nerve, but not in
distant sites (brachial nerves, trigeminal nerve or urinary bladder), following
injection of NGF into the hindpaw even though capsaicin had been used to deplete
all peripheral sensory nerve fibres (Donnerer et al., 1996). During the acute stages of
CFA-induced monoarthritis, bilateral alterations in receptor binding sites occurred
only in the lumbar DRGs corresponding to the injected region and not in any cervical
DRGs (Lombard et al., 1999; Segond von Banchet et al., 2000). Similarly, following
injection of lipopolysaccharide (LPS) adjacent to the second right mandibular molar,
neuropeptide mRNA increased only in the mandibular division of the trigeminal
ganglia and histological inflammatory changes, including bone loss, occurred only at
the topographically opposite site (Abd El-Aleem et al., 2004; Dumitrescu et al.,
2004).

These topographically precise symmetrical responses reflect the symmetry of the
peripheral nervous system. The symmetrical presentation associated with RA is part
of the evidence for the involvement of the nervous system in the disease (Levine et
al., 1985b; Kidd et al., 1989). Experimentally, the precise symmetry of bilateral
inflammation following a unilateral stimulus is indicative of a mechanism which
involves communication between the left and right sides of the spinal cord.

1.3.4

Contralateral responses to neuropathy or axotomy

Contralateral responses following structural changes to a nerve have been
extensively reported.

This phenomenon was comprehensively reviewed by

Kotzenburg et al. (1999a) who concluded that in relation to motor or sensory nerve
injury, there was evidence of connections between the two sides of the dorsal horn,
and that the primary afferent neurons had input into bilateral regions of the dorsal
hom.

Contralateral responses to axotomy tend to reflect the modality of the original insult
and subsequent regeneration/sprouting o f the ipsilateral neuron (Rotshenker and Tal,
1985; Chung et al., 1993; McLachlan et al., 1993). Oaklander and Brown (2004)
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saw a bilateral loss of epidermal nerve fibres following axotomy of the tibial nerve,
the contralateral response was delayed by 7 days and was diminished in magnitude
compared to the ipsilateral loss of nerve fibres which was evident from day 1. This
distant response was restricted only to the homologous contralateral nerve; fibres
were not lost from adjacent skin or from contralateral paw skin innervated by the
sural nerve. Another feature of contralateral response to axotomy is increased GAP43 concentration in the DRG (Booth and Brown, 1993; Chung et al., 1993).

1.3.5

Peripheral

sensory

nerve

fibres

and

contralateral

responses

to

inflammatory stimuli
Nerve fibres originating in the DRG (A 8 - and C-fibres (see section 2.1.1 page 26)
exhibit electrical activity following a neurogenic stimulus (Lin et al., 2000).
Specifically, Chahl and Ladd (1976) demonstrated a contralateral increase in
electrical activity of the A 8 - and C-fibres following a unilateral stimulus, suggesting
the existence of neuronal circuits between corresponding DRGs. Bilateral changes
occur in the DRG following unilateral inflammation (Donaldson et al., 1995; Rees et
al., 1996). The frequency of dorsal root reflexes is increased bilaterally during CFAinduced monoarthritis.
ipsilateral

or

The contralateral response is significantly attenuated by

contralateral

capsaicin-induced

nerve

lesion,

indicating

that

inflammation-induced dorsal root reflexes spread via capsaicin-sensitive neurons to
the contralateral side (Rees et al., 1996).

Similarly, Scott’s group (2000)

demonstrated that capsaicin-sensitive nerve fibres are involved in transneuronal
effects between sensory nerves.

Peripheral denervation, axotomy, capsaicin

desensitisation and application of local anaesthetic have repeatedly been shown to
diminish/abolish the contralateral response to unilateral injury (Levine et al., 1985a;
Coderre and Melzack, 1987; Donaldson et al., 1995; Kidd et al., 1995; Kurvers et al.,
1996; Rees et al., 1996; Decaris et al., 1999; Scott et al., 2000; Bileviciute-Ljungar
and Lundeberg, 2000; Bileviciute-Ljungar and Spetea 2001; Gouze-Decaris et al.,
2001). Spinal cord compression does not affect ipsilateral inflammation but it has
been shown to inhibit contralateral responses to a unilateral inflammatory stimulus
(Decaris et al., 1999; Gouze-Decaris et al., 2001). So, although spinal circuits are
not involved in unilateral (neurogenic) inflammation, they appear to be important in
the generation of a contralateral response. Similarly, sympathectomy or treatment
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with a glutamate (NMDA) receptor antagonist will prevent the development of
contralateral responses to an ipsilateral inflammatory stimuli (Gouze-Decaris et al.,
2001).

Anatomically, nerve fibres with their cell bodies on one side o f the spinal cord
project to the contralateral side (Szenthagothai, 1964; Light and Perl, 1979;
Culberson et al., 1979). Motor neurones from the rat medial gastrocnemius muscle
have bilateral projections into the L5 level o f the dorsal horn (laminae IV-VII and X)
(Rotto-Percelay et al., 1992).

During unilateral rat ankle joint inflammation the

number of neurons in spinal segments L4-L6 with contralateral excitatory inputs
increases (Grubb et al., 1993). Fitzgerald (1983) suggested that intemeurons within
the substantia gelatinosa influence dorsal horn cells contralateral to a unilateral
stimulus such as electrical stimulation of the sciatic nerve.

Interestingly, Bileviciute-Ljungar and Lundeberg (2000) carried out extensive
experiments using the carrageenan-induced acute inflammation of the rat hindpaw
model to look at the role played by peripheral sensory nerve fibres in the
development of the inflammatory response and subsequent hyperalgesia. They saw
attenuation of the ipsilateral inflammation following contralateral administration of
local anaesthetic. This was not a systemic effect, it was dose related and it could be
reduced by ligation of the contralateral sciatic nerve or intrathecal saline injection to
disrupt the spinal cord. Again, these findings support the involvement of a signal
mediated via the peripheral nervous system acting as a single circuit.

Perineural capsaicin lesion of the ipsilateral or contralateral nerve during
monoarthritis of the rat hindpaw prevents the development of contralateral
inflammation (joint swelling, histological appearance) and the arthritis-associated
increase in PPT and CGRP mRNA in the contralateral DRG (Donaldson et al.,
1995). Significantly, neuropeptide mRNA expression appeared to be reduced in the
ipsilateral DRG after the contralateral nerve was lesioned. These findings emphasise
the role of the peripheral sensory nerve fibres, in particular capsaicin-sensitive
neurons, and neurogenically mediated inflammation in the development of
contralateral responses. Not only that, but they provide evidence of communication
between the two halves of the dorsal horn.
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1.3.6

Neuropeptides, nerve growth factor and contralateral responses

Numerous groups have demonstrated contralateral increases in neuropeptide
synthesis in the DRG, or altered neuropeptide content in nerves or innervated tissue
during a unilateral inflammation (see table 1.2).

In the periphery neuropeptides

mediate neurogenic inflammation (NI) and chapter 2 discusses their proinflammatory effects on endothelial cells, infiltrating inflammatory cells and the
peripheral sensory nerve fibres. Although the precise characteristics and attributes of
contralateral responses are still under investigation, present knowledge suggests that
the contralateral response may be the result of transport to the periphery and
subsequent release of neuropeptides. This is indicated by the delay seen between the
original ipsilateral stimulus and subsequent inflammatory response (Donaldson et al.,
1995; Kidd et al., 1995; Meyer et al., 2000; Dumitrescu et al., 2004). Increased
neuropeptide mRNA expression in the DRG is in keeping with increased transport to
the periphery (Leslie et al., 1995; Amann et al., 1996; Abd El-Aleem et al., 2004).
Although bilateral increases in neuropeptide-IR were seen in joint perfusate
following a unilateral inflammatory stimulus, increases were not seen in the plasma
(Bileviciute et al., 1994). This reinforces the idea of a neurogenic, rather than a
humoral mechanism. This group also reported similar changes in neuropeptide-IR in
the cerebrospinal fluid, confirming the involvement of higher centres in the
development of contralateral responses.

It follows that a signal transported orthodromically from the periphery to the DRG
and dorsal hom may then be communicated to the homologous mirror-image region,
from there a similar signal would travel antidromically along the contralateral neuron
to its terminals in the periphery. Subsequent neuropeptide release could initiate a
local, contralateral inflammation. Reports of contralateral increases in neuropeptideIR from 2 hours after ipsilateral stimulation (Bileviciute et al., 1993, 1997) seem to
support this theory and, in addition, infer that the signal is transmitted very rapidly
and hence could be electrical in nature.

Contralateral thermal and mechanical

hyperalgesia are apparent soon after ipsilateral inflammation is stimulated (Yu et al.,
1996, 1998), again indicating the possible involvement of the conductive properties
of the peripheral sensory nerve fibres. This rapid transmission/transport o f a signal is
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in accordance with the need for a quick protective contralateral response as described
in the hypothesis.

Contralateral changes following axotomy or ligation appear to be dependent on the
distance of the insult from the spinal cord, this suggests that any signal involved may
be a trophic factor rather than an electrical signal. NGF is involved in the regulation
o f neuropeptide synthesis and axonal development (see section 2.3). NGF content is
elevated in inflamed tissue.

Unilateral injection of exogenous NGF bilaterally

increases the number of DRG cells expressing neuropeptide mRNA and increases
SP- and CGRP-IR in the ipsilateral and contralateral sciatic nerve (Amann et al.,
1996). These changes are significant compared to control at 24 hours and occur only
in the DRG and nerves relating to the original injection site. Similarly, NGF can
restore mRNA and peptide levels in the corresponding homologous DRGs,
innervating nerves and peripheral tissue following capsaicin-induced axonopathy
(Donnerer et al., 1996; Schicho et al., 1999a; Schicho and Donnerer, 1999). These
changes are apparent from 2 days after NGF administration. NGF-induced changes
in neuropeptide expression and synthesis are comparable to those seen following an
inflammatory stimulus.

Changes in peptide binding profiles and receptor expression in the DRG are also
indicative of more permanent changes within the peripheral nervous system. NGF
induces phenotypic switch in some populations of neurons. Some authors speculate
the involvement of excitatory amino acid pathways including glutamate and 5hydroxytryptamine (5-HT), or sympathetic fibres in the development of contralateral
responses (Bileviciute et al., 1998; Gouze-Decaris et al., 2001).

1.3.7

Summary

This

chapter has

discussed

symmetrical

inflammation,

the

occurrence

in

experimental models of contralateral phenomena and possible mechanisms for these.
Structural contralateral changes following axotomy or ligation appear to involve
axonal transport along homologous neurons, whereas changes in thermal and
mechanical thresholds appear to be mediated by electrical signals. The incidence of
contralateral responses to inflammatory stimuli has been discussed.
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CHAPTER 2 - Introduction: The Peripheral Nervous
System and the Vascular Endothelium.

2.1

The peripheral nervous system and neurogenic inflammation.

The peripheral nervous system is implicated in the pathogenesis of the conditions
described in chapter 1, and in particular in their symmetry. This chapter discusses
the peripheral sensory nervous system and neurogenic inflammation (NI) as possible
mediators of mirror-image responses and symmetry.

The pathophysiology of

symmetry and mirror-imaging is not fully known, but it is thought to be due to
projections of nerve fibres that originate in the DRG passing to the contralateral side
of the spinal cord (reviewed by Koltzenberg et al., 1999a).
neuropeptides

are

capable

of

initiating

and

Peripherally-stored

propagating

inflammation.

Experimentally elicited NI provides a model to study these processes.

NI is

characterised by local vasodilatation and plasma protein exudation (PPE).
Additionally, there may be leukocyte accumulation and algesic changes such as
hypersensitivity and allodynia due to central sensitisation (Smith et al., 1993; Hood
et al., 2001; Nissalo et al., 2002).

Capsaicin, mustard oil and carrageenan are used experimentally to stimulate NI.
Lam and Ferrell (1989a) demonstrated that carrageenan-induced inflammation can be
inhibited with the SP antagonist d-Pro4, d-Trp7,9,10-SP(4-l 1), denervation or pre
treatment with capsaicin.

This showed that locally released SP mediates NI by

interaction with a specific receptor (see 2.2.2 page 37). Capsaicin administered at
higher concentrations than used to induce NI, or following repeated application, will
deplete and destroy the C-fibre terminals and denervate the area (Mapp et al., 1996;
Nolano et al., 1999). Electrical stimulation provides direct neurogenically mediated
inflammation that is dependent on unmyelinated sensory nerves (Szolcsanyi, 1988).
Other models utilise thermal or mechanical stimuli and the specific properties o f the
capsaicin receptor on the peripheral sensory nerve fibres (Andrews and Helme,
1987).

25

E m m a M R o b e rts

P h D T h e s is

It is hypothesised that the development of contralateral inflammation is a
physiologically protective response against further injury (Mapp et al., 1993; Kidd et
al., 1995). If this is so, then targeting these neurological pathways may prove to be
clinically beneficial in early RA and psoriasis. Contralateral responses also call into
question the validity of experiments that use a contralateral limb as an internal
control.

2.1.1

Peripheral sensory nerve fibres

The peripheral sensory nerve fibres are classified according to their function, size
and conduction velocity. The myelinated fast-conducting type Aa, A0, Ay and type
B fibres are proprioceptors; the thinly myelinated type AS (also known as group III)
fibres and the unmyelinated slowly-conducting C-fibres (group IV) are nociceptors
(Nissalo et al., 2002). Peripheral sensory nerve fibre cell bodies are in the DRG;
from here axons run to the dorsal hom of the spinal cord and to the periphery where
the nerve endings act as proprioceptors or nociceptors (see figure 2.1). In the dorsal
hom the C-fibres terminate in laminae I and II, the nociceptive AS fibres in laminae I
and V and the mechanoreceptive AS fibres in laminae III and IV (Ganong, 1997).

D orsal R oot
Sensory neurons

Dorsal root ganglia

Laminae I

D orsal horn
IV
VI ^

CD

Gray matter

Ventral horn
White matter

Ventral R oot
Motor neurons
Figure 2.1 Representation of the spinal cord, dorsal and ventral homs and dorsal root
ganglia.
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A5 fibres but not C-fibres bind anti-neurofilament antibodies. Most, but not all, Cfibres express the capsaicin receptor ‘transient receptor potential vanilloid-1 ’
(TRPV1) (Michael and Priestley, 1999) and can be divided into subsets according to
their nociceptive properties - polymodal nociceptors respond to mechanical, thermal,
chemical and inflammatory stimuli such as bradykinin (BK), 5-HT, histamine,
protons (H+) and prostaglandin E2 (PGE2); monomodal fibres respond to only one
type of stimuli. C-fibres are divided into two groups based on their content and
regulation. Peptidergic C-fibres contain vasoactive neuropeptides such as SP and
CGRP, they rely on the trophic factor NGF and express its high affinity receptor
TrkA. Non-peptidergic C-fibres do not contain SP or CGRP, they express binding
sites for isolectin B4 (IB4) and are regulated by the trophic factor glial cell-derived
neurotrophic factor (Bennett et al., 1996).

2.1.2

Sensory innervation of the rat paw

The rat hindpaw is innervated by the sciatic nerve and the saphenous nerve (see
figure 2.2). The plantar skin is innervated by the tibial nerve which is a component
of the sciatic nerve (Kurvers et al., 1996).

In rat skin approximately 14% of

peripheral sensory nerve fibres express TrkA and 70% IB4 binding sites while 37%
of peripheral sensory nerve fibres innervating the footpad express TrkA. As such
this provides a good model to look at the possible involvement of nociceptive Cfibres in symmetry (Lu et al., 2001). There are no D34-binding neurons in the rat
knee joint, the majority of TrkA positive neurons in the rat knee joint are CGRP-IR,
fewer are SP-IR (33% compared to 10%) (Salo and Theriault, 1997; Ivanavicius et
al., 2004). The cell bodies of the rat sciatic nerve fibres are found in the DRGs
corresponding to lumbar regions 4 and 5 (L4 and L5) of the spinal cord, those of the
saphenous nerve are found from L2 to the L3-4 boundary (Swett and Woolf, 1985).
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Figure 2.2 Drawing illustrates the saphenous (striped) and sciatic (white) regions
o f innervation of the rat hindpaw (Tal and Bennett, 1994).

2.1.3

Peripheral sensory nerve Fibres and neurogenic inflammation

The efferent function of sensory nerve fibres and their ability to elicit NI was first
documented in 1967 (Jansco et al., 1967). Antidromic electrical stimulation o f the
trigeminal and saphenous nerves o f the rat gave rise to an inflammation as indicated
by the production of flare and oedema. Denervation or desensitisation with capsaicin
prevented the response - proof that the inflammation was dependent on the nerves.
Since then neurogenic responses have been further characterised. Neurogenicallymediated responses can be elicited by a variety o f stimuli including antidromic
stimulation of the fibre, local inflammatory or noxious stimulation, and thermal or
mechanical stimulation. These correspond to the properties of nociceptive peripheral
sensory nerve fibres (TRPV1 - see section 2.1.4.3 page 33). Some examples o f NI
can be found in table 2.1, page 29.
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Table 2.1 Examples of neurogenic inflammation
Electrical (antidromic) stimulation
Species Ipsilateral response
Nerve stimulated
Saphenous nerve
rat
Reddening of the skin area
supplied by the nerve
Increased PPE
Trigeminal nerve
rat
Increased permeability
Trigeminal nerve

rat

Oedema

Sciatic nerve

rat

Oedema of paw skin, increased
concentration o f SP

Posterior articular nerve

cat

PPE into synovial cavity

Saphenous nerve

rat

Oedema

Transcutaneous
stimulation of the arm
Inflammatory stimuli
Region
Right
footpad
monoarthritis
(intraplantar injection of
0.1ml lOmg/ml M.tb)

human

Erythema, release of SP and
CGRP

Species
guinea
Pig

rat

Ipsilateral response
Reduction in mechanical
nociceptive threshold; increase
in footpad diameter;
macrophage and T-cell
infiltrate, bone erosions and
cartilage damage.
PPE into synovial cavity

rat

PPE into synovial cavity

Species
rat

Ipsilateral response
Increased permeability and
extravasation from blood
vessels in stimulated area.

Reference
Jansco et al.,
1967
Jansco et al.,
1967
Baraniuk et
a l, 1990
Yonehara &
Yoshimura,
2001

Intra-articular SP (right
knee joint, 20 pg in
0 .2 ml)
Intra-articular
carrageenan (right knee
joint, 2 %)
Chemical Stimuli
Region
Capsaicin (1 mg/ml);
mustard oil (5%);
co-chloacetophenone
(2 %, topical)
Capsaicin, volar forearm
( 1%, 0 . 1ml i.d.)

Ferrell and
Russell, 1986
Chahl and
Ladd, 1976
Sauerstein et
a l, 2000
Reference
Hood et a l,
2001

Lam and
Ferrell,
1989b
Lam and
Ferrell,
1989a
Reference
Jansco et al.,
1967

human

Pain, vocalisation, increased
Haigh et a l,
2002
skin temperature, flare,
vasodilatation, hypersensitivity
and allodynia
Topical capsaicin to the rat
PPE that can be prevented with Yoshimura et
hindpaw
a SP antagonist
al., 2000
CGRP = Calcitonin gene-related protein; i.d. = Intradermal; M.tb = Mycobacterium
tuberculosis', PPE = Plasma protein exudation; SP = Substance P.

29

P h D T h e s is

E m m a M R ob e rts

The peripheral sensory nerve fibres involved in NI are the A5 and C-fibres (Chahl
and Ladd, 1976; Ferrell and Russell, 1986; Lin et al., 2000). The afferent function of
these fibres is nociception.

The fibres also have efferent function; antidromic

stimulation from the DRG towards the periphery causes the release o f vasoactive
neuropeptides from the nerve endings (Maggi and Meli, 1988; Szolcsanyi, 1988). In
human skin antidromic stimulation causes a flare response but no protein
extravasation, while in rat skin the stimulation provokes a combination of
vasodilatation and extravasation (Sauerstein et al., 2000). Axon reflexes develop as
part of NI and are an example of the efferent function of the peripheral sensory nerve
fibres. The reddening and small regions of inflammation are due to the passage of
impulses antidromically along collaterals of the same nerve fibre. Axon reflexes can
be prevented by the injection of local anaesthetic (Jansco et al., 1968).

Local NI is dependent upon the integrity o f capsaicin-sensitive nerve fibre endings.
Carrageenan-induced inflammation is attenuated by capsaicin pre-treatment,
denervation or a SP antagonist (Lam and Ferrell, 1989a). Further examples, as listed
in table 2.2 page 31, highlight the involvement of peripheral sensory nerve fibres in
the generation of local inflammatory responses. Ipsilateral SP-induced inflammation
(indicated by PPE in the knee joint) is prevented by capsaicin pre-treatment to
destroy the terminals, but not by sciatic nerve section (Lam and Ferrell, 1989b). That
SP- and carrageenan-induced inflammation depend differently on the presence of
functioning sensory afferents indicates both direct and indirect involvement o f the
neuropeptides in inflammation.

The possible involvement of mast cells in the

development of NI has been highlighted, although these findings reflect
administration of very high concentrations of SP, and as such are probably not
physiologically relevant (Arvier et al., 1977; Suzuki et al., 1995).
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Table 2.2 Effect of nerve injury on the development of neurogenic inflammation.
Treatment
Transected
saphenous nerve
(unilateral)
Capsaicin
desensitisation

Species
rat

rat

Local anaesthetic
( 1% procaine) to
eye or paw
(unilateral)
Brachial nerve
injury to left arm

rat

Local anaesthetic
( 1% lignocaine)
(unilateral)

human

Ligated sciatic
nerve

rat

Skin denervation

human

human

Result
Do not see PPE on transected
side following application of
mustard oil to both paws
Absence o f inflammatory
response to noxious stimuli
(xylene or mustard oil)
-90% inhibition of electricallyinduced PPE
Do not see pain reaction, still
see PPE

No pain, flare or oedema on the
insensitive left arm following
application of paprika
(capsaicin)
vasodilatation and slight
oedema in response to paprika;
no flare response - have
prevented the axon reflex
Decreased PPE and SP
concentration in response to
antidromic stimulation
See improvement in psoriasis

Reference
Jansco et al.,
1967
Jansco et al.,
1967

Jansco et al.,
1968

Jansco et al.,
1968

Jansco et al.,
1968

Yonehara and
Yoshimura, 2001
Farber et al.,
1986

PPE = Plasma protein extravasation; SP = Substance P.

Richardson and Vasko (2002) reviewed the numerous aspects of cellular regulation
of NI. Peripheral sensory nerve fibres are directly activated to release their vesicular
contents by capsaicin, heat, protons or bradykinin via receptor-linked cation channels
and signalling pathways that increase intracellular calcium levels. A number of other
agents sensitise the peripheral sensory nerve fibres but do not directly excite the
neuron, these agents include PGE 2 and PGI2, ATP, bradykinin, cytokines (IL-lp, IL6 , TNFa), and possibly neurotrophins, 5-HT and nitric oxide. Recently, it has been

suggested that leukotriene B4 (LTB4), an arachidonic acid-derived compound,
sensitises peripheral sensory nerve fibres (Foster et al., 2003). Carrageenan-induced
inflammation is associated with the synthesis of PGE2 (Nantel et al., 1999).
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2.1.4

Capsaicin and capsaicin-sensitive neurons

2.1.4.1 Capsaicin
Capsaicin has proved to be an important tool in establishing the mechanism of NI
and in characterising sensory nerve fibres.

Capsaicin, 8 -methyl-N-vanillyl-6 -

nonamide, is an acylamide derivative of homovanillic acid and is the pungent
component of peppers of the Capsicum genus (see figure 2.3).

0

Figure 2.3

Chemical structure of capsaicin (facultv.adams.edu/ -mbiones/)

In the rat hindpaw, topical administration of capsaicin causes PPE as indicated by an
increase in Evans Blue dye exudation. This can be prevented with an SP receptor
antagonist (Yoshimura et al., 2000). The exudative response to subsequent electrical
stimulation is diminished 24 hours after capsaicin application, suggesting the
depletion of sensory nerve terminal contents.

Initial studies demonstrated that

capsaicin activates sensory neurons and renders a subject insensitive to pain (Jansco
et al., 1967). Subsequently, capsaicin has been shown to have a selective action on
sensory neurons via specific receptors (reviewed by Caterina and Julius, 2001).

2.1.4.2 Capsaicin-sensitive neurons
The majority of capsaicin-sensitive peripheral sensory nerve fibres are C-fibres, a
proportion are A5-fibres.

This is in keeping with the distribution of capsaicin

receptors (see section 2.1.4.3 page 33).

Injection of 0.2 ml of a 1% capsaicin

solution into the synovial cavity of the rat knee decreases the number of
unmyelinated axons present, the axons begin to recover after two weeks (Ferrell et
al., 1992). Similarly, at the same dose, Mapp et al. (1996) saw complete abolition of
immunostaining for SP- and CGRP-IR nerve fibres and for protein gene product-9.5
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(PGP9.5), a non-selective marker for all neurons, in the rat knee. This group found
that the response to capsaicin was dose-dependent, 0.5% capsaicin produced a
complete loss of SP- and CGRP-IR with some loss of staining for PGP9.5.

Capsaicin stimulates the release of neuropeptides from nerve endings (Maggi and
Meli, 1988; Bileviciute et al., 1998).

Capsaicin-induced peripheral neuropeptide

release may be due to (i) direct action on the nerve terminal; (ii) axonal conductiondependent activation of collateral terminals o f the same nociceptors (axon reflex);
(iii) antidromic stimulation. Direct activation of the nerve terminals causes a local
influx of calcium ions and subsequent release o f vesicular contents (reviewed by
Caterina and Julius, 2001).

In accordance with a receptor-ion channel-linked

mechanism, following capsaicin-induced activation there is a refractory period
during which the neurons are resistant to further stimulation.

2.1.4.3 Vanilloid receptors
The capsaicin vanilloid receptor 1 (TRPV1) is a member of a subfamily of the
transient-receptor-potential (TRP) superfamily (Caterina and Julius, 2001). Using
immunohistochemistry and in ^//^-hybridisation, the presence of TRPV1 mRNA and
ER. have been demonstrated on populations of peptidergic and nonpeptidergic C-fibre
cell bodies in the rat DRG (Michael and Priestley, 1999). Approximately 30% of A 8
nociceptors also express TRPVI (Ma, 2002). TRPV1 is synthesized in the DRG and
anterogradely transported to the periphery.

During inflammation, synthesis and

transport of the receptor to the periphery are increased in a transcription-independent
manor (Ji et al., 2002).

The TRPVI receptor is activated by temperatures o f above 43°C, this threshold is
equivalent to heat-evoked pain responses. The receptor is also responsive to protons
and lipids. Recently, studies with TRPV1 receptor-knockout mice have suggested
that this receptor is involved in knee joint swelling during the acute and chronic
stages of CFA-induced inflammation (Keeble et al., 2005).

Breese et al. (2005)

found that expression and function of the TRPV1 receptor are increased in IB4positive neurons during CFA-induced inflammation of the mouse hindpaw.
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Other members of the family include the TRPV2 receptor, which is insensitive to
capsaicin but is responsive to temperatures above 50°C, the TRPV3 receptor, which
is responsive to temperatures of 39°C and co-expressed with TRPV1 in the DRG,
and the TRPV4 receptor which responds to temperatures up to 33°C (Smith et al.,
2002; Reviewed by O ’Neil and Brown, 2003). The TRPV2 receptor is expressed on
medium to large diameter A 8 fibres and a population o f C-fibres (Ma, 2001). The
distinct but wide range of thermal sensitivities reflects the responsiveness of
mammals to temperature.

A further two members o f the family - TRPV5 and

TRPV 6 - are expressed by epithelial cells and are associated with calcium re
absorption.

2.1.5

Postganglionic sympathetic fibres

Sympathetic nerve fibres of the autonomic nervous system leave the spinal cord via
the ventral roots of the thoracic and lumbar nerves and synapse with post-ganglionic
neurons in the paravertebral sympathetic ganglion chain.

From here, the

postganglionic sympathetic fibres extend to the periphery. Like peptide-containing
peripheral sensory nerve fibres, postganglionic sympathetic fibres innervate articular
joints and the synovium (Kidd et al., 1990; Hepplemann, 1997). In the periphery,
postganglionic sympathetic fibres are involved in vasoconstriction and regulation of
vascular tone. They can influence sensory neuron function and appear to have a role
in arthritides as well as chronic pain states such as CRPS (Levine et al., 1985b;
reviewed by Kidd et al., 1992).

One hypothesis suggests that the symmetry of RA is due to sympathetic involvement
(Kidd et al., 1989).

Within a damaged joint nociceptors activate sympathetic

neurons, these sympathetic neurons project to the other side o f the spinal cord from
where they influence the periphery.

Increased sympathetic tone and decreased

threshold of primary nociceptive fibres can result in symmetrical joint damage.
Postganglionic sympathetic fibres influence inflammation via p2 adrenoceptors and
mediators such as neuropeptide Y (NPY), adenosine triphosphate (ATP) or nitric
oxide.

Sympathectomised rats with AA developed less joint injury than normal

animals, whereas spontaneously hypertensive rats that have increased sympathetic
tone develop more severe AA compared to normotensive rats (Levine et al., 1985a,
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1986a). In addition, acute inflammation attenuates sympathetic vasoconstriction although this may only be in comparison to increased sensory nerve fibre-mediated
vasodilatation (Lam and Ferrell, 1993b).

2.1.6

Peripheral sensory nerve fibres in inflammatory disease

As mentioned, neuropeptide-containing peripheral sensory nerve fibres are found in
the articular joints and synovium (Mapp et al., 1990; Heppelmann, 1997). These
fibres are responsible for some of the painful symptoms associated with diseases
such as RA. Jolliffe et al. (1995) demonstrated that the axon reflex vasodilatation
response to intradermal capsaicin was increased in the skin covering the joints of
patients with RA, indicative of a change in the activity of the nerve fibres. In RA the
more distal, smaller synovial joints are most frequently affected. Extrapolating from
the AA model of RA, Levine (1985b) suggested that the distal joints were at higher
risk due to denser innervations, a greater concentration of SP from peripheral sensory
fibres and a lower nociceptive threshold. The group also reported that infusion o f SP
exacerbated AA (Levine et al., 1985a).

As described in chapter 1, changes in synovial innervation occur during the course of
RA (Gronblad et al., 1988; Mapp et al., 1990). Depletion of synovial nerve fibres
occurs in AA and other forms of experimentally induced inflammation (Kottinen et
al., 1990; Mapp et al., 1994). The efficacy of gold as a therapy for RA supports a
pro-inflammatory role of peripheral neurons, a side effect of the treatment being
polyneuropathy (Levine et al., 1986b). Similarly, peripheral sensory nerve fibres
and NI are implicated in the pathogenesis of psoriasis (reviewed by Raychaudhuri
and Raychaudhuri, 2004).

Double-labelled immunofluorescence techniques have

demonstrated a significant increase in the density of peptidergic (SP- and CGRP-ER)
fibres in psoriatic skin compared to normal skin (Jiang et al., 1998). Clinically, there
have been reports of amelioration of psoriasis at sites of cutaneous nerve damage
(Farber etal., 1990).
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Termination of neurogenic inflammation

The process of neurogenic inflammation is halted by a combination of factors: (i)
diffusional dilution of the neuropeptides;

(ii) enzymatic degradation;

(iii)

internalisation of the mediators and receptors (reviewed briefly - Holzer, 1998; Maa
et al., 2000 ); (iv) the neuropeptides somatostatin, vasoactive intestinal peptide (VIP)
and galanin which exert an inhibitory effect (Green et a l, 1992; Pinter and
Szolcsanyi, 1996; Than et al., 2000; Delgado et al., 2001); (v) the sympathetic
nervous system (Levine et al., 1985a; 1986a).

2.2

Neuropeptides

The pro-inflammatory vasoactive mediators released from the sensory nerves during
NI are neuropeptides (reviewed by Foreman,

1987; Louis et al.,

1989).

Neuropeptides are synthesised in the DRG, anterogradely transported along the
axons and stored in vesicles at the endings o f the peripheral sensory nerve fibres.
Neuropeptide synthesis in the DRG is regulated by a signal from the periphery,
synthesis is attenuated by disrupting the function of peripheral sensory nerve fibres
(Donaldson et al., 1995).

Nerve growth factor is one such regulatory molecule

(Donnerer et al., 1992). The peripheral local effector functions of the neuropeptides
have been comprehensively reviewed by Holzer (1988) and include actions in the
gastrointestinal tract, cardiovascular system, respiratory tract, urinogenital tract, eyes
and tooth pulp in addition to the joints.

Neuropeptides present in the periphery include substance P, calcitonin gene-related
peptide, VIP, somatostatin and neurokinin A (NKA).

CGRP-, NKA- and SP-IR

peripheral sensory nerve fibres are found in large numbers in the skin in close
proximity to blood vessels (Baraniuk et al., 1990; Nolano et al., 1999). Action
potential-induced depolarisation of the peripheral sensory nerve fibres causes
calcium ion-dependent exocytosis of the neuropeptides from the nerve terminals into
the closely surrounding region (reviewed by Nissalo et al., 2002).
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Due to their extensive distribution and their potentially damaging effects,
neuropeptide activity following release from the nerve endings is highly regulated
and restricted.

Such regulatory mechanisms include the presence of specific

degrading enzymes (reviewed by Bunnett, 1987), limited resources at the terminal,
synthesis some distance from their site o f action, co-localisation with anti
inflammatory mediators (Szolcsanyi et al., 1998), a close spatial relationship o f the
nerve fibres with the vasculature (Baraniuk et al, 1990) and pre-junctional regulation
of release form the nerve endings (reviewed by Holzer, 1998). This ability to cause
significant damage to the surrounding structures further implicates neuropeptides as
possible mediators in destructive diseases such as RA.

2.2.1

Substance P and the tachykinins

Substance P is an eleven amino acid peptide, together with NKA and NKB it is a
member of the tachykinin family. The tachykinins are synthesised in the DRG from
two pre-pro-tachykinin (PPT) precursors.

Tachykinins are predominantly pro-

inflammatory with vasoactive functions (Lam and Ferrell, 1989b; Scott et al., 1992).
Exogenous SP injected into the joint causes dilatation of synovial blood vessels and
enhanced permeability (Ferrell et al., 1997). Co-administration of exogenous SP
with the other tachykinins, VIP or CGRP alters its ability to elicit PPE (Khalil et al.,
1988; Lam and Ferrell, 1991a; Cruwys et al., 1992). Recently, the products of a
previously undiscovered third PPT gene have been characterised.

This group of

products includes hemokinins and endokinins, both of which are non-neuronal in
origin but are found in the periphery where SP is not expressed, they act at
neurokinin receptors (Page, 2004).

2.2.2

Neurokinin receptors

SP signals via neurokinin (NK) receptors. In the periphery, SP signals primarily
through the NKj receptor. The order of potency at the NK] receptor is SP followed
by NKA then NKB (Lam and Ferrell, 1991a), NKA and NKB have greater potency
at the NK2 and NK3 receptors respectively. Recently, an NK4 receptor has been
described and localised to nervous tissue of the spinal cord and brain (Donaldson et
al., 2001). Neurokinin receptors are synthesized in the DRG and NK] synthesis is
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increased during inflammation (Carlton and Coggeshall, 2002). These receptors are
G-protein coupled membrane-spanning receptors. Activation of the NK] receptor
causes phosphorylation of phospholipase C-p (PLCP) resulting in increased
intracellular inositol 1,4,5-trisphosphate and cyclic adenosine monophosphate
(cAMP) concentration as well as arachidonic acid metabolism (Harrison and
Geppetti, 2001). Arachidonic acid products (prostaglandins and leukotrienes) are
capable of causing pain by directly and indirectly stimulating and sensitising the A 8
and C-fibres (reviewed by Richardson and Vasko, 2002).

In the rat hindpaw, NK] receptors are present on post capillary venules and arterioles
(O’Flynn et al., 1989). In vitro, cultured endothelial cells express functional NKj
receptors (Quinlan et al., 1998; Tominaga et al., 1999), NKi receptors are also
present in the synovium on vascular endothelial cells (Walsh et al., 1993).
Exogenous SP-induced PPE occurs via these NKi receptors (Lam and Ferrell, 1991a;
Lam and Wong 1996; Yonehara and Yoshimura, 2001), as does PPE induced by
antidromic stimulation of the sciatic nerve or injection of carrageenan (Lam and
Ferrell, 1989a; Xu et al., 1992).

Both NKj and NK2 receptors are involved in

vasodilatation during NI (Lam and Wong, 1996). Physiologically, NKi and NK2
receptors are involved in the regulation of basal blood flow in the periphery (Ferrell
et al., 1997).
vasoconstriction.

Basal tone also has a sympathetic component controlling
Exogenous SP and NKA produce transient dose-dependent

vasodilatation but the effect of CGRP is significantly more prolonged (Lam and
Ferrell, 1993a). Cell bodies of the small diameter capsaicin-sensitive neurons in the
DRG express NK], NK2 and NK3 receptors (Brechenmacher et al., 1998).

NKi

receptors present on peptidergic neurons have an autoreceptor function (Segond von
Banchet et al., 1999).

In inflammatory diseases such as RA and psoriatic arthritis, NK] receptors found in
the articular joints are involved in the induction of hyperalgesia, while those in the
spinal cord facilitate central sensitisation and the maintenance of painful states
(reviewed by Keeble and Brain, 2004).

SP, via the NK] receptor, stimulates

angiogenesis in the rat knee synovium and the receptor is implicated in bone loss
during osteoporosis (Kingery et al., 2003; Seegars et al., 2003).
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O f interest is the ability of SP to cause leukocyte chemotaxis, adhesion and
activation - major components of an acute inflammatory response (Hood et ah, 2000,
2001; Smith et al., 1993; Serra et al., 1994). The involvement of NK receptors in Tlymphocyte, eosinophil and monocyte chemotaxis has been demonstrated (Baluk et
al., 1995; Cao et al., 2000; Hood et al., 2000). Neutrophil accumulation during
mustard oil-induced NI occurs independently o f NKi receptors in the rat, and by both
neurogenic and non-neurogenic mechanisms in the mouse (Pinter et al., 1999;
Banvolgyi et al., 2004).

It has been demonstrated in vitro that SP-mediated

neutrophil adhesion to the endothelial cells occurs via the activation of NK] receptors
with subsequent protein kinase C (PKC) and downstream signalling molecule
activation resulting in the expression of adhesion molecules (Tominaga et al., 1999;
Dianzani et al., 2003).

Neuronal regulation of adhesion molecule expression is

discussed in more detail in section 2.5 page 53.

Substance P stimulates the

production of RONS by endothelial cells, neutrophils and rheumatoid synovial cells
(Tanabe et al., 1996; Stemer-Kock et al., 1999). During NI (electrical stimulation of
the pelvic nerve) the released SP increases adhesion molecule expression and RONS
generation in the urinary bladder, this can be prevented by the NKi receptor
antagonist CP-96345 (Chien et al., 2003).

2.2.3

Calcitonin gene-related peptide

Calcitonin gene-related peptide is a 37-amino acid peptide. There are two forms of
CGRP derived from pre-pro-CGRP in the DRG. Primary afferent neurons contain
CGRPa, CGRPp is present in the gastro intestinal tract (Gibson et al., 1988). In the
rat hindpaw CGRP-LR fibres are present in close proximity to blood vessels (IshidaYamamoto et al., 1989; Schicho and Donnerer, 1999).

CGRP-IR neurons are

predominantly unmyelinated C-fibres but some are small thinly myelinated fibres.

CGRP’s main action is vasodilatation which has a slow onset, but a long duration
(Brain et al., 1985). Endogenous neuronal CGRP is involved in the regulation of
basal blood flow.

CGRP-induced vasodilatation is due to a direct action on the

vascular endothelium (arterioles) which involves nitric oxide but not histamine
(Merhi et al., 1998).

CGRP potentiates SP-induced PPE, and is involved in
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histamine-induced oedema in rat paw skin (Gamse and Saria, 1985; Cambridge and
Brain, 1992; Amann et al., 1995).

2.2.4

CGRP receptors

Initial studies categorized the CGRP receptors according to their affinity for the
antagonist CGRP 8-37 (Poyner, 1995).

Recently, the CGRP] receptor has been

described as a heterodimer composed of a G-protein-coupled receptor, calcitoninreceptor-like receptor and a transmembrane protein ‘receptor-activity-modifying
protein-1’ (Connor et al., 2002). Like NK receptors, CGRP binding sites are present
as autoreceptors on a specific population of unmyelinated, TrkA positive and CGRPIR DRG cell bodies (Segond von Banchet et al., 2002).
CGRP receptors are located on the vascular endothelium, they are involved in the
regulation of vascular tone.

The CGRP receptor antagonist CGRP 8-37 reduces

hindpaw volume (Bileviciute et al., 1998). Functional CGRP receptors are present
on rat lymphocytes (McGillis et al., 1991).

2.2.5

Neuropeptides in inflammatory disease

Concentrations of PPT mRNA and ppCGRP mRNA are increased in the DRG during
both the onset and the later stages of AA (Donaldson et al., 1992). This increase
relies on intact, functioning sensory nerve fibres and can be prevented by local
anaesthesia (Donaldson et al., 1994). The areas of SP- and CGRP-IR nerve fibres in
the dorsal hom increase in the acute phase (day 3) of experimental arthritis in the rat
but decrease during the later stage (day 28) (Mapp et al., 1993).

Levels of SP and CGRP are elevated in skin from psoriatic lesions compared to
uninvolved skin (Eedy et al., 1991). In vitro studies demonstrated over-expression of
NK] on keratinocytes from psoriatic lesions (Staniek et al., 1999). Studies in mice
using the NK] receptor antagonist spantide II, have shown dose-dependent decreases
in allergic contact dermatitis responses following topical administration (Babu et al.,
2004).

This suggests a role for SP and the tachykinins in inflammatory skin

conditions.

Fearon and Veale (2001) discuss the pathogenesis of psoriasis and

psoriatic arthritis in relation to the nervous system. They suggest that an injury or
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trauma causes the release of neuropeptides such as SP from the peripheral sensory
nerve fibre endings close to blood vessel endothelial cells. Activation of endothelial
cells by SP, either directly or indirectly, stimulates the production of angiogenic
factors (Seegars et al., 2003).

2.3

Nerve growth factor.

Nerve growth factor is a member of the neurotrophin family (Ganong, 1997). It is a
protein dimer composed of 2 of each o f 3 subunits - a, p or y. NGF was originally
identified through its effect on the growth of sensory and sympathetic neurons.
NGFp has nerve growth promoting activity, the a and y subunits have trypsin-like
and serine protease activity respectively. NGF is present both in the periphery and
centrally. It, and other neurotrophin family members, are involved in the growth and
plasticity of neurons. NGF is expressed constitutively in low levels in rat hindpaw
skin (Amann et al., 2001).

Peripherally, NGF has been detected in a variety of cells including mast cells (Leon
et al., 1994), epithelial cells, macrophages and monocytes (Amann and Schuligoi,
2004), smooth muscle cells,endothelial cells

(Gibran et al.,2003; Foster

2003), keratinocytes (Burbach et al.,2001),fibroblasts(Mearow

et al.,

et al., 1993) and

Schwann cells as well as vascular smooth muscle (Hasan et al., 2000). Increased
expression from basal levels occurs in response to cytokines, growth factors and
neuropeptides (Aloe et al., 1993; Woolf, 1996; Burbach et al., 2001; Saade et al.,
2002).

Functionally, NGF is implicated in the development of sensory and sympathetic
axons, neuropeptide synthesis, development o f hyperalgesia and the development of
inflammation. Peripherally synthesised NGF has local actions at specific receptors
or may be transported to the DRG. NGF binds to the high affinity receptor TrkA on
neurons and is internalised into the axon (Curtis et al., 1998; Oh et al., 2000).
Retrograde transport carries peripheral NGF to the DRG and from the DRG to the
spinal cord at a maximal rate in the adult rat of between 2.5 and 7.5 mm/hour
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(Richardson and Riopelle, 1984).

Possible additional mechanisms of retrograde

signalling have been reviewed by Campenot and Maclnnis (2004). NGF is involved
in peripheral processes directly and indirectly via actions on numerous cell types
including primary afferents, mast cells and endothelial cells (Amann et al., 1995;
Milner et al., 2004).

2.3.1

Nerve growth factor receptors - TrkA and p75

Neurotrophins signal though tyrosine kinase (Trk) receptors.

The high affinity

receptor for NGF, TrkA, is located on small to medium-sized DRG cells, the
majority of which also have CGRP-IR and express TRPV1 receptors. In the dorsal
hom and dorsal column the TrkA receptor is located on fibres that are primary
afferent in origin and co-express the low affinity receptor p75 (Michael et al., 1997).
In the dorsal hom TrkA-IR is greatest in laminae I and II, corresponding to the
location of C-fibre terminals (Averill et al., 1995; Pezet et al., 1999). TrkA receptors
expressed by peripheral sensory nerve fibres are synthesised in the DRG and
retrogradely transported to the periphery as phosphorylated-TrkA in response to
NGF stimulation (Ehlers et al., 1995). The proto-oncogene for TrkA is expressed by
monocytes, macrophages, lymphocytes, basophils and mast cells in the periphery,
and by the synovium in AA (Otten and Gadient, 1995; Wu et al., 2000).
Immunoreactivity for the high affinity NGF receptor TrkA is found within the
rheumatoid synovium (Pozza et al., 2000).

This diverse distribution suggests an

integral role for NGF and the TrkA receptor in both neuronal function and the
immune response, and a mechanism for the interaction of these processes in
neurogenic inflammation and chronic inflammatory diseases.

The expression of mRNA for the low affinity NGF receptor p75 in the DRG is
increased during peripheral inflammation (CFA in rat hindpaw), as is TrkA-IR in
small to medium sized soma of the lumbar L3 and L4 dorsal hom (Cho et al., 1996;
Pezet et al., 1999).

The p75 receptor is implicated in numerous pathological

conditions because of its ability to bind a variety of lectins, proteins, pathogens and
neurotoxins and then be internalized by, and transported along neurons (reviewed by:
Butowt and von Bartheld, 2003). Consequently, there may be some involvement of
p75 in symmetry if binding to a neuron via this receptor can have a systemic
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pathological effect. There is bilateral induction of p75-IR following unilateral sciatic
nerve ligation, emphasising its involvement in neuronal regeneration (Zhou et al.,
1996).

2.3.2

NGF in neuronal development

Initially, during development, NGF is a neuronal survival factor. It is then involved
in directing the development of nociceptor phenotype, and finally assumes a role
with sensitisation effects which continues into adulthood (reviewed by Petruska and
Mendell, 2004). In the adult, NGF is involved in the adaptive responses o f primary
sensory neurons and the receptive properties o f nociceptive neurons innervating the
skin (Donnerer et al., 1996; Koltzenberg et al., 1999b, 1999c). Transport o f NGF to
the DRG is increased in response to nerve injury (Curtis et al., 1998). Denervated
skin has high levels of NGF concomitant with sprouting of sensory axons in an NGFdependent manner (Mearow et al., 1993).

Growth associated protein ‘GAP-43’ is involved in motor and sensory neuron
regeneration. GAP-43 is present at increased levels in rat DRG cells up to postnatal
day 21, and elevated in the lumbar L4 and L 5 DRG and motor neurons one day after
sciatic nerve section (Chong et al., 1992). The elevated levels persist for longer in
DRG cells. Expression of GAP-43, like neuropeptide expression, is dependent on
ongoing signals from the periphery. One of the regulatory signals may be NGF.
During AA GAP-43 mRNA expression in the DRG is increased, this can be reversed
with an anti-NGF antibody (Leslie et al., 1995). Capsaicin denervation in the rat
results in an increase in GAP-43 in the DRG and a fall in GAP-43-IR in the
epidermis; NGF administration potentiates the increase in the DRG and restores
epidermal GAP-43-IR to control levels (Schicho et al., 1999b).

Significantly,

contralateral changes in GAP-43 levels are seen in motor neurons following
unilateral injury (Booth and Brown, 1993).

NGF is a putative regulatory factor for peptidergic capsaicin-sensitive fibres and
some non-capsaicin sensitive CGRP-expressing neurons (Pezet et al., 1999). NGF is
implicated in the regulation of the capsaicin receptor TRPV1.

Axotomy, which

prevents transport of peripheral NGF to the DRG, results in the downregulation of
43

P h D T h e s is

E m m a M R o b e rts

TRPVI mRNA expression in the DRG, and this can be prevented by administration
of NGF (Michael and Priestley, 1999; Preistley et al., 2002). During AA-induced
peripheral inflammation of the rat hindpaw or following exogenous NGF
administration, the translation of TRPV1 mRNA into the receptor protein in the DRG
increases, as does subsequent transport to the periphery.

This is thought to be

dependent on NGF-induced p38 MAPK activation in the C-fibre cell bodies o f the
DRG (Ji et al, 2002).

2.3.3

Nerve growth factor and neuropeptide synthesis

Neuropeptide synthesis in the DRG is attenuated by perineural capsaicin lesion o f the
sciatic nerve, this indicates regulation of synthesis by a peripherally-derived mediator
(Donaldson et al., 1995).

Numerous groups have demonstrated NGF-induced

neuropeptide synthesis in the DRG (Lindsay and Harmar, 1989; Schicho and
Donnerer, 1999).

Exogenous NGF restores axotomy-induced decreases in DRG

ppCGRP and PPT/SP mRNA and protein, and reduces the increases in VIP,
cholecystokinin, NPY and galanin (Verge et al., 1995).

Repeated intraplantar

injection of NGF into the rat hindpaw increases SP and CGRP content of the sciatic
nerve and replenishes peptide levels in capsaicin-denervated animals (Donnerer et
al., 1996).

Significantly, Donnerer’s group found that exogenous NGF not only

replenished neuropeptide content in the sciatic nerve and paw skin ipsilateral to the
injection site, but also in the contralateral nerve and paw (Donnerer et al., 1996).
They found no change in peptide content of the forepaw, auricle or urinary bladder
suggesting a specific symmetrical response and not a systemic action of NGF.

2.3.4

Nerve growth factor and inflammation

NGF levels are elevated in the synovial fluid of RA, osteoarthritis, psoriatic arthritis
and ankylosing spondylitis patients, and in the rheumatoid and AA synovium (Aloe
et al., 1992a; Wu et al., 2000). NGF is implicated in the pathogenesis of the chronic
inflammatory skin condition psoriasis (Pincelli, 2000; reviewed by Raychaudhuri
and Raychaudhuri, 2004). Synthesis and release of NGF by keratinocytes, which are
abnormal during psoriasis, increase protein levels. In murine models, treatment with
a high affinity NGF receptor antagonist or with an NGF-neutralising antibody
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significantly improves psoriasis (Raychaudhuri et al., 2004). In AA, NGF appears to
be involved in the acute stages of the inflammation, but not the chronic aspect
(Garrett et al., 1997). NGF levels are also increased in the cerebrospinal fluid of
patients with multiple sclerosis and in the serum of patients with systemic lupus
erythematosus (Otten and Gadient, 1995).

Experimentally,

peripheral

NGF

levels

are

increased

during

NI,

allergic

inflammation and carrageenan-induced inflammation in the rat (Aloe et al., 1992b;
Amann and Schugoli, 2000; Amann et al., 2001). Increases are seen near peripheral
nerve endings.

Increased NGF expression during NI occurs via NKi receptors

(Amann et al., 2000).

However, carrageenan-induced NGF expression is neither

prevented by NKi receptor antagonists nor by inhibitors of prostaglandin synthesis
(indomethacin). It is not affected by P-adrenoceptor agonists which stabilise mast
cells, it can be prevented by morphine (Amann and Schugoli, 2000; Amann et al.,
2001, 2002).

Increases in NGF associated with allergic inflammation (e.g.

ovalbumin in sensitised rat hindpaw) do have a mast cell-derived component (Amann
et al., 2001).

During CFA-induced monoarthritis, ipsilateral NGF concentration

peaks approximately 24 hours after induction of inflammation (Donnerer et al.,
1992). As such, this NGF is involved in arthritis-induced increases in sciatic nerve,
DRG and dorsal hom SP and CGRP content, all of which can be reversed by
treatment with an anti-NGF antibody (Donnerer et al., 1992).

Monoarthritis-

associated increases in NGF can be inhibited by indomethacin, high doses of
dexamethasone, or IL-1 receptor antagonist (IL-lra) indicating the involvement of
numerous pathways in local NGF synthesis during inflammation (Safieh-Garabedian
et al., 1995).

NGF is pro-inflammatory. Exogenous administration of NGF causes predominantly
CGRP-mediated oedema and receptor-mediated histamine release from mast cells
(Pearce and Thompson, 1986; Amann et al., 1995). Work by Foster (2003) indicates
that NGF stimulates neutrophil accumulation and thermal hyperalgesia via activation
of endothelial cells and de novo synthesis o f adhesion molecules such as intracellular
adhesion molecule-1 (ICAM-1). This supports previous work showing NGF-induced
ICAM-1 expression and endothelial cell proliferation in vitro (Raychaudhuri et al.,
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2001). Gibran’s group (2003) demonstrated SP-induced increases in NGF mRNA
expression in vitro in human dermal microvascular endothelial cells.

2.3.5

Nerve growth factor and hyperalgesia

Exogenous application of NGF induces mechanical hyperalgesia that is independent
of mast cells or central mechanisms - it is thought to be due to local sensitisation of
nerve endings and peptide synthesis (Lewin et al., 1994).

Interactions between

signalling pathways originating from the NGF TrkA receptor and the capsaicin
TRPV1 receptor are implicated in sensitisation (reviewed by Petruska and Mendell,
2004). Hyperalgesia resulting from nerve damage can be attenuated with anti-NGF
antibodies (Theodosiou et al., 1999). In unilateral CFA-induced arthritis, anti-NGF
antibodies have shown NGF to be a contributing factor to inflammatory pain (Woolf
et al., 1994; Safieh-Garabedian et al., 1995).

2.3.6

Nerve growth factor, galanin and peptide switching

The neuropeptide galanin is functionally different to SP or CGRP. It is proposed,
following loss of function mutation studies in mice, that galanin is a growthassociated protein similar to GAP-43 and that it is involved in neuronal regeneration
following injury: absence of galanin attenuates peripheral nerve regeneration
following a lesion (Zigmond, 2001). Galanin-IR is increased in regions proximal to
nerve injury (Perry, 1996).Axotomy of sensory neurons alters neuropeptide mRNA
and protein expression - SP and CGRP production in the DRG decrease but galanin
production increases (Verge et al., 1995; Ji et al., 1996; Shadiack et al., 2001).
Galanin expression appears to be negatively regulated by NGF; infusion of NGF
starting two weeks after sciatic nerve section in the rat reverses the decrease in SPand CGRP-IR in the lumbar DRG and decreases the number of neurons expressing
galanin (Verge et al., 1995). Shadiack (2001) used NGF antiserum to demonstrate
that endogenous NGF is capable of regulating galanin production in this way.

Consistent with previous comments on NGF-regulated peptide synthesis, exogenous
NGF increased SP expression in guinea pig vagal neuron cell bodies (Hunter et al.,
2000). Specifically, the number of SP-expressing cells increased and this included
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expression of SP by large capsaicin-insensitive A8-fibre cell bodies.

Here, NGF

caused a change in phenotype. Similarly, following sciatic nerve injury, levels of
brain derived neurotrophic factor (BDNF) increased in cells that express its receptor
TrkB and decreased in TrkA-IR cells; exogenous NGF stimulated injured and
uninjured TrkA-IR neurons to express BDNF and down-regulated expression by
TrkB-IR cells (Karchewski et al., 2002).

The ability of NGF to modify gene

expression in the DRG during inflammation points to an involvement in the
pathophysiology of persistent pain by augmenting initial NI signals (reviewed by
Woolf, 1996).

2.4

Vascular endothelial cells and adhesion

2.4.1 The microvasculature in contralateral inflammation
Few experiments have been carried out with the primary aim of determining the
extent of the inflammatory response contralateral to a unilateral inflammation. As
discussed in chapter 1, numerous groups have described changes in the peripheral
nervous system such as altered neuropeptide expression, dorsal root fibre activity and
receptor distribution. The majority of the literature concerning contralateral vascular
changes has concentrated on macroscopic changes such as PPE and vasodilatation, as
indicated by Evans Blue dye extravasation, and oedema formation (Kidd et al., 1995;
Bileviciute et al., 1998). Other reports have assessed peripheral cellular infiltration
(Kidd et al., 1995; Meyer et al., 2000; Dumitrescu et al., 2004; Hansch et al., 2004),
but the majority of information relates to changes that occur in the DRG or spinal
cord.

To date, little has been done to establish the possible involvement of

endothelial cells in contralateral inflammation, and specifically, their activation by
peripheral sensory nerve fibres and neuropeptides. It is proposed that signals from
an ipsilateral inflammation are communicated to the contralateral side resulting in a
peripheral sensory nerve fibre/neuropeptide-dependent response.

As such, the

inflammation would characteristically incorporate aspects o f NI. One such attribute
of NI is the expression of adhesion molecules and subsequent leukocyte
accumulation in the tissue.
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Contralateral changes in vascular-derived components of an inflammatory response,
such as endothelial cell-leukocyte adhesion molecule expression, following a
unilateral stimulus have not been described. Neuropeptides stimulate the expression
of certain adhesion molecules in vitro and in vivo (see section 2.5). The expression
and activity of these endothelial cell and leukocyte adhesion molecules are factors in
the pathogenesis of AA, RA, psoriasis and numerous cutaneous inflammatory
conditions (see section 1.2 and 2.4.7).

2.4.2

Microvascular endothelial cells

Endothelial cells line the luminal surface of blood vessels and form a nonthrombogenic boundary between the lumen of the vessel, its structural components
and the surrounding tissues.

Included within the cutaneous microvasculature are

small arterioles, capillaries and post capillary venules.

Endothelial cells are flat,

polygonal cells connected by junctional complexes and cell-cell adhesion molecules.
In vitro culture of human vascular endothelial cells (HUVEC - cells associated with
large diameter vessels) and human dermal microvascular cells (HDMEC - small
cells of the microvasculature) has established that endothelial cells are not passive,
but have an active role in many different processes including wound healing,
angiogenesis, tumour metastasis, leukocyte trafficking and regulation of vascular
tone (reviewed by Swerlick and Lawley, 1993). Endothelial cells also contribute to
pathologic processes including the initiation, modulation and termination of
inflammation.

The activation of endothelial cells is associated with a phenotype that promotes
vascular permeability and the recruitment of inflammatory cells to the area.
Endothelial cells synthesise and secrete cytokines, growth factors, chemoattractants
and cellular adhesion molecules. Also secreted are collagen and proteoglycans for
basement membrane maintenance, and prostacyclin, nitric oxide and endothelin that
are vasoactive and control blood flow (reviews by Swerlick and Lawley, 1993;
Goebeler et al., 1997; Krishnaswamy et al., 1999). Cytokines produced include IL1, TNFa, IL-6, all of which can themselves stimulate synthesis of numerous other
factors.

In response to cytokines such as IL-ip or TNFa, expression o f the
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chemokines IL-8, GRO, monocyte chemotactic protein-1 and RANTES (Regulated
on Activation, Normal T cell Expressed and Secreted) by HDMEC is increased
(Goebeler et al., 1997).

Vascular endothelial cells contain a number o f enzymes which catalyse the
production of superoxide and subsequently facilitate the generation o f a number of
reactive oxygen or nitrogen species (RONS) and free radicals. The enzymes include
xanthine oxidase, uncoupled nitric oxide synthase, cytochrome P-450 enzymes,
NADPH oxidases and also mitochondrial enzymes (taken from reviews by Taniyama
and Griendling, 2003; Li and Shah, 2004). Physiologically, RONS are involved in
the regulation of vessel tone, sensing oxygen levels/pressure and cell migration and
proliferation.

Pathologically, RONS are implicated in states o f endothelial

dysfunction, angiogenesis, inflammatory activation and tissue injury apoptosis, they
are involved in the innate response to infection and are anti-microbial. RONS can
modulate growth factor gene expression (reviewed by Eyries et al., 2004) and
activate transcription pathways mediated by nuclear factor kappa-B (NF-kB) and
mitogen activated protein kinase (MAPK).

O f particular interest is the proposed

involvement of superoxide and RONS in the expression of adhesion molecules such
as intercellular adhesion molecule-1 (ICAM-1; CD54), vascular cell adhesion
molecule-1 (VCAM-1; CD 106), and E-selectin (Marui et al., 1993; True et al., 2000;
Cominancini et al., 2002; Jiang et al., 2004), increased nitric oxide synthesis is
associated with increased adhesion, probably via ICAM-1 (Niu et al., 1994). Free
radicals and RONS contribute to the inflammatory process and act as second
messengers for the regulation of vascular tone, fibroblast proliferation and the
activation of transcription factors (review Winrow et al., 1993; Berk, 1999).

2.4.3

Endothelial cell - leukocyte adhesion

Endothelial-leukocyte adhesion is a well-characterised process as are the main
mediators (reviewed by Bevilacqua, 1993; Adams and Shaw, 1994; Carlos and
Harlan, 1994; Tedder et al., 1995). Briefly, as illustrated in figure 2.4, E- and Pselectin are expressed on the vascular endothelium following initiating signals,
ligands such as L-selectin and sialyl Lewisx expressed by circulating leukocytes bind
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loosely to the selectins which slows them down and facilitates their rolling along the
endothelium.

Secondly, the immunoglobulin-like cellular adhesion molecules

interact with leukocyte integrins leading to firm adhesion and subsequent
transmigration o f the leukocytes into the tissue. The precise role of each o f these
mediators in an inflammatory response is governed by the site and time of
expression, the events happen sequentially, are inter-dependent or may be distinct
depending on the stimulus.

R olling A dhesion

Tight Binding

D iapedesis

Migration

\ A - ( 3 integrin
ukocyte
IL-8 receptor
S-Le'
ICAM-

Endothelial cell

E-

Chemokine - IL-8

Figure 2.4 Representation of leukocyte-endothelial cell adhesion (adapted from
Adams and Shaw, 1994). Initially, selectins (E-selectin) mediate loose tethenng
and rolling o f leukocytes via counter ligands (e.g. sialyl Lewisx - S-Lex) to the
activated endothelium; chemokines such as IL-8 further activate the leukocytes
and endothelium; firm adhesion is mediated by immunoglobulin-like cellular
adhesion molecules (e.g. ICAM-1) and their counter ligands, integrins; finally,
diapedesis and transmigration of the leukocyte into the tissue occurs. Endothelial
cell-endothelial cell adhesion is mediated by CD31-CD31 interactions.
2.4.4

E-selectin

E-selectin (CD62E) is synthesised de novo in post capillary endothelial cells in
response to stimulatory factors such as TNFa, IL-1 and LPS (Bevilacqua el a l .,
1989).

Takeuchi et a l (2003) demonstrated E-selectin mRNA upregulation in

human skin 4 hours after minimal trauma (rubbed with a pencil eraser for 2 minutes).
Although commonly classed as an inducible cell adhesion molecule, functional Eselectin is present in naive rat footpad skin (oude Egbrink et a l ., 2002) and was
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detected in approximately 10% of vessels in naive human buttock skin (Smith et al.,
1993).

In vivo, E-selectin expression is maximal 4-6 hours following an acute

challenge (Smith et al., 1993; Norris et al., 1994). This then declines considerably to
baseline levels by approximately 24 hours. Expression may vary according to the
type

of

inflammation,

E-selectin

expression

following

a

delayed

type

hypersensitivity reaction is still prominent at 23 hours (Cotran et al., 1986).

2.4.5

P- and L-selectin

P- and L- selectin (CD62P and CD62L) are constitutively expressed. P-selectin is
stored in platelet a-granules and with von Willebrands Factor (vWF) in the WeibelPalade bodies of vascular endothelial cells.

Upon activation, P-selectin rapidly

translocates to the cell surface and is involved in the immediate response to a
stimulus. In vivo, this translocation occurs within minutes (Smith et al., 1993), but
P-selectin is still a significant contributory factor up to an hour later. In chronic
inflammation, membrane P-selectin levels are elevated for longer periods o f time
(Naruse et al., 2002). This persistence is due to cytokine-induced protein synthesis
that becomes apparent from 4-6 hours.

L-selectin is expressed on haematopoietic cells including immature and mature
subsets of thymocytes, B cells and naive T cells, a subpopulation of memory T cells
and natural killer cells, circulating neutrophils, monocytes and eosinophils (reviewed
by Bevilacqua, 1993, and by Tedder et al., 1995). Cellular activation leads to rapid
‘shedding’ of L-selectin from the cell surface. L-selectin is a ligand for E- and Pselectin. The widespread distribution of these and other ligands, allows leukocytes to
bind to a variety of endothelial cells and also to myelin sheaths within the central
nervous system.

2.4.6

Immunoglobulin-like adhesion molecules

The immunoglobulin-like family of cellular adhesion molecules are involved in the
latter stages of firm adhesion to blood vessels (reviewed by Carlos and Harlan,
1994). ICAM-1, ICAM-2 (CD 102), ICAM-3 (CD50), VCAM-1, platelet-endothelial
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cell adhesion molecule-1 (PECAM-1; CD31) and the mucosal adressin (MAdCAM1) are expressed by endothelial cells.

ICAM-1 is fairly ubiquitous, being expressed on leukocytes, keratinocytes,
fibroblasts and epithelial cells, whereas VCAM-1 is primarily located on the
endothelium. These cellular adhesion molecules predominantly bind to pi and P2
leukocyte integrins.

ICAM-2 is constitutively expressed, there is a weak basal

expression of ICAM-1 and VCAM-1.

ICAM-1 and VCAM-1 expression is

upregulated by inflammatory mediators such as IL-ip, TNFa and neuropeptides
(reviewed by Lindsay et al., 2000).

CD31 is a 120-130kDa glycoprotein constitutively expressed at intercellular
junctions of all endothelial cells and to a lesser extent on platelets, monocytes,
subsets of T cells and neutrophils (reviewed by Bevilacqua, 1993; Carlos and Harlan,
1994). CD31 is involved in both homophilic interactions between endothelial cells
and in heterophilic interactions with infiltrating leukocytes where it has a significant
role in transmigration (Vaporciyan et al., 1993).

2.4.7

Endothelial cell adhesion molecules in inflammatory disease.

Mediators of leukocyte adhesion are involved in the pathophysiology of
inflammatory diseases such as RA, psoriasis and psoriatic arthritis.

In RA, the

vasculature of the synovium facilitates leukocyte homing and extravasation.
Important adhesive interactions include VCAM-1 with the integrin 014P1, ICAM-1
with p2 integrins (LFA-1, Mac-1), CD2 with LFA-3, CD31, E- and P-selectins with
their leukocyte ligands (reviewed by Szekanecz and Koch, 2000). Chemokines such
as IL -8 also play an important role in leukocyte recruitment to the inflamed
synovium (Haringman et al., 2003).

RA is associated with the upregulation of a number o f cellular adhesion molecules in
the synovium and an increase in levels of soluble forms in the circulation (reviewed
by Veale and Maple, 1996; Szekanecz et al., 1994, 1996 and 2000; Volin et al.,
1999).

In RA most T lymphocytes infiltrating the synovium are o f the

CD4+/CD45RO+ phenotype (memory cells). In accordance with this, increases in
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specific cellular adhesion molecules and integrin expression are characteristic for
memory T cell extravasation, e.g. increased expression of E-selectin and its ligand
CLA, located on T cells.
adhesion.

E-selectin also mediates neutrophil and monocyte

Studies using the AA model have demonstrated a role for E- and P-

selectins, and the integrin VLA-4, in the early development of arthritis (Issekutz et
al., 2001, 2003). As mentioned, the early stages of RA, the first year, are associated
with increase in E-selectin expression in the serum and synovium (Tak et al., 1995).

Elevated levels of E-selectin are found in chronic cutaneous inflammatory disorders
such as allergic contact dermatitis, atopic dermatitis and psoriasis (Groves et al.,
1991). In osteoarthritic patients, E-selectin and VCAM-1 are detected on synovial
macrophages (Koch et al., 1991). VCAM-1 is also found on some microvascular
endothelial cells, while ICAM-1 is expressed by the endothelium, macrophages,
fibroblasts and lymphocytes.

Successful treatment of RA reduces the expression of E-selectin and ICAM-1 in the
rheumatoid synovium (reviewed by Szekanecz and Koch, 2000). Experimentally,
and therapeutically in the treatment of RA, gold-containing DMARDs have been
shown to influence E-selectin expression (Corkill et al., 1991; Newman et al., 1994).
NSAIDs reduce PMN adhesion in vitro and glucocorticoids directly reduce cellular
adhesion molecule expression (Veale and Maple, 1996; Smith et al., 2001). Targeted
therapies using monoclonal antibodies directed against ICAM-1 have not been
successful, mainly due to adverse reactions with the murine antibody (reviewed by
Veale and Maple, 1996; Smolen and Steiner, 2003).

2.5

Neuronal regulation of adhesion molecule expression

There is evidence that the peripheral sensory nerve fibres and neuropeptides
contribute to the regulation of endothelial cell-leukocyte adhesion during
inflammation. NKi receptors are present on vascular endothelial cells (Walsh et al.,
1993; Tominaga et al., 1999). In vitro, SP stimulates neutrophil adherence through
NKi receptors and to a lesser extent through NK 2 receptors (Tominaga et al., 1999;
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Dianzani et a/., 2003). Possible mechanisms by which the peripheral nervous system
could regulate adhesion molecule gene expression are shown in figure 2.5.
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Endothelial
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Figure 2.5 Possible mechanisms by which the peripheral nervous system and
neuropeptides might regulate adhesion molecule expression. Substance P (SP)
acts directly via NKi receptors or indirectly via receptor-mediated release of
TNFa, IL-1 or histamine from neighbouring cells, reactive oxygen and nitrogen
species e.g. superoxide (O 2 ), hydrogen peroxide (H 2 O 2 ), nitric oxide (NO),
hydroxyl radicals (OH) and peroxynitrite (ONOO ) are generated within the
endothelial cell. Subsequent cell surface receptor activation and signalling
cascades result in NF-kB and NF-AT-induced adhesion molecule gene activation.

Quinlan et al. used HDMEC to demonstrate in vitro that SP induces expression of
ICAM-1 and VCAM-1 (Quinlan et al., 1998, 1999b). The author suggests that this
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occurs through NKj receptors and via activation of the NF-AT and NF-kB
transcription pathways. E-selectin, ICAM-1 and VCAM-1 expression are decreased
by compounds which inhibit the phosphorylation of hcBa and hence prevent
activation of NF-kB (Pierce et al., 1997).

Significantly, neuropeptide-mediated

adhesion molecule expression has also been demonstrated in vivo in human skin and
topical application of capsaicin increases ICAM-1 and VCAM-1 expression (Quinlan
et al., 1998, 1999b). Capsaicin or neuropeptide-induced increases in ICAM-1 and
VCAM-1 are significant 24 hours after stimulation but not at 8 hours; this is in
keeping with the known time frame of expression of these molecules following
cytokine or LPS stimulation (Smith et al., 1993). Smith showed that SP (25pmol),
CGRP and VIP (both 50pmol) are capable of increasing the expression of E-selectin
in vivo, and of causing translocation of P-selectin to the cell membrane. In contrast,
Dianzani’s group (2003) used selective antibodies to show that SP-induced
neutrophil adhesion to HUVEC did not involve the selectins, although it is important
to note that these findings relate to a 10 minute incubation of HUVEC with SP
followed by immediate assessment, and therefore do not reflect de novo synthesis.
The findings more accurately depict the role of constitutive mechanisms.

In relation to RA, in vitro SP potentiates proinflammatory cytokine-induced VCAM1 expression by fibroblast-like synoviocytes (FLS) (Lambert et al., 1998).
Incubation of cultured FLS from patients with RA with IFN-y, TNFa or IL-lp caused
increases in ICAM-1 expression that was not affected by the addition of SP.
Addition of SP to the cells following incubation with one of the proinflammatory
cytokines significantly increased expression of VCAM-1 but the FLS did not
increase their expression of VCAM-1 when incubated with SP alone. It is proposed
that these effects occur through NKi receptors on the cells.

In contrast to a direct activation of adhesion molecule transcription by neuropeptides,
early findings suggested that administration of large doses of SP caused increases in
E-selectin expression indirectly via the activation and degranulation of mast cells
(Matis et al., 1990). In vivo, SP-induced degranulation of mast cells is reported to
occur alongside leukocyte adhesion, and this can be suppressed by a mast cell
stabiliser or SP receptor antagonist (Suzuki et al., 1995). In a model of NI in the
urinary bladder, SP and NK] receptor activation are associated with an increase in
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RONS, mast cell degranulation, cellular adhesion molecule expression and leukocyte
adhesion (Chien et al., 2003).

Another possible mechanism for E-selectin expression is via NK receptor-mediated
release of proinflammatory cytokines, like TNFa or IL-1, by neighbouring cells such
as mast cells or fibroblasts (Cocchiara et al., 1999) or rheumatoid synoviocytes (Lotz
et al., 1987). These cytokines are capable of inducing endothelial adhesion molecule
expression (reviewed by Bevilacqua et al., 1989). Pathophysiological levels of SP
increase TNFa and IL-1 expression in T-cells, neutrophils, monocytes and
macrophages (Delgado et al., 2003). Interrupting TNFa-stimulated NF-kB activation
prevents

adhesion

molecule

expression,

and

significantly

attenuates

both

carrageenan-induced oedema and AA-associated hindpaw swelling (Pierce et al.,
1997). TNFa is a significant pro-inflammatory molecule, current therapies for RA
and psoriasis that target TNFa are having success in the clinic (reviewed by Taylor et
al., 2004).

Similarly, RONS increase the expression of adhesion molecules by

endothelial cells, this may be as part of the TNFa/cytokine-induced mechanism or
independently as a result of endothelial cell activation (Marui et al., 1993; True et
al., 2000; Cominancini et al., 2002; Jiang et al., 2004).

RONS are involved as

second messengers that activate the NF-kB and MAPK transcription pathways.

To summarise, endothelial cells are important facilitators of an acute inflammatory
response incorporating immediate responses such as generation of RONS, altered
vascular

permeability,

expression

of

adhesion

molecules,

cytokines

and

chemoattractants and the activation of neighbouring cells. Endothelial cells can be
activated directly or indirectly by neuropeptides. Therefore, the close proximity of
the sensory neurons of the peripheral nervous system to the endothelial cell-lined
vasculature provides a possible mechanism by which contralateral responses to an
ipsilateral stimuli may develop.
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CHAPTER 3 Localised

Establishing Two Models of Acute,

(Unilateral)

Inflammation

in

the

Rat

-

Development of Ipsilateral Inflammation.

3.1

Aim

The aim of this chapter was to establish two models of localised inflammation to test
the hypothesis that an organism will mirror-image an inflammatory response to the
contralateral region.

3.2

Introduction

The models used needed to demonstrate the occurrence of a localised inflammation
without any systemic involvement: (i) A,-carrageenan was used to create an acute,
predominantly neutrophil and amine-mediated inflammatory response and (ii) latex
spheres were injected into the hindpaw skin to stimulate a foreign body-induced
inflammatory response. Ipsilateral inflammation was assessed in terms of oedema
formation, cellular infiltration and histology. Serum IL-6 content and weight gain
were determined where appropriate to indicate systemic involvement.

3.2.1

Carrageenan-induced inflammation.

Carrageenan is a mucopolysaccharide extract of the Chondrus crispus algae, which
elicits an acute inflammation when injected into soft tissues (reviewed by Morris,
2003). The inflammatory response to X,-carrageenan was first described by Winter et
al. (1962); since then it has been widely used to test a variety of anti-inflammatory
drugs and was significant in the development of the group o f NSAIDs that inhibit
cyclooxygenase.
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Carrageenan-induced inflammation is acute, non-immune and highly reproducible.
Oedema, hyperalgesia and erythema develop immediately due to the action of
bradykinin, histamine, tachykinins, complement and RONS generated in situ or by
infiltrating cells such as neutrophils (Di Rosa et al., 1971; Vinegar et al., 1987;
Handy and Moore, 1998).

In the rat hind paw the response to an intradermal

injection of carrageenan is an initial (<20 minutes) non-phagocytic inflammatory
response, followed by a neutrophil-mediated phagocytic response (<3 hours)
characterized by dose-related increases in oedema, fibroblast proliferation and
hyperalgesia (Vinegar et al., 1987). Monocytes are recruited to the inflamed area
from 7 hours; phagocytosis of neutrophils by monocytes reverses the oedema.
Injection of carrageenan into deep tissues causes peripheral hyperalgesia and central
sensitisation as a result o f which secondary hyperalgesia is observed at distant sites
(Radhakrishnan et al., 2003).

Carrageenan-induced acute inflammation has a neurogenic component (Lam and
Ferrell, 1989a, 1991b).

In the rat knee, carrageenan-induced Evans Blue dye

accumulation is almost completely inhibited by the SP antagonist d-Pro4,d-Trp7’9’10SP(4-11), and is significantly reduced following surgical denervation or pre
treatment with capsaicin.

Carrageenan induces an upregulation of adhesion

molecules via NF-kB (Pierce et al., 1997; Cuzzocrea et al., 2002).

During

carrageenan-induced inflammation NGF content increases, PGE 2 synthesis is
increased and the affected regions become more sensitive to SP (Scott et al., 1992;
Nantel et al., 1999; Amann et al., 2000). SP, bradykinin and PGE2 are capable of
sensitising peripheral sensory nerve fibres (Richardson and Vasko, 2002).
Sympathetic efferent fibres do not contribute to carrageenan-induced inflammation in
the rat knee joint (Lam and Ferrell, 1989a, 1991b).

3.2.2

Latex sphere-induced inflammation

Injection of a solution of latex spheres into a region creates a foreign body-mediated
inflammatory response. The response has a significant macrophage component when
compared to the more acute, predominantly neutrophil-mediated, inflammation
induced by carrageenan (Mapp et al., 1994; Kidd et al., 1995). Macrophages are
involved in the pathophysiology of RA (Kinne et al., 2000).

Histologically,
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macrophages are found within the sites of joint destruction and the radiological
progression of joint damage is proportional to the degree o f macrophage infiltration.
In normal physiology phagocytosis and removal of debris by macrophages ensure
smooth function of the joint, there is scope for this to become destructive within a
chronic inflammatory disease or following disruption of the regulatory pathways.
Latex sphere-induced monoarthritis of the rat knee joint (lOOpl 1% solution, intraarticular) includes a topographically precise contralateral response (Kidd et al.,
1995).

In comparison to saline injected controls, by day 3 cellular infiltration

(macrophages) increased in the knee joint, intimal layer depth and SP concentration
in the synovium decreased, while in the DRG SP concentrations increased.
Bradykinin-induced PPE increased at day 10. Latex sphere-induced inflammation
does not alter the neuronal composition of the synovium (Mapp et al., 1994).

3.2.3

Plethysmometry

Plethysmometry is a frequently used in vivo technique to measure oedema formation
(Amann et al., 1995, 2000; Lofgren et al., 1998; Morris, 2003). As shown in figure
3.1 on page 60, a plethysmometer consists of a perspex cell filled with electrolyte
solution into which the paw is dipped, the extent of water displacement (millilitres ml) is displayed digitally. The electrical conductance across a transducer in a second
perspex cell is determined, the water level in this second cell is proportional to that in
the larger measuring cell. The data can be expressed as absolute values of hindpaw
volume, or as the change in paw volume from baseline measurements (Decaris et al.,
1999).
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Figure 3.1 A plethysmometer being used to measure hindpaw volume (Ugo Basile,
Italy). The rat paw is dipped into the perspex cell supplied with electrolyte solution
from the reservoir. The unit shown on the right displays the volume (ml) calculated
from the change in conductance in the second, smaller cell due to displacement of the
solution.

3.2.4

Histology

Characteristics of an inflammatory response in the hindpaw include specific cellular
infiltration, leukocyte adhesion and oedema formation. Increased cellularity can be
used to indicate the extent of an inflammatory response. Specific stains are used to
identify these cells by means of their morphology, location or enzyme activity;
examples are detailed below.

The fluorophore 4'-6-diamidino-2-phenylindole (DAPI) binds to the minor groove of
double stranded DNA.

When bound, DAPI fluorescence is strongly enhanced

(Kubista et al., 1987). Because of these properties DAPI is used as a counterstain
allowing identification of nuclei.

The excitation wavelength of the DAPI-DNA

complex is 364nm and the emission wavelength is 454nm (information from Sigma
data sheet).

A combination of the stains haematoxylin and eosin can be used to visualize the
structure and composition of the sample tissue. Harris’ haematoxylin stains nuclei
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blue; eosin is an anionic dye that combines electrostatically with structures such as
collagen and muscle and appears red (Bancroft and Cook, 1999).

Carrageenan-induced inflammation is characterized by neutrophil influx (Vinegar et
al., 1987).

Chloroacetate esterase (CAE) is a protease found in mast cells and

neutrophils.

Activity of CAE can be demonstrated by a specific simultaneous

capture technique using naphthol AS-D chloroacetate and diazonium salts. During
the reaction, CAE hydrolyses a-chloroacyl esters of naphthol AS which immediately
couples with the diazonium salt to form the final coloured reaction product. Using
this method mast cells appear bright red, and neutrophils pinkish-red (Bancroft and
Cook, 1999).

3.2.5

Interleukin-6

The pro-inflammatory cytokine interleukin-6 (IL-6) is an acute phase protein which
is described as a reliable marker for the development of an acute inflammatory
response (Ohzato et al., 1993). The transcription of numerous acute-phase protein
genes including C-reactive protein (CRP) is promoted by IL-6. Both experimentally
and in man, IL-6 is often used as a marker of systemic inflammation or severity o f a
trauma (Decaris et al., 1999; Agha and Mansour, 2000). Techniques to determine
IL-6 include enzyme-linked immunosorbant assay (ELISA) or activity based assays
looking at IL-6-induced proliferation of B cells (Ohzato et al., 1993). IL-6 levels can
be measured in serum, plasma, tissue homogenate or exudate.

In rodents, elevated serum IL-6 concentration is associated with carrageenan-induced
inflammation, the response to bums (within 3 hours) and the development of AA
(day 21) (Ohzato et al., 1993; Portanova et al., 1996; Tateda et al., 1998; Agha and
Mansour, 2000; Salvemini et al., 2001).

Increased levels correlate with footpad

swelling during the progression of AA and similar correlations are seen in RA
(Leisten et al., 1990, Madhok et al., 1993). Vajja et al. (2004) showed that intraplantar injection of 1% carrageenan produced oedema that was not associated with
increased circulating levels of IL-6 or TNFa, Chou (2003) found increased IL-6
levels in paw exudates 1.5 hours after intraplantar injection of carrageenan (lOOpl of
2%) compared to non-injected controls.
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The following experiments were carried out in accordance with UK legislation
(Animals (Scientific Procedures) Act 1986 - Project licence number 30/1594;
personal licence 70/15551). Male Wistar rats (Charles River, UK) weighing ~300g
were used and had access to food and water throughout the experiment. The day
before induction of inflammation all rats were weighed and baseline left and right
hindpaw volumes measured using a plethysmometer (see section 3.4.1). Solutions of
the inflammogens were made up in saline (0.9% sodium chloride (Sigma, UK)).
Rats were anaesthetised (isofluorane/oxygen mix) and hindpaw inflammation
induced by injecting lOOpl of the stimulus (2% carrageenan or 1% latex spheres see
sections 3.3.2 and 3.3.3) into the glabrous surface of the right hindpaw. Animals
were allowed to recover under supervision. Injections were not made into the left
hindpaw nor into either of the forepaws (see figure 3.2). Age-matched litter-mates
were used as naive controls. At the appropriate time points rats were killed using a
schedule 1 method (rising concentrations of carbon dioxide followed by cervical
dislocation). Blood was taken for serum IL-6 analysis. The paw skin was swiftly
dissected to give blocks of tissue approximately 0.5cm2 containing the subdermal
muscle layer. Tissues were snap frozen in melting isopentane (BDH, UK) (appendix
I) for histological and immunohistological analysis, or immediately frozen using dry
ice for analysis of myeloperoxidase content or mRNA content by reverse
transcription-polymerase chain reaction (RT-PCR).

Ipsilateral forepaw

^Contralateral forepaw

Ipsilateral hindpaw

Contralateral hindpaw

Intraderm al injection o f lOOfil inflam m ogen
Figure 3.2 Representation of the rat hindpaw inflammation model used.
stimulus was injected into the right hindpaw under isofluorane anaesthesia.

The
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3.3.2

Unilateral carrageenan-induced inflammation in the rat hindpaw.

A 2% w/v solution of A.-carrageenan (Sigma, UK) in saline was prepared the day
before the experiment was carried out. A preliminary experiment to determine the
time course of carrageenan-induced inflammation was carried out in 16 rats, 10 were
injected with carrageenan as described and the remaining 6 littermates were the
control group.

Plethysmometry was carried out prior to injection (baseline) and

repeated at 4, 8 , 16, 24, 48 and 72 hours after induction of inflammation. At each
time point, 2 carrageenan injected rats and 1 naive rat (unless otherwise stated) were
killed and paw skin snap frozen.

Details o f the rats used, group sizes and

experimental protocol are shown in figure 3.3.

8 rats

2 * rats

100 pi, 2% CAR
Right hindpaw

100 pi, 2% CAR
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Figure 3.3 Injection, measurement and sacrifice protocol for the preliminary
carrageenan-induced inflammation model described above (Section 3.2.2). Details
of injections given are above the time line (CAR = carrageenen), below are details
of the number of injected (CAR) or naive rats whose hindpaw volume was
measured using plethysmometry (Pleth.), and the number killed at each time point.
Rats injected at 8 hours (*) were measured and killed 24 hours after the start o f the
experiment (time = 0 ) and hence provide data that represent an inflammation o f 16
hours duration. Measurements at time =0 were taken immediately before injection
to reflect baseline values.
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Following this, further studies were carried out to characterise the inflammatory
response at 1 and 6 hours post induction of inflammation. The time points reflect the
early and late phases of carrageenan-induced inflammation, an outline of the protocol
is given in figure 3.4. A group of 10 rats were injected with 2% carrageenan as
described in section 3.3.1, 5 littermates remained as naive controls. Plethysmometry
of the 15 rats’ right (ipsilateral) hindpaws was carried out prior to injection and
repeated after 1 hour, at this time point 5 carrageenan injected rats were killed. The
paw skin from both forepaws and both hindpaws was removed and snap frozen.
Plethysmometry of the right hindpaws of the remaining 10 rats was repeated 6 hours
after injection. In a further group of 10 animals, 5 were injected with lOOpl 2%
carrageenan and 5 remained as naive controls, after 6 hours these animals were killed
and the paw skin dissected and immediately frozen for analysis of myeloperoxide
content.

15 rats
lOOjul 2% CAR
Right hindpaw

Time
(hours)

0

1

Pleth.:

15 naive

10 CAR

Kill:

5 CAR

6

5 CAR
5 naive
5 CAR
5 naive
5 CAR*
5 naive*

Figure 3.4 Injection, measurement and sacrifice protocol for the second
carrageenan-induced inflammation model described above (section 3.2.2).
Details of injections given are above the time line (CAR = carrageenen), below
are details of the number of injected (CAR) or naive rats whose hindpaw volume
was measured using plethysmometry (Pleth.), and the number killed at each time
point; * denotes the 5 injected and 5 naive rats whose paw skin was used to
determine myeloperoxidase content. Measurements at time=0 were taken before
injection and hence reflect baseline values.
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Unilateral latex sphere-stimulated foreign body-induced inflammation in

the rat hindpaw
A foreign-body induced unilateral inflammation was elicited in 30 rats by injecting a
1% solution of latex spheres (mean diameter 21.1pm (SD 0.53pm) Sigma, UK) in
saline into the right hindpaw as described above (section 3.3.1).

A group of 6

littermates were used as naive controls. Ipsilateral (right) and contralateral (left)
hindpaw volumes were measured at baseline, 6 , 24, 72 and 168 hours (7 days) after
injection. Groups of 6 animals were killed at each time point, one group was killed
after 1 hour and paw skin removed for histology, the timeline for the protocol is
represented in figure 3.5.

30 rats
lOOpl 1% LS
Rigfrt hindpaw

T
Time
(hours)
Pleth.:

T
24

0

36 naive

Kill:

Weigh: 12 naive

6 LS

72

24 LS
6 naive

18 LS
6 naive

12 LS
6 naive

6 LS

6 LS

6 LS

168

6 LS
6 naive
6 LS
6 naive
6 LS
6 naive

Figure 3.5 Injection, measurement and sacrifice protocol for the latex sphereinduced inflammation model described above (section 3.2.3).
Details of
injections given are above the time line (LS = latex sphere), below are details of
the number of injected (LS) or naive rats whose hindpaw volume was measured
using plethysmometry (Pleth.), and the number killed at each time point.
Measurements at time=0 were taken before injection and hence reflect baseline
values.
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Plethysmometry
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Baseline measurements were determined immediately prior to induction o f
inflammation. Hindpaw volume was determined by submerging the paw into the
plethysmometer up to the mid point of the calcaneum. The measurer was prevented
from seeing the readout on the digital display which was recorded by a colleague.
For each model plethysmometry of both hindpaws was repeated for each rat at the
appropriate time points listed in section 3.3.2 and 3.3.3.

Data given in the results section are the hindpaw volume (ml) or the change from
baseline measurements at each time point. Statistical tests were carried out using
GraphPad Prism software; data were treated as non-parametric, multiple groups were
analysed using the Kruskal-Wallis one-way analysis of variance (ANOVA) with
Dunn’s post test. Comparisons between two groups were made using Mann-Whitney
U tests or a Wilcoxon matched pairs test as appropriate.

Intra-observer variability was determined by repeatedly measuring the volume o f a
naive rat hindpaw on a different occasion. Hindpaw volume was measured 25 times,
median = 1.00ml, 25th percentile = 0.98, 75th percentile = 1.04) (for raw data see
appendix VIII, table VUI.i page 185).

3.4.2

Cellular infiltration

Using a cryostat (Bright, UK), two 5pm thick sections at least 50pm apart were cut
from each frozen hindpaw skin sample and mounted on glass slides (Superfrost Plus,
BDH, UK). Once dry, sections were fixed with cold acetone (Fisher, UK) for 5
minutes, rehydrated in phosphate buffered saline (PBS) (Fisher, UK) and then
incubated in the dark with lOOpl of 0.2pg/ml DAPI (Sigma, UK - see appendix II for
safety considerations) for 3 minutes. Sections were rinsed in PBS and then mounted
using fluorescent mounting medium (DAKO, UK).

Slides were assessed blindly

using computer-assisted image analysis (KS3.0 Image analysis software, Zeiss,
Germany).
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A macro was designed (see table 3.1) that counted the number of areas which were
above a specific predetermined threshold which corresponded to positive DAPIimmunofluorescence (-IF).
were analysed.
avoided.
necessary;

c

'y

For each sample 10 frames (1.2x10 pm ) per section

The epidermis and incomplete/disrupted regions of tissue were

It was possible to reject macro-selected areas of apparent positivity if
reasons

to

do

this

included

the

presence

of

obvious

contamination/artefacts or edge effects. All sections were stained with DAPI using
the protocol described above and analysed using the same macro to allow direct
comparisons. Appropriate filter sets were used, and the count was carried out at
x 200 magnification (lens x 20 , eye piece xlO).

Table 3.1 Details of the macro used to quantify cellular infiltration, as determined
by the number of areas of DAPI-positivity, in sections of paw skin.________________
Action
Step Command
1

! tvlive

Acquire live image (focus, select region)

2

tvffameinput 1,0,0,800,600

Capture image, display as image 1

3

dislev 1,1,75,154,1

Highlight areas according to pre-determined
thresholds

4

MSsetfeat "POINTFEAT"

Choose function (i.e. count highlighted areas)

5

! MSmeasmask

View positive/highlighted regions within

1,1,"DATABASE",0,1,10

threshold, opportunity to select or reject
regions if necessary. Get results of requested
function (i.e. count highlighted regions).

6

imgdelete 1

Automatically delete image 1

7

stop

Stop macro

Data per animal are the mean of 20 frame values; data per group are the mean of 5
values (carrageenan-induced) or 6 values (latex sphere-induced inflammation). Data
were analysed using GraphPad Prism software: Data fitted a Gaussian distribution
and were treated as parametric. Differences within and between the groups were
determined using a one-way ANOVA with Dunnetf s post hoc test or t-tests.

67

E m m a M R o b e rts

3.4.3

P h D T h e s is

Histology - Haematoxylin and Eosin

Two 5 jam sections at least 50 pm apart were cut from each skin sample and a
regressive H&E stain carried out. Following fixation in cold acetone and rehydration
in water, sections were placed in Harris’ haematoxylin (Sigma, UK) for 5 minutes,
‘blued’ under running water then differentiated in acid alcohol ( 1% concentrated
hydrochloric acid (HC1) in industrial methylated spirit (IMS) (both BDH, UK).
Sections were placed in eosin (Sigma, UK) for 30 seconds, rinsed under running
water then dehydrated in IMS and cleared in xylene (BDH, UK) before being
mounted with DePeX (BDH, UK).

Slides were assessed blindly and scored for

degree of inflammation by Dr P. Mapp (University of Bath/University of
Nottingham) - 0 = no inflammation; 1 = mild inflammation with minimal cellular
infiltration; 2 = moderate cellular infiltration; 3 = severe, widespread infiltration.

3.4.4

Histology - Chloroacetate Esterase

To confirm neutrophil infiltration CAE histology was carried out on sections cut
from samples of ipsilateral hindpaw skin o f carrageenan-injected rats.

After air-

drying for 1 hour the slides were fixed in formal saline (BDH, UK) for 10 minutes
then rehydrated in tap water. All solution recipes can be found in appendix III, page
176. The substrate solution was prepared by adding 0.1ml of pararosanilin solution
to 0 . 1ml of sodium nitrite solution in a glass beaker, this solution was mixed briskly
to allow complete nitrogenation and allowed to stand for 30-60 seconds. Michaelis
Buffer (30ml of 0.1M) was added and adjusted to pH6.3 with 1M HC1. This solution
was mixed gently, resulting in a flocculent pink solution, it was filtered and 0 . 1ml
pipetted onto each section. The slides were incubated at 37°C. Initially, a time
course (30, 45, 60 and 75 minutes) was carried out to determine the optimum
incubation period. At all time points mast cells, stained bright red, were readily
visible within the connective tissue of the skin. Neutrophils, identifiable by their
lobulated nuclei, were stained consistently with low background staining following a
60 minute incubation. Sections were rinsed in water and counterstained in Mayer’s
haematoxylin (BDH, UK), rinsed, dehydrated in IMS and cleared in xylene before
mounting in DePeX. Sections were observed under the microscope for the presence
of a pinkish-red cytoplasmic stain, morphology of positive cells was used to identify
neutrophils or mast cells.
68

E m m a M R o b e rts

3.4.5

P h D T h e s is

Interleukin-6 ELISA

Blood was obtained, via cardiac puncture immediately after killing, from all rats and
stored at 2-8°C overnight; samples were then centrifuged (2000g for 10 minutes) and
the serum collected. Serum was stored at -20°C until required. A positive control,
serum from rats with adjuvant arthritis (day 21, n=2) was kindly donated by Dr. V.
Winrow (University of Bath). The IL -6 ELISA was carried out according to the
manufacturer’s instructions (BenderMed Systems, UK). Samples were assayed in
triplicate (carrageenan-induced model) or duplicate (latex sphere-induced model).
In brief, serum samples or serial dilutions of the IL -6 standard were added to
microwells coated with a rat IL-6 monoclonal antibody (mAb), these were incubated
for 2 hours with a biotin-conjugated anti rat IL -6 antibody.

Serum and unbound

biotin-conjugated antibody were washed off and streptavidin-horseradish peroxidase
(S-HRP) added to the wells which were incubated for 1 hour.

The wells were

washed to remove excess S-HRP and a substrate solution reactive with HRP,
3,5,3’,5’-tetramethyl benzidine (TMB), was added to the wells:

The amount of

coloured product formed was proportional to the amount of IL-6 in the serum
sample.

The reaction was terminated after 15 minutes by the addition o f 1M

phosphoric acid and the absorbance measured at 450nm with a 650nm reference
filter (U-2010 Spectrophotometer, Jencons, UK). Serum IL-6 content was calculated
from sample absorbance values by using linear regression and the IL -6 standard
curve (GraphPad Prism).

Any differences between the groups were determined

using a t-test or one-way ANOVA with appropriate post test.

3.4.6

Measurement of body weight

For the latex sphere-stimulated foreign body-induced inflammation all rats were
weighed at baseline and the remaining 6 naive and 6 latex sphere-injected rats
weighed again at day 7. Systemic inflammation/arthritis has been associated with
reduced weight gain, and this can be ruled out if there is no alteration in weight gain
compared to naive animals (Donaldson et al., 1992; Lombard et al., 1999). The
percentage weight gain after 7 days in latex sphere-injected rats was compared to that
of naive rats using a Mann-Whitney U test for non-parametric data.
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3.5

Results

3.5.1

Carrageenan-induced inflammation of the rat hindpaw

3.5.1.1 Plethysmometry at 4, 8 , 16, 24, 48 or 72 hours after carrageenan
Raw data (see appendix VIII, tables VIII.ii to VUI.iii pages 185 to 186) were
compared using paired tests for non-parametric data as appropriate.

Figure 3.6

shows a significant difference between the measured baseline volumes of the left and
right hindpaws of naive rats (P=0.0313). Naive rat left and right hindpaw volumes
did not differ when measured again at 4,

8

or 24 hours (P=0.6875, P=0.8125 and

P=0.250 respectively). The difference seen at baseline may be due to the body of the
rat hindering left hindpaw measurements.

This did not continue to be of

significance. To control for this possible source of variation, data from injected rats
were compared only to the corresponding paw o f naive rats, i.e. contralateral to left,
or ipsilateral to right. Naive rat right hindpaw volume did not vary significantly from
baseline at 4,

8

, 24 or 48 hours (P=0.0694 - 16 and 72 hours not included in

statistical analysis because n=l).

baseline baseline L 4 hours R 4 hours L 8 hours R 8 hours L 24 hours
R
R

24 hours
L

Time/region

Figure 3.6 Left (L = red bars) and right (R = blue bars) hindpaw volume of naive
rats measured using plethysmometry at baseline and 4, 8 and 24 hours later. Data are
median values and the interquartile range as appropriate; baseline n= 6 , 4 hours n= 6 ,
8 hours n=5, 24 hours n=3. Results o f Wilcoxon matched pairs test to compare left
and right paws *P<0.05.
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Ipsilateral hindpaw (right) volume increased over time following injection of
carrageenan (figure 3.7).

Ipsilateral hindpaw volume o f injected rats was

significantly different from baseline (PO.OOOl) at 4 hours (PO.OOl) and

8

hours

(P<0.01) after carrageenan injection. There were no other differences between any
of the groups.

baseline

4

8

16

24

48

72

Time (hours)

Figure 3.7 Ipsilateral hindpaw volume during carrageenan-induced inflammation
(2%, intraplantar at time = 0 hours) measured by plethysmometry at baseline, 4, 8 ,
16, 24, 48 and 72 hours. Data are median values and the interquartile range as
appropriate; baseline (time = 0 hours) n=10, 4 hours n= 8 , 8 hours n= 6 , 16 hours n=2,
24 hours n=4, 48 hours n=2, 72 hours n=l; Dunn’s post test ***P<0.001, **P<0.01
compared to time = 0 hours (baseline).
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As shown in figure 3.8, the change in ipsilateral hindpaw volume from baseline
measurement was significantly increased in carrageenan-injected animals compared
to naive animals at 4 hours (P=0.0007),

8

hours (P=0.0043), and 48 hours (PO.OOl)

(16 hours and 72 hours not analysed due to naive n=l).

1.2 n

—Carrageenan
” Naive

1.0

-

-c 0.8
s
©
c
0.6
E
J3
"©
0.4 -

-

OX)

C
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j= 0.2
u

-

0.0
24

48

72

Time (hours)
Figure 3.8 The change in ipsilateral (right) hindpaw volume from baseline (ml) with
or without carrageenan (2%) hindpaw inflammation. Data are median values; MannWhitney U test: ***P<0.001, **P<0.01, compared to naive. Carrageenan injected
(blue line/diamonds) 4 hours n= 8 , 8 hours n= 6 , 16 hours n=2, 24 hours n=4, 48 hours
n=2, 72 hours n = l: naive (red line/squares) 4 hours n= 6 , 8 hours n=5, 16 hours n=l,
24 hours n=3, 48 hours n=2, 72 hours n= 1. NB: 16 and 72 hours not analysed due to
naive n = l.
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3.5.1.2 Plethysmometry - 1 and 6 hours post carrageenan.
In naive rats the mean change in hindpaw volume was not significantly different after
6

hours when compared to baseline (P=0.5476), volume increased by only 0.65%.

Following intra-plantar injection of carrageenan, ipsilateral hindpaw volume
significantly increased (PO.OOOl) at 1 hour (P<0.01) and

6

hours (P<0.001)

compared to baseline (figure 3.9). The change in hindpaw volume from baseline to

6

hours was significantly different in carrageenan injected rats (median change =
0.86ml) compared to the change in naive rats (median change = 0.0ml) (P=0.0079).
Raw data can be found in appendix VII, tables VIII.iv toVIII. v page 186.

3.0 -i

— 2.5 &
2

0

“

f

£

c<3

•§* 1.0 c
X
0.5 0.0

-

baseline

1

hour

6

hours

Time

Figure 3.9 Ipsilateral hindpaw volume with or without injection of carrageenan
(CAR), volume measured using plethysmometry at baseline, 1 and 6 hours after
injection. Data are median values and the interquartile range as appropriate.
Baseline n=10; CAR + 1 hour n=10; CAR + 6 hour n=5; naive n=5. Dunn’s post test
***P<0.001, **P<0.01 compared to baseline.

73

PhD Thesis

1~mma M Roberts

3.5.1.3 Cellular infiltration
The raw data are in table IX i in appendix IX page 189. One-way ANOVA showed
no intra-group variation in cellular infiltration in ipsilateral hindpaws from naive rats
[F(4,72)=0.5070, P=0.7307] or in the

6

hour carrageenan-induced inflammation

group [F(4,90)=1.292, P=0.279]; there was variation within the 1 hour group
[F(4,93)=5.758, P=0.0003] which might be explained as intra-animal differences in
the rate of development of inflammation in the hindpaw.

One-way ANOVA showed there to be a significant difference between the three
groups, naive, 1 hour and

6

hours post injection [F(2,12)=39.31, PO.OOOl],

mean number of nuclei was significantly greater at

The

hours post carrageenan

6

compared to naive (P<0.001) (figure 3.10). There were no differences between the
naive and 1 hour group. Data confirm that cellularity increases dunng carrageenaninduced hindpaw inflammation.

600 n

* * *

300
x
<N
5 —’ 200

Naive

1

hour

6

hour

T im e p o in t

Figure 3.10 The mean number of DAPI-IF nuclei per 1.2xl0 5 pm 2 in right/ipsilateral
hindpaw skin in naive animals and 1 hour or 6 hours post carrageenan (2 %; all
groups n=5). Data are mean ± SD; Results of Dunnett’s post test: ***P<0.001
compared to naive or 1 hour.
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3.5.1.4 Histology
Histologically there were no signs of hindpaw inflammation in any of the naive rats.
At 1 hour and

6

hours post induction of inflammation all carrageenan injected rats

scored ‘3’ confirming the development of inflammation in the hindpaw skin (for raw
data see table X.i appendix X page 191).

This inflammatory response was

characterised by neutrophil accumulation as indicated by positive pink staining of
CAE within the vasculature, dermis and deep dermis (figures 3.11, 3.12 page 76,
3.13 page 77).
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Figure 3.11 Ipsilateral hindpaw skin 6 hours after injection of lOOgl of 2%
carrageenan Structural features include an arteriole (A) and nerve fibre bundle
(N). Chloroacetate esterase histology was used to determine the extent of
neutrophil infiltration; neutrophils appear pinkish-red (arrows) and mast cells
appear bright red (dotted arrows). Bar represents 100pm.
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Figure 3.12 Ipsilateral hindpaw skin 6 hours after injection of lOOgl of 2%
carrageenan; chloroacetate esterase positive neutrophils appear pinkish-red
(arrow) and can be found within small diameter blood vessels (e.g. dotted arrows)
and extravascularly. Bright red cells are mast cells, ‘N ’ denotes a nerve fibre
bundle. Bar represents 100pm.

76

■mma M R o be rts________________________________________________________________________P h D T hesis

<
m
A*

-S'
• • •

hi

100.00

micron
111

r# *
Figure 3.13 Chloroacetate esterase histochemistry o f ipsilateral hindpaw skin 6 hours
after injection of lOOpl of 2% carrageenan. Pictured is a cross section through part o f
a dermal blood vessel showing the lumen (L) and endothelium (E). Neutrophils
appear pinkish-red and are present (i) within vessels, (ii) rolling along, and adhering to
the endothelium, and (iii) extravasated into the surrounding tissue. Mast cells (M)
appear bright red and are present within the interstitium. Bar represents 100pm
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3.5.1.5 Serum IL-6 concentration
All raw data used for the calculation of results can be found in table XI.i and Xl.ii
appendix XI page 193. A summary is given in table 3.2 and the IL-6 standard curve
is shown in figure 3.14. A number of both naive and carrageenan samples returned
negative results which were interpreted as having no (zero) IL-6 . The results o f the
AA positive control serum show elevated levels of IL -6 in the serum of adjuvant rats
as expected.

The measured IL-6 content of naive rat serum did not differ from

carrageenan injected rats (Unpaired t-test with Welch’s correction (not assume equal
variance) P=0.1814).
0.75-.

g 0.50-

G
O

0.25-

0.00
0

250

500

750

1000

IL-6 (pg/ml)
Figure 3.14 Graph of IL-6 standard curve used to determine serum IL -6 content
in carrageenan-injected rats, goodness of fit r2=0.95, data are means of triplicate
wells ± SEM.

Table 3.2 Serum IL-6 content of naive (n=5), carrageenan injected (n=5), or
adjuvant rats (n=2) as determined by ELISA._________________
Interleukin-6 (pg/ml)
rat

Naive
1

10.0

2 244.4

Carrageenan

Adjuvant

92.9

1498.8

130.0

1049.7

3

13.1

49.7

-

4

649.4

99.7

-

5 571.8

11.3

-

Mean

297.7

76.7

1274.3

SD

302.2

46.5

317.5

Data are mean of 3 readings per animal, also given are the group means and SD.
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Foreign body-induced inflammation of the rat hindpaw

3.5.2.1 Plethysmometry
Raw data can be found in tables VIII.vi to VIII.vii in appendix VIII pages 187 to
188. Neither right nor left hindpaw volume altered significantly at any time point
(Friedman test, repeated measures for non-parametric data - right P=0.3365; left
P=0.8498) or changed significantly at 7 days compared to baseline (right P=0.0931;
left P=0.9372).

1.8

-|

Time/paw

Figure 3.15 Hindpaw volume (ml) of naive rats measured at baseline, 6 hours, 24
hours, 72 and 168 hours (R/blue = right hindpaw n= 6 ; L/red = left hindpaw n= 6 ).
Data are median values and the 25th and 75th percentiles.
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Following injection of latex spheres, ipsilateral hindpaw volume increased
(P<0.0001) at

6

hours and 24 hours (both P<0.001) and after 7 days (P<0.05) (figure

3.16).
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Figure 3.16 Ipsilateral hindpaw volume following injection of latex spheres (1%),
volume measured at baseline, 6 , 24, 72 and 168 hours after injection. Data are
median values and the 25th and 75th percentiles; time =0 hours (baseline) n=30, 6
hours n=24, 24 hours n=18, 72 hours n=12, 168 hours (7 days) n= 6 . Results of
Dunn’s post test ***P<0.001, *P<0.05 compared to time =0 hours.
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In injected rats, the change in hindpaw volume compared to the baseline
measurement was significantly different from that o f naive rats at all time points:

6

hours (P=0.002), 24 hours (P=0.0004), 72 hours (P=0.0087) and 168 hours
(P=0.0260) (figure 3.17).

Ipsilateral hindpaw swelling was maximal at 24 hours

(volume - 1,8 ml ± 0.03).
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Figure 3.17 The change in right/ipsilateral hindpaw volume (ml) from baseline
measurements in naive (red line/squares; all time points n= 6 ) and latex sphereinjected rats (blue line/diamonds; 6 hours n=24, 24 hours n=18, 72 hours n=12, 168
hours n= 6 . Data are median values for each group). Mann-Whitney U test
***P<0.001, **P<0.01, *P<0.05 compared to naive.

At comparable time points the change in hindpaw volume was greater in
carrageenan-injected rats than latex sphere injected

(6

hours P=0.0006; 24 hours

P=0.0241).
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3.5.2.2 Cellular infiltration
Raw data can be found in table IX ii appendix IX page 190. There was no variation
within the naive, 1 hour or 72 hour groups; the number of nuclei did vary within the
6

hour [F(5,94)=8.385, PO.OOl], 24 hour [F(5,l 14)=4.751, PO.OOl] and the 7 day

[F(5,l 14)=9.825, PO.OOl] groups

As with the carrageenan-induced inflammation

expenment (section 3.5.1.3 page 74), this could be a reflection of the rate o f
development of the inflammation, or small group sizes. Intra-group variation at

6

and 24 hours corresponds to the time points associated with the development of
oedema (see 3.5.2.1 page 79).

Analysis o f all the data revealed a significant increase in the number of nuclei in the
hindpaw skin [F(5,30)=l 1.58, PO.OOl] from 24 hours

(Dunnetfs post test

PO.OOl), and suggested that infiltration was maximal between 72 (PO.OOl) and 168
hours (PO.OOl) (figure 3.18).

Naive

Time (hours)
Figure 3.18 The mean number of nuclei per 1.2xl0 5 pm 2 in sections of hindpaw skin
of naive rats or following injection of 1% latex spheres into the right hindpaw. Data
are mean ± SD; Results of D unnetfs post test, *** PO.OOl compared to naive; n= 6
all groups.
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3.5.2.3 Ipsilateral histology - H&E.
Histologically, an ipsilateral inflammatory response incorporating cellular infiltration
was detected from

6

hours (figure 3.19 and table X.ii in appendix X page 191). The

results suggest that the observed inflammation peaked at 72 hours. In all sections
from latex sphere-injected paws (ipsilateral) it was possible to identify the latex
spheres, inflammation was centred mainly around the latex spheres.

The scores

increased significantly (Kruskal-Wallis ANOVA with Dunn’s post test to compare
each group to time = 0; PO.OOOi), and were statistically greater at 24, 72 and 168
hours post injection (all P<0.01 compared to time = 0 hours).

3.5 -|
3.0 -

Time (hours)

Figure 3.19 The development o f inflammation in ipsilateral hindpaw skin following
injection of 1% latex spheres. Data are median values (mean number of nuclei per
1 .2 x l 0 ' 5 pm 2
interquartile range; scored according to the following criteria - 0 =
no inflammation; 1 = mild; 2 = moderate; 3 = severe cellular infiltration. At all time
points n= 6 ; Results of Dunn’s post test **P<0.01 compared to time =0 hours.
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Figure 3.20 Haematoxylin and eosin stain of sections of ipsilateral paw skin from
naive rats or at 1, 6 , 24, 72 hours or 7 days post injection of latex spheres (1%) into
the paw skin. Latex spheres (LS) are visible in sections of injected skin, this is
associated with regions of cellular infiltration Bars represent 100pm, also highlighted
is the epidermis (E).
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To determine the phenotype of any infiltrating cells two commercially available anti
macrophage antibodies (mouse anti-macrophage monoclonal antibody (Abeam
ab8173, UK); mouse anti-rat CD 68 monoclonal antibody clone EDI (Serotec
MCA341R, UK)) were used.

However, these proved unsuccessful in identifying

macrophages in positive tissue (ipsilateral latex sphere-injected paw skin, 72 hours).
Both antibodies were approved for detection of antigen by immunohistochemistry on
frozen tissue sections. Assays were carried out using a number of dilutions including
those recommended by the supplier.

Using immunohistochemistry, Mapp et a l

(1994) showed that the cellular infiltrate in latex sphere-induced synovitis was
predominantly macrophages, with no demonstrable T- or B-lymphocyte-IR.
Similarly, intra-muscular injection of microcapsules produces a macrophage driven
inflammation (Visscher et al., 1987).
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3.5.2.4 Serum IL-6 content
Raw data used to calculate serum IL-6 content are given in tables Xl.iii and XLiv
appendix XI page 194. Figure 3.21 shows the IL-6 standard curve used to calculate
serum IL-6 content. There were no significant differences in serum IL -6 content
from rats injected with latex spheres compared to that of naive rats [F (5,30)=1.383,
P=0.2585] (table 3.3).

2 . 0-1

S
a
o
-rr

<

0.5-

0.0

0

250

500

750

1000

IL -6 (pg/m l)
Figure 3.21 Graph of IL-6 standard curve used to determine serum IL-6 content
in latex sphere-injected rats, goodness of fit 1^=0.9045, data are means of
triplicate wells ± SEM.
Table 3.3 Serum IL-6 concentration in naive or latex sphere-injected rats as
determined by ELISA.____________________________________________
Serum Interleukin-6 (pg/ml)
rat

Naive

1 hour 6 hour 24 hour

72 hour 7 day

1

115.3

174.3

2.3

128.1

94.4

0.0

2

0.0

331.8

118.7

0.0

0.0

169.2

3

99.8

145.8

22.0

180.0

17.7

175.2

4

176.9

4.0

0.0

0.0

346.9

25.4

5

447.0

0.0

5.7

79.3

362.6

404.2

6

520.6

70.7

0.0

49.3

13.4

0.0

Mean

226.6

121.1

24.8

72.8

139.2

129.0

SD

208.5

125.5

46.7

71.8

170.3

157.2

Data are mean and SD for each group, n=6 all groups.
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3.5.2.5 Body weight
The change in body weight after 7 days in latex sphere-injected rats did not differ
from naive rats (t- test P=0.4422) (see table XI.v in appendix XI page 195, and figure
3.22).

30n
-d

Naive

Latex Sphere

Figure 3.22 Weight gain as percentage of baseline measurements in naive and latex
sphere-injected rats 7 days after injection into the right hindpaw. Data are mean ±
SD, both groups n= 6 .
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3.6

Discussion

3.6.1

Carrageenan-induced inflammation of the rat hindpaw.

Increased hindpaw volume is indicative of oedema formation. As such, following
intra-plantar injection of carrageenan (2%) volume was increased from 4 hours. This
is consistent with the development of carrageenan-induced hindpaw inflammation.
In addition, histologically a severe inflammatory response was detected at 1 hour.
By 6 hours post injection of carrageenan there was a well established inflammation
in the hindpaw skin which incorporated increased cellularity and particularly
neutrophil adhesion and transmigration into the tissue. This was concordant with the
rise in hindpaw volume. These findings concur favourably with the known response
to carrageenan (reviewed by Morris, 2003; Di Rosa et al., 1971; Vinegar et al., 1987;
Handy and Moore, 1998).

The data indicate that serum IL-6 content did not differ from naive levels 6 hours
after unilateral intraplantar injection of carrageenan. The assay did detect elevated
IL-6 concentration in the serum of adjuvant rats which characteristically have a
chronic systemic inflammation.

The ELISA data are erratic, but the lack o f an

increase in serum IL -6 levels following carrageenan injection, and therefore the
suggestion that there is no systemic response, is consistent with the unilateral nature
of the stimulus. The findings are concordant with the literature. Attempts were
made to use RT-PCR to determine IL-6 concentration in paw skin homogenates but
without success, due to time constraints it was not possible to pursue this avenue of
research at this time. The absence of results may be due to the primers used, the
methods or the time points examined. Regarding the latter point, Chou (2003) found
increased IL-6 in rat paw exudate at 4 hours in the carrageenan-induced hindpaw
inflammation model. It would be of interest to continue this line of investigation in
tissue from both ipsilateral and distant regions.

With regard to the suitability of this model to investigate contralateral responses:
Kissin et al. (1998) demonstrated bilateral hyperalgesia following intraplantar
carrageenan (2%, lOOpl); Bileviciute-Ljungar and Lundeberg (2000) saw bilateral
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hyperalgesia at 6 hours with an intraplantar injection of 1% (lOOpl) carrageenan;
Bileviciute (1993) saw bilateral increases in SP-, NKA-, CGRP- and NPYimmunoreactivity (-IR) in the knee joints at 2, 6 and 24 hours following unilateral
intra-articular injection of 50pl of 2% carrageenan. More specifically, CGRP-IR is
increased, indicating increased release, in the contralateral hindpaw perfusate 24
hours after ipsilateral injection of lOOpl of 2% carrageenan (Yu et al., 1996). A
lower dose of carrageenan (lOOpl of 1% solution intraplantar) is associated with
altered sensitivity to thermal and mechanical stimuli (Bileviciute-Ljungar and
Lundeberg, 2000; Bileviciute-Ljungar and Spetea 2001).

A higher dose of

carrageenan (200pl of 3% solution, intraplantar) is associated with bilateral changes
in NADPH-d histochemistry in the DRG/dorsal horn, indicative of biochemical
changes (Solodkin et al., 1992).

3.6.2

Latex sphere-stimulated foreign body-induced inflammation of the rat

hindpaw.
The data presented here confirm that injection of a 1% latex-sphere solution in saline
into the rat hindpaw stimulates an ipsilateral inflammatory response.

This

inflammation was characterised by an increase in hindpaw volume at 6 hours which
peaked at 24 hours post induction of inflammation. In addition, there was increased
cellularity indicative of leukocyte infiltration. Kidd et al. (1995) showed that intraarticular injection of 1% solution of latex spheres into the knee joint of a rat
'y

increased the depth of the intimal layer and the mean cell count per mm , reaching a
maximum at day 5. Similarly, in this model, cellularity of paw skin sections peaked
between 72 hours and 7 days post induction of inflammation. At these time points
the oedematous response was subsiding, semi-quantitative scoring of the tissues
confirmed that the regions were still inflamed. As such, this provides a model of
hindpaw inflammation that has an extended duration in comparison to carrageenaninduced inflammation.

There was no evidence that serum IL -6 content altered during the duration o f the
inflammation (7 days), weight gain was similar in both naive and injected rats.
These findings indicate a lack of a systemic inflammatory response, and also suggest
that the latex sphere injection did not alter normal rodent behaviour.
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Conclusion

Carrageenan-induced and latex sphere-induced inflammation of the rat hindpaw are
appropriate models to use to establish the role o f the vascular endothelium in distant
responses to unilateral stimuli.
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CHAPTER 4 - Distant Inflammatory Responses During
Two Different Models of Acute, Localised Inflammation in
the Rat Hindpaw.

4.1

Aim

This series of experiments aimed to determine whether an inflammatory response
characterised by altered vascular function (oedema formation or cellular infiltration)
occurred at distant sites during acute localised inflammation (see chapter 3).

4.2

Introduction

Symmetry and mirror-image responses were discussed in chapter 1. The ability to
generate a contralateral response at such a time as there is infection, injury or an
inflammation in the ipsilateral region would favour survival of an organism by
ensuring it could still function at approximately 50% of normal.

The innate

inflammatory response provides an immediate mechanism against infection and is
mediated in part by phagocytic cells such as neutrophils and macrophages. Local
release of chemoattractive molecules and changes in vascular permeability result in
accumulation of these cell types within the affected tissues. The hypothesis here is
that following an ipsilateral inflammatory stimulus there is also a contralateral
inflammatory response which has the ability to provide immediate defence against
subsequent infection/stimuli, and that this incorporates changes in vascular
permeability and cellular infiltration to the region.

Significant parameters were

investigated in an attempt to compare the results to known characteristics of
contralateral responses including the topography and magnitude of the response.
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Myeloperoxidase

Myeloperoxidase (MPO) is an oxygen-reducing enzyme present in neutrophil
lysosomes. MPO concentration correlates to total neutrophil number and has been
used to determine the extent of neutrophil infiltration into a region (Bradley et al.,
1982; Cao et al., 2000; Lu et al., 2002).

In the presence of hydrogen peroxide

(H2O2) MPO catalyses the oxidation of 3,5,3’,5’-tetramethyl benzidine (TMB), the
resulting colour change can be quantified using spectroscopy (Suzuki et al., 1983;
Schierwagen et al., 1990). Carrageenan-induced inflammation of the rat hindpaw
(2% lOOpl, intraplantar) is associated with an increase in MPO activity (Chou, 2003).

4.3

Methods

Additional details of the methods and the materials used can be found in appendices
II and III. These experiments were carried out using the animal models characterised
and described in chapter 3. Neither model was associated with elevated serum IL -6
levels, the first model uses carrageenan and the second uses latex spheres to create
localised acute inflammation in rat hindpaw skin.

4.3.1

Oedema formation, cellular infiltration and histology.

These were assessed as previously described in chapter 3 using plethysmometry
(section 3.4.1 page 66 ) for oedema, DAPI fluorescence (section 3.4.2 page 66 ) for
cellular infiltration and H&E staining (section 3.4.3 page 68 ) for additional
histology.

4.3.2

MPO activity of paw skin homogenates.

Frozen samples of hindpaw skin from naive rats (n=5) or rats killed 6 hours after
injection of carrageenan (2%, lOOpl) into the right hindpaw (n=5) were allowed to
thaw, weighed then homogenized (Ultra-turax homogeniser, Janke and Kunkel IKA
Labirtechnik) in 0.05M potassium phosphate buffer pH6.0 containing 0.5%
hexadecyltrimethylammonium bromide (HTAB; Sigma, UK) (total volume 1.5ml per
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sample). HTAB is an ionic detergent used to solubilise MPO (Bradley et al., 1982).
Samples were centrifuged at 13000rpm, 4°C for 5 minutes (‘Biofuge fresco’, Heraeus
Instruments). The samples were assayed in triplicate to determine the total protein
content using the Bio-Rad Protein Assay (Bio-Rad 500-0002, UK) which is based on
Bradford’s protein assay protocol using Coomassie blue (Bradford, 1976). Aliquots
of sample were assayed in triplicate for their ability to oxidize TMB in the presence
of

H2O2.

The

amount

of

coloured

reaction

product

was

measured

spectrophotometrically at 650nm (U-2010 Spectrophotometer and 650nm filter Jencons, UK).

Peroxidase activity has been reported as ‘absorbance per mg tissue wet weight’ (Lu
et a l, 2002), this does not take into account any increases in volume due to
inflammation.

This could be significant when alterations in activity levels are

expected to be small. Therefore, to enable comparisons of MPO activity the data
were expressed as absorbance per mg of protein (A 650nm/mg protein) in a way similar
to that of Chou (2003). This method of quantifying the data had a number of sources
of error, in particular the need to dilute the samples to allow determination of protein
content.

With these samples, there was variation in total protein content values

within groups (for example naive right (ipsilateral) hindpaws - see appendices XIII
and XIV pages 201 to 208), and this did not compare to the degree of variation in
wet weight of the tissue. As such, and because the plethysmometry data suggest that
over time, following ipsilateral injection of carrageenan, contralateral hindpaw
volume did not differ from that of naive rats (section 4.4.1.1, figure 4.5 page 101)
MPO activity was also calculated as absorbance per gram of tissue wet weight
( A 6 5 0 n m /g

tissue).

4.3.2.1 Determination of protein content.

4.3.2.1.1

Dilution of HTAB buffer.

Ionic detergents such as HTAB interfere with the activity o f the Bio-Rad Protein
Assay. Interference is dependent on concentration, therefore the assay was repeated
with different dilutions of HTAB in 0.05M potassium phosphate buffer (see
appendix V) to determine an appropriate dilution o f sample.
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The assay was carried out according to the manufacturer’s instructions using a
bovine serum albumen (BSA) standard made up in 0.05M potassium phosphate
buffer containing varying concentrations o f HTAB (full details can be found in tables
XIII.i and XIII.ii appendix XIII page 206). Comparisons between standard curves
were made using GraphPad Prism statistics software package. The optimal dilution
of 0.5% HTAB buffer was 1:75 (final concentration 0.0067%). At this dilution there
was a good linear standard curve (r2 =0.97) with a positive gradient. The standard
curves obtained for BSA in 0.05M potassium phosphate buffer with or without
HTAB (0.0067%) are shown in figure 4.1.
contributed to the

The HTAB present may still have

reaction/absorbance change but there was an adequate

concentration-related response in the standard curve. This was not the case when
samples were diluted by 1:10 or 1:30 (gradient: 1:10=0.26; 1:30=0.64).

B uf fe r
0.5-1

+H TA B

0.4-

0.0
0.0

0.1

0.2

0.3

0.4

0.5

B SA m g /m l
Figure 4.1 The results o f the Bio-Rad protein assay, absorbance at 595nm of the
BSA standard made up in 0.05M potassium phosphate buffer with HTAB (1:75,
0.0067%; dotted line) or without HTAB (solid line).
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Determination of paw skin homogenate protein content

To determine the total protein content of the samples, paw skin homogenates were
diluted as appropriate (1:75) in 0.05M potassium phosphate buffer (pH6.0). Samples
were assayed in a 96 well plate using 4 wells for each sample and 5 for each standard
dilution. Sample homogenate or BSA (lOpl) was added to lOOpl of Bio-Rad assay
reagent (diluted 1:5 with dH20) and after 10 minutes the absorbance at 595nm was
read.

Linear regression analysis was used to determine sample protein content

(mg/ml) from the most linear portion of the BSA standard curve (GraphPad Prism).

4.3.2.2 MPO catalysed oxidation of 3,5,3’,5’-tetramethyl benzidine.
This assay has been used by other workers to determine MPO content in rat skin
(Bradley et al., 1982; Schierwagen et al., 1990; Pinter et al., 1999; Chou, 2003). As
there is some variation concerning the final concentrations of TMB and H 2O2
(0.16mM and 0.24mM respectively - Bradley et al., 1982; Schierwagen et al., 1990;
1.6mM and 0.3mM - Suzuki et al., 1983) initial experiments were performed to
determine the optimum concentrations for these samples.

A range of incubation

times and the effect of all components of the assay on the oxidation o f TMB were
investigated.

Initial studies suggested that sample absorbance values did not fall suitably within
the range of an MPO standard curve (0.5units/ml to 0.004units/ml (MPO from
human leukocytes; Sigma, UK)) but did vary from a no sample control (consisting of
HTAB buffer, TMB, H2O2). The aim of the experiment was to look for contralateral
changes compared to naive paw skin and not solely neutrophil content. Therefore
the assay was carried out without a standard and final data were viewed as evidence
of alterations in peroxidase activity.
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Optimal incubation time

All the solution recipes can be found in appendix V page 179. Initially a time course
for the reaction was carried out.

The assay was repeated using varying

concentrations of MPO diluted in 0.05M potassium phosphate buffer. Each MPO
concentration was assayed in triplicate. Each well contained 20jil MPO, 80pl 0.08M
potassium phosphate buffer (pH5.4), 80pl 0.24mM H2O2 and 20pl 0.16mM TMB.
Controls included omission of TMB or H2O2. The plate was read after 5, 10, 15, 20,
25 and 30 minutes. The temperature of the plate reader was maintained at 37°C
throughout.

The change in absorbance over time as a percentage of the absorbance after 5
minutes suggested that an appropriate incubation time would be 10 minutes. At 10
minutes the absorbance of MPO-containing wells had increased (see table 4.1). The
increase in absorbance of the wells not containing any MPO at all time points
indicates that after 10 minutes oxidation of TMB is independent o f MPO, this could
interfere with the assay sample results.

Table 4.1 The percentage change in absorbance at 650nm of oxidised TMB at 5
minute intervals compared to the initial reading taken at 5 minutes._____
MPO (units/ml) % Change from A65onmat 5 minutes
10

15

20

25

30

0.5

6.48

8.33

10.19

10.19

11.57

0.25

5.03

10.06

11.95

13.84

17.61

0.125

2.03

6.76

11.49

15.54

16.89

0

1.44

5.76

9.35

19.42

19.42

0.125, no TMB

-2.33

1.55

5.43

7.75

8.53

Data are mean of 3 replicates. Italic: highlights no TMB control.
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Optimum concentration of assay components.

The assay was repeated using homogenate from naive and carrageenan-injected
hindpaws (positive control for neutrophils, see section 3.5.1.4). The concentrations of
TMB or H 2O2 were varied. Samples were incubated for the pre-determined optimum
time of 10 minutes.

Analysis by a two-way ANOVA showed that absorbance varied as TMB
concentration increased [F(4)=l89.5, PO.OOl], between injected or naive paws
[F(l)=2656, P 0.0001] and due to an interaction of the two variables [F(4)=l50.1,
P0.0001].

Results are shown in figure 4.2 and raw data can be found in table

XlV.ii appendix XIV page 208.

Absorbance was greater in injected rats at all

concentrations (0.016mM PO .05; all others PO.OOl).

Absorbance increased as

TMB concentration increased for both naive [F(5,12)=40.15, P 0.0001] and
carrageenan-injected rats [F(5,18)=386.0, P0.0001].

A final concentration of

0.53mM TMB was chosen, at this concentration absorbance was significantly
increased (Dunnett’s post test PO.OOl for naive or carrageenan).

Similarly, there were significant differences according to the concentration of H 2O2,
between injected and non-injected rats, and due to the interaction of the variables
(two-way ANOVA, concentration [F(2)=1917, P 0.0001], injection/no injection
[F(l)=7420, P 0.0001] and interaction [F(2)=1776, P0.0001]).

Absorbance was

greater in injected rats than non-injected (both 0.24mM and 0.3mM PO.OOl). For
both

injected

and

non-injected

rats

absorbance

increased

with

increased

concentration A final concentration of 0.24mM H 2O2 was chosen, in both naive and
carrageenan-injected skin absorbance was increased with 0.24mM and 0.3mM (naive
[F(2,9)=163.3, P 0.0001]; carrageenan: [F(2,9)= 1854, P0.0001]), in carrageenaninjected rats absorbance was greater with 0.24mM than with 0.3mM (Tukey’s post
test PO .05) (figure 4.3; raw data in table XlV.iii appendix XIV page 209).
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—♦—CAR
■x - Naive

0.6
0.5
0.4
E

0.3
0.2

0

0.016

0.053

0.16

0.53

1.6

TMB (mM)
Figure 4.2 The effect of varying TMB concentration on the absorbance at 650nm by
oxidised TMB of naive (dotted line) or carrageenan (CAR)-injected (solid line) rat
paw skin samples; coloured product formation is indicative of peroxidase activity.
Data are mean ± SD; naive n=3, CAR n=4. Results of Dunnett’s post test
***P<0.001 compared to no TMB.
■x - Naive
—♦—CAR

1.20
1.00

0.80
E

| 0.60
0.40
0.20
0.00
0

0.24

0.3

H20 2 (mM)
Figure 4.3 The effect of H 2O2 concentration on the absorbance at 650nm by
oxidised TMB of naive (dotted line) or carrageenan (CAR)-injected (solid line) rat
paw skin samples. Data are mean ± SD; naive n=4, CAR n=4. Results of Tukey’s
post test ***P<0.001 compared to no H2O2.
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4.3.2.2.3

Assay component absorbance at 650nm

The assay was repeated to establish the absorbance of the assay components and to
ensure there was no interference at 650nm. The optimal concentrations of TMB and
H 2O2 and optimal incubation time established previously were used. A summary of
the data can be found in table XlV.iv appendix XIV page 209. One-way ANOVA
showed

there

to

be

a

significant

difference

between

the

combinations

[F(6,21)=3.476, P=0.0152], this variation arose from the ‘sample, TMB but no 1^ 202 ’
sample which differed (P<0.05) from only two of the other combinations.

4.3.2.2.4

Peroxidase activity in rat paw skin.

Rat paw skin homogenates from naive (n=5) or carrageenan-injected (n=5) rats were
assayed in triplicate for their ability to oxidise TMB in the presence of H 2O2. Each
assay well contained 20pl of sample, 80pl of 0.08M potassium phosphate buffer,
80pl of H2O2 (final concentration 0.24mM) and 20pl TMB (final concentration
0.53mM). ‘No sample’ control wells had 20pl of 0.05M potassium phosphate buffer
with 0.5% HTAB.

The plate was incubated at 37°C for 10 minutes then the

absorbance at 650nm was read.

Data were converted to ‘absorbance at 650nm per mg protein’ (A650nm/mg protein) or
‘absorbance at 650nm per gram tissue’ (A650nm/g tissue). Comparisons between paws
were made using a one-way ANOVA with appropriate post tests, individual
comparisons between specific paws of naive or carrageenan injected rats were made
using t-tests.
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4.4

Results

4.4.1

Distant responses during carrageenan-induced inflammation of the rat

hindpaw.
4.4.1.1 Plethysmometry - 4, 8 , 16, 24, 48 or 72 hours after injection of
carrageenan
Raw data can be found in tables VIII ii to VIII.iii appendix VIII pages 185-186. As
discussed in chapter 3 (3.5.1.1, figure 3.6 page 70) there were inconsistent
differences between naive rat right and left hindpaw volumes. However, naive rat
left (contralateral) hindpaw volume did not increase over the course of the
expenment (0-72 hours) (P=0.0850).

Following injection of lOOpl of 2% carrageenan into the right hindpaw, there was no
significant change in contralateral hindpaw volume over time (P=0.4934 (not
including 72 hours n<2)) (figure 4.4).

baseline

4

8

16

24

48

72

Time (hours)
Figure 4.4 Contralateral hindpaw volume at 0, 4, 8 , 16, 24, 48 and 72 hours after
intraplantar injection of 2% carrageenan into the right paw. Data are median values
and the interquartile range where appropriate; 0 hours n=10, 4 hours n= 8 , 8 hours
n= 6 , 16 hours n=2, 24 hours n=4, 48 hours n=2, 72 hours n = l.
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The change in hindpaw volume from baseline measurements of injected rats did not
differ from naive controls at 4,

8

or 24 hours. There appeared to be a difference at 48

hours (P<0.001) although at this time point the median was greater in naive rats
(figure 4.5).

0.50
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Figure 4.5
The change in contralateral hindpaw volume from baseline
measurements during unilateral carrageenan inflammation. Data are the median
values; Carrageenan injected (solid blue line): 4 hours n= 8 , 8 hours n= 6 , 16 hours
n=2, 24 hours n=4, 48 hours n=2, 72 hours n=l. Naive (dashed red line): 4 hours
n= 6 , 8 hours n=5, 16 hours n= l, 24 hours n=3, 48 hours n=2, 72 hours n=l.

4.4.1.2 Cellular infiltration
Raw data can be found in table IX i appendix IX page 189. lpsilateral paw cellular
infiltration was discussed in section 3.5.1.3, page 74. In the contralateral hindpaws
there was no intra-group variation in the number o f DAPI-stained nuclei in the naive
or the

1

hour post carrageenan group; there was variation within the

[F(4,84)=4.581, P=0.0021].

6

hour group

In the forepaws, here was vanation within the naive

right (ipsilateral) [F(4,84)=2.77, P=0.032] and the left (contralateral) forepaws at

6

hours [F(4,89)=4.038, P=0.0048],
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The number o f DAPI-stained nuclei per 1.2xl0 5 |im 2 did not differ between naive rat
right and left hindpaws (paired two-tailed t-test P=0.6062) or forepaws (P=0.8179),
cellularity did differ between hindpaws and forepaws (two-tailed t-test PO.OOOl).
Analysis with two-way ANOVA revealed that the time points [F(2), PO.OOl], paw
[F(3), PO.OOOl] and interaction [F(6 ), PO.OOOl] between the two were sources of
variation.

Compared to naive rats, there were no significant differences in the number of DAPIstained nuclei per

. x l 0 5 pm 2 in contralateral hindpaws at

1 2

1

hour or

6

hours post

ipsilateral carrageenan injection [F(2,12)=0.3368, PO.7206] (figure 4.6).

There

were detectable differences in cellular infiltration in ipsilateral forepaw skin
[F(2,12)=9.135,

P 0 .0 0 3 9 ]

and

contralateral

PO.OOl 1], the differences were in the

6

forepaw

skin

[F(2,12)=3.159,

hour post carrageenan group (Dunnetf s po st

test ipsilateral forepaw PO.OOl; contralateral forepaw PO.OOOl).
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Figure 4.6 Hindpaw cellularity as indicated by the mean number of DAPI-positive
nuclei per 1 .2 x l 0 5 pm 2 in the right/ipsilateral hindpaw (black bars), left/contralateral
hindpaw (white bars), right/ipsilateral forepaw (horizontal lines) and
left/contralateral forepaw (gray shaded bars) skin of naive rats, and at 1 hour or 6
hours after ipsilateral injection of carrageenan (2%). Data are mean ± SD, n=5 for all
groups; Results o f D unnetf s post test ***P<0.001 compared to the naive group.
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4.4.1.3 H istology-H & E.
Only sections from the ipsilateral, carrageenan-injected, hindpaw skin showed any
histological signs of an inflammatory response (see table X.i appendix X page 191).
All naive hindpaw sections scored ‘O’, as did forepaw and contralateral hindpaw
sections representing 1 hour or 6 hours after injection of carrageenan.

4.4.1.4 Peroxidase activity in rat paw skin following ipsilateral hindpaw
injection of carrageenan

Protein content
Using the most linear portion of the BSA standard curve, linear regression analysis
was used to determine protein content (mg/ml) from the sample absorbance values
(GraphPad Prism). The BSA standard curve is shown in figure 4.7 and the data can
be found in table XHI.iii in appendix XIII page 206. The interpolated values were
multiplied by 75 (dilution factor) and then by 1.5 (total volume) to give a value
reflecting total protein content (mg), these values are shown in table 4.2. The protein
values varied greatly within each group, more so than would be expected as a result
of variation in tissue sample size.

Also, there are instances whereby the assay

returned negative results, suggesting this method of analysis might not be suitable.

0.3-1

aG

o.2 -

in
CT\
m

<

0.0

0.0

0.1

0.2

0.3

B SA (mg/ml)
Figure 4.7 Standard curve used to determine sample protein values; data are
mean of 5 readings ± SD; goodness of fit r2=0.972.
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Table 4.2 Protein content (mg) of paw skin from naive (N/) or carrageenan injected
(CAR/) rats as determined by Bio-Rad Protein Assay._________________________
ra t
Total protein (mg)
N/I

N/C

N/XI N/XC

CAR/I

CAR/C

CAR/XI

CAR/XC

1

33.2

17.3

5.3

6.2

26.1

11.7

6.0

28.1

2

24.6

23.5

20.1

12.9

19.4

14.7

1.2

6.6

3

6.3

5.0

4.4

5.2

11.5

18.1

2.5

9.7

4

4.8

8.2

4.9

6.5

17.8

9.4

5.6

9.2

5

6.3

4.8

4.2

7.5

19.7

9.7

14.1

9.9

Right/ipsilateral hindpaw (I), left/contralateral hindpaw (C), right/ipsilateral forepaw
(XI) or left/contralateral forepaw (XC). Data are the mean of 4 readings per animal.

Paw skin samples —weight
The dissected paw skin samples were weighed (table 4.3) to allow MPO activity to
be expressed as A650nm/g tissue.

Samples of ipsilateral paw skin injected with

carrageenan (CAR/I) weighed more than all other samples, this reflects oedema
formation.

The weights of naive left and right, and carrageenan-injected

contralateral (left) hindpaws were comparable (P=0.7550).

Table 4.3 Weight (g) of paw skin from naive (N/) or carrageenan injected (CAR/)
rats.
ra t
Sample weight (g)
N/I

N/C

N/XI

N/XC

CAR/I

CAR/C

CAR/XI

CAR/XC

1

0.064

0.060

0.039

0.034

0.120

0.062

0.072

0.100

2

0.053

0.067

0.033

0.039

0.154

0.074

0.098

0.095

3

0.039

0.053

0.024

0.027

0.152

0.055

0.053

0.102

4

0.060

0.044

0.031

0.044

0.203

0.037

0.048

0.064

5

0.050

0.035

0.025

0.032

0.103

0.054

0.087

0.082

Right/ipsilateral hindpaw (I), left/contralateral hindpaw (C), right/ipsilateral forepaw
(XI) or left/contralateral forepaw (XC).
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Absorbance/ mg protein

The raw data and calculations to determine A650 nm/mg protein can be found in tables
XIV.v to XIV.vii in appendix XIV pages 210 to 211. Figure 4.8 shows the mean
A 650 nm/mg protein for all paws from both naive and carrageenan-injected rats. There
was no difference between naive right or left hindpaw peroxidase activity
(P=0.9312).

One-way ANOVA to compare all groups revealed the only significant difference in
peroxidase activity to be in the ipsilateral paw of the carrageenan-injected group
(CAR/I) [F(7,31)=22.62, PO.OOOl] Tukey’s p o st test CAR/I compared to all other
groups PO.OOl). A 650 nm/mg protein o f the contralateral hindpaw did not differ from
naive rat hindpaw skin (two-tailed t-test P=0.2243).

There were no significant

differences in peroxidase activity between naive or carrageenan-injected rat
left/ipsilateral forepaws (P=0.2398) or right/contralateral forepaws (P=0.6710).
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Figure 4.8 Peroxidase activity determined by the oxidation of TMB (A65 onm/mg
protein) for the right/ipsilateral hindpaw (I), left/contralateral hindpaw (C),
right/ipsilateral forepaw (XI), or left/contralateral forepaw (XC) of naive (N, open
bars) or carrageenan (CAR, filled bars) injected rats. Data are mean ± SD; CAR/XI
n=4; all other data sets n=5; Result o f Tukey’s post test ***P<0.001 compared to all
other groups.
Absorbance/gram tissue

The raw data and calculations to determine A65onm/g tissue can be found in tables
XlV.viii to XIV.x in appendix XIV pages 212 to 213. These results are shown in
figure 4.9; there was no difference between naive right or left hindpaw peroxidase
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activity (P=0.7656), nor right and left forepaw activity (PO.9056).

Two-way

ANOVA revealed sources of variation between paws [F(3)=63.60, P<0.0001],
injected or naive rats [F(l)=73.21, PO.OOOl] and the interaction between these two
variables [F(3)=70.61, PO.OOOl].

As with the ‘A/mg protein’ data, the only significant difference in peroxidase activity
arose from the ipsilateral carrageenan-injected paws (CAR/I) ([F(7,32)=67.98,
PO.OOOl] Tukey’s p o st test CAR/I compared to all other groups PO.OOl) (figure
4.9).

Again, there was no significant difference between the naive left and the

carrageenan-injected contralateral paw (two-tailed t-test with Welch’s correction
P=0.0984).

Peroxidase activity in the forepaws did not differ between naive or

injected rats (right forepaw P=0.5993]; left forepaw P=0.1191 ]).

Excluding the

ipsilateral carrageenan-injected paws (CAR/I), the data for which are not comparable
due to the oedema associated with the region (see 3.5.1.2), there was evidence for a
significant difference between the remaining hindpaw samples (N/I, N/C and
CAR/C) [F(2,12)=0.8877, PO.0358] (Dunnett’s po st test to compare the naive to the
injected PO .05).
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Figure 4.9 Peroxidase activity determined by the oxidation of TMB (A650 nm/g
tissue) for the right/ipsilateral hindpaw (I), left/contralateral hindpaw (C),
right/ipsilateral forepaw (XI), or left/contralateral forepaw (XC) of naive (N, open
bars) or carrageenan injected rats (CAR, filled bars). Data are mean ± SD; all data
sets n=5; Tukey’s p o st test ***P<0.001 compared to all other groups; Dunnett’s post
test NI vs NC vs CAR/C +P<0.05
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Interestingly, within the data for contralateral hindpaws of the 6 hours post
carrageenan injection group (CAR/C) one value appears anomalous (rat #1 A/g tissue
= 2.19, compared to 0.48, 0.78, 0.93, 0.54). This may reflect temporal differences in
the rate o f cellular accumulation contralaterally in the different rats. However, the
data are not comparable. If this value is removed from the group, the A/g tissue is
significantly greater [F(2,l 1)=9.918, P=0.0035] in the CAR/C group than in either
hindpaw from naive rats (Dunnett’s post test, compared to both right and left
hindpaws PO.OOl).

4.4.2

Distant responses during foreign body-induced inflammation of the rat

hindpaw.
4.4.2.1 Plethysmometry
As detailed in chapter 3 (section 3.5.2.1 page 79), naive rat left hindpaw volume did
not differ from right hindpaw volume, nor did volume change over time (see raw
data in appendix VII table VII.vii, page 188). Following injection of latex spheres,
contralateral hindpaw volume increased (PO.OOOl); volume was significantly
different at 6 hours (PO .O l) and at 24 hours (PO.OOl) (figure 4.10).
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Figure 4.10 Contralateral hindpaw volume (ml) following ipsilateral injection of 1%
latex spheres. Data are median values and interquartile range; 0 hours n=30, 6 hours
n=24, 24 hours n=18, 72 hours n=12, 168 hours n=6. Results of Dunn’s post test
***P0.001, **PO.01, compared to baseline (time =0).
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Analysis of the data for the 18 rats who had repeat measurements taken at baseline, 6
and 24 hours showed there to be an increase in hindpaw volume (Friedman repeated
measures ANOVA with Dunn’s post test P<0.0001) that was significant at both time
points (6 hours P<0.05, 24 hours P<0.001) compared to the baseline measurement
(figure 4.11). As discussed in section 3.5.2.1 page 79, naive rat left hindpaw volume
did not increase over time.

24

baseline
Tim e (hours)

Figure 4.11 Contralateral hindpaw volume (ml) after ipsilateral injection of 1%
latex spheres (repeated measurements). Data are median values and interquartile
range; all groups n=18, ***P<0.001, *P<0.05 (Friedman ANOVA repeated measures
with Dunn’s post test) compared to baseline (time = 0).
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Despite

this

apparent

increased

hindpaw

volume

compared

to

baseline

measurements, there were no significant differences in the change from baseline
volume in latex sphere-injected rats compared to that of naive rat hindpaws at any
time point (figure 4.12).
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F igu re 4 .12
The change in contralateral hindpaw volume from baseline
measurements in naive (dashed line; all time points n=6) and latex sphere-injected
(solid line; 6 hours n=24, 24 hours n=18, 72 hours n=12, 168 hours n=6) rats. Data
are the median value for each time point.
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4 .4 .2 .2 C e llu la r in filtr a tio n

Raw data can be found in table IX.ii in appendix IX page 190.

In contralateral

hindpaw skin from latex sphere-injected rats there was variation within the 24 hours
post injection group [F(5,91)=4.324, PO.OOl 4]. Statistically, the mean number of
nuclei differed between the naive nght and left hindpaws (P=0.0415).

Following latex sphere injection there was a significant increase in contralateral
hindpaw cellularity as indicated by the mean number of DAPI-positive nuclei per
1.2xl05pm2 [F(5,30)=2.950, P=0.0278]; this increase was apparent at 24 hours
(PO.OOl) and 7 days (PO .05) after injection (figure 4.13).

0

1

6

24

72

168

Time (hours)
F ig u re 4 .1 3 The mean number of nuclei per 1.2xl05pm2 in sections of hindpaw skin
contralateral to an injection of 1% latex spheres into the right hindpaw. Data are
mean ± SD; Results of Dunnett’s post test *PO .05, ***P0.001 compared to naive
(time 0 hours); n=6 all groups.
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4.4.2.3 Histology-H & E
Semi-quantitative analysis of sections of ipsilateral hindpaw skin confirmed the
development of latex sphere-induced inflammation which peaked at 72 hours (mean
score 2.33, see section 3.5.2.3 page 83). At no time point was there any evidence of
an inflammatory response in the contralateral paw or in either of the forepaws (see
table X.iii appendix X page 192). Latex spheres, which were clearly visible using
light microscopy in the ipsilateral tissue, were not present in any of the contralateral
hindpaw or forepaw tissue of injected rats.

4.5

Discussion

4.5.1

Carrageenan-induced inflammation of rat hindpaw skin.

Following ipsilateral injection of carrageenan (2%) an inflammation, characterised
by increased paw volume and cellular infiltration (neutrophils), developed rapidly in
the injected hindpaw and by 6 hours was well established (see chapter 3). At no time
point post injection of carrageenan, did contralateral hindpaw volume differ from
that of naive rats, nor was there any clear difference in either the cellularity of the
hindpaw skin or peroxidase activity. Interestingly, the data suggest that cellularity
(DAPI positivity) increased in the ipsilateral and contralateral forepaws 6 hours after
carrageenan, this was not supported by histological analysis of the tissues nor
assessment of peroxidase activity.

In respect of the increased forepaw cellularity 6 hours after carrageenan injection,
this result suggests that distant responses occur during unilateral carrageenaninduced inflammation, but are not topographically precise. Alternatively, this could
indicate that systemic responses occur in this model. There was significant intra
group variation in both forepaws of carrageenan-injected animals at 6 hours. This
may reflect differences in the rate of development of inflammation at distant sites.
Similarly, there was significant intra-group variation within the contralateral
hindpaw skin of carrageenan-injected rats at 6 hours but no detectable difference
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when this group was compared to naive skin. This result may reflect insufficient
analysis; a value more representative of the region would be obtained by analysing
more sections per animal, or by looking at different time points such as 8 , 16 or 24
hours post injection. Moreover, the forepaws may not provide the most appropriate
internal controls. When compared to hindpaws, the forepaws did not respond in the
same bilateral manner to a unilateral injection o f nerve growth factor into one paw
(Donnerer et al., 1996). This is reflected in the significant difference in cellularity of
naive rat forepaws compared to hindpaws, and also significantly different basal
levels of E-selectin expression (see section 5.4.1.1 page 128).

The increase in paw skin-peroxidase activity confirmed that the infiltration into the
inflamed ipsilateral region was composed of neutrophils. Neutrophil accumulation is
consistent with the development of carrageenan-induced inflammation in the rat
hindpaw (Chou, 2003). There was no significant increase in peroxidase activity,
when expressed as ‘absorbance per mg protein’ in any of the other paws of
carrageenan injected rats when compared to the respective paws of naive rats. When
this data was analysed as ‘absorbance per gram tissue’ there did appear to be a
possible source of variation between the hindpaw samples. As such, this indicates
that contralateral neutrophil accumulation may have occurred.

The data were

analysed and standardised using the sample weight because the plethysmometry data
suggested that oedema did not occur contralateral to carrageenan injection (see figure
4.5, page 101). The peroxidase activity findings are inconclusive and at this stage
not sufficiently reliable. They do infer that the further investigation with increased
group sizes and a relevant time course may provide more accurate results.

There was no conclusive evidence o f alteration in peroxidase activity or cellular
infiltration contralateral to carrageenan injection. As such, the findings suggest that
neutrophils were not recruited to this distant site. As discussed, it is possible that
cellular infiltration and increased peroxidase activity were occurring at the 6 hours
post injection time point, but that statistically significant changes were not
detectable. A possible reason for the lack of a detectable contralateral response is
that the 6 hour time point was too early. The 6 hour time point was selected because
of the temporal development of ipsilateral oedema and cellular infiltration and in
order to look at responses during the acute phase following stimulation. In human
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skin, neuropeptide-induced neutrophil accumulation is significantly increased from 1
hour, and by 4 hours neutrophils are predominantly located within the vessel lumens
and immediately surrounding the vessels.

By 8 hours the neutrophils are found

extravascularly throughout the tissue (Smith et al., 1993).

A more accurate

assessment of contralateral neutrophil accumulation may therefore be determined by
looking at later time points such as 8 , 16 or 24 hours after injection of inflammogen.
However, it is suggested that in this model of carrageenan-induced inflammation
there is a contralateral increase in E-selectin expression by 6 hours (see chapter 5).
Therefore, it follows that although the total number of neutrophils may not increase
their location may change from intravascular to interstitial.

The assay, (myelo)peroxidase catalysed oxidation of TMB, is frequently used to
quantify neutrophil accumulation during inflammation (Schiewagen et al., 1990; Cao
et al., 2000; Yregard et al., 2001).

It was not possible to accurately quantify

neutrophil accumulation in terms of myeloperoxidase activity because of problems
with the standard.

An alternative appropriate standard may be obtained by

generating a rat peritonitis and then extracting and counting the neutrophils (Cao et
al., 2000 ).

Overall these results suggest that in a unilateral model of carrageenan-induced rat
hindpaw inflammation a characteristically similar contralateral inflammatory
response is not measurable.

Significantly, the results indicate a lack o f ‘mirror-

image’ changes in vascular permeability or cellular accumulation to the region.
These findings can be interpreted in relation to what is known about the temporal
development, modality, magnitude and stimulus requirements of contralateral and
mirror-image responses.

Firstly, it may be that this stimulus was not of an appropriate intensity to elicit
inflammation in the contralateral paw. A comparable dose (lOOpl of 2%) injected
into the footpad stimulates bilateral hyperalgesia and peripheral CGRP release (Yu et
al., 1996) and if injected intra-articularly (50pl of 2%) stimulates bilateral
neuropeptide release (Bileviciute et al., 1993).

Previously, a dose o f 1-1.5%

carrageenan has been used to produce unilateral inflammation (Amann et al., 2002;
Tsuruoka et al., 2003). There are reports of bilateral changes in neuropeptide and
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enzyme concentrations in the dorsal horn of the spinal cord following injection of
both lesser and greater concentrations of carrageenan into the rat hindpaw (Solodkin
et al., 1992; Kontinen et al., 1997). Dose-dependence of contralateral responses has
been shown in other inflammatory models (Donaldson et al., 1993; Bileviciute et al.,
1998).

The time taken for a contralateral response to develop reflects the distance of the
original ipsilateral insult from the spinal cord (Rotshenker and Tal., 1985; Leslie et
al., 1995). In some models parallel changes have been shown to occur (Bileviciute et
al., 1993; Woolf et ah, 1997).

Unilateral (intraplantar) carrageenan-injection-

induced bilateral hyperalgesia occurs simultaneously in ipsilateral and contralateral
hindpaws (Yu et al., 1998; Bileviciute-Ljungar and Lundeberg, 2000; BileviciuteLjungar and Spetea 2001).

Although the time courses for the development of

ipsilateral and contralateral hindpaw hyperalgesia appear to be the same, increased
release of CGRP as indicated by CGRP-IR in the hindpaw perfusate is delayed
contralaterally compared to ipsilaterally (Yu et al., 1996).

Temporally, bilateral

increases in neuropeptide-IR following unilateral injection of carrageenan into the rat
knee joint do not appear to vary significantly (Bileviciute et al., 1993). Contralateral
changes in inflammatory parameters such as oedema or cellularity following an
ipsilateral carrageenan-induced acute inflammation have not previously been
reported to closely parallel ipsilateral changes.

Contralateral responses during unilateral inflammation are generally considered to be
diminished in magnitude compared to their ipsilateral counterparts (Kidd et al., 1995;
Woolf et al., 1997). It may be that the methods employed here were not sensitive
enough to accurately measure changes on the contralateral side.

Individual

measurements of hindpaw volume using a calibrated plethysmometer provide
accurate values, reproducibility is achieved by using anatomical and/or artificial
markers.

Concomitant measurement of naive rat hindpaws provides a suitable

control for the technique but small changes in contralateral volume, expressed as the
change from baseline, may not be detectable due to fluctuations in measuring
technique. Contralateral hindpaw oedema as indicated by a significant difference in
the increase from baseline occurred 5 hours after ipsilateral intraplantar injection of
CGRP (Bileviciute et al., 1998). Here, histological analysis and cellularity were only
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determined in a small proportion of the total area that could have been affected increasing the number o f sections analysed per animal could give a more accurate
reflection of the magnitude of the response.

In the periphery, the modality of a contralateral response reflects that of the initial
injury.

The hypothesis that the development of a contralateral inflammatory

response is mediated via the peripheral sensory nerve fibres implies that mediators
such as the pro-inflammatory vasoactive neuropeptides released from the nerve
terminals or locally acting growth factors could contribute to the inflammation (see
chapter 2). It is also hypothesised that mechanistically, the contralateral response is
an acute response designed to quickly overcome a challenge and as such may depend
upon innate or cellular responses. It is these innate responses which are mediated in
part by phagocytic cells such as neutrophils and macrophages. The results described
here indicate that in this model vascular changes resulting in increased permeability
nor accumulation of phagocytic cells (e.g. neutrophils) into the region occur. It is not
possible, from the data presented here, to establish the influence of modality on the
development of distant responses.

Regarding the development of a contralateral response as a result of local
neuropeptide release, it seems that the presence of neuropeptides alone is unlikely to
be sufficient to induce neutrophil accumulation. Neutrophil accumulation occurs in
response to neuropeptides and IL-1 in combination (Cao et al., 2000; Pinter et al.,
2002). Elevated levels of cytokines (IL-lp, TNFa) have been detected in regions
contralateral to unilateral inflammation (Woolf et al., 1997; Decaris et al., 1999).
This requirement of a second contributory factor for neutrophil recruitment may
explain why the development of a contralateral response to an ipsilateral insult is not
of the same magnitude as the original response and also why more widespread
inflammation is not seen following acute localised inflammation.

There is also

support for the proposal that the contralateral side is being ‘primed’ in case of further
insult (Kidd et al., 1989). Sensitisation of peripheral sensory nerve fibres resulting in
the synthesis and transport to the periphery o f pro-inflammatory vasoactive peptides
prepares the region, therefore allowing a quick response to any subsequent stimuli.
In addition, SP stimulates increased expression of TNFa, IL-1, IL -6 and IL-2 by T
cells, neutrophils and macrophages (Delgado et al., 2003) suggesting that the
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contributory factors required for neutrophil accumulation to occur are readily
available.

4.5.2

Latex sphere-stimulated foreign body-induced inflammation of the rat

hindpaw.
In the model described here an injection of latex spheres was used to stimulate a
foreign body-induced inflammatory response in the skin of the rat hindpaw. The
methods used failed to conclusively detect oedema or histological changes in the
contralateral hindpaw.

Injection of latex spheres into the ipsilateral hindpaw increased paw volume
significantly over time. The change from baseline measurements was significantly
different from that of non-injected rats from 6 hours post injection and remained
elevated at 7 days. When compared to naive rats, there was no difference in the
change in volume from baseline of the contralateral hindpaws of latex sphere
injected rats up to 7 days after injection. This suggests that there was no oedema
contralateral to the original insult. Comparing the increases in hindpaw volume as a
change from the baseline measurement reduces sources of error inherent in the
methodology. Statistical analysis of naive rat hindpaw volumes measured at 0, 6 , 24,
72 and 168 hours showed there to be no differences between right and left paws or
any of the time points. This suggests that the reproducibility of the methodology was
satisfactory. Interestingly, the volume of the hindpaw contralateral to latex sphere
injection increased significantly at 6 and 24 hours when compared to baseline pre
injection volumes. Despite this trend, the absence of any significant difference in the
change in volume from baseline between naive and injected rats means that it must
be concluded that contralateral oedema did not occur. As such, these data suggest
that the methodology may not have been sensitive enough to detect small changes.

The reproducibility of plethysmometry can be determined and controlled during an
experiment by measuring hindpaw volumes of naive rats and carrying out repeated
measurements on groups of rats. It is difficult to adequately ‘blind’ the measurer to
the different groups/treatments as it is the visibly affected area that is being
measured. Alternative methods used to determine swelling/oedema in the hindpaw
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include use of a standard pressure calliper or measurement of the circumference of
the plantar surface (Levine et al., 1985a; Kayser et al., 1998)

Altered vascular

permeability and protein extravasation can be assessed by quantifying Evans Blue
dye accumulation in a region (Katayama et al., 1978; Lam and Ferrell, 1989a; Kidd
et al., 1995).

Histologically, there was minimal indication that an inflammatory response occurred
in the skin of the contralateral paw. There did appear to be a significant increase in
cellularity, as determined by counting the nuclei, at 24 hours post injection of latex
spheres. This result is difficult to interpret as there was also significant intra-group
variation. As forepaw cellularity was not determined it is not possible to establish if
the distant inflammatory response was restricted to the topographically precise
contralateral region or whether more generalised systemic responses occurred. In the
carrageenan-induced inflammation model there did appear to be increased cellularity
in the forepaws 6 hours after injection of the stimulus. Cellularity increased in the
contralateral knee joint 3 days after intra-articular injection of latex sphere in the rat
knee (Kidd et ah, 1995). This increased cellularity was predominantly composed of
macrophages. In this model of latex sphere-induced hindpaw inflammation attempts
were made to visualise and quantify the number of macrophages in the skin using
immunohistochemistry but suitable antibodies were not freely available so this
avenue of research was terminated.

4.5.3

Conclusion

In conclusion, a topographically precise contralateral inflammatory response as
indicated by the presence of altered vascular permeability or increased cellular
infiltration does not occur during acute carrageenan-induced unilateral inflammation
of rat paw skin. It may be that the time point looked at here was too early to detect
significant contralateral inflammation, the ipsilateral stimulus was not of sufficient
magnitude or that other techniques may proved greater sensitivity.

In contrast,

within the results obtained there were suggestions that during a more persistent
localised inflammation induced by injection of latex spheres into rat hindpaw skin
there were changes in vascular permeability and cellular infiltration.
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CHAPTER 5 - The Involvement of Vascular Endothelial
Cells in the Development of Inflammation at Sites Distant to
Acute Localised Inflammation in the Rat.

5.1

Aim

This series of experiments aimed to investigate the expression of the endothelial
cell-leukocyte adhesion molecule E-selectin and of the neurotrophin nerve growth
factor (NGF) at distant sites during two models of acute localised inflammation of rat
hindpaw skin.

5.2

Introduction

The hypothesis is that a contralateral response arising during ipsilateral (localised)
inflammation is a rapid, acute response which aims to prevent subsequent
infection/stimuli inducing a more damaging chronic, symmetrical inflammatory
response.

It is proposed that the contralateral response to a localized unilateral

inflammation is mediated by the peripheral nervous system and subsequent
interactions between the neuropeptides and endothelial cells. Both E-selectin and
NGF are synthesised and expressed by endothelial cells; in both instances expression
can be induced by neuropeptides (see chapter 2; Smith et al., 1993; Amann et a l,
2000).

Double-labelled immunofluorescence techniques were used to determine the area of
E-selectin expression as a percentage of the total area of vascular endothelium for the
carrageenan induced- and foreign body-induced models of unilateral inflammation
(characterised in chapter 3).

A preliminary study was carried out using

immunofluorescence to determine whether NGF expression was increased in rat paw
skin during latex sphere-induced inflammation.

E-selectin and NGF mRNA

expression were determined in inflamed hindpaw skin of rats injected with latex
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spheres or un-injected control skin. The presence of mRNA in the tissue indicates
that transcription has occurred and suggests de novo synthesis of E-selectin or NGF.

5.2.1

E-Selectin

Amongst their many direct and indirect actions, neuropeptides (SP and CGRP)
induce adhesion molecule expression by the vascular endothelium (Smith et al.,
1993; Quinlan et al., 1998, 1999b). As described (see chapter 2), there are a variety
of endothelial cell adhesion molecules that are expressed sequentially during an
inflammatory response. The selectin family are involved in the immediate tethering
and rolling of leukocytes on the vascular endothelium within the immediate stages of
the response.

E-selectin is generally considered to be an inducible adhesion

molecule; de novo synthesis results in expression that peaks ~4 hours after induction
of inflammation (Bevilacqua et al., 1989; Takeuchi et al., 2002).

E-selectin

synthesis occurs via NF-kB- and NF-AT-dependent pathways (Pierce et al., 1997).
The presence of functional E-selectin in naive rat hindpaw skin has been reported
(oude Egbrink et al., 2002).

5.2.2

CD31

CD31, vWF and CD34 are routinely used as endothelial cell markers (Langley et al.,
1999; Muller et al., 2002). CD34 is a transmembrane glycoprotein present on all
endothelial cells, lymphohaematopoeitic stem cells and leukaemic cells; vWF is a
glycoprotein that is synthesised by endothelial cells and stored in Weibel-Palade
bodies and is involved in platelet adherence.

CD31 is a member of the

immunoglobulin-like cellular adhesion molecule family and is involved in
endothelial cell-endothelial cell adherence.

Its uniform distribution across all

endothelial cells in vivo and in vitro makes CD31 an appropriate marker of
endothelial cells. CD31 expression has previously been used to provide an index of
microvascular density in tissues, and to allow selectin expression to be estimated as a
percentage of the total number of blood vessels (DreBler et al., 1998; Langley et al.,
1999).
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Nerve Growth Factor

Levels of the neurotrophin NGF are increased at sites of peripheral inflammation and
during neurogenic inflammation (Aloe et al., 1992b; Donnerer et al., 1992; Amann et
al., 2000). NGF regulates neuropeptide expression and has pro-inflammatory actions
including stimulating neutrophil accumulation and adhesion molecule expression
(Pearce and Thompson, 1986; Amann et al., 1995; Foster et al., 2003). NGF has also
been implicated as a possible contributory factor to the development of contralateral
responses (discussed in chapter 1). As discussed in chapter 2 (section 2.3.4), Amann
(2000) reported NKi-receptor mediated increases in NGF during NI, further
implicating it as a mediator of contralateral responses.

5.2.4

Quantitative Immunohistochemistry

Computer-assisted digital image analysis provides a quantitative analysis method for
immunohistochemistry. Semi-quantitative techniques whereby an individual ‘scores’
histological or immunohistochemical staining of sections have several pitfalls
including inter-observer variation and fatigue.

Computer packages are available

which capture live microscope images, save them to disk and then allow positive
immunostaining to be assessed automatically according to predetermined parameters.
Such a system was used to quantify adhesion molecule expression in inflammatory
cardiomyopathy (Noutsias et al., 2002).

Captured images were analysed using a

computer macro designed to determine the area of positive immunostaining
(peroxidase-converted chromagen 3-amino-9-ethylcarazole) according to colourcoded thresholds. This technique proved to be objective, repeatable and reliable as
well as reducing inter-observer variability and the time taken to analyse the sections.
There are some important considerations, such as the need to standardise the staining
technique for all samples in question, the need to standardise the computer and image
analysis set-up and the question of inter-laboratory comparison.

5.2.5

Reverse transcription and the polymerase chain reaction.

The polymerase chain reaction (PCR) is a method by which DNA or RNA content,
and hence gene expression, can be analysed. To determine RNA content it must first
be reverse transcribed using a reverse transcriptase enzyme to cDNA. PCR is an in
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vitro technique during which a specific region of DNA between two known
sequences is amplified by raising and lowering the temperature of the reaction (Saiki
et al, 1985).

Amplification is achieved by using oligonucleotide primers

complementary to the ends of the known DNA template (gene of interest).

The

primers are extended on single strand DNA or cDNA by DNA polymerase in the
presence of deoxynucleotide triphosphates (dNTPs).

5.3

Methods

Details of the methods and the materials used can be found in appendices IV, VI and
VII. The experiments were carried out using the animal models characterised and
described in chapters 3 and 4. Neither model was associated with signs of systemic
inflammation.

5.3.1

E-selectin expression

5.3.1.1 E-selectin and CD31 double immunofluorescence.
Initial investigations using the avidin-biotin complex immunohistochemistry
technique and immunofluorescence to detect E-selectin expression in rat hindpaw
skin found positive immunostaining in skin from naive animals. Consequently, a
quantitative method of analysis was used to determine the mean area of E-selectinimmunofluorescence (-IF) as a percentage of the total area of vascular endothelium
as indicated by CD31-IF.

Carrageenan-induced inflammation (lOOpl of a 1% solution) is associated with Eselectin expression (Pierce et al., 1997), therefore sections of ipsilateral hindpaw skin
from carrageenan-injected (2%, lOOpl) rats and sections from nai've rats were used to
determine the optimum concentrations of E-selectin (R&D Systems, UK) and CD31
(BD Pharmingen, UK) antibodies required to consistently detect the antigens. For
details of the antibodies used and step-by-step methodology see appendix IV page
177. The double immunofluorescence technique was carried out as follows: 5pm
sections of fresh frozen tissue were cut at -20°C using a cryostat (Bright, UK), the
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sections were circumscribed with Immedge™ pen (Vector Laboratories, UK)
allowed to air dry then fixed in cold acetone (Fisher, UK). After rehydration in PBS
sections were blocked with BSA (5mg/ml, Sigma, UK) and incubated for 1 hour with
the goat anti-rat E-selectin antibody. Excess antibody was washed off with PBS and
the sections incubated with Texas Red®-conjugated anti-goat IgG (Vector
Laboratories, UK) at a concentration of 7.5pg/ml for 30 minutes; this and subsequent
steps were carried out in the dark. The sections were washed again then incubated
with the mouse anti-rat CD31 antibody for 1 hour followed by fluorescein
isothiocyanate-conjugated anti-mouse IgG (FITC, Vector Laboratories, UK) at a
concentration of 5pg/ml for 30 minutes. Sections were counterstained with DAPI
(0.2pg/ml) for 3 minutes, washed and mounted in fluorescent mounting medium.
The optimal concentration for the E-selectin and the CD31 antibodies were 1.3pg/ml
and 0.078pg/ml respectively. Negative controls included omission of each antibody
or use of normal serum controls at a corresponding concentration (details can be
found in appendix IV table IV.ii page 177).

For analysis of E-selectin expression four 5pm sections at least 50pm apart were cut
from each paw skin sample.

Carrageenan-induced inflammation model: naive, 1

hour or 6 hours post injection, all paws n=5. Latex sphere-induced inflammation:
naive, 6 , 24 and 168 hours (7 days) ipsilateral and contralateral hindpaws n= 6 ,
ipsilateral and contralateral forepaws n=4.
selectin and CD31 as described.

Sections were immunostained for E-

The slides were randomised and blinded by a

colleague and digital images were captured (microscope - Zeiss, Germany; camera
Nikon, Japan); 8 regions from each of 2 sections per paw per animal were
photographed (x20 lens, camera zoom 4.7) and stored as .jpg files.

5.3.1.2 Computer-assisted quantitative analysis
Analysis was carried out using KS3.0 image analysis computer software package
(Zeiss, Germany). Using positively immunostained sections of hindpaw skin from
naive and injected rats. A macro was designed to measure the area of E-selectin-IF
(Texas Red® excitation wavelength 595-604nm, emission wavelength 606-615nm) or
CD31-IF (FITC, excitation wavelength 490-500nm, emission wavelength 510520nm).

This method of analysis was based on the ability of the computer
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programme to threshold an image using red, blue and green light and to measure the
number of pixels or equivalent area (pm2) that fall within the thresholded region.
Details of the macro, and explanations of each step are in table 5.1. Thresholds were
chosen that allowed a consistent level of detection of E-selectin or CD31
immunostaining in naive sections with minimal background staining such as that
from the epidermis, mast cells or hair follicles. The macros included a step that
allowed the exclusion of areas that were obviously in error (e.g. background, debris).
The colour thresholds were kept constant throughout the analysis.

Table 5.1 Details of the macro used to calculate the area of CD31 (FITC) or Eselectin (Texas Red®) positivity in sections of rat paw skin.______________________
Action
Step Command
1

limgload "c:\X.jpg",2

Open .jpg image from file (X=file location)

2

imgdi splay 2

Display as image 2

3

MSload "emmascalex20"

Load calibration file

4

dislev 2,2,28,110,1

Highlight regions according to pre-determined
thresholds (step shown is for CD31/FITC; for
the E-selectin macro dislev 2,2,33,113,1).

5

binscrap 2,3,4,100,0

Exclude regions smaller than set parameters

6

MSsetfeat "FIELDFEAT"

Select measurement function (measure area pm2)

7

!MSmeasmask

View positive/highlighted regions that fall

2,1,"DATABASE”,0,2,10

within thresholds, opportunity to select or
reject regions if necessary. Get results of
requested function (i.e. area). Save data in
database.

8

imgdelete 2

Delete image 2

9

imgdelete 1

Delete image 1

10

stop

Stop macro
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5.3.1.3 Determining the appropriate number of frames and sections
The required number of frames was determined by calculating the cumulative
percentage co-efficient of variation (%CV); the number of frames corresponding to
lowest %CV was chosen. The number of sections was determined by calculating the
percentage standard error of the mean (%SEM); the number of sections that gave a
%SEM of less than 25% using cumulative values indicated the required number of
sections. Initial studies measured the area of E-selectin-IF as a percentage of CD31IF in 10 frames on 10 sections from experimental samples (contralateral hindpaw)
and calculated the optimum number of frames per section to be 8 frames, and the
optimum number of sections as at least 1 section per animal (see table XII.i and
Xll.ii in appendix XII page 196).

5.3.1.4 Intra-observer and inter-observer variability.
To determine intra-observer variability 10% of the total number of data sets
(carrageenan model = 60; latex sphere model = 80) were randomly selected by a
colleague and re-analysed using the E-selectin-IF and CD31-IF computer macros.
Analysis of 10% of the data sets was also carried out by Dr N. Shenker (Royal
National Hospital for Rheumatic Diseases, Bath) to assess inter-observer variability.
Spearman correlation tests were used to determine intra- and inter-observer
variability.

5.3.1.5 Data analysis and statistics
Data were compiled in Microsoft Excel; the area of E-selectin-IF was calculated as a
percentage of the area of CD31-IF for each frame.

For each region (e.g. naive

animal #1, right hindpaw (N/l/I) or the 6 hour group, animal #2, left forepaw
(6/2/XC)), the 16 frame values were meaned to obtain a single value that represented
that animal. The group (e.g. naive, 1 hour or 6 hour) data were collated according to
the regions (e.g. ipsilateral hindpaw, contralateral hindpaw, ipsilateral forepaw or
contralateral forepaw). Data were analysed using a two-way ANOVA followed by
appropriate one-way ANOVAs and post tests (GraphPad Prism). Comparisons
between left and right paws or for and hind were made using t-tests.
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5.3.2

Nerve growth factor expression

5.3.2.1 NGF immunofluorescence
Using 5pm sections of naive and inflamed (ipsilateral) hindpaw skin the optimal
dilution of goat anti-human NGF polyclonal antibody (pAb) (Santa Cruz
Biotechnologies/Autogen Bioclear, UK) was determined. Two 5pm sections were
cut from each sample (naive, 6 hours and 24 hours post latex sphere injection;
ipsilateral hindpaw (I), contralateral hindpaw (C), ipsilateral forepaw (XI),
contralateral forepaw (XC)).

Sections were air dried for 1 hour, post fixed in

acetone, blocked with BSA (5mg/ml) then incubated with the anti-NGF antibody
(final concentration 2pg/ml; see appendix VI page 180 for details) for 1 hour.
Excess antibody was washed off and the sections incubated with fluorescein
isothiocyanate-conjugated anti-goat IgG ((FITC) Vector Laboratories, UK) for 30
minutes in the dark. Sections were counterstained with DAPI (0.2pg/ml, 3 minutes)
and mounted using fluorescent mounting media. Hindpaw skin from rats that had an
ipsilateral intraplantar 2% carrageenan injection (6 hours post injection) was used as
a positive control (Amann and Shugoli, 2000). Negative controls included omission
of primary antibody, use of normal goat IgG, or prior-incubation of the primary
antibody with varying concentrations of NGF blocking peptide (Santa Cruz
Biotechnologies/Autogen Bioclear, UK).

5.3.2.2 Semi-quantitative analysis of NGF expression.
Sections of rat paw skin immunostained for NGF were blinded by a colleague,
examined using a Zeiss microscope and appropriate filter set (FITC excitation
wavelength 490-500nm, emission wavelength, 510-520nm) and scored according to
the degree of positive IF. The extent of positive NGF-IF was graded from 0 to 3; 0
represented no NGF-IF and 3 indicated definite widespread NGF-IF; the scores for
the 2 sections for each sample were meaned and then corrected onto a scale of 1 to 7.
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RT-PCR of rat paw skin samples

Rat paw skin was homogenised, RNA extracted and reverse-transcribed to cDNA.
The cDNA was probed with specific primers for rat p-actin, rat E-selectin or rat PNGF and amplified using the PCR. Details of the methods and materials used, the
primer pairs and PCR cycle settings can be found in appendix VII page 181. The
method used was comparable to that used by Amann et al. (2000, 2001). The paw
skin samples used were as follows: naive left hindpaw n=4, naive right and left
forepaws n=3; latex sphere injection + 6 hours contralateral hindpaw n=3, ipsilateral
and contralateral forepaws n=2; latex sphere injection + 24 hours contralateral
hindpaw n=2, ipsilateral and contralateral forepaws n=2.

5.3.3.1 RNA extraction
Rat paw skin samples were homogenised to a fine powder in a pestle and mortar
using liquid nitrogen.

Total RNA was extracted using Total RNA Isolation

Reagent™ (TRIR; Abgene, UK) according to the manufacturer’s instructions. After
chloroform (BDH, UK) extraction the RNA-containing aqueous phase was removed
and the RNA precipitated using isopropyl alcohol (BDH, UK). The RNA pellet was
washed with 75% ethanol (BDH, UK) and resuspended in RNase-free dH20 (Gibco,
UK). The amount of RNA was calculated from the A260nm-

5.3.3.2 Reverse Transcription
RNA (1-1.5 pig) was reverse transcribed to cDNA using Reverse-iT™ 1st strand
synthesis kit (Abgene, UK). Briefly, the RNA was mixed with anchored oligo dTs
and sterile water and heated to 70°C for 5 minutes to remove any secondary
structure; first strand synthesis buffer, dNTP mix (5mM of each) and the reverse
transcriptase/RNase inhibitor mix were added. The mixture was incubated at 47°C
for 50 minutes for first strand synthesis then at 72°C for 10 minutes to inactivate the
RTase. Sample cDNA content was determined from the A260nm; cDNA samples were
stored at -20°C.
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5.3.3.3 PCR
E-selectin and p-NGF gene expression were investigated using PCR; samples were
also probed for p-actin to provide an internal control to confirm equal loading of
cDNA and to allow semi-quantitative comparisons to be made if necessary.

In

separate reactions forward and reverse primer sequences for rat p-actin, rat E-selectin
or rat p-NGF (all primers from R&D Systems, UK) were added to 1.5pg of cDNA in
sterile dF^O and made up to final reaction volume with ReddyMix™ PCR buffer
(Abgene, UK). The mixture was mixed and centrifuged; 40 cycles of PCR were
carried out. Double stranded cDNA was denatured by heating to 96°C, the reaction
cooled to 55°C to allow the primers to anneal and then heated to 72°C to extend the
primers. PCR product was visualised using a 1.2% agarose gel containing ethidium
bromide (final concentration 0.08pg/ml) and visualised using a UV transilluminator
and associated computer software package (Syngene - Genesnap).

5.3.3.4 Data analysis
The presence of PCR product on the ethidium bromide-containing agarose gels was
assessed. Plot profiles for the regions of the gel that corresponded to the expected
product sizes were created using Scion Imaging software, the software generates a
density plot based on the number of pixels in the area selected. Semi-quantitative
data reflecting the amount of mRNA present in the paw skin sample were obtained
where possible by determining the ratio of the amount of p-actin product, as
indicated by the number of pixels/area of the inverted image, to E-selectin or NGF
product using Scion image analysis software.
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5.4

Results

5.4.1

Carrageenan-induced inflammation of the rat hindpaw.

5.4.1.1 E-selectin expression: Summary of data
All raw data can be found in tables XILiii to XII.v in appendix XII pages 197 to 199;
a summary is given in table 5.2. Values are the mean area o f E-selectin-IF as a
percentage of the area of CD31-IF per 2.16x10 pm (% E-selectin-IF). In paw skin
from naive rats there was no difference between the right and left hindpaws, or right
and left forepaws (hind P=0.5898, fore P=0.3519); percentage area of E-selectin-IF
did vary when comparing the hindpaws (right and left) to the forepaws (right and
left) of naive rats (P=0.0332).

Table 5.2 The calculated area of E-selectin-IF as a percentage of CD31-IF during
carrageenan-induced inflammation._______________________________________
Mean SD Median
% E-selectin-IF (of CD31-IF)
Naive

1 hour

6 hour

I

4.98

9.37

5.04

5.27

4.89

5.91

1.94

5.04

C

3.65

10.58

4.26

4.6

1.58

4.93

3.37

4.26

XI

7.15

12.69

5.81

6.86

4.14

7.33

3.22

6.86

XC

6.87

8.91

9.54

11.6

7.87

8.96

1.79

8.91

I

8.87

9.59

6.25

4.4

7.44

7.31

2.07

7.44

C

4.86

5.69

9.47

2.7

3.94

5.33

2.57

4.86

XI

12.5

13.28

6.01

9.09

10.8

10.34

2.91

10.8

XC

9.78

9.15

5.69

7.81

3.17

7.12

2.71

7.81

I

10.61

11.31

27.86

14

11.88

15.13

7.23

11.88

C

6.83

12.4

9.6

18.74

9.09

11.33

4.59

9.6

XI

16.65

9.78

6.83

7.11

5.93

9.26

4.37

7.11

XC

12.12

9.37

15.74

9.04

5.2

10.29

3.92

9.37

Data for right/ipsilateral (I) or left/contralateral hindpaw (C), right/ipsilateral (XI) or
left/contralateral forepaw (XC) of carrageenan-injected or naive rats, all groups n=5.
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The vascular-like appearance o f E-selectin-IF, as demonstrated by its co-localisation
with CD31, is shown in figure 5.1. Each section was photographed under both filters
(see section 5.3.1.2 page 122) using a Nikon digital camera (Nikon, Japan), pictures
were overlayed using Adobe Photoshop 5.0 photo editing software.

*

B

~<Si1ii v m w

.

I I
-

A #

/ r
#

4
'

■

|

/

*
F ig u re 5.1 E-selectin (red - Texas Red®) and CD31 (green - FITC) expression (A)
during carrageenan-induced inflammation of rat hindpaw skin and (B) naive hindpaw
skin. Sections were immunostained for E-selectin and CD31 using double
immunofluorescence techniques. Bars represent 100pm, * denotes areas of
background or autofluorescence such as nerve fibre bundles.
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5.4.1.2 E-selectin expression in hindpaw skin
Statistical differences and sources of variation between the paws (regions) and the
time points were determined with a two-way ANOVA. Area of E-selectin-IF varied
significantly according to time [F(2)=9.737, P=0.0003] but not paw [F(3)=1.029,
P=0.3881].

There was no variation due to the intereaction of the two variables

[F(6)= 1.936, P=0.0940].

In ipsilateral (right) hindpaw skin of carrageenan-injected rats the percentage area of
E-selectin-IF

increased compared to that o f naive animals [F(2,12)=6.144,

P=0.0145] and was significantly different in the 6 hour time point group (P<0.05)
(figure 5.2).

In contralateral (left) hindpaw skin the percentage area o f E-selectin-IF was
significantly different between the three groups [F(2,12)=4.942, P= 0.0272]; the
percentage area was greater in the 6 hour group compared to naive rats (P<0.05)
(figure 5.2).
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F ig u re 5.2 The area of E-selectin-IF as a percentage o f the area of CD31-IF in
right/ipsilateral (I, filled bars) or left/contralateral (C, open bars) hindpaw skin of
naive or carrageenan-injected rats at 1 or 6 hours after injection. Data are mean ±
SD, n=5 in each group; Results of Dunnett’s p o st test *P<0.05 compared to
respective paw of naive rats.
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5.4.1.3 E-selectin expression in forepaw skin

There were no differences in the percentage of E-selectin expressed by the forepaws
between any of the groups for either the ipsilateral [F(2,12)=0.9182, P=0.4260] or
contralateral forepaw [F(2,12)=l .471, P= 0.2682] (figure 5.3).

Naive XI

Naive XC

1 hour XI

1 hour XC 6 hours XI 6 hours XC

Figure 5.3 The area o f E-selectin-IF as a percentage of the area of CD31-IF in
right/ipsilateral forepaw (XI, filled bars) and left/contralateral forepaw (XC, open
bars) skin of naive or carrageenan-injected rats at 1 hour or 6 hours after injection.
Data are mean ± SD, n=5 in each group.
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5.4.1.4 Observer variability
The raw data for the % E-selectin-IF can be found in table XII.vi in appendix XII
page 200. Figure 5.4 shows the mean area of E-selectin-IF per frame for each region
analysed in the original or repeat data collection.

Intra-observer: There is significant correlation between the repeat analysis and the
original data (Spearman r = 1.00, P=0.0028).
Inter-observer: There is significant correlation between the data obtained by the
second observer compared to the original data (Spearman r = 0.9429, P=0.0167).
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Figure 5.4 (A) Area of E-selectin-IF as a percentage of CD31-IF determined on two
occasions by the same observer. (B) Area determined by a second observer. Region
labels are the group (naive (N), 1 or 6 hours post injection, rat number (1-5), and paw
(I=right/ipsilateral hind, C=lefit/contralateral hind, XI=right/ipsilateral fore,
XC=left/contralateral fore). Data for each region are the mean of 16 frames analysed
±SD .
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5.4.2

Foreign body-induced inflammation of the rat hindpaw.

5.4.2.1 E-selectin expression
5.4.2.1.1

E-selectin and CD31 double-IF.

All the raw data can be found in tables XILviii to XILxi in appendix XII pages 201204. A summary of the data is given in table 5.3. Data are the mean per group, ±
SEM, of the mean area of E-selectin-IF as a percentage of CD31-IF per
2.16xl05pm2, for all ipsilateral and contralateral hindpaw regions n=6 and for all
forepaw regions n=4.

Hindpaws
Analysis of the ipsilateral and contralateral hindpaw data with a two-way ANOVA
revealed significant variation between the ipsilateral and contralateral hindpaws
[F(l)=4.870, P=0.0331], but no differences at the different time points [F(3)=0.2558,
P=0.8546].

There was no significant effect due to the interaction of these two

variables [F(3)=0.3669, P=0.7773) (figure 5.5). Tukey’s post test did not detect a
significant difference between the ipsilateral and contralateral paws at any time
point.

There was no significant difference between naive and contralateral (to

injection) hindpaws.

Forepaws
Two-way ANOVA showed that % E-selectin-IF did not vary significantly between
the forepaws [F(l)=0.0385, P=0.8460] or vary over time [F(3)=2.897, P=0.0559],
there was no effect due to the interaction of these two variables [F(3)=0.692,
P=0.5659] (figure 5.5).
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Table 5.3 A summary of the mean E-selectin-IF as a percentage of CD31-IF in
%E-selectin IF
Ipsilateral

Contralateral

Ipsilateral

Contralateral

(right)

(left)

forepaw

forepaw

Naive

28.0 ± 2 .7

25.9 ±3.2

30.0 ± 3 .0

28.0 ±2.3

6 hour

32.7 ±5.1

23.4 ± 2 .6

20.4 ±2.8

26.4 ± 4 .2

24 hour

29.1 ± 7 .4

20.5 ±3.0

22.0 ± 2 .0

21.2 ± 3.7

7 day

29.7 ± 2 .9

25.1 ±1.8

29.75 ± 3 .0

28.4 ± 4 .0

Data are mean ± SEM, right/ipsilateral and left/contralateral hindpaws n=6;
right/ipsilateral and left/contralateral forepaws n=4.
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Figure 5.5 The mean area of E-selectin-IF as a percentage o f the area of CD31-IF in
the hindpaws (n=6) and forepaws (n=4) o f naive rats or from rats killed 6 hours, 24
hours or 7 days after injection of 1% latex spheres into the ipsilateral hindpaw. Data
are mean ± SD.
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Intra-observer variability

Raw data can be found in table XII.xii in appendix XII page 205. Figure 5.6 shows
the mean area of E-selectin-IF as a percentage of CD31-IF for the regions that were
re-analysed. There was significant positive correlation between the original and the
repeat analysis (Spearman r = 0.8584, P=0.0064).

■ ■ Repeat
1.. - J Original
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n2xc
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24.4c
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Region
Figure 5.6 Area of E-selectin-IF as a percentage o f CD31-IF determined on two
separate occasions by the same observer. Region labels reflect the group (naive N, 1
hour 6 hours, 24 hours or 7 days post injection, rat number (1-6), and paw (I =
right/ipsilateral hind, C = left/contralateral hind, XI = right/ipsilateral fore, XC =
left/contralateral fore). Data for each region are the mean o f 16 frames analysed ±
SD.
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5.4.2.2 NGF expression.
5.4.2.2.1

NGF-IF Positive controls.

NGF was detectable in sections of inflamed (2% carrageenan, lOOjil intraplantar)
hindpaw skin using the anti-NGF antibody.

Positive-IF had a vascular-like

distnbution (figure 5.7) and was associated with regions of inflammatory infiltrate as
identified by DAPI counterstain (figure 5.8 page 137). At higher concentrations of
antibody, positive-IF could be seen near the epidermis; this was not seen when the
primary antibody was omitted. On all sections, with or without antibody, the larger
blood vessels and nerve fibre axons were visible due to their autofluorescence. In
some sections of naive paw skin incubated with high concentrations of primary
antibody (lgg/ml) positive NGF-IF could be seen near the epidermis and associated
with small blood vessels (figure 5.10 (inset) page 140).

Figure 5.7 Nerve growth factor-IF (green) is associated with smaller diameter blood
vessels (V) in the dermis of inflamed rat hindpaw skin (carrageenan 2% 6 hours
previously) and can be seen to have a vascular-like appearance, NGF-IF is not
associated with arteriole-like vessels (A). Inset, hindpaw skin from naive rats
showing vasculature but no NGF-IF. Bars represent 100pm.
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Figure 5.8
Nerve growth factor-IF (green) is associated with regions of
inflammatory cell infiltration (DAPI nuclei counterstain, blue) dunng carrageenaninduced inflammation of the rat hindpaw. Bar represents 100pm; inset shows
consecutive section with NGF antibody omitted, and minimal positive IF

5.4.2.2.2

Negative controls - latex sphere-induced inflammation

On sections incubated with blocking serum instead of primary antibody there was no
positive-IF, however, it was possible to identify large blood vessels and nerve fibre
axons by their autofluorescence.

The same lack of positive-IF, in particular in

regions of cellular infiltration, was present on sections incubated with normal goat
IgG (figure 5.9 inset page 139). A concentration-dependant attenuation of positiveIF was seen when the NGF antibody was incubated with varying concentrations of
blocking peptide.
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5.4.2.2.3

NGF in rat paw skin during latex sphere-induced inflammation

The results of the semi-quantitative analysis of NGF expression are given in table
5.4. NGF-IF was detectable in the hindpaw skin of naive and latex sphere-injected
rats, and there was inconsistent expression in forepaw skin. Greater quantities of
NGF-IF could be detected in inflamed ipsilateral hindpaw skin compared to naive.
Comparable NGF-IF was seen in all contralateral hindpaw skin whether from naive
or injected rats.

Table 5.4 Semi-quantitative analysis of NGF-IF in rat paw skin of naive and latex
Naive
rat

I

24 hours

6 hours

C XI XC

I

C XI XC

I

C XI XC

1

1

1

1

2

7

1

1

1

5

1

1

3

2

2

3

1

1

7

2

1

1

5

1

1

2

3

2

3

1

1

6

1

1

1

5

2

-

1

4

1

3

1

1

5

1

-

1

-

2

1

1

5

3

1

-

-

5

2

-

-

5

3

-

-

6

1

3

-

-

7

1

-

-

6

3

-

-

Median

1.5

2

1

1.5

6.5

1

1

1

5

2

1

1.5

Right/ipsilateral hindpaw (I), left/contralateral hindpaw (C), right/ipsilateral forepaw
(XI), left/contralateral forepaw (XC).

As with the positive control tissue, NGF-IF in skin from inflamed ipsilateral
hindpaws was associated with regions of cellular infiltration (figure 5.9 page 139)
and vasculature (figure 5.10 page 140).
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Figure 5.9 Nerve growth factor-IF (green) in rat ipsilateral hindpaw skin injected
with 1% latex spheres (L) 24 hours earlier to induce a foreign body-mediated
inflammation. Microvascular structures such as arterioles (A) are identifiable. NGFIF is associated with areas of cellular infiltration as indicated by the high density of
nuclei (blue, DAPI counterstain). Inset, antibody isotype control using rabbit IgG
instead of anti-NGF (2pg/ml) shows some background IF associated with latex
spheres (L). Bars represent 100pm.
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Figure 5.10 Nerve growth factor-IF in rat hindpaw skin contralateral to a foreign
body-induced inflammation (6 hours post injection). Positive NGF-IF appears green
and is associated with small diameter vascular-like structures (arrows) in the dermis.
Inset, NGF-IF in hindpaw skin from naive rats, positive-IF in close proximity to the
epidermis (E). Bars represent 100pm.
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5.4.2.3 RT-PCR for E-selectin and NGF mRNA
5.4.2.3.1

RT-PCR procedure controls

Controls included in each PCR procedure were the same for all experiments:(a)

Reverse transcription positive control

= MS2 RNA with specific

primer pair (supplied in Reverse- iT™ 1st strand synthesis kit (Abgene, UK)) with
reverse transcriptase. PCR product expected at 462bp.
(b)

Reverse transcription negative control

= MS2 RNA and specific

primer pair without reverse transcriptase. No PCR product expected.
(c)

PCR negative control = dH20 in place o f sample RNA, PCR with (3-

actin, E-selectin or p-NGF pnmer pairs. No PCR product expected.
(d)

PCR/primer controls = PCR carried outusing supplied cDNA specific

for each primer pair (control is region of cDNA with specific pnmer recognition
sequences at either end). PCR product expected at appropriate base pair size for each
cDNA region (details in appendix VIJ page 181).

The results for these controls suggest firstly, that the RT reactions occurred
satisfactory, secondly, there were no contaminants in the reactions, and finally that
the reactions were DNase free (figure 5.11, an example gel).

MS2
dH20
Prim er control cDNA
lOObp-RTase+RTase P-act E-sel NGF p-act E-sel NGF lOObp

lOOObp
500bp

Figure 5.11 RT-PCR controls; from left: RT controls, -/+ RTase; dH20 instead of
sample; cDNA positive controls for primer recognition sequences. Lanes are
labelled with the pnmer pairs used in each reaction. Expected product sizes for the
primer controls are p-actin 380bp, E-selectin 330bp and P-NGF 380bp. There is a
basepair ladder (lOObp increments) in the far left and nght lanes.
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E -selectin an d p -N G F m R N A ex p r e ssio n in in fla m ed rat paw sk in .

RT-PCR for P-actin, E-selectin and p-NGF was earned out on hindpaw skin taken
from 2 rats 24 hours after injection of latex spheres. Figure 5.12 shows positive PCR
product corresponding to the size of product expected from the P-actin (302bp), Eselectin (485bp) and p-NGF (586bp) primers used.

Latex spheres + 24 hours
Rat 1
Rat 2
lOObp p-act E-sel NGF lOObp p-act E-sel NGF

F igu re 5.12 RT-PCR to detect p-actin, E-selectin and p-NGF mRNA in rat hindpaw
skin 24 hours after injection of latex spheres. The sizes of the expected products are
p-actin 302bp, E-selectin 486bp and P-NGF 586bp, include with each gel is a
basepair ladder, —> denotes 500bp.

5 .4 .2 .3 .3

E -selectin an d p -N G F m R N A ex p r e ssio n in c o n tra la ter a l h in d p a w

sk in .

Qualitative analysis of the results of this preliminary investigation indicated that Eselectin mRNA and p-NGF mRNA were present in rat paw skin contralateral to latex
sphere-induced inflammation at 6 hours, but not at 24 hours or 7 days (figure 5.13).
E-selectin and P-NGF mRNA were not detected in the hindpaw skin of naive rats.
Each image was saved as a tiff file, this was opened using Scion Imaging software
and inverted so that regions of ethidium bromide- associated fluorescence on the gel
were dark bands on a light background.

Figure 5.14 shows the amount of PCR

product determined by calculating the mean number of pixels at regions of the
agarose gel that corresponded to the expected product size for each primer pair The
plot profiles show that E-selectin and p-NGF mRNA are increased in contralateral
paw skin at 6 hours after injection of latex spheres, but not in naive rat paw skin or
24 hours after injection.
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Naive
Rat 1
Rat 2
Rat 3
lOObp p-act E-sel NGF p-act E-sel NGF lOObp P-act E-sel NGF

Latex sphere + 6 hours
Rat 1
Rat 2
Rat 3
lOObp P-act E-sel NGF p-act E-sel NGF lOObp P-act E-sel NGF

lOObp p-act

L atex sp h e re + 24 h o u rs
Rat 1
Rat 2
E-sel N GF lOObp p-act E -sel NGF

Figure 5.13 RT-PCR to detect p-actin (p-act), E-selectin (E-sel) and p-NGF mRNA
in naive rat (top picture) hindpaw skin or skin from hindpaws contralateral to a
foreign body-mediated inflammation induced by injection of 1% latex spheres 6
hours (middle picture) or 24 hours previously (bottom pictures). E-selectin and PNGF mRNA were only identified in contralateral hindpaw skin taken 6 hours after
injection, and not in naive paw skin, or at 24 hours. The sizes of the expected
products are: p-actin 302bp, E-selectin 486bp and p-NGF 586bp. Also shown are
DNA base pair ladders (lOObp increments), —►indicates 500bp.
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275 -

— -290-3 lObp
— -480-490bp
—

225 200

580-590bp

-

: 150 -

P-act E-sel NGF p-act E-sel NGF

1

Rat 1

Rat 2

P-act E-sel NGF

p-act E-sel NGF

Rat 3

Naive

P-act

Rat 3

LS+ 6 hours

E-sel NGF

Rat 1

LS + 24 hours

— 290-3 lObp
— ~480-490bp
— ~580-590bp

P-act E-sel NGF
Rat 2

LS + 24 hours

(3-act

E-sel NGF
Rat 2

P-act E-sel
Rat 1

LS + 6 hours

NGF

p-act E-sel NGF
Rat 3

Naive

Figure 5.14 Plot profiles showing the density of PCR product on agarose gels
(determined from inverted images) at bands corresponding to expected product sizes;
P-actin 290-3lObp = green line, E-selectin 480-490bp = red line, P-NGF 580-590bp
= blue line. Samples are of contralateral hindpaw skin from naive or latex sphereinjected rats (LS), 6 or 24 hours post injection. (Scion Imaging and Microsoft Excel)
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5.4.2.3.4 E-selectin and P-NGF mRNA expression in rat forepaw skin.
Neither E-selectin nor P-NGF mRNA were detected in any samples of forepaw skin.

Naive fore paw (right)
Rat 1
Rat 2
Rat 3
lOObp P-act E-sel NGF P-act E-sel NGF p-act E-sel NGF

LS + 6 hours
Rat 1 XI
Rat 1 XC
lOObp P-act E-sel NGF P-act E-sel NGF

LS + 24 hours
Rat 1 XI
Rat 2 XI
Rat 1 XC
lOObp P-act E-sel NGF P-act E-sel NGF P-act E-sel NGF

Figure 5.15 RT-PCR to detect p-actin, E-selectin and p-NGF mRNA in naive rat
forepaw skin or skin from the forepaw of rats with foreign body-mediated
inflammation induced by injection of 1% latex spheres (LS) 6 or 24 hours
previously. XI = ipsilateral (right) forepaw, XC = contralateral forepaw. The sizes
of the expected products are: P-actin 302bp, E-selectin 486bp and p-NGF 586bp.
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5.4.2.3.5 Summary of latex sphere-induced inflammation RT-PCR.
The results of the RT-PCR to look at NGF and E-selectin mRNA expression are
shown in table 5.4 (A, and B respectively). The results show that both NGF and Eselectin mRNA expression are increased in contralateral paw skin 6 hours after
ipsilateral injection of latex spheres.

Table 5.5 A summary of the results of RT-PCR for (A) E-selectin and (B) NGF

A) E-selectin

Contralateral
(left) hindpaw

Ipsilateral (right)
forepaw

Contralateral
(left) forepaw

Naive

LS

Naive

LS

Naive

LS

6 hours

_

++

-

-

-

-

24 hours

-

-

-

-

_

-

B) NGF

6 hours

Contralateral
(left) hindpaw

Ipsilateral (right)
forepaw

Contralateral
(left) forepaw

Naive

LS

Naive

LS

Naive

LS

-

++

-

-

-

-

24 hours
- = no mRNA expression; ++ = significant amounts o mRNA detected.

-
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5.5

Discussion

5.5.1

Carrageenan-induced inflammation of the rat hindpaw.

The results suggest that during an acute unilateral inflammation induced by
carrageenan there is a bilateral increase in E-selectin expression and that this is
restricted to the contralateral region supplied by the homologous peripheral sensory
nerve fibre and does not occur at other distant sites (forepaws). In relation to the
hypothesis, this appears to indicate activation of vascular endothelial cells within the
contralateral region and therefore supports the concept of contralateral activation of
the endothelium during a localised unilateral inflammation.

Ipsilaterally, the increased expression of E-selectin at 6 hours but not at 1 hour after
injection of an inflammatory stimulus is consistent with de novo synthesis which
takes approximately 4 hours. Carrageenan-induced inflammation is mediated by a
various factors including histamine, bradykinin and reactive oxygen and nitrogen
species (Di Rosa et al., 1971; Vinegar et al., 1987; Handy and Moore, 1998), it is
proposed to have a neurogenic component (Lam and Ferrell, 1991b, 1989a) and is
associated with increased adhesion molecule expression (Pierce et al., 1997;
Cuzzocrea et al., 2002).

E-selectin expression is generally presumed to be induced during inflammation by
pro-inflammatory mediators including LPS, TNFa and IL-1 and hence normally only
associated with activated endothelium. These experiments demonstrate E-selectin-IR
on sections of tissue from naive animals, the pattern of expression being consistent
with an endothelial distribution as seen in inflamed tissue.

This distribution of

immunostaining was not seen when tissue sections were incubated with normal goat
IgG as a negative control. Data in the literature suggest there is a low basal level of
E-selectin expression. Smith et al., (1993) reported positive immunostaining for Eselectin in approximately 10% of vessels in naive human buttock skin, they
demonstrated increases in both staining intensity and the percentage of positively
stained vessels 4 and 8 hours after injection of various neuropeptides (SP, CGRP and
VIP). In vitro, cells cultured from normal neonatal human foreskins have no basal E147
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selectin expression (Matis et al., 1990). Expression of functional E-selectin has been
demonstrated, leukocytes roll spontaneously in the venules of rat skin in vivo and this
is mediated in some part by E-selectin (oude Egbrink et al., 2002). In the nail-fold of
rat hindpaw skin 50% of all PMN that pass a post capillary skin vessel are rolling. A
number of other groups provide evidence of constitutive expression of E-selectin
(Weninger et al., 2000; Vachharajani et a l, 2000; Hylkema et al., 2002). As such,
the findings reported here are in keeping with this low level of constitutive
expression of E-selectin.

E-selectin expression by endothelial cells in the vasculature o f the contralateral
region could be due to activation by neuropeptides. There are a number of reports of
direct activation of endothelial cell adhesion molecule expression by neuropeptides
or neurogenic stimuli (Smith et al., 1993; Quinlan et al., 1998, 1999b) and also a
number of indirect mechanisms by which endothelial cell activation and subsequent
adhesion molecule expression can occur (see section 2.5 page 54).

E-selectin expression was increased in the contralateral hindpaw skin but not in the
skin of either forepaw.

This suggests a topographically precise distant response

during unilateral inflammation. In relation to established characteristics of ‘mirrorimage’ and contralateral responses this increase in E-selectin is not temporally
delayed and diminished in

magnitude

whencompared to the ipsilateral response. For

E-selectin expression to be increased in the contralateral region 6 hours after the
initial ipsilateral inflammation began suggests the signal between the homologous
regions is rapid and more likely dependent on electrical transmission or retrograde
transport of a signal along the neuron.

Carrageenan-induced hindpaw inflammation ( 6 mg in 150pl, intraplantar) is
associated with increased release (immunoreactivity) of CGRP and SP, and increased
cGMP- and cAMP-IR in

the dorsal

horn3 hours post induction of inflammation

(Garry and Hargreaves, 1992, Garry et al., 1994).

This is of interest when

considering the hypothesis that contralateral responses occur because of interaction
and/or cross talk between homologous regions of the peripheral nervous system, for
example the DRG or dorsal horn of the spinal cord (Koltzenburg et al., 1999a).
These increases demonstrate that carrageenan-induced inflammation elicits changes
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in the areas implicated in mediating contralateral responses, and that these changes
are temporally comparable to the development of contralateral changes.

Despite the observed contralateral increase in E-selectin expression in this model,
there was no conclusive evidence of cellular infiltration into the region (see chapter
4). It may be that the location of infiltrating inflammatory cells (such as PMN)
changed from vascular to interstitial, or the time points looked at were too early to
see cellular infiltration, or that the signal received by the contralateral region was not
of sufficient magnitude to stimulate cellular accumulation. Neuropeptide-induced
neutrophil accumulation requires the presence of other cytokines (Cao et al., 2000;
Pinter et a l, 2002).

5.5.2 Foreign body-induced inflammation of the rat hindpaw.
5.5.2.1 E-selectin expression
Unlike carrageenan-induced acute inflammation, the latex sphere-stimulated foreign
body-induced inflammation showed no evidence of increased E-selectin-IR in any of
the paws. It is possible that this is because the ipsilateral inflammation does not
include

significant E-selectin

expression.

Ipsilateral

latex

sphere-induced

inflammation is characteristically macrophage mediated (Mapp et al., 1994).
Characteristically, a ‘mirror-imaging’ response reflects the modality of the original
stimulus, i.e. inflammogen, structural change or noxious stimulus. However, as it
has been hypothesised that the contralateral response is mediated via the peripheral
nervous system any contralateral inflammation would be due to the action of
peripheral sensory nerve fibres and neuropeptides.

As such, elevated E-selectin

expression on the injected side serves only to characterise the ipsilateral
inflammation.

It is possible that the time points chosen were not the most appropriate for the
detection of E-selectin. Ipsilaterally, during an inflammatory response, E-selectin
expression by the endothelium is significantly increased from 4 hours and returns to
baseline by ~24 hours; this varies depending on the duration of the stimuli or
chronicity of the inflammation (Groves et al., 1991; Fries et al., 1993; Smith et al.,
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1993; reviewed by Tedder et a l, 1995). In the latex sphere-induced inflammation
model described here the ipsilateral inflammation is ongoing for up to 7 days and
cellular infiltration peaks at approximately day 3. Therefore it is probable that any
elevations in E-selectin expression would occur within the first 48 hours.
Extrapolating from the increase in E-selectin expression seen at 6 hours during the
carrageenan-induced inflammation model, it is likely that the 6 and 24 hour time
points examined in the latex sphere model were appropriate, although an
intermediate time point would be of interest (e.g. 8 or 12 hours).

These findings do not seem to support the original hypothesis that an organism can
generate a contralateral response during a unilateral inflammation and that this
response involves the activation of endothelial cells and subsequent adhesion
molecule (E-selectin) expression.

5.5.2.2 Nerve growth factor-IF
Amann et a l, (2000) detected NGF in rat hindpaw skin during carrageenan-induced
(1%, 100(il) inflammation.

Similarly, these results indicate that NGF protein

expression increased ipsilaterally during a foreign body-induced inflammation, and
that this increase occurred in the early stages of the inflammatory response (from 6
hours).

This ipsilateral increase in NGF-IF preceded cellular infiltration into the

region which peaked at 72 hours, but coincided with oedema formation as indicated
by increased hindpaw volume (see section 3.5.2). Other methods used to quantify
NGF content include immunoassay and ELISA (Amann et a l, 2000, 2002; Burbach
et a l, 2001 )

In this preliminary investigation it was not possible to detect any differences in NGFIF in hindpaw skin contralateral to latex sphere injection when compared to naive rat
hindpaw skin.

As such, this indicates that NGF content was unaltered in the

contralateral paw up to 24 hours after ipsilateral injection of latex spheres. NGF-IF
in forepaw skin was negligible, suggesting low basal levels. Forepaw NGF-IF did
not differ between naive or latex sphere-injected rats suggesting there was no
inflammatory response in these regions.

However, W oolf (1997) reported
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contralateral decreases in NGF levels during CFA-induced monoarthritis, this may
reflect increased transport to the DRG.

During capsaicin-induced (0.02%) neurogenic inflammation of the rat hindpaw NGF
protein levels increase to a maximum at 1 hour and have returned to control levels at
3 hours. This, more than likely, reflects release and not synthesis of NGF, although
it is still indicative of endothelial activity (Saade et a l , 2002). Alterations in NGF
expression could reflect both aspects of the hypothesis: the involvement of peripheral
sensory nerve fibres and neuropeptides in contralateral responses, and the
contralateral response as an acute response requiring the activation o f vascular
endothelial cells.

5.5.2.3 E-selectin and p-NGF mRNA
Unilateral injection of latex spheres created a localised foreign body-induced
inflammatory response in rat hindpaw skin and stimulated the expression of Eselectin and p-NGF mRNA in the contralateral hindpaw but not in the forepaws.
These findings support the hypothesis that an organism is able to produce a ‘mirror
image’ response following an injurious stimuli to one side, that is mediated by the
peripheral nervous system and involves the activation of endothelial cells in the
subsequent contralateral inflammatory response.

As mentioned above, E-selectin glycoprotein expression by the vascular endothelium
does not increase in the ipsilateral hindpaw skin of latex sphere-injected rats.
However, both E-selectin and NGF mRNA were detected in ipsilateral hindpaw skin
24 hours after latex sphere injection.

Ipsilaterally, NGF protein expression was

elevated at 6 and 24 hours after injection of latex spheres. This is in keeping with the
observed increased levels of its mRNA, although this does not reflect the narrow
window of expression described by others (Saade et al., 2002). This extended period
of expression could instead reflect the presence of an ongoing ipsilateral stimulus. In
keeping with this is the observed E-selectin mRNA expression 24 hours following
latex sphere injection. E-selectin expression and function normally peak 4-6 hours
after induction of inflammation (reviewed by Bevilacqua, 1993).
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The synthesis of NGF in vitro is stimulated by SP. During NI increases in NGF
expression involve NKi receptors (Amann et al., 2000). During latex sphere-induced
inflammation, (3-NGF mRNA was detected in the contralateral paw skin.

This

expression could be due to neuropeptide-induced activation of the endothelial cells,
or its synthesis by other cell types.

In the periphery, NGF is associated with a

number of inflammatory cells including mast cells, fibroblasts and macrophages
(Mearow et a l, 1993; Amann and Schuligoi, 2004; Leon et al., 2004). In this model,
latex sphere-induced inflammation, P-NGF mRNA expression was detectable in the
contralateral paw skin at 6 hours, whereas cellular infiltration peaked at 24 hours.
Therefore it seems more likely that the source o f elevated NGF mRNA expression
was activated endothelial cells rather than infiltrating inflammatory cells.

The results depicting contralateral E-selectin and NGF mRNA upregulation were
repeatable (using the same paw samples, repeated from RT stage); on neither
occasion was E-selectin or P-NGF detected in hindpaw skin samples from naive rats.
There was no E-selectin nor NGF mRNA in samples of forepaw skin from injected
or naive rats. The former result supports the involvement of endothelial cells in the
development of contralateral inflammatory responses, while the latter results go
some way to demonstrating that the contralateral response is topographically precise
and as such, mediated by the peripheral nervous system. It was not possible to repeat
the RT-PCR of the forepaw skin samples due to a lack of sample, hence the number
of paws included in each group are low. Because of these problems and reports of
differences in their responses when compared to hindpaws, the validity of using the
forepaws as internal controls has been questioned (Donnerer et al., 1996).

Although NGF expression during carrageenan-induced inflammation was not
investigated here it would be of interest to do so. During rat hindpaw inflammation
induced by injection of a lower dose of carrageenan than used in this thesis (lOOpl of
1%), NGF content is increased ipsilaterally but not contralaterally at 3 hours post
injection (Amann et al., 2002). These investigators did not look at any subsequent
time points.

Neuropeptides can stimulate the synthesis and expression of both E-selectin and
NGF by endothelial cells. As discussed in chapter 2, this regulation may be a direct
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effect via specific receptors (NKi) on the endothelium, or an indirect effect as a
result of neuropeptide-stimulated release of other pro-inflammatory or stimulatory
molecules.

Further insights into the possible mechanisms involved could be

achieved by looking for changes in the levels of the pro-inflammatory mediators
implicated in these various pathways and those thought to be influenced by
neuropeptides, i.e. levels of IL-1, TNFa, histamine or RONS.

In relation to the possible mechanisms by which the contralateral response is
mediated the results seen here again infer that the signal is relayed rapidly from one
side to the other. This further supports the role of the peripheral sensory nerve fibres
in the development of ‘mirror image’ responses. Again, it would be of interest to
repeat the model looking in more detail during the first 24 hours after induction of
inflammation for distant changes in mRNA content.

Similarly, blocking axonal

transport, i.e. by local anaesthetic or sectioning the neuron, would help establish the
involvement of the peripheral nervous system.

5.5.3

Conclusion

It appears that a topographically precise increase in E-selectin glycoprotein
expression occurs contralateral to carrageenan-induced inflammation.

This

contralateral increase was not seen during latex sphere-induced inflammation, and
neither was there any detectable contralateral increase in NGF protein expression.
However, latex sphere-induced inflammation was associated with a topographically
precise increase in E-selectin and P-NGF mRNA expression.

The data for both

models indicate that contralateral responses occur in response to localised
inflammatory stimuli. A summary of all data relating to the two models described in
this thesis can be found in table 5.6 (page 154).
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Table 5.6 Summary of results from chapters 3, 4 and 5, distant responses during
latex sphere-induced and carrageenan-induced inflammation of rat hindpaw skin.
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Tables show the responses ol? ipsi ateral (right) hinc paws
hindpaws (C), ipsilateral (right) forepaws (XI), contralateral (left) forepaws (XC).
I=C, XI=XC no difference between the groups. Results of appropriate statistical
tests *P<0.05, **P<0.01, *** PO.OOl,
= not investigated; ns = not significant
when compared to naive rats, as determined by appropriate statistical test.
Significant contralateral responses are highlighted in red. |, | | or tTT = denote
increases in score (histology, EF), 0 = no score. ‘Y’= mRNA detected, ‘N ’= mRNA
not detected.
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Contralateral Responses to an Acute

Localised Inflammatory Stimulus in Man, the Possible Role
of the Peripheral Nervous System.

6.1

Aim

The experiment aimed to determine whether E-selectin mRNA expression is
increased contralateral to capsaicin-induced inflammation in man and to investigate
the involvement of peripheral sensory nerve fibres in any changes that occur.

6.2

Introduction

A preliminary experiment was carried out using capsaicin-induced neurogenic
inflammation to investigate contralateral responses in man. The previous chapter
discussed finding increased E-selectin and (3-NGF mRNA content contralateral to a
foreign body-induced inflammation in the rat. To see if similar changes occurred in
man an acute local inflammation was induced by intradermal (i.d.) injection of
capsaicin (1%, lOOpl) into the upper arm.

Skin biopsies were taken from the

corresponding region of the contralateral arm. In addition, the model looked at the
possible mechanistic involvement of the peripheral nervous system by administering
a long acting local anaesthetic prior to capsaicin injection. Messenger RNA content
was determined by RT-PCR.

6.2.1

Capsaicin

Capsaicin, the pungent component of peppers of the Capsicum genus, causes
neuropeptide release from C-fibre nerve endings and subsequently neurogenic
inflammation (Bileviciute et al., 1998; Yoshimura et al., 2000).

In human skin

capsaicin causes a dose dependent response which includes a mild burning sensation,
itch, vasodilatation and altered pain thresholds (Simone et al., 1989). Capsaicininduced desensitisation in human skin occurs in conjunction with the reversible
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destruction of epidermal nerve fibres.

Repeated topical application of capsaicin

causes the loss of PGP9.5-IR which returns when capsaicin treatment is stopped
(Nolano et al., 1999).

Capsaicin is used as a topical treatment for post-herpetic

neuralgia, painful diabetic neuropathy and for symptomatic relief in osteoarthritis
and other soft tissue inflammations.

Previous work has shown that i.d. injection o f capsaicin produces contralateral
sensitisation, a summary of these findings can be found in appendix XV page 214 to
216 (Haigh et al., 2002). Within an hour of capsaicin injection the topographically
precise contralateral region is hypersensitive to mechanical stimulation and nonnoxious stimuli (hyperalgesia and allodynia).

There is also evidence of

vasodilatation as shown by increased skin surface temperature.

Preliminary

unpublished work from our group found contralateral E-selectin-IR in human skin 8
hours after ipsilateral capsaicin injection.

6.2.2

Local anaesthesia interrupts the peripheral nervous system

The efferent function of capsaicin-sensitive fibres is to relay information from the
periphery along the neuron and its collateral fibres and via the DRG, to the dorsal
hom of the spinal cord. In animal models, it is possible to interrupt this pathway
using capsaicin-induced neuropeptide depletion, local anaesthesia, ligation of the
nerve fibre or axotomy, all of which attenuate contralateral responses (e.g. Levine et
al., 1985a; Kidd et al., 1995; Kurvers et al., 1996; Chen et al., 2000; Gouze-Decaris
et al., 2001). It is not as easy to do this in man. Nevertheless, axon reflexes, which
are indicative of the efferent function of capsaicin-sensitive neurons, can be
prevented by pre-treatment with a local anaesthetic (Jancso et al., 1968).

Bupivacaine is a local anaesthetic which prevents transmission of nociceptive
information along axons by blocking potassium channels and interrupting the
propagation of action potentials. Bupivacaine has a slow onset o f action compared to
other local anaesthetics and may take up to 30 minutes to have an effect; it has a long
duration of action (half life = ~ 2.5hours) and because o f this is often used for
continuous epidural analgesia.

156

E m m a M R o b e rts

6.3

P h D T h e s is

Methods

This experiment was carried out with the approval of the local ethics committee and
the assistance of Dr N Shenker (Royal National Hospital for Rheumatic Diseases,
Bath). Full details of the RT-PCR methods and materials can be found in section
5.3.3 and appendix VII page 181.

6.3.1 Protocol - Ipsilateral capsaicin-induced inflammation with or without
local anaesthesia.
Subjects were recruited (male or female; 22±3 yrs) and their informed consent
obtained. Bupivacaine (3ml) was injected subcutaneously into the volar surface of
the forearm in each subject. After 30 minutes lOOpl of 1% capsaicin (vehicle - 10%
ethanol, 20% Tween 80 in sterile saline) was injected into the bupivacaine site on the
lower arm (forearm) and into the upper arm (no bupivacaine injection). The upper
injection site within the C 5 dermatome was selected, and its precise location
determined by measuring from a line connecting the mid acromion point on the
shoulder to the lateral epicondyle of the elbow; the location of the site selected for
the lower arm injection was determined from a line connecting the medial epicondyle
of the elbow to the ulnar styloid and was within the Cg/Ti dermatome (see figure
6.1). Using these measurements the corresponding sites on the contralateral arm
were marked prior to biopsy. Control subjects did not have capsaicin injections (see
below for details), but did receive a bupivacaine injection into the lower arm. A
4mm diameter (punch) biopsy was taken from each corresponding region on the
contralateral arm 5 hours after capsaicin injection.

Biopsies were immediately

frozen and stored at -70°C.

Details of the injection combinations:
CAP+ = Contralateral to capsaicin injection (n=4)
CAP- = upper arm biopsy (no capsaicin) (n=3)
BUP+CAP+ = Contralateral to bupivacaine and capsaicin (n=4)
BUP+CAP- = Contralateral to bupivacaine only (n=3)
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mid acxomion point

Figure 6.1 Features of the arm used to map the loci of the ipsilateral capsaicin
injections and the precise contralateral sites.

6.3.2

RT-PCR to detect E-selectin mRNA

Total RNA was extracted from the 4mm diameter skin biopsies and reverse
transcribed to cDNA as previously desenbed. Primers that anneal to human P-actin
and E-selectin gene cDNA sequences (R&D Systems, see appendix VII, table VII.i
page 181 for details) were used to carry out PCR of the sample cDNA. PCR product
was detected on an agarose gel (1.2%) and visualised using ethidium bromide.
Qualitative analysis of the gels, assisted by densitometric analysis using the Scion
Image computer package, identified the product.

Semi-quantitative data were

obtained by determining the ratio of E-selectin to p-actin for each sample, tiff
images of the gels were inverted so that regions of PCR product appeared dark on a
light background allowing the number of pixels to be counted. RT-PCR was earned
out twice for each sample.
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E -selectin p o sitiv e c o n tro l tissu e.

Positive control tissue was obtained from an inflamed region of psoriatic skin and
from the upper arm of a subject 5 hours after capsaicin injection (1%, lOOpl) into the
region (ipsilateral arm, no bupivacaine).

Psoriasis is associated with elevated E-

selectin levels (Groves et al., 1991). Total RNA was extracted and RT-PCR for Eselectin mRNA carried out as described in appendix VII.

To confirm inducible E-selectin expression by vascular endothelial cells and the
specificity of the primers, RT-PCR was carried out on RNA extracted from human
vascular endothelial cells (HUVEC) kindly provided by Mr J Hewinson (Department
of Pharmacy & Pharmacology, University of Bath).

HUVEC were maintained in

tissue culture flasks at 37°C in a humidified atmosphere o f 5% C 0 2/ 95% air. Cells
in passage 3, at subconfluence, were stimulated with TNFa (PeproTech, UK;
lOng/ml) for 4 hours. Unstimulated cells were used as control. Cells were washed
twice with Dulbecco’s PBS (Gibco, UK) and 1ml of RNA extraction reagent
(TRIR™, Abgene) was added. The resulting suspension was aspirated into 1.5ml
eppendorf tubes, the total RNA extracted and RT-PCR carried out.
6.4

R esu lts

6.4.1

E -selectin m R N A in in fla m ed sk in

Using RT-PCR it was possible to detect E-selectin mRNA in inflamed skin samples
(figure 6.2). E-selectin expression was greater in psoriatic skin than in capsaicin
injected skin (table 6.1), in both cases 1 5pg of cDNA was loaded into the reaction.

5 hours post CAP
p-actin E-selectin

Psoriasis
p-actin E -selectin

500bp
F ig u re 6.2 Expression of P-actin mRNA (528bp) and E-selectin mRNA (485bp) in
psoriatic skin or skin injected with capsaicin. Also included is a base pair ladder
(lOObp increments) on the far left hand side, the arrow indicates 500bp.
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6.4.2 HUVEC controls
E-selectin mRNA was detected in stimulated and unstimulated HUVEC (figure 6.3).
Semi-quantitative analysis comparing E-selectin levels to P-actin levels suggests that
E-selectin mRNA expression is increased in TNFa stimulated cells (table 6.1).

H U V EC+ H UV EC- M S2
dH 20
C ontrols
P-act E-sel p-act E-sel +ve -ve p-act E-sel p-act E-sel

500bp -

Figure 6.3 P-actin mRNA (528bp) and E-selectin mRNA (485bp) in HUVEC;
HUVEC+ were incubated with TNFa, HUVEC(-) were not. MS2, water and
primer controls for reverse transcription and PCR show that reactions were not
contaminated. Base pair ladder (lOObp increments) on the far left and right sides,
the arrow indicates 500bp.

Table 6.1 Ratio of E-selectin PCR product to P-actin PCR product densities in
positive control samples.____________________________________
Ratio E-selectin:P-actin
Sample
(1) Capsaicin i d.

0.17

(2) Psonasis

0.45

(3) HUVEC+TNFa

0.84

(4) HUVEC

0.05

Samples are: (1) skin injected 5 hours previously with capsaicin, (2) skin from a
psoriatic plaque and (3) HUVEC with or (4) without TNFa stimulation (n=l all
groups).

160

1 mimi M Roberts

6.4.3

PhD Thesis

E-selectin expression contralateral to capsaicin.

P-actin was only detected in samples 1, 2 and 4 of CAP+ skin and o f these, only
subject 1 showed any E-selectin PCR product (figure 6.4). In control skin (CAP-), (3actin was detected in subjects 5 and 6 but no E-selectin PCR product was detected in
either of these; subject 7 did not express P-actin or E-selectin mRNA.

Contralateral to CAP+
3
4
P-act E-sel P-act E-sel P-act E-sel p-act E-sel
1

2

lOOObp

lOOObp
—500bp

C ontralateral site (CAP-)
5
6
7
P-act E-sel P-act E-sel p-act E-sel
lOOObp
500bp

Figure 6.4 P-actin mRNA (528bp) and E-selectin mRNA (485bp) in contralateral
skin biopsies 5 hours after ipsilateral injection of capsaicin (CAP+) or no injection
(CAP-). Base pair ladder (lOObp increments) on the far left or right hand sides, the
arrow indicates 500bp.
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Effect of local anaesthesia on contralateral E-selectin mRNA expression.

P-actin was clearly detectable in BUP+CAP+ samples 1, 2 and 4. E-selectin mRNA
was not detected in any of these samples, p-actin was detected in all BUP+CAPsamples, E-selectin was detected in sample 5 (figure 6.5).

Contralateral to BUP+CAP+

C ontralateral to BUP+ CAP5
6
7
P-act E-sel p-act E-sel P-act E-sel

.

i

lOOObp
^500bp

Figure 6.5 Expression of p-actin mRNA (528bp) and E-selectin mRNA (485bp) in
skin from a site contralateral to injection of bupivacaine and capsaicin (BUP+CAP+)
or bupivacaine alone (BUP+CAP-) 5 hours previously. Base pair ladder (lOObp
increments) on the far left (upper picture) and right (lower picture) side, the arrow
indicates 500bp.
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6.4.5

Sum m ary of RT-PCR for E-selectin mRNA in man.

A summary of the results shown in section 6.4.3.and 6.4.4 is given in table 6.2
below. E-selctin mRNA was detected contralateral to capsaicin injection in subject
1, E-selectin mRNA was not detected in this subject if the region was anaesthetized
with bupivacaine prior to capsaicin injection. This was not seen in any of the 3
remaining subjects in this group although subject 3 is discounted due to the lack of
detection of the p-actin control mRNA. None of the biopsies of naive skin (subjects
5,6 or 7) contained E-selectin mRNA, however, it was detected in subject 5
contralateral to the bupivacaine injection.

Table 6.2 A summary of the results of RT-PCR to detect E-selectin mRNA in
human skin contralateral to A) capsaicin injection or bupivacaine and capsaicin
injection, or B) contralatera to bupivacaine alone or naive skin.
Contralateral to
Contralateral to
A)
capsaicin (1% i.d.)
capsaicin (1% i.d.) and
Subject
bupivacaine (3ml s.c.)
1
+
2
-

3
4
B)

X
-

Contralateral to no
injection (naive skin)

Contralateral to
bupivacaine (3ml s.c.)

Subject
5

-

+

6

-

-

7

-

-

+ = E-selectin mRNA detected; - = no E-selectin mRNA; x = no p-actin mRNA
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Discussion

The findings from this preliminary investigation suggest that in some individuals, an
inflammatory response characterised by an increase in E-selectin mRNA is generated
contralateral to an acute, localised, neurogenic stimulus. Further to this, it appears
that this response is mediated by the peripheral nervous system. The presence of Eselectin mRNA in skin following capsaicin injection is in keeping with the findings
of Smith et al., (1993) who demonstrated increased E-selectin expression in buttock
skin following injection of various neuropeptides. Biopsies of naive skin did not
contain E-selectin mRNA.

E-selectin mRNA expression was only found in the contralateral region in one o f the
four subjects following capsaicin injection. E-selectin mRNA was not detected in
either of the two samples of skin taken from the same region but without the
ipsilateral capsaicin or bupivacaine injection (naive).

In relation to the possible

involvement of the peripheral sensory nerve fibres in this contralateral response, Eselectin mRNA was not detected in any of the three samples taken from sites
contralateral to the injection of bupivacaine and capsaicin. The subject (no. 1) who
had E-selectin mRNA expressed contralaterally following capsaicin did not have any
E-selectin mRNA present contralateral to capsaicin and bupivacaine.

E-selectin mRNA was seen in one bupivacaine/no capsaicin control sample. This
subject did not have detectable E-selectin mRNA in the other control region i.e.
contralateral to no bupivacaine/no capsaicin which could suggest that the anaesthetic
or the injection volume (distension) had itself stimulated a contralateral response.
This seems unlikely, Levine et al. (1985a) saw contralateral oedema and
hyperalgesia in the rat hindpaw following three saline injections, but nothing after
only one, suggesting the initial distension did not stimulate a response, neither was
there any response to needle prick injury.

Takeuchi et al (2003) documented

increased E-selectin mRNA in human skin in response to the non-invasive trauma of
rubbing the skin for 2 minutes with a pencil eraser, this suggests that the skin does
respond to non-noxious stimuli that cause surface/structural damage.
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Within the small group of subjects investigated here, only one responded with
contralateral E-selectin mRNA upregulation.

This may reflect the idea that the

ability to mirror-image a response is a ‘redundant’ attribute, and supports the
possible involvement of genetic control. E-selectin mRNA was not detected in two
age-matched control subjects. What is obvious from this initial experiment is that a
greater number of subjects is needed to determine what is actually occurring, to
establish a more accurate time frame and to overcome what appears to be a high
degree of inherent inter-subject variability.

Mechanistically, E-selectin expression may be indicative of local release of
neuropeptides in the contralateral region followed by activation of endothelial cells.
The response was prevented by pre-treatment with a long-acting local anaesthetic,
which infers that contralateral E-selectin mRNA expression was dependent on a
signal carried along the ipsilateral peripheral sensory nerve fibres. The result is in
keeping with the rat studies described in chapter 5 which showed evidence of
endothelial cell activation (E-selectin expression, E-selectin mRNA and NGF mRNA
expression). The rodent-based models suggest that the response on the contralateral
side occurs rapidly (~6 hours after ipsilateral stimuli), this is in keeping with the
involvement of the peripheral sensory nerve fibres and that the hypothesised acute
response is initiated as a protective measure.

In light of these findings it would be of interest to increase the group sizes and hence
get a more accurate reflection of the occurrence of ‘mirror-image’ responses in man
and to further determine the role of the peripheral nervous system.
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CHAPTER 7 - General Discussion
This thesis has investigated the occurrence of distant inflammatory responses
following a localised, ipsilateral pro-inflammatory stimulus. The hypothesis tested
was that a contralateral response incorporates changes in vascular function and the
activation of the vascular endothelial cells, also that the peripheral afferents of the
sensory nervous system are involved in facilitating this response. It is proposed that
these changes may contribute to the pathophysiology of symmetrical, chronic,
inflammatory diseases such as rheumatoid arthritis and psoriasis.

The findings

presented here support this hypothesis.

7.1

Contralateral responses to unilateral inflammatory stimuli

Distant responses during localised acute inflammation were investigated in three
models - carrageenan-induced and latex sphere-induced foreign body-mediated
inflammation of rat hindpaw skin, and capsaicin-induced neurogenic inflammation in
human skin. In all models there was evidence of responses occurring at distant sites.
In neither rat model was there any sign of a systemic inflammatory response as
indicated by serum concentration of the acute-phase response protein IL-6 .

The data and literature relating to the development of contralateral responses
describe a number of characteristics: responses are dependent on the intensity of the
initial stimulus, are diminished in magnitude, are transient in duration and may or
may not be related to the distance of the initial stimulus from the spinal cord. These
points were discussed in chapter 1. The results presented within this thesis conform
to the majority of these characteristics.
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7.2

Altered vascular function and involvement of endothelial cells.

7.2.1

Oedema and cellular infiltration
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In chapter 4 the hypothesis that inflammation, characterised by oedema and cellular
infiltration, occurred at distant sites during localised ipsilateral inflammation in the
rat was explored. Oedema and cellular infiltration are associated with neurogenic
inflammation (Smith et a l, 1993; Mapp et al., 1996; Ferrell et al., 1997). Their
appearance contralaterally would therefore be indicative of local neuropeptide
activity.

Contralateral oedema, increased protein extravasation and cellular

infiltration occur in a variety of models of unilateral inflammation (see chapter 1,
table 1.2 page 16; Levine et al., 1985a; Kidd et al., 1995; Bileviciute et a l, 1998;
Gouze-Decaris et al, 2001; Meyer et a l, 2000; Dumitrescu et a l, 2004; Hansch et
a l, 2004). While oedema often occurs within the first 24 hours following induction
of inflammation, contralateral cellular infiltration is associated with later time points.
A trend for contralateral oedema formation, as demonstrated by increased hindpaw
volume, coincided with increased cellular infiltration 24 hours after induction of
latex sphere-induced inflammation. Despite not yet characterising the phenotypes of
these infiltrating cells, this is in keeping with the predominantly macrophage
infiltration contralateral to latex sphere-induced inflammation in the rat knee joint
(Kidd etal., 1995).

7.2.2

E-selectin

Increased E-selectin expression is indicative of vascular endothelial cell activation.
As such, the findings presented in chapter 5 and 6 indicate that there is activation of
the vascular endothelium contralateral to an acute, localised inflammation that is
either predominantly neutrophil, macrophage or neurogenic in character.

Such

activation can occur via a direct action at NKj receptors (Quinlan et a l, 1999a). Or,
E-selectin expression could increase via an indirect mechanism of neuropeptide/SPstimulated release of cytokines (TNFa, IL-1) or histamine from endothelial or other
neighbouring cells which in turn stimulate the synthesis of E-selectin (Lotz et a l,
1987; Matis et a l, 1990; Lambert et a l, 1998; Cocchiara et a l, 1999; Pinter et a l,
2002 ).
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Nerve growth factor

In chapter 5 explored the involvement of NGF in the hypothesis that there is a
‘neuro-vascular’ mechanism for contralateral inflammation. Bilateral NGF-initiated
responses to unilateral stimuli suggest that it contributes to the mechanics of mirrorimage responses (Booth and Brown, 1993; Amann et a l, 1996; Petersen et al., 1998).
NGF is a growth factor which also has pro-inflammatory actions.
receptor-mediated

retrograde

transport

from

the

periphery

NGF

Following
regulates

neuropeptide synthesis in the DRG (discussed in chapter 2). The results presented in
chapter 5, contralateral increase in NGF mRNA expression in the periphery during
unilateral latex sphere-induced inflammation, conform to this, and consequently
suggest that NGF may regulate the activity o f the contralateral DRG. NGF also acts
as an effector molecule in the periphery via the activation of its receptor expressed
by endothelial cells, infiltrating inflammatory cells and the rheumatoid synovium
(Otten and Gadient, 1995; Wu et al., 2000; Raychadhuri et a l, 2001; Foster et al.,
2003; Gibran et al., 2003).

In this model (foreign body-induced-inflammation)

contralateral E-selectin and NGF mRNA upregulation are seen at the early time point
of 6 hours after induction of ipsilateral inflammation and this is subsequently
followed by possible oedema and cellular infiltration into the contralateral region
over the next 24-72 hours. This is consistent with the involvement of NGF in the
early, but not latter, stages of AA (Garrett et al., 1997).

7.2.4

Reactive oxygen and nitrogen species

In vitro and in vivo, RONS, in conjunction with cytokines, are involved in the
expression of E-selectin (see chapter 2). Increased E-selectin expression, as seen in
all three models described here, may therefore be indicative of increased generation
of RONS.

This supports the hypothesis that an organism rapidly produces a

defensive, acute, inflammatory response contralateral to an injury, infection or
inflammation.

Increased RONS generation is associated with endothelial cell

activation during inflammation and the ‘hypoxic-reperfusion’ injury associated with
synovitis (reviewed by Winrow et al., 1993; Winrow and Blake, 1999). Specifically,
the enzyme xanthine oxidase is involved in RONS generation within the rheumatoid
synovium and RONS generation is proposed to be proportional to the degree of
inflammation (Singh et a l, 1995; Pozza et a l, 2000).
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The contralateral response is a protective response which ‘primes’ the

region.

The hypothesis is that the contralateral response is a protective one that aims to
preserve asymmetry in situations which compromise an organisms well being. In
this context, the ability to generate a mirror-image inflammatory response is
beneficial, as is the ability to ensure that this response does not become too severe.
This has been discussed with regard to the development of a number of chronic
inflammatory diseases which exhibit symmetry, for example RA and psoriasis
(chapter 1). The response generated in the contralateral region may therefore be a
‘priming’ response intended to prepare the region to respond to any subsequent
stimuli, but does not itself incorporate the classical signs of inflammation.

This concept of ‘priming’ the contralateral region/limb as a protective measure by an
organism has previously been proposed by a number of groups (Kidd et al., 1989;
Donaldson, 1999).

In 2001, our group demonstrated contralateral sensitisation

following ipsilateral injection of capsaicin (neurogenic inflammation) in man (Haigh
et al., 2002).

One hour after ipsilateral injection of capsaicin (1%, lOOpl intra-

dermal) into the volar surface of the forearm three regions on the contralateral arm
(1) upper arm - different dermatome control C5; (2) exact contralateral loci; (3) volar
aspect of the wrist - same dermatome control (C 6/T 1) were challenged with a smaller
dose of capsaicin (0.01%, lOpl intra-dermal). Mechanical hyperalgesia, allodynia
and erythema were maximal in the site corresponding exactly to the ipsilateral
injection site and less pronounced in the other two regions (see appendix XV figures
XV.i, XV.ii and XV.iii pages 214 to 216). This region-dependent response was not
seen when capsaicin vehicle was injected ipsilaterally instead of capsaicin.

This experiment was the first to demonstrate contralateral responses to an ipsilateral
stimuli in man, the rapid development indicated a neurological mechanism rather
than humoral. Bilateral changes in sensitivity, i.e. the development o f mechanical
and/or thermal hyperalgesia or allodynia, have been documented in numerous animal
models of unilateral inflammation (Rees et al., 1996; Yu et al., 1996, 1998;
Bileviciute-Ljungar and Lundeberg, 2000; Segond von Banchet et al., 2000;
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Bileviciute-Ljungar and Spetea, 2001).

Regarding the occurrence of ‘priming’

during localised unilateral inflammation, Denko and Petricevic (1978) used crystalinduced inflammation of the rat hindpaw to demonstrate greater reflex swelling of
the ipsilateral footpad once a second inflammatory response had been generated in
the contralateral footpad.

Here, the lack of detectable inflammatory cell accumulation contralateral to a
localised carrageenan-induced inflammation could support the concept that the
contralateral region is being ‘primed’.

Neuropeptide-induced expression of E-

selectin might occur, but for significant leukocyte adhesion or transmigration the
cells require further stimulation to initiate more aggressive adhesion (integrinmediated) and expression of chemoattractant molecules.

Infiltrating cells, such as

neutrophils and macrophages, can cause damage to the surrounding cells and tissues
(Varani and Ward, 1994) therefore it is in the interest of an organism to restrict their
movement from the vasculature/circulation. It might be that chemoattraction and
cellular accumulation increase only slightly, and contralaterally there is movement of
cells currently within the vessels into the interstitium.

This could explain why

increased cellular accumulation or myeloperoxidase activity were not seen during
carrageenan-induced inflammation.

Increased plasma protein extravasation and

oedema are consistent with movement from the vasculature.

In vitro, fluid flow, equivalent to that produced in response to nitric oxide production
and activation of intracellular cascades, is a biomechanical factor that appears to
negatively influence the post-transcriptional translation of E-selectin mRNA to
functional glycoprotein (Kraiss et al., 2003).

This could explain why E-selectin

mRNA, but not protein, was detected in the latex sphere-induced inflammation
model. It could be that the stimulus reaching the contralateral region was not great
enough to overcome inherent inhibition by biomechanical factors, but this may be
overcome by subsequent challenge to the contralateral region.
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The involvement of the peripheral nervous system

The majority of findings documented in the literature suggest that mechanistically,
the development of contralateral responses is dependent on the peripheral nervous
system, and in particular the neuropeptide-containing sensory nerve fibres.
Koltzenburg et al. (1999a) postulated the possibility of the existence of a “direct
primary afferent input into bilateral dorsal hom and for direct connections between
neurons in the substantia gelatinosa”. Donaldson (1999) discussed this possible
mechanism in terms of contralateral responses during unilateral inflammation and
concluded that “similar spinal neuronal circuits to those proposed by Koltzenburg
might underlie contralateral transneuronal effects seen in peripheral inflammation”.
Extrapolated from this is the hypothesis that in the periphery, the sensory afferent
neurons influence the physiology and pathophysiology of the vasculature.

Chapter

6

describes

how

Haigh’s

capsaicin-induced

localised

neurogenic

inflammation model was used to establish the role of the peripheral nervous system
in the development of acute contralateral inflammatory responses in man. Following
ipsilateral injection of capsaicin, E-selectin mRNA was upregulated in one subject in
the topographically precise contralateral region. E-selectin mRNA was not detected
contralateral to capsaicin injection into a region in which sensory nerve fibre afferent
function was prevented by injection of local anaesthetic. These findings can not be
considered conclusive without being repeated, but they do conform to established
concepts regarding the involvement of the peripheral sensory neurons (see chapter 1;
Levine et al., 1985; Kidd et al., 1995; Kurvers et al., 1996).

As discussed, the presence of E-selectin mRNA and glycoprotein in the endothelial
cells is indicative of cellular activation and de novo synthesis.

Similarly, during

unilateral foreign body-mediated inflammation, NGF mRNA was detected in the
contralateral hindpaw skin but not in forepaw skin, or paw skin from naive rats.
These results indicate activation of transcription/synthesis pathways in the
endothelial cells and implicate the peripheral nervous system, via SP from sensory
nerve fibres, in this activation.
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Clinical and Experimental Implications.

There is evidence for the involvement of ‘mirror-imaging’ and the peripheral nervous
system in the early stages of symmetrical chronic inflammatory diseases.

In

particular there are implications for involvement in destruction of the bone and
cartilage (Decaris et al., 1999; Gouze-Decaris et al., 2001). Results presented in this
thesis suggest that endothelial cells are activated contralateral to a localised
inflammation, as indicated by the synthesis and expression of E-selectin and NGF.
This thesis did not aim to fully characterise the extent of the involvement o f Eselectin and/or other adhesion molecules and pro-inflammatory mediators in the
contralateral inflammatory response. As such, it is not appropriate to discuss Eselectin or NGF specifically as targets for therapeutic intervention. The findings do
suggest that therapies preventing endothelial cell activation or stabilising the
pathways involved may be of interest. A recent review discusses the possible uses of
opioids to inhibit the function of peripheral primary afferent neurons as a therapeutic
approach to treating pain associated with rheumatoid arthritis and other inflammatory
conditions (Puehler and Stein, 2005). Such strategies may prove beneficial in early
RA by interrupting the circuits involved in the generation of mirror-image responses.
During CFA-induced monoarthritis there are alterations in opioid binding sites in the
contralateral regions of the dorsal hom (Besse et al., 1992). Morphine decreases
inflammation-induced increases in NGF in the rat (Amann et al., 2002).

The models described here could be used to further investigate the symmetry of
arthritis and the involvement of the vascular endothelium. Initially, further work is
needed to establish the time course and frequency that these responses occur in man
and it would be of interest to elucidate the involvement, if any, of vascularlly-derived
RONS and TNFa. The preliminary study described here, and other work by our
group looking at contralateral responses in man, suggest that mirror-image responses
occur only in a proportion of the population. It would be o f interest to establish if
there is any association between the proportion of people that develop RA and the
proportion that demonstrate mirror-image responses as described. This could further
reinforce the significance of the peripheral nervous system as a therapeutic target in
chronic inflammatory diseases.
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Currently, anti-TNFa therapies are having some success in the clinic in the treatment
of RA and psoriasis (Taylor et al., 2004). TNFa, and other cytokines such as IL-1,
may be involved in the ‘mirror-imaging’ and development of contralateral responses
seen in the clinic and described in this thesis.

There are associations between

neuropeptides and TNFa. Pathophysiological levels of neuropeptides increase TNFa
expression by infiltrating cells (Cocchiara et al., 1999; Delgado et al., 2003).
Expression of TNFa and IL-1 are increased bilaterally 24 hours after induction of
CFA-induced monoarthritis in the rat hindpaw (Woolf et al., 1997). TNFa is present
in the DRG and is anterogradely transported to periphery, this transport is increased
in injured nerve fibres (Schafers et al., 2002). At high doses (4pM), exogenously
applied SP stimulates the release of TNFa from slices of human skin (Okabe et al.,
2000).

Functionally, TNFa induces the expression of a number of adhesion

molecules, including E-selectin (reviewed by Carlos and Harlan, 1994), as does IL-1.
Also, neuropeptides induce neutrophil accumulation and adhesion molecule
expression when in the presence of cytokines such as IL-1 p (Lambert et al., 1998;
Cao et al., 2000; Pinter et al., 2002).

RONS are another possible target. SP primes neutrophils to synthesise hydrogen
peroxide and nitric oxide, and stimulates oxyradical production in rheumatoid
synovial cells (Tanabe et al., 1996; Stemer-Kock et al., 1998).

The rheumatoid

synovium is hypoxic and is subject to ischaemia/reperfusion injury, as such it has
been discussed as a target for therapy (Winrow and Blake, 1999).

With regard to contralateral responses and experimental design, these and other
findings reinforce the need for careful experimental design that takes into account the
possibility o f changes occurring on the contralateral side which may affect its
reliability as a control.
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Summary

The results presented here support the hypothesis that an organism can mirror-image
a response to a localised unilateral stimuli to the contralateral side and that this is a
rapid, acute response to protect the organism and ensure continuity of independent
function. The recognised mechanism for this response relies upon the symmetry of
the peripheral nervous system and the afferent and efferent functions of the neurons.
Amplification of these initially physiological neural pathways may generate an autoneuro-inflammatory response which could contribute to the pathophysiology of
chronic symmetrical inflammatory diseases.

To summarise:
■

Unilateral neutrophil-mediated inflammation of the rat hindpaw induced by
injection of carrageenan was associated with a bilateral increase in E-selectin
expression as identified by quantitative immunofluorescence.

There was no

evidence that unilateral carrageenan-induced inflammation was associated with
oedema as indicated by change in volume of the contralateral region. However,
there was the suggestion that there was inflammatory cell infiltration - as
indicated by increased peroxidase activity - into the contralateral region, but not
into other distant sites (forepaws).
■

Unilateral foreign body-mediated inflammation of the rat hindpaw induced by
injection of latex spheres appeared to be associated with bilateral oedema,
bilateral cellular infiltration and increased expression of E-selectin and NGF
mRNA in the contralateral, but not distant, regions.

■

In 1 human subject, capsaicin-induced neurogenic inflammation was associated
with E-selectin mRNA expression at the contralateral site that could be
prevented by prior administration of a local anaesthetic.

■

In all instances repetition of the experiments or increasing the numbers in groups
would be beneficial.

■

The findings are of interest in light of the symmetrical pattern of various chronic
inflammatory diseases such as rheumatoid arthritis.
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Appendix I: Mounting tissue in OCT compound in melting
isopentane
Method
1. Half fill a beaker with isopentane (VWR, UK).
2. Place the beaker in liquid nitrogen allow the isopentane to cool; it will turn white
as it solidifies on the base of the beaker.
3. Put ample (enough to cover the sample) chilled OCT (RA Lamb, UK) onto a cork
disk (RA Lamb, UK), avoiding creation o f air bubbles.
4. Hold the cork disk in the melting isopentane for a few seconds or until it begins
to solidify.
5. Remove from the isopentane and gently place the sample on the surface of the
OCT.
6. Manipulate the sample to ensure it is covered in OCT and there are no bare areas,
add a small amount more OCT if necessary.
7. Return the disk complete with sample back to the melting isopentane until
completely solidified.
8. Store the sample at -80°C until use.

Appendix

II:

Nuclear

counterstain;

4,-6-Diamidino-2-

phenylindole.
4'-6-Diamidino-2-phenylindole (DAPI) will not dissolve directly into PBS and must
first be dissolved in distilled water prior to adding stock PBS solution. A stock
solution of 1mg/ml DAPI can be kept in the dark at 2-8°C.

DAPI is a known mutagen, and so must be handled with care and disposed of
according to regulations (information from Sigma data sheet).
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Appendix III: Chloroacetate esterase histology.

Solution recipes
Pararosanilin solution
Dissolve 0.4g of pararosanilin hydrochloride (Sigma, UK) in 8.4ml of dlUO then
slowly add 1.6ml of concentrated HC1 (BDH, UK). The solution will keep for one
month at room temperature.

Sodium nitrite solution
Dissolve 0.2g of sodium nitrite (Sigma, UK) in 5ml of dIUO. The solution will keep
overnight at 4°C, but is best made up fresh as needed.

Substrate solution
This must be made up using glass equipment immediately prior to use.
Dissolve lOmg of a-naphthol AS-D choloroacetate (Sigma, UK) in 1ml of dimethyl
formamide (Sigma, UK).

Michaelis Veronal-HCl buffer solution
To make 0.1M veronal sodium hydrochloric acid (HC1) buffer dissolve 0.457g of
veronal sodium (barbitone) (Sigma, UK) in 22.2ml dlUO, add 17.8ml of 0.1N
(0.1M) HC1 and adjust to pH7.
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IV:

E-selectin

and

CD31

double

immunofluorescence
Antibodies
Table IV.i Details of antibodies used in E-selectin/CD31 immunofluorescence.

Recombinant rat
E-selectin
Rat CD31

Ig
Type
Goat

Initial
cone.
0.1 mg/ml

Mouse

7.8|ag/ml

Texas Red® anti-goat IgG

Rabbit

1.5mg/ml

Fluorescein isothiocyanate anti Horse
mouse IgG (rat adsorbed) (FITC)
Goat
IgG control

1mg/ml

IgG negative control

1OOmg/ml

Mouse

Supplier

Use cone.
1.3jxg/ml

R&D
Systems,
UK
0.078fig/ml BD Pharmingen,
UK
7.5gg/ml
Vector
laboratories, UK
Vector
0.5(ig/ml
laboratories, UK
1.3gg/ml
Santa
Cruz
Biotechnologies,
USA
0.078gg/ml DAKO, UK

Negative controls
Table IV.ii Details of negative controls carried out for E-selectin and CD31 double
immunofluorescence.
Antibody
Results
E-selectin Texas Red
CD31
FITC
n
n
n
A
y
n
n
n
B
y
n
n
n
C
y
n
n
n
D
y
n
n
Texas Red
E
y
y
n
n
F
y
y
n
n
G
y
y
n
n
H
y
y
n
n
I
y
y
n
n
FITC
J
y
y
n
Texas
Red
K
y
y
y
n
FITC
L
y
y
y
n
Texas
Red
M
y
y
y
n
FITC
N
y
y
y
Mouse IgG
O Goat IgG
y
y
-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-
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Method
1. Cut 5|Lim sections at least 50pm apart. Sections can be used fresh or stored air
tight at -20°C for future use.
2. Allow sections to air-dry for 1 hour.
3. Fix in cold acetone for 5 minutes.
4. Wash/rehydrate in PBS for 5 minutes; circumscribe each section with Immedge
pen (Vector, UK).
5. Cover each section with lOOpl of blocking serum (bovine serum albumin 5mg/ml
in PBS), incubate for 20 minutes.
6 . Shake off the blocking serum.

7. Cover each section with lOOpl of the first primary antibody (goat anti-E-selectin)
made up in blocking serum; incubate for 1 hour at room temperature.
8 . Wash the slides in PBS (2 x 5 minutes).

9. To each section add lOOpl of the first secondary antibody (Texas Red anti-goat
IgG) made up in blocking serum, incubate for 30 minutes in the dark.
10. Wash in PBS ( 2 x 5 minutes).
11. Cover each section with lOOpl of the second primary antibody (mouse antiCD31) made up in blocking serum; incubate for 1 hour in the dark.
12. Wash in PBS ( 2 x 5 minutes).
13. Add lOOpl second of the secondary antibody (FITC anti-mouse IgG) made up in
blocking serum; incubate for 30 minutes in the dark.
14. Wash in PBS (2 x 5 minutes).
15. Counterstain in DAPI; cover section with lOOpl for 3 min in the dark.

See

appendix II for safety considerations.
16. Wash in PBS ( 2 x 5 minutes).
17. Mount using fluorescent mounting material (DAKO, UK).
18. Store in the dark at ~4°C.
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Appendix V: Myeloperoxidase and Protein Assays
Solution Recipes
0.05M potassium phosphate buffer
8.5g/l solution of potassium phosphate monobasic (KH2PO4) (Sigma, UK) in dfUO;
adjust to pH6.0 with 0.06M sodium phosphate dibasic (Na2HP 04 ) (AnalR, UK)
8.875g/l in dH20 .
0.08M potassium phosphate buffer
13.6g/l solution of KH 2PO4 in dfUO; adjust to pH5.4 with 15.2g/l Na2HP04 in dH 2 0 .
Hydrogen Peroxide (H 2O 2 (30% v/v, Sigma, UK))
Make up fresh each time, store the prepared assay stock solution and the use solution
in the dark at 4°C until needed.
Ratio

use volume: final assay volume = 80pl:200pl = 2:5

Ratio

use concentration (x) : final concentration (y) = 2x:5y
Therefore

x = (5y)/2

(mM)

Assay stock solution = 10(x) in 0.08mM potassium phosphate buffer (pH5.4)
3,5,3’,5’-Tetramethyl benzidine (TMB)
Make the solution fresh each time immediately prior to use and protect from light.
TMB is 1mg/tablets (Sigma, UK); molecular weight of TMB = 240.3.
Assay stock solution = lOmM; using lOmg TMB (10 tablets), required volume of
dimethyl sulphoxide (DMSO) (Sigma, UK) = (a)
lOmM

= (10 x 240.3)mg in 1000ml

1000ml/2403mg

= a/1 Omg

a (ml)

= (1000/2403)xl0

a

= 4.16ml

Ratio

use volume: final assay volume = 20pl:200pl

=1:10

Ratio

use concentration : final concentration (b)

=1:10

Use concentration

= 10b

Use solution = 10/10b dilution from assay stock solution
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Control solutions (absorbance at 650nm)
Table V.i Absorbance of different combinations of assay components 650nm. Y=

A
B
C
D
E
F
G
Ii

Sample TMB
H20 2 Absor >ance 650nm
Y
Y
Y
0.498 0.518 0.525
Y
Y
Buffer 0.050 0.050 0.052
Y
DMSO Buffer 0.039 0.040 0.041
Y
DMSO Y
0.039 0.039 0.041
HTAB
Y
Y
0.046 0.040 0.047
HTAB
DMSO Y
0.045 0.039 0.040
HTAB DMSO Buffer 0.040 0.039 0.041
HTAB
Y
Y
0.044 0.040 0.042

0.481
0.049
0.058
0.039
0.042
0.042
0.041
0.041

Mean
0.506
0.050
0.045
0.040
0.044
0.042
0.040
0.042

SD
0.020
0.001
0.009
0.001
0.003
0.003
0.001
0.002

SEM
0.010
0.001
0.005
0.000
0.002
0.001
0.000
0.001

Appendix VI: Nerve Growth Factor Immunofluorescence

Antibodies
Table Vl.i Detai s of the antibodies used
Ig Type Initial
conc.
Anti-human
Goat
0.2mg/ml
NGF (amino
terminus)
Fluorescein anti Rabbit
lmg/ml
goat IgG (FITC)

for detection of NGF.
Use conc. mono or
polyclonal
2pg/ml
pAb

0.5pg/ml

Supplier
Santa
USA

Cruz,

Vector
laboratories,
UK

Method
NGF immunofluorescence was carried out as described for E-selectin and CD31
double immunofluorescence (appendix IV) missing out the second set o f primary and
secondary antibody steps (steps 9-14).
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Appendix VII: Reverse-Transcription Polymerase Chain
Reaction (RT-PCR)
Primers
Table VH.i Details of the p-actin, E-selectin and P-NGF primer pairs used for RTPCR.
Target

p-actin
Eselectin
p-NGF
p-actin
Eselectin

Species

Mouse/Rat
Mouse/Rat

Sequence
(Genbank®
no.)
V01217
X69981

Mouse/Rat
Human
Human

M36589
X00351
M24736

Accession

cDNA
product (bp)
302
486

Control
product
(bp)
380
330

586
528
485

380
340
320

Methods
All surfaces were wiped with RNase-Away™ (Invitrogen, UK).

All glassware,

eppendorf tubes, pipette tips and homogenizing equipment was washed in detergent
followed by soaking in dt^O containing diethylpyrocarbonate (DEPC; lml/1; Sigma,
UK) for 24 hours then autoclaved.

All dtUO used was DEPC-treated and

autoclaved.

NB: DEPC is a suspected carcinogen, only use in fume cupboard, wear gloves and
safety glasses (information from Sigma data sheet).
NB: TRIR contains phenol, only use in fume-cupboard, wear gloves and safety
glasses (information from Abgene data sheet).

RNA extraction
1. In a pestle and mortar grind the sample into a fine homogenous powder, cover
with liquid nitrogen to prevent it thawing.
2. Add Total RNA Isolation Reagent™ (TRIR; Abgene, UK) (~lml/100mg
sample), cover and allow to thaw to room temperature.
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3. Transfer the TRIR and sample to a clean eppendorf, place on ice for 5 minutes.
4. Add 200pl (l/5tb the original volume o f TRIR) chloroform (BDH, UK) and shake
vigorously for 15 seconds. Place on ice for 10 minutes.
5. Centrifuge at 12000g for 15 minutes.
6. Remove the top aqueous layer (supernatant) which contains the RNA, transfer to
a clean tube.
7. Add an equal volume of isopropylalcohol (BDH, UK). Invert to mix. Leave for
lOmin on ice.
8. Centrifuge at 12000g for 10 minutes.
9. Carefully discard the liquid.
10. Wash the pellet twice in 1ml of 75% ethanol (BDH, UK), after each wash
centrifuge briefly then discard the ethanol.
11. After the second wash invert the tube and gently tap on a clean tissue to remove
excess ethanol.
12. Allow to dry.
13. Re-suspend the pellet in <20pl of DNase- and RNase-free dH20 (Gibco, UK).
14. Quantify the amount of RNA:
i)

Zero the spectrophotometer using DNase- and RNase-free d ^ O .

ii)

Add 2pl of sample RNA to 198jnl DNase- and RNase-free d ^ O , mix
and place in a 0.5ml cuvette.

iii)

Measure the absorbance at 260nm and at 280nm.

An A 260nm/A280nm ratio of greater than 1.2 suggests the RNA is of adequate quality.
The amount of RNA is determined as follows:
iv)

RNA (mg/ml) = (A260nmx40) x dilution factor.

15. Store the RNAat-70°C.

Reverse transcription using Reverse-iT™ 1st strand synthesis kit (Abgene, UK)
1. To a clean thin-walled PCR tube add the following
i. Anchored oligo dT (0.5pg/ml)

lp l

ii. RNA sample/template (1-1.5pg) xpl
iii. Sterile water

to 12pi

2. Prepare controls using MS2 RNA and primers provided; omit RTase blend from
negative control.
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3. Heat to 70°C for 10 minutes.
4. Place on ice and add first strand synthesis buffer (4pl), dNTP mix (2pl), ReverseiT™ RTase (lpl) and DTT (lpl). Spin briefly.
5. Incubate at 47°C for 50 minutes, then at 72°C for 10 minutes.
6. Quantify the amount of cDNA by determining the A 260nmi. cDNA (pg) = (A260nm x 50)x dilution factor.
7. Store cDNA at-20°C.

Polymerase chain reaction
1. To a sterile DNase-free thin walled PCR tube add the following:
i. Sample cDNA (1-1.5pg)

xpl

ii. Specific primer (7.5pmol/pl)

2pl

iii. Sterile d ^ O

to 15pl

iv. ReddyMix™ PCR buffer (Abgene, UK) 15pi
2. Controls included the MS2+RTase and MS2-RTase; primer sequence controls
supplied with primer; dH20 instead of sample.
3. Vortex to mix then centrifuge.
4. Cover reaction with 15pl mineral oil.
5. 40 cycles of PCR were carried out, the cycle parameters were the same for all
primers:
i. Initial denaturation

5 minutes

94°C

ii. Primer annealing

45 seconds

55°C

iii. Primer extension

45 seconds

72°C

iv. Denaturation

45 seconds

94°C

v. Final extension

10 minutes

72°C

vi. Final hold

}

40 cycles

4°C

6. Prepare a 1.2% agarose (Promega, UK) gel using TBE buffer (see below)
containing ethidium bromide (0.08mg/ml) for electrophoresis, allow to set.
7. Run 15pl of each reaction product at 50mV and include a base pair ladder
(Promega, UK) (lpl dye/buffer, 5pi lOObp ladder) on each gel. Electrophoresis
is carried out in TBE buffer.
8. The reaction product is visualised using a UV transilluminator and associated
computer software (Syngene Genesnap).
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Tris-borate-EDTA buffer (TBE buffer)
Tris base

final concentration 89mM; for 5x stock solution

54g

Boric acid

final concentration 89mM; for 5x stock solution

27.5g

EDTA

final concentration 2mM; for 5x stock solution

2.922g

dH20

1000ml

Adjust to pH8.0 with concentrated HC1.
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Appendix VIII: Plethysmometry Data
Plethvsmometrv: Intra-observer variability
Table V lll.i Raw data used to determine intra-observer variability for measurement
o f rat hindpaw volume by plethysmometry.
Measurement Vol (ml) Measurement Vol (ml) Measurement Vol (ml)
1
0.98 * + 11
1.00* + 21
0.93
1.00 * + 12
0.99 * + 22
0.96 +
3
0.98 * + 13
1.02* +
0.98 * + 23
4
0.98 * + 14
1.02* + 24
1.04* +
1.04 * + 15
0.99 * + 25
5
1.05
1.04 * + 16
6
1.03 * +
0.97 * + 17
1.02* +
7
1.05 +
0.94
8
18
1.04* + 19
0.98 * +
9
1.04* + 20
10
0.97 * +
All measurements were within 2 SD; * = within 1 SD; + = ± 5% of the mean.

Carrageenan-induced inflammation of the rat hindpaw
Plethysmometry at 4, 8,16, 24,48 or 72 hours after carrageenan
Table VIILii Naive rat right (R) and left (L) hindpaw volumes (ml).
Hindpaw volume (ml)
Baseline
4 hours
8 hours
16 hours
24 hours
Naive 1
2
3
4
5
6
25th %tile
Median
75th %ile

R
0.92
1.04
0.82
0.95
0.91
0.95
0.87
0.94
1.00

L
1.00
1.09
1.02
1.06
0.94
1.02
0.97
1.02
1.08

R
1.05
1.14
0.84
1.04
0.98
1.18
0.91
1.05
1.16

L
1.09
1.07
1.04
1.16
1.04
1.02
1.03
1.06
1.13

48 hours

72 hours

R

L

R

L

R

L

R

L

R

-

-

-

-

-

-

-

-

-

1.17
1.00
1.15
1.03
1.10

1.14
0.96
1.25
1.10
1.09

-

1.10

1.10

-

-

-

-

-

-

0.93

1.00

-

-

-

-

-

-

-

1.16
1.10
1.12

-

-

-

0.98
1.14

1.06
1.13

1.12

1.06

1.10

-

-

-

-

1.15
1.06
1.06

0.93

1.00

1.06

L

-

1.2

1.0

1.17

1.03
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Table VUI.iii Ipsilateral (I) and contralateral (C) hindpaw volumes (ml) following
ipsilateral injection of 2% carrageenan (lOOpl, CAR).___________________________
Hindpaw volume (ml)
baseline
4 hours
8 hours
16 hours
24 hours
48 hours
72 hours
CAR
I
I
I
C
I
C
I
C
C
I
I
C
C
I
1
1.02 1.02 2.15 1.07
2
0.99 1.08 2.06 1.12
1.02 0.95 2.15 1.03 1.74 1.05 2.00 1.05
3
1.12 1.20 2.14 1.18 2.04 1.10 1.79 1.04
4
1.52 1.22
1.05 1.22 2.08 1.15 1.88 1.23
5
2.02 1.30
1.30 1.23 2.62 1.23 2.43 1.19
6
1.04 1.10 2.13 1.20 1.89 1.04
1.36 1.12 1.63 1.14
7
8
0.98 0.97 2.12 1.03 2.15 1.06
1.75 1.07 1.76 0.98 1.66 1.02
1.07 1.10 2.18 1.13 2.02 1.11 1.90 1.05 1.66 1.18 1.70 1.06 1.66 1.02
9
0.10 0.11 0.18 0.08 0.25 0.08 0.15 0.01 0.29 0.10 0.09 0.11
10
25th %ile 1.01 1.00 2.10 1.05 1.81 1.05
1.04 1.09 2.14 1.14 1.97 1.08 1.90 1.05 1.64 1.17 1.70 1.06 1.66 1.02
Median
75th %ile 1.09 1.21 2.15 1.19 2.29 1.21
-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Plethysmometry at 1 and 6 hours post carrageenan injection
Table VUI.iv Naive rat right hindpaw volume (ml) measured at baseline and 6
hours.
Baseline (ml) 6 hour (ml)
1.13
1.10
Naive 1
1.02
1.11
2
1.14
1.15
3
1.32
1.27
4
1.07
1.07
5
1.11
1.13
Median
Table VIII.v Ipsilateral hindpaw volume (ml) for rats with carrageenan (2%)induced hindpaw inflammation measured at baseline, 1 hour and 6 hours.
Hindpaw volume [ml)
Treatment
Baseline 1 hour 6 hours
1.59
1 1.31
1.67
CAR
2 1.21
1.14
1.82
(1 hour group) 3
1.74
4 1.00
2.01
5 1.21
1.52
2.41
1 1.12
2.64
1.78
CAR
2 1.00
2.34
1.77
(6 hour group) 3 1.09
1.18
1.72
2.34
4
1.76
2.69
5 1.19
1.05
1.63
25th %ile
1.16
2.41
Median
1.75
1.21
75th %ile
1.80
-

-

-

-
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Foreign body-induced inflammation of the rat hindpaw.
Table VIII .vi Right (R) and left (L) hindpaw volume (ml) of naive rats at baseline
(0 hours), 6 hours, 24 hours, 72 hours and 7 days.

Naive 1
2
3
4
5
6
25th %ile
Median
75th %ile

Baseline
R
L
1.31 1.38
1.50 1.63
1.54 1.48
1.56 1.58
1.44 1.50
1.40 1.50
1.38 1.43
1.48 1.55
1.65 1.63

Hindpaw volume
6 hours
24 hours
R
L
R
L
1.38 1.41 1.48 1.48
1.38 1.50 1.45 1.51
1.62 1.65 1.55 1.60
1.68 1.60 1.51 1.56
1.55 1.59 1.59 1.56
1.40 1.45 1.45 1.58
1.45 1.50 1.40 1.46
1.50 1.56 1.46 1.48
1.57 1.59 1.53 1.56

(ml)
72 hours
R
L
1.40 1.47
1.56 1.59
1.49 1.48
1.49 1.52
1.43 1.44
1.40 1.47
1.48 1.47
1.53 1.54
1.59 1.57

7 days
R
L
1.52 1.55
1.51 1.53
1.61 1.58
1.44 1.45
1.56 1.54
1.53 1.48
1.38 1.43
1.48 1.55
1.65 1.63
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Table VIII.vii Ipsilateral (I) and contralateral (C) hindpaw volume (ml) following
ipsilateral intraplantar injection of latex spheres (1%, LS).______________________
Kindpaw volume (ml)
72 hours
7 days
24 hours
6 hours
Baseline
I
C
C
I
I
C
I
C
I
C
LS + 6 hours 1 1.42 1.55 1.56 1.46
2 1.30 1.34 1.61 1.53
3 1.43 1.47 1.72 1.45
4 1.33 1.40 1.69 1.60
5 1.28 1.26 1.81 1.52
6 1.38 1.34 1.70 1.54
LS + 24 hours 1 1.39 1.47 1.94 1.60 1.60 1.55
2 1.43 1.53 1.80 1.50 1.86 1.60
3 1.45 1.40 1.60 1.50 1.62 1.58
4 1.50 1.46 1.82 1.61 1.76 1.61
5 1.41 1.40 1.78 1.61 1.83 1.51
6 1.41 1.43 1.59 1.51 1.66 1.47
LS + 72 hours 1 1.50 1.55 1.73 1.56 2.00 1.57 1.60 1.48
2 1.34 1.34 1.70 1.55 1.79 1.50 1.44 1.54
3 1.41 1.57 1.84 1.55 1.90 1.63 1.48 1.34
4 1.46 1.39 1.82 1.50 1.92 1.74 1.52 1.34
5 1.41 1.60 1.68 1.32 1.74 1.48 1.45 1.45
6 1.28 1.42 1.70 1.52 1.80 1.54 1.47 1.43
LS + 7days 1 1.25 1.43 1.63 1.50 1.83 1.53 1.43 1.48 1.5 1.47
2 1.39 1.29 1.67 1.43 1.79 1.44 1.45 1.42 1.58 1.57
3 1.33 1.40 1.78 1.53 1.75 1.55 1.43 1.54 1.67 1.47
4 1.50 1.46 1.77 1.52 1.70 1.51 1.56 1.46 1.58 1.54
5 1.43 1.48 1.84 1.55 1.75 1.54 1.61 1.51 1.74 1.55
6 1.42 1.60 1.74 1.51 2.02 1.60 1.67 1.43 1.66 1.54
1.34 1.40 1.68 1.50 1.72 1.51 1.45 1.43 1.54 1.47
25th %ile
1.41 1.43 1.73 1.52 1.79 1.55 1.48 1.46 1.62 1.54
Median
1.43 1.51 1.81 1.55 1.88 1.60 1.58 1.50 1.71 1.56
75th %ile
-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

188

PhD Thesis

Emma M Roberts

Appendix IX; Cellularity as indicated by nuclei count
(DAPI)
Carrageenan-induced inflammation
Table IX.i Cellularity of rat paw skin during carrageenan-induced inflammation as

rat
naive
1 hour
6 hour

Right/Ipsilateral hindpaw
1
2
3
4
354.8 366.6 372.6 341.9
324.3 335.3 391.0 375.7
492.5 522.9 501.5 477.6

5
367.3
309.2
441.8

Mean
360.6
347.1
487.2

SD
12.3
34.8
30.3

Intra-group
variation
P=0.7307
P=0.0003
P=0.279

rat
naive
1 hour
6 hour

Left/Contralateral hindpaw
1
2
3
4
343.9 394.2 371.3 347.4
373.2 395.5 383.9 364.2
343.0 411.9 356.0 319.3

5
364.7
361.0
389.0

Mean
364.3
375.6
363.8

SD
20.3
14.2
36.8

Intra-group
variation
P=0.0513
P=0.492
P=0.0021

rat
naive
1 hour
6 hour

Right/Ipsilateral forepaw
1
2
3
4
279.5 319.7 310.8 315.0
332.7 319.9 309.5 322.3
368.4 353.4 331.2 362.3

5
328.7
320.4
335.3

Mean
310.7
321.0
350.1

SD
18.7
8.3
16.4

Intra-group
variation
P=0.032
P=0.8384
P=0.0729

Left/Contralateral forepaw
Intra-group
Mean SD
variation
rat
1
2
3
4
5
P=0.6644
297.7 306.1 306.8 318.7 317.1 309.3 8.7
naive
1 hour 332.6 342.5 324.8 347.6 306.5 330.8 16.2 P=0.0768
6 hour .1 388.3 359.9 334.4 386.6 349.2 363.7r~'y~ 23.5 —1P=0.0048
Data are mean number of nuclei per 1.2x10 pm per rat. Also given are the mean,
values representing 1 SD for each group and the results of one-way ANOVAs
looking at intra-group variation.
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Latex sphere-induced inflammation
Table IX.ii Cellularity of hindpaw skin during ipsilateral foreign body-induced
inflammation as indicated by determining the number of DAPI-stained nuclei
Nuclei/area (Right/Ipsilateral hindpaw)
Mean SD
1
2
4
6
3
5
331.6 362.2 381.7 351.0 376.7 358.4 360.2 18.1
342.3 332.4 348.2 371.0 353.1 371.3 353.0 15.6
335.7 466.4 430.1 374.3 353.7 470.5 405.1 58.4
476.3 411.2 421.8 467.6 456.4 541.1 462.4 46.3
429.7 531.5 460.9 468.8 524.3 517.1 488.7 41.4
547.1 518.9 506.9 379.1 443.7 523.3 486.5 63.0

Intra-group
Variation
P = 0.1812
P = 0.4496
PO.OOOl
P = 0.0006
P = 0.179
PO.OOOl

Nuclei/area (Left/Contralateral hindpaw)
Mean SD
1
4
Rat
2
3
6
5
326.8 302.6 316.4 338.9 354.1 359.5 333.0 22.0
Naive
389.1 361.7 362.6 354.8 312.6 357.4 356.3 24.7
1 hour
355.8 346.7 355.1 371.4 365.8 351.2 357.7 9.2
6 hours
392.9 407.8 408.0 328.1 356.5 398.4 381.9 32.5
24 hours
334.0 400.9 358.3 342.7 366.3 365.9 361.3 23.3
72 hours
368.2 395.8 396.7 383.4 320.7 394.3 376.5 29.4
7 days
Data are mean number of nuclei per 1.2x10 pm per rat. Also given are
values representing 1 SD for each group and the results of one-way
looking at intra-group variation.

Intra-group
Variation
P = 0.1088
P = 0.1384
P = 0.8899
P = 0.0014
P = 0.1174
P = 0.0945
the mean,
ANOVAs

Rat
Naive
1 hour
6 hours
24 hours
72 hours
7 days
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Appendix X: H&E histology
Carrageenan-induced inflammation

Table X.i
Semi-quantitative histological analysis of rat paw skin during
carrageenan-induced inflammation._________________________________
listological Score
1 hour
Animal Naive
6 hour
I c XI XC I C XI XC I C XI XC
0 0 0
0
3 0 0
0
3 0 0
0
1
0 0 0
0
3 0 0
0
3 0 0
0
2
0 0 0
0
3 0 0
0
3 0 0
0
3
0 0 0
0
3 0 0
0
3 0 0
0
4
0 0 0
0
3 0 0
0
3 0 0
0
5
Data are the mean score of 2 for each rat in each group for the right/ipsilateral
hindpaw (I), left/contralateral hindpaw (C), right/ipsilateral forepaw (XI) and
left/contralateral forepaw (XC). The inflammation was scored as follows: 0 = no
inflammation; 1 = mild; 2 = moderate; 3 = severe.

Latex sphere-induced inflammation
Table X.ii Semi-quantitative histological analysis of rat right/ipsilateral paw skin
during latex sphere-induced inflammation
Ipsilateral
Histological score
Animal
Naive 1 hour 6 hours
24 hours
72 hours
7 days
0
0.5
0
2.5
2.5
2.5
1
0
1.5
1
1
2
2
0
0
1
2.5
3
0
2.5
3
3
1
4
0
0
0.5
1.5
1
0
0
0.5
1.5
2.5
5
0
0
1.5
3
2.5
3
6
0.00
1.50
3.00
0.00
2.50
2.50
Median
Data are the mean score of 2 for each rat in each group for the right/ipsilatera
hindpaw. The inflammation was scored as follows: 0 = no inflammation; 1 = mild; 2
= moderate; 3 = severe.
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Table X.iii Semi-quantitative histological analysis of contralateral hindpaw rat paw
skin and forepaw skin during latex sphere-induced inflammation_________________
Histological score
1 hour
6 hour
24 hour
72 hour
Naive
7 day
Animal C XI XC c XI XC c XI XC C XI XC c XI XC c XI XC
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1
2
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3
4
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0
0
0
5
0
0
0
0
0
0
0
0
6
0
0 0 0 0 0 0 0 0 0 0 0 0 0 0
Median 0 0
Data are the mean score of 2 for each rat in each group for the left/contralateral
hindpaw (C), right/ipsilateral forepaw (XI) and left/contralateral forepaw (XC). The
inflammation was scored as follows: 0 = no inflammation; 1 = mild; 2 = moderate; 3
= severe.
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Appendix XI: Indicators of systemic inflammation
Carrageenan-induced inflammation - serum IL-6 content
Table Xl.i IL-6 Standard curve, absorbance values at 450nm with 650nm reference
filter.
IL-6
(pg/ml)
1000
500
250
125
62.5
31.25
0

A 4501HT1 ref 650nm
0 .610

0.597

0.621

0.283

0.272

0.290

0.171

0.155

0.204

0.141

0.220

0.139

-

0.165

0.164

0.157

0.140

0.136

0.108

0 .120

0.126

Table Xl.ii Serum IL-6 content for carrageenan injected, naive and adjuvant (AA)
rats as determined by ELISA._______________________________________________
CAR

Naive

AA

2

3

4

5

1

2

3

4

5

1

2

0.093

-

0.08

0.265

-

0.134

0.116

0.103

0.083

0.079

0.479

0.385

0.08

0.177

0.093

0.265

0.299

0.106

0.139

0.105

0.116

0.094

0.451

0.347

0.083

0.175

0.088

0.207

0.295

-

0.098

-

0.129

0.071

0.435

0.301

Rat:

1

OD
450nm

14.9

-

-11.4

363.9

-

98.1

61.6

35.2

-5.4

-13.5

798.1

607.4

-11.4

185.4

14.9

363.9

432.9

41.3

108.3

39.3

61.6

17.0

741.3

530.3

-5.4

181.3

4.8

246.2

424.8

-

25.1

-

88.0

-29.7

708.8

437.0

Adjusted

29.9

0.0

0.0

727.8

0.0

196.2

123.2

70.4

0.0

0.0

1596.2

1214.8

for

0.0

370.7

29.9

727.8

865.8

82.6

216.5

78.6

123.2

33.9

1482.6

1060.6

Dilution
M ean
pg/ml

0.0

362.6

9.6

492.5

849.6

0.0

50.1

0.0

175.9

0.0

1417.7

873.9

10.0

244.4

13.1

649.4

571.8

92.9

130.0

49.7

99.7

11.3

1498.8

1049.7

X value

Data are the optical density (OD) at 450nm; interpolated values from linear
regression analysis of the standard curve, correction for the initial 1:2 dilution with
sample buffer and finally the calculated pg/ml IL-6 per sample. NB: negative
interpolated values were interpreted as Opg/ml for the benefit of the analysis (‘-‘ =
sample excluded).
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Latex sphere-induced inflammation - serum IL-6 content and rat body weight
Table Xl.iii IL-6 Standard curve, absorbance values at 450nm with a 650nm
reference filter.
[IL-6]
(pg/ml)
A 45 O1H11 ref 650nm (O D )
1000

1.436

1.424

1.272

500

0.948

1.055

0.562

250

0.416

0.708

0.361

125

0.308

0.321

0.378

62.5

0.343

0.333

0.328

31.3

0.220

0.531

0.220

15.6

0.217

0.514

0

0.181

0.210
*

0.329

Table Xl.iv Serum IL-6 ELISA for latex sphere-injected and naive rats.
Na'ive

1 hour

OD

0.166

0.184

0.201

0.177

0.695

0.654

0.131

0.611

0.298

0.146

0.145

0.207

450nm

0.358

0.203

0.340

X values

-49.1

-33.7

-19.1

0.430

0.274

0.401

0.427

0.212

0.319

0.228

0.164

0.306

-39.7

403.7

368.6

-79.0

331.8

63.9

-66.2

-67.0

-14.0

115.3

-17.4

99.8

176.9

43.4

152.1

174.3

-9.7

81.9

4.0

-50.8

70.7

x2

0.0

0.0

0.0

0.0

807.4

737.2

0.0

663.6

127.8

0.0

0.0

0.0

(pg/ml)

230.5

0.0

199.7

353.7

86.7

304.1

348.6

0.0

163.7

8.0

0.0

141.5

pg/ml

115.3

0.0

99.8

176.9

447.0

520.6

174.3

331.8

145.8

4.0

0.0

70.7

OD

0.109

0.362

0.166

0.138

0.168

0.117

0.177

0.143

0.296

0.106

0.168

0.136

450nm

0.226

0.169

0.249

0.216

0.230

0.158

0.373

0.159

0.361

0.179

0.316

0.281

X values

-97.9

118.7

-49.1

-73.0

-47.4

-91.0

-39.7

-68.8

62.2

-100.4

-47.4

-74.8

2.3

-46.5

22.0

-6.3

5.7

-55.9

128.1

-55.1

117.8

-37.9

79.3

49.3

x2

0.0

237.4

0.0

0.0

0.0

0.0

0.0

0.0

124.4

0.0

0.0

0.0

(pg/ml)

4.6

0.0

43.9

0.0

11.4

0.0

256.2

0.0

235.6

0.0

158.6

98.7

pg/ml

2.3

118.7

22.0

0.0

5.7

0.0

128.1

0.0

180.0

0.0

79.3

49.3

6 hours

24 hours

72 hours

7 days

OD

0.257

0.134

0.154

0.407

0.203

0.169

0.136

0.146

0.200

0.137

0.556

0.216

450nm

0.300

0.206

0.244

0.445

0.647

0.239

0.164

0.421

0.428

0.253

0.363

0.215

X values

28.8

-76.5

-59.3

157.2

-17.4

-46.5

-74.8

-66.2

-20.0

-73.9

284.7

-6.3

65.6

-14.8

17.7

189.7

362.6

13.4

-50.8

169.2

175.2

25.4

119.5

-7.1

x2

57.6

0.0

0.0

314.4

0.0

0.0

0.0

0.0

0.0

0.0

569.4

0.0

(pg/ml)

131.2

0.0

35.4

379.4

725.2

26.8

0.0

338.3

350.3

50.8

239.1

0.0

pg/ml

94.4

0.0

17.7

346.9

362.6

13.4

0.0

169.2

175.2

25.4

404.2

0.0

Data given are the optical density (OD) at 450nm; interpolated values from the
standard curve, correction for the initial 1:2 dilution and the calculated pg/ml IL-6
per sample. NB: negative interpolated values were interpreted as no IL-6 content.
194

Emma M Roberts

PhD Thesis

Table XI.v Rat body weights measured at baseline and day 7 after intraplantar
injection of latex spheres (LS) and for naive non-injected rats._____________
Weight (g)
% change
Naive
LS
LS
Naive
baseline
day 7 baseline day 7
292
256
22.3
17.3
313
249
304
342
26.2
256
271
18.8
334
301
21.0
17.6
276
256
272
321
20.1
18.0
269
323
24.4
256
305
271
337
19.1
314
24.4
266
279
347
18.0
21.3
263.2
315.5
266.3
323.3
19.9
Mean
4.1
11.4
22.7
1.6
SD
8.5
11.3
1.7
3.5
4.7
4.6
9.3
0.6
SEM
Data are the rat weight in grams, or weight gain as a percentage of baseline value for
naive rats and rats injected with a 1% latex sphere solution in the right hindpaw.
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Appendix
XII:
E-selectin
im m unofluorescence

PhD Thesis

and

CD 31

d o u b le

Carrageenan-induced inflammation
Table Xll.i Raw data used to determine the optimum number of frames for analysis
of E-selectin expression._____________________________________
Area (micron2)
Frame E-selectin CD31
% E-sel/CD31
1421.0
5211.8
1
27.3
2
202.0
6326.0
3.2
583.6
2072.9
3
28.2
4
717.6
3514.2
20.4
347.0
4998.2
5
6.9
375.3
6
2536.1
14.8
641.7
4381.7
7
14.6
931.7
6759.7
8
13.8
10249.4
9
902.1
8.8
10
2362.1
2297.6
102.8
Data are the area of immunofluorescence for each marker and the area of E-selectin
as a percentage of CD31.
Table Xll.ii Calculating the optimum number of frames and sections for analysis o f
E-selectin expression.___________ ________ __________ ______ _____________ ___
Area (micron2)
Mean %
SD %CV SEM %SEM
Frames
% Eselectin
E-selectin
CD31
1421.0
5211.8
1
27.3
27.3
2
1623.0
11537.8
30.5
15.2
17.0 111.8 12.0
79.0
3
19.5
14.2
2206.6
13610.6
58.6
72.5
8.2
41.8
4
17124.8
79.0
19.8
2924.3
11.6
58.6
5.8
29.3
5
3271.3
22123.0
86.0
17.2
11.5
67.1
5.2
30.0
100.8
6
3646.6
24659.1
16.8
10.4
61.8
4.2
25.2
7
4288.3
29040.9
115.4
16.5
9.5
57.6
3.6
21.8
8
5220.0
35800.5
129.2
16.2
8.8
54.8
3.1
19.4
9
6122.1
46049.9
138.0
15.3
8.6
56.3
2.9
18.8
10
8484.1
240.8
48347.6
24.1
28.8 119.7
9.1
37.9
Table shows the calculation to cetermine the optimum number of 1fames and
sections for analysis of E-selectin expression Data expressed are cumulative IF
areas or area of E-selectin as a percentage o f the total vascular endothelium area as
indicated by CD31-IF. Mean values, SD, SEM and SEM as a percentage o f the
mean (%SEM) are given. Coefficient of variation (%CV) was calculated as follows:
%CV = 100x(SD/mean). Yellow highlight indicates lowest %CV and corresponding
%SEM
-

-

-

-
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Table X ll.iii Raw data for naive rat right hindpaw (N/I), left hindpaw (N/C), right
forepaw (N/XI) and left forepaw (N/XC) area of E-selectin-IF as a % of CD31-IF.
n=5 each group

2.67
2.38
0.23
0.01
0.77
1.49
0.38
0.48
6.45
2
6.49
14.42
4.56
7.78
10.77
11.89
8.90
Mean 4.98
SD 4.68
SEM 1.17

% E-selectin-IF
8.20 5.54 0.29
3.86 6.68 0.09
1.96 2.91 0.74
5.47 3.94 3.75
12.21 0.08 2.80
23.96 1.04 4.34
17.68 0.12 3.24
12.76 4.67 3.89
5.77 12.61 5.96
3.90 5.40 1.08
7.17 9.89 6.13
5.38 11.33 11.32
32.70 6.77 4.75
4.25 4.74 10.82
1.00 1.34 4.70
3.71 3.55 20.37
9.37 5.04 5.27
8.72 3.77 5.18
2.18 0.94 1.29

N/XI
4.04
1
0.61
20.77
5.12
8.07
1.85
6.77
6.66
9.09
2
17.37
5.89
6.18
3.90
4.65
3.31
10.12
Mean 7.15
SD 5.31
SEM 1.33

% E-selectin-IF
14.46 3.519 9.88
9.31 5.252 9.44
12.16 6.018 5.40
12.08 0.486 4.18
16.13 9.811 9.49
10.85 11.792 1.49
11.65 2.834 4.90
14.09 5.622 8.20
8.94 16.12 0.98
10.95 7.41 5.23
15.79 2.39 9.67
14.37 2.55 10.40
18.64 3.66 13.39
4.59 7.68 3.37
16.64 3.45 8.33
12.42 4.42 5.45
12.69 5.81 6.86
3.46 4.01 3.50
0.87 1.00 0.87

N/I
1

N/C
1

3.69
5.66
4.06
2.75
1.44
4.03
1.40
1.82
0.40
4.42
0.56
1.82
1.61
0.65
1.13
0.63
0.91
14.87
2
1.94
4.89
10.26
9.17
8.77
2.79
3.50
7.15
10.75
5.83
14.11
1.74
0.75
3.12
4.89 Mean 3.65
3.70
SD 4.23
0.93 SEM 1.06

% E-selectin-IF
10.82 6.76 22.33
29.89 1.16 2.02
4.58 1.31 1.90
10.37 1.51 7.35
13.94 1.88 4.56
6.59 2.37 6.61
2.91 9.02 10.29
15.48 0.83 2.40
9.56 3.37
11.29 6.39 2.70
7.00 2.93 0.79
10.17 3.14 1.89
11.77 13.64 3.09
6.67 2.38 3.47
8.50 1.41 0.40
8.69 3.85 0.51
10.58 4.26 4.60
6.31 3.75 5.43
1.58 0.94 1.36

% E-selectin-IF
N/XC
4.28 6.55 9.01 18.65
0.40
1
6.32 16.89 19.22 10.46
0.89
0.34
12.96 8.01 15.13 6.95
4.84 11.13 14.98 6.00
1.34
5.64 7.98 13.10 8.56
0.38
4.27 10.10 13.34 11.32
0.12
2.34 10.09 3.89 4.58
2.93
2.92
3.85 11.05 10.87 3.88
9.13 19.73 7.27
3.49
2
8.96 9.79 6.47 25.94
8.10
9.13 4.70 3.83 14.58
7.73
3.82 2.69 1.35 24.02
9.07
11.64 4.29 3.81 9.80
17.93
4.63
5.39 4.52 3.99 10.60
4.84
12.81 5.72 14.53 7.15
4.57 9.38 11.80 11.53
1.13
4.14 Mean 6.87 8.91 9.54 11.60
4.72
SD 3.42 4.53 5.31 6.63
1.18 SEM 0.86 1.13 1.33 1.66

0.56
0.79
0.85
2.69
2.10
6.79
0.47
1.15
0.91
1.35
2.66
2.83
0.51
1.00
0.40
0.22
1.58
1.64
0.41

12.11
13.38
6.07
13.80
9.37
2.69
1.47
4.42
8.57
10.16
3.61
12.13
5.96
6.58
7.76
7.79
7.87
3.79
0.95
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Table XII.iv Raw data for the ipsilateral hindpaw (1/1), contralateral hindpaw (1/C),
ipsilateral forepaw (1 /XI) and contralateral forepaw (1/XC) area of E-selectin-IF as a
% of CD31-IF 1 hour after ipsilateral injection of carrageenan; n=5 each group.

9.91
2.44
4.73
6.85
10.98
10.18
13.20
2.35
6.74
2
1.20
10.55
8.81
12.08
17.10
14.12
10.63
Mean 8.87
SD 4.52
SEM 1.13

% E-selectin-IF
5.74 3.79 3.07
8.70 4.03 14.65
12.79 1.50 6.53
11.25 2.88 2.62
4.20 5.53 3.52
13.76 11.20 17.78
13.26 4.70 2.88
16.74 11.92 6.09
9.07 5.01 4.16
6.33 0.67 0.70
7.90 7.68 1.36
7.62 8.20 2.96
7.37 13.18 2.36
10.69 9.66 0.13
6.31 2.12 1.54
11.68 7.86 0.11
9.59 6.25 4.40
3.45 3.85 4.99
0.86 0.96 1.25

% E-selectin-IF
7.66 8.39 0.02
1.87 9.10 4.46
5.98 8.99 4.37
3.94 8.37 0.30
8.21 7.60 0.58
0.28 17.26 3.70
6.47 1.36 1.98
6.08 6.90 2.32
4.62
8.77
6.12 10.39 1.44
14.42 17.02 0.48
5.11 1.52 0.40
7.57 12.08 5.64
4.67 11.58 2.69
2.73 9.98 4.17
1.17 11.50 6.02
5.69 9.47 2.70
3.44 4.44 2.04
0.86 1.15 0.51

2.99
1.36
3.66
3.67
3.85
4.80
0.97
0.69
11.34
5.05
11.24
2.32
1.26
3.50
2.79
3.53
3.94
3.15
0.79

1/XI
1 14.71
9.99
10.19
15.92
4.55
8.34
15.34
20.97
2
9.11
5.52
15.00
7.50
6.44
9.24
11.02
3.42
Mean 12.50
SD 5.19
SEM 1.30

% E-selectin-IF
1/XC
% E-selectin-IF
31.77 5.21 10.30 17.10
1
9.05 5.87 6.50 7.94
28.22 1.55 2.41 25.05
8.94 2.63 10.99 8.08
8.05 2.11 2.28 3.82
5.33 3.43 5.49 2.86
18.21 3.91 18.87 14.17
7.29 6.18 7.40 4.76
10.04
18.96 9.24
6.94
12.51 4.55 1.93 10.66
24.05 10.56 6.18 16.16
6.82 7.32 7.13 13.97
19.53 5.63 18.03 2.77
14.82 10.14 2.04 8.78
3.75 2.03 2.07 6.71
13.12 4.56 9.79 4.50
8.49 4.99 16.61 10.07
8.98 10.60 3.94 11.78
2
5.76 7.04 14.41 15.69
7.47 13.13 7.98 6.20
5.22 13.59 4.68 7.71
11.14 17.29 4.26 5.23
3.57 7.74 7.43 9.40
12.53 10.38 1.21 6.43
9.88 9.71 11.13 14.80
8.93 14.67 5.32 10.68
11.93 9.35 10.38 6.69
7.93 13.37 6.34 6.34
8.93 1.64 6.87 6.60
13.99 12.51 7.87 9.96
6.20 1.93 3.77 9.13
7.62 9.74 2.86 6.78
13.28 6.01 9.09 10.80 Mean 9.78 9.15 5.69 7.81
9.00 3.75 5.61 5.87
SD 2.85 4.37 2.85 3.00
2.25 0.94 1.40 1.47 SEM 0.71 1.09 0.71 0.75

2.91
2.82
0.85
0.16
5.58
4.78
2.31
4.35
4.46
2.16
1.19
4.11
2.32
1.35
4.21
7.22
3.17
1.90
0.48

1/1
1

1/C
1

0.11
5.18
2.64
2.77
1.92
4.36
1.29
4.51
25.21
0.86
1.38
1.36
23.71
4.56
8.68
5.53
18.70
3.60
2
13.18
15.52
0.59
5.34
2.43
4.45
5.48
3.28
4.78
6.77
0.86
3.35
8.03
6.40
7.44 Mean 4.86
8.37
SD 3.27
2.09 SEM 0.82
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Table XII.v Raw data for the ipsilateral hindpaw (6/1), contralateral hindpaw (6/C),
ipsilateral forepaw (6/XI) and contralateral forepaw (6/XC) area of E-selectin-IF as a
6/1
1

% E-selectin-IF
3.38 5.46 18.96 16.46
8.96 21.86 28.39 17.82
16.98 12.25 14.58 15.74
24.20 11.16 45.65 4.40
19.28 11.09 30.98 23.59
9.64 7.94 61.64 9.27
10.26 3.65 33.82 6.05
24.52 26.77 36.31 28.00
2
7.90 22.46 19.22 11.92
5.52 3.19 17.05 6.54
7.10 9.64 53.29 5.68
5.29 7.55 19.86 7.84
4.92 10.11 18.61 24.50
9.89 5.79 13.44 31.92
3.56 1.84 13.68 6.29
8.28 20.17 20.22 7.98
Mean 10.61 11.31 27.86 14.00
SD 6.89 7.59 14.80 8.88
SEM 1.72 1.90 3.70 2.22

9.94
1.43
2.15
7.03
13.08
2.69
44.71
6.49
2.17
5.57
3.82
3.42
1.56
4.46
0.94
16.16
5.16
2
6.66
25.24
6.61
8.17
7.93
7.44
6.80
12.02
2.73
29.89
15.21
14.40
12.49
3.49
9.50
11.88 Mean 6.83
12.12 SD 3.98
3.03 SEM 0.99

% E-selectin-IF
6/XI
6.88 2.71 10.26 6.83
1
6.03 8.38 8.97 9.31
10.94 7.02 6.14 2.71
18.16 6.12 7.44 5.18
10.61 23.42 5.94 5.49
10.66 12.41 6.00 4.32
11.56 24.05 9.79 10.61
24.22 6.13 7.71 13.15
2 15.40 7.44 6.81 4.16
26.22 8.54 4.96 5.01
12.91 13.11 4.92 3.15
17.10 9.44 10.14 9.55
38.31 6.69 10.59 6.32
20.95 7.64 3.01 7.22
15.16 8.39 3.63 6.90
21.32 5.03 2.98 13.84
Mean 16.65 9.78 6.83 7.11
SD 8.24 6.00 2.58 3.35
SEM 2.06 1.50 0.65 0.84

6/XC
1 11.65
4.95
7.76
16.87
10.84
6.72
8.95
10.26
2 11.61
11.04
18.09
14.38
10.99
19.50
14.22
16.09
Mean 12.12
SD 4.13
SEM 1.03

6/C
1

5.27
1.84
2.51
0.80
1.64
3.81
17.21
1.22
17.51
3.69
6.63
2.73
3.07
3.68
21.48
1.84
5.93
6.58
1.64

% E-selectin-IF
16.48 11.81 38.33 0.73
23.82 17.85 45.48 7.11
16.46 21.43 28.32 9.83
9.32 5.00 27.65 4.27
17.24 5.32 20.58 19.17
30.15 4.82 15.52 9.37
5.18 4.49 32.24 2.07
10.49 7.94 16.00 4.75
5.61 12.91 4.85 5.89
2.90 16.58 4.63 13.95
12.41 6.63 11.45 30.57
5.80 6.53 13.41 13.69
6.30 15.26 5.06 8.04
13.66 5.57 9.20 3.71
12.48 8.72 14.86 8.81
10.13 2.73 12.28 3.52
12.40 9.60 18.74 9.09
7.26 5.65 12.33 7.51
1.82 1.41 3.08 1.88
% E-selectin-IF
4.65 16.19 7.73
7.60 16.54 0.91
7.82 7.15 8.78
6.42 6.35 11.91
12.63 19.88 12.61
9.89 21.31 10.36
5.25 11.94 2.98
4.68 11.04 10.17
19.69 22.57 11.80
13.76 12.38 3.82
12.10 13.48 3.53
18.85 6.55 37.65
8.04 13.76 3.09
6.13 46.57 6.80
4.93 12.58 7.20
7.43 13.63 5.28
9.37 15.74 9.04
4.80 9.54 8.45
1.20 2.38 2.18

5.27
1.84
2.51
0.80
1.64
3.81
17.21
1.22
7.11
4.23
4.65
3.83
9.09
8.70
7.68
3.63
5.20
4.13
1.03
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Table X ll.vi Raw data used to determine intra-observer and inter-observer
variability for the E-selectin/CD31 double immunofluorescence methodology.______
Inter Observer Variability (NS)
Intra Observer variability (ER)

% E-selectin-IF

% E-selectin-IF

N lc
N3xi N2xc 1.1c l.lx c 6.2c N3xi N4c 1.4c 1.4xc 6.5i
3.72
8.62
9.06 16.92
4.16 19.39 0.03
7.77 12.19
7.77
5.19
2.84
2.42
5.33 16.58 2.74
8.96 25.14
2.00 3.45
8.26
1.87
1.28
6.02
7.77
3.65
5.49 15.88
4.80
1.36 4.16
2.50
7.81
7.87 10.15
1.40
0.50 10.17 4.51
0.49
7.35 0.24
4.76 43.77
0.86 12.51 17.08
9.24
1.23 0.46
9.97 21.34
0.51
9.81
8.80
8.48 32.39 12.59
5.54 4.56
0.56 12.96 10.87 1.37
1.03
2.65
0.65
2.81 10.39 4.48 16.82 4.59
2.71 11.07 1.45
7.67
0.80
0.83
5.93 11.40 5.52 14.05 12.70
5.71
3.51 2.26
6.28
4.50
9.09
5.82
8.23
3.37 3.55 12.13
6.34
0.91 15.89 20.30 5.98
1.72
7.20 10.73 14.80 7.47
3.11
7.04 34.85 1.53
5.82 40.16
1.31
2.29
5.16 11.08 11.22
2.29
0.77 2.01
3.55
5.37
6.53
1.45
2.19 0.47 16.23
4.99
2.56
2.67
4.48 12.52 6.00
5.53
5.22
4.63 10.44 12.37
1.50 2.70 6.14 10.10
2.11
4.47
4.29
8.84
13.85 8.20 12.33 15.33 7.93 15.23
3.86 5.35
6.19 26.84
15.09 3.46
7.16
3.05 14.81 13.03
2.70
0.35 2.86
9.60 11.30
4.43
4.40
0.11 1.14
5.65
0.75
9.07
6.91 10.90 10.25
3.58
5.54 10.47 13.24
4.94
7.34 12.33
6.28
9.73
6.23 2.48
Mean 3.45
4.04
3.41
4.56
4.08
3.03
7.56
9.08 1.90
3.78 13.59
SD
4.36
1.14
1.02
0.76
0.85
0.95
1.09
1.01
1.89
2.27 0.47
3.40
SEM
!3ata represent the area of E-selectin-IF as a percentage of the area of CD31-IF in
paw skin from naive or carrageenan-injected animals, repeat analyses were carried
out by observer 1 (ER) or observer 2 (NS) to determine intra- and inter-observer
variability respectively.
Table Xll.vii Summaries of the original and repeat analysis data used to assess
intra-observer (ER) and inter-observer (NS) variability.
Intra-observer Variability
% E-selectin-IF
Paw
Original Repeat (ER)
3.65
3.45
N lc
5.81
6.28
N3xi
8.91
9.73
N2xc
5.54
4.86
1.1c
9.78
10.47
l.lx c
13.24
12.40
6.2c

Inter-observer Variability
% E-selectin-IF
Paw Original Repeat (NS)
5.34
5.87
n3xi
10.70
11.44
n4c
16.40
17.29
1.4c
8.41
8.80
1.4xc
6.5i
6.2xi

11.88
9.78

12.33
8.14
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6.2xi
2.67
11.47
5.08
7.80
14.03
3.43
9.65
4.96
7.81
8.83
13.14
11.47
5.80
9.48
8.87
5.69
8.14
3.37
0.84
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Latex sphere-induced inflammation
Table X ll.viii Area of E-selectin-IF as a percentage of the area o f CD31-IF in naive
rat right hindpaw (N/I), right forepaw (N/XI), left hindpaw (N/C) and left forepaw
(N/XC)._____________________________________________________________
N/XI
% E-selectin- IF
% E-selectin- IF
N/I
34.4
38.7
36.8 14.3 63.7
26.3
22.0
44.2
18.6
33.3
1
1
32.6 27.9 4.2 36.5
43.7 43.4 12.7 9.9 45.3 35.1
46.9 7.6 3.7 34.0
29.0 17.9 51.3 6.8 20.6 36.3
17.9 15.0 12.1 28.3
30.1 18.4 6.0 9.6 50.3 34.5
14.1 16.2 16.1 7.7
29.6 38.8 49.7 23.6 23.7 52.5
67.5 9.4 31.0 20.0
26.5 64.8 30.2 36.3 13.8 31.5
10.6 10.5 28.0 55.2
39.0 30.0 17.7 12.2 19.4 14.1
27.7 39.1 1.9 24.4
19.5 32.7 38.6 2.6 15.2 30.4
48.2 54.9 59.5 27.9
21.6 14.8
24.8 38.0 50.2
2
2
51.1 54.6 64.8 20.0
22.9 27.0
15.1 41.2 37.9
44.0 31.1 11.5 56.6
27.1 7.9
12.7 13.4 39.3
52.8 18.5 31.9 28.8
57.2 21.1
29.5 46.6 6.1
1.5 21.9 32.1
27.9 44.7 5.0 16.5
17.6 57.9
28.9 44.6 27.5 17.5
32.8 10.4
0.1 51.7 10.6
50.6 38.6 7.7 16.9
40.5 36.9
30.5 48.1 34.9
29.4 31.2 35.2 42.1
7.4 37.4 14.5
20.0 5.7
Mean 30.21 28.10 31.29 15.08 32.57 30.84 Mean 36.82 30.05 22.15 31.00
SD 10.47 17.06 17.46 11.07 14.01 13.21 SD 15.78 15.73 19.16 16.16
SEM 2.62 4.27 4.37 2.77 3.50 3.30 SEM 3.95 3.93 4.79 4.04
% E-selectin-IF
% E-selectin-IF
N/XC
N/C
22.7 6.6 33.5 4.8
54.4 8.2 35.9 13.4 21.4 35.7
1
1
8.8 29.5 16.1 35.4
22.0 50.6 25.3 20.1 10.8 53.3
20.3 32.7 22.5 54.3
24.6 25.6 20.6 16.5 1.3 9.3
76.7 48.9 30.6 38.0
34.7 11.6 8.4 31.1 12.0 1.5
4.0 24.2 25.6 14.8
99.5 1.3 13.8 16.9 16.3 2.0
39.2 4.2 11.9 23.0
51.2 12.4 26.6 23.5 7.3 54.7
18.4 8.5 25.1 18.0
16.3 18.5 35.8 21.1 13.0 32.2
5.3 50.3
19.0
92.3 6.9 6.2 19.4 29.7 0.9
2
43.7 58.8 36.5 38.35
49.8 68.0 19.9 10.8 24.1 59.5
2
53.0 37.6 26.6 21.83
1.1 52.0 28.3 7.9 7.5 41.5
67.7 39.2 24.8 33.40
12.0 30.2 34.1 26.2 12.5 53.4
14.2 27.0 29.8 7.4 26.7 34.3
5.9 33.3 7.8 7.91
35.5 39.6 32.3 11.00
25.8 19.4 26.7 27.3 12.1 42.5
5.2 47.7 25.0 9.45
22.2 24.6 19.5 4.9 30.0 11.9
24.9 52.5 26.3 27.99
13.1 52.2 61.2 28.4 4.7 59.6
21.0 31.3 42.0 18.53
18.9 33.8 43.9 14.9 11.9 32.3
Mean 34.51 27.64 27.26 18.12 15.07 32.78 Mean 28.28 34.05 25.77 23.48
SD 28.31 19.24 13.61 7.96 8.82 21.40 SD 22.67 16.56 8.97 15.70
SEM 7.08 4.81 3.40 1.99 2.20 5.35 SEM 5.67 4.14 2.24 3.93
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Table X ll.ix Area of E-selectin-IF as a percentage of the area of CD31-IF in
ipsilateral hindpaw (6/1), ipsilateral forepaw (6/XI), contralateral hindpaw (6/C) and
contralateral forepaw (6/XC) of latex sphere-injected rats killed after 6 hours.
% E-selectin-IF
% E-selectin-IF
6/XI
6/1
25.5 42.1 25.6 24.9
9.9 31.3 39.5 27.6 25.3 9.0
1
1
28.7 10.5 15.4 32.6
19.2 46.1 60.4 25.1 11.6 10.9
14.3 8.2 5.6 41.5
9.9 18.3 124.0 32.7 20.2 27.6
6.2 18.7 16.4 58.4
23.2 56.7 32.2 37.5 19.0 30.6
13.4 11.3 3.7 39.0
33.2 71.7 17.6 42.9 4.6 18.2
3.8 27.7 5.0 10.2
17.9 113.0 30.6 28.2 12.5 43.4
25.9 9.7 14.8 3.9
14.8 84.5 53.5 28.8 35.7 26.3
9.6 12.5 5.6 24.9
6.6 90.0 41.1 34.1 26.9 26.8
39.2 30.8
2
47.1 33.5 25.1 14.8
2
21.7 32.4 22.4
16.2 34.5
4.9 1.6 16.9 1.5
29.3 40.8 21.0
19.7 34.4
34.9 35.3 10.9 31.0
31.4 40.1 22.7
33.4 28.0
5.6 14.5 21.4 5.2
28.0 66.0 24.9
48.1 1.9
20.0 21.4 14.2 31.2
21.6 38.5 37.6
21.6 24.8
18.5 22.3 19.0 3.5
44.4 68.4 25.1
13.2 24.7 6.0 87.2
8.0 22.3
32.3 37.2 29.4
14.2 10.3
11.1 9.7 54.7 45.4
39.8 31.7 58.5
Mean 23.94 54.16 40.02 32.11 22.27 23.73 Mean 17.68 18.98 16.28 28.46
SD 10.87 25.92 26.06 5.94 11.93 11.06 SD 12.13 11.33 12.46 23.07
SEM 2.72 6.48 6.51 1.49 2.98 2.77 SEM 3.03 2.83 3.12 5.77
% E-selectin-]IF
% E-selectin- IF
6/XC
6/C
16.3 8.3 35.6 24.4
1
18.0 35.9 30.6 45.6 72.8 22.8
1
14.1 27.5 75.4 31.8
15.1 32.5 19.5 70.7 0.8 19.4
5.8 45.7 17.0 47.1
15.9 16.7 32.7 9.8 25.3 4.5
33.4 22.0 38.9 8.0 4.5 2.1
15.5 5.5 22.7 51.8
17.2 32.2 69.7 47.2
19.8 47.8 32.0 9.2 7.0 16.8
22.7 12.3 6.2 25.8
14.4 19.8 43.3 14.3 0.1 33.4
8.8 21.9 88.0 61.0
40.0 17.0 2.9 17.1 10.9 24.6
25.5 43.2 51.8 24.8
10.0 20.4 23.9 14.8 23.2 6.6
14.4 22.6 33.9 77.6 33.7 1.6
2
26.9 36.9 25.6 72.0
2
28.3 22.8 11.4 41.9
15.9 51.3 18.2 33.4 25.0 27.4
29.3 43.6 11.3 39.0
17.1 21.7 7.3 23.7 7.0 13.1
13.7 21.5 1.3 21.9
5.3 31.1 39.9 18.8 7.5 6.1
11.3 16.8 17.2
13.5
5.0
26.5
15.8 11.5 47.5 59.6
56.2 56.5 34.2 45.2 14.9 9.3
3.9 13.5 10.3 16.2
4.7 6.6 18.6 37.4
28.5 20.9 10.2 22.2 25.9 9.0
9.8 13.0 14.9 17.1
30.9 5.6 39.0 6.0 50.7 10.3
Mean 21.92 27.09 28.37 29.76 20.18 13.25 Mean 16.81 22.86 29.79 36.03
SD 12.88 14.45 13.35 23.17 19.42 9.72
SD 8.79 13.86 26.78 16.62
SEM 3.22 3.61 3.34 5.79 4.86 2.43 SEM 2.20 3.47 6.70 4.15
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Tables XII.x Area of E-selectin-IF as a percentage of the area of CD31-IF in
ipsilateral hindpaw (24/1), ipsilateral forepaw (24/XI), contralateral hindpaw (24/C)
and contralateral forepaw (24/XC) of latex sphere-injected rats killed after 24 hours.
% E-selectin- IF
24/XI
% E-selectin-IF
24/1
8.9 26.4 70.7 19.5
46.8
22.2 12.1 22.8 7.8 15.1
1
1
28.2 6.1 47.0 38.4
35.8
5.6 15.6 11.4 1.0 4.9
11.2 9.1 22.2 15.2
52.0
17.0 20.4 15.6 12.1 12.8
23.2 21.8 11.8 4.4
56.5
70.0 10.7 22.4 12.0 2.9
27.5 9.3 22.4 37.6
2.7
101.5
22.7 32.2 68.4 2.8
22.4 22.2 8.0 7.8
55.6
6.1 6.1 13.2 19.0 13.1
41.2 12.1 29.9 18.5
60.7
23.7 7.5 27.6 35.6 38.2
78.1
15.6 1.9 19.8 22.3
14.7 14.1 9.7 41.9 24.8
31.8 38.4 22.2 30.3
14.7
2
23.5 51.8 24.2 34.5 33.7
2
28.0 45.2 16.1 20.8
61.7
37.5 3.8 12.9 15.4 31.2
84.4
9.3 35.7 55.5 13.8
26.9 31.2 17.2 43.0 6.9
32.8 2.5 34.4 31.7
44.4 16.3 7.9 50.3 4.9
99.0
41.3 4.0 25.3 8.8
98.8
22.9 27.5 52.3 33.0 4.3
3.5 13.4 15.2 34.4
99.3
11.5 46.4 20.3 55.6 30.6
29.0 13.7 29.6 17.5
67.5
19.9 38.6 4.8 6.1
2.3
4.0 18.6 3.3 13.1
32.5
25.3 29.6 17.6 30.4 13.1
22.37
17.52 27.08 20.89
24.61
22.75
21.76
25.03
15.09
65.31
Mean
Mean
12.29 13.25 17.76 10.71
26.44
SD
SD 15.69 14.57 16.54 17.63 12.51
6.61
SEM 3.07 3.31 4.44 2.68
SEM 3.92 3.64 4.14 4.41 3.13
% E-selectin-IF
% E-selectin-IF
24/XC
24/C
25.0 5.0 20.4 10.5
1
20.7 5.8 25.5 32.7 44.5 45.4
1
18.1 70.4 2.1 30.6
11.9 14.4 16.0 25.9 21.4 14.2
4.0 12.6 5.9 26.5
1.3 2.9 17.1 21.5 45.2 33.1
24.1 2.4 21.5 19.4
1.6 12.4 43.4 21.2 3.2 8.9
41.2 32.5 5.2 48.6
10.6 5.6 35.2 15.0 48.1 3.5
1.4 4.7
9.5 16.3 18.6 17.0
53.5 7.5 13.1 7.1
52.9 13.8 5.1 8.4
7.0 10.2 29.8 23.2 20.9 16.0
17.8 19.3 21.8 13.2
21.0 0.5 28.2 10.0 36.6 15.5
40.0 11.9 28.1 27.5
26.4 5.6 27.1 27.6 67.7 25.6
2
2
46.7 17.1 20.3 9.0
11.9 4.8 24.2 27.1 67.2 19.7
34.7 41.4 6.4 38.4
3.8 7.9 3.0 43.5 13.9 29.3
33.6 4.0 6.0 17.2
26.9 8.7 26.2 9.8 19.4 18.8
19.3 31.2 12.6 22.3
19.7 8.7 20.0 37.2 3.2 16.1
44.9 15.8 17.0 31.7
12.5 12.8 63.7 32.9 3.8 20.1
46.1 5.8 5.0 11.7
17.7 7.9 15.3 29.4 27.5 25.4
38.1 3.3 17.3 12.8
8.1 16.7 24.2 39.4 12.4 30.8
Mean 30.98 18.93 13.33 21.54
Mean 15.90 8.27 25.75 25.21 27.28 20.44
SD 14.49 17.77 8.17 11.56
SD 12.88 4.27 13.80 10.82 22.05 10.94
SEM 3.62 4.44 2.04 2.89
SEM 3.22 1.07 3.45 2.71 5.51 2.73
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Table X ll.xi Area of E-selectin-IF as a percentage of the area of CD31-IF in
ipsilateral hindpaw (7/1), ipsilateral forepaw (7/XI), contralateral hindpaw (7/C) and
contralateral forepaw (7/XC) of latex sphere-injected rats killed after 7 days.
% E-selectin-IF
7/XI
% E-selectin- IF
7/1
25.4 60.5 31.9 44.6
1
1 60.18 38.7 27.9 36.9 31.6 27.3
41.2 58.3 4.6 38.3
66.71 20.0 26.6 40.3 22.4 11.4
30.8 57.1 10.7 39.8
25.67 26.1 27.2 28.2 39.0 16.3
37.8 25.5 37.2 50.8
59.60 32.7 32.2 33.2 17.1 23.5
39.8 66.3 22.6 21.7
25.00 8.4 32.2 13.8 99.6 29.3
39.2 27.4 12.2 39.7
36.05 23.3 45.5 24.4 24.9 14.5
88.5 77.7 47.3 37.9
53.84 23.9 32.5 15.8 20.6 5.4
16.4 57.8 30.6 12.6
15.25 25.6 29.3 22.1 18.8 27.0
34.7 13.7 38.7 28.4
2
2 43.31 33.3 38.0 27.1 47.3 36.6
14.6 27.6 7.7 37.6
31.88 24.4 27.7 12.3 6.6 44.1
29.6 5.9 23.7 19.4
53.53 50.2 19.9 17.3 41.2 16.6
22.8 4.2 8.8 11.1
51.96 8.9 30.0 16.9 29.2 17.0
38.0 22.7 24.7 21.6
51.72 24.7 25.4 52.0 32.3 17.5
35.9 18.1 2.5 36.2
40.37 21.1 47.2 24.9 9.4 25.6
22.4 10.8 21.2 10.6
32.21 21.6 46.5 24.4 10.0 34.1
22.7 22.4 25.6 8.5
37.14 32.2 8.6 22.1 36.8 12.6
Mean 42.78 25.95 31.05 25.74 30.42 22.43 Mean 33.75 34.73 21.86 28.68
SD 14.70 10.25 9.94 10.63 21.97 10.36 SD 16.92 23.99 13.25 13.64
SEM 3.67 2.56 2.49 2.66 5.49 2.59 SEM 4.23 6.00 3.31 3.41
% E-selectin-IF
7/XC
7/C
% E-selectin-][F
55.0 26.5 17.7 37.0
1
1 41.2 52.4 49.2 44.4 22.9 31.1
38.1 25.0 7.5 17.6
7.0 29.1 19.9 19.9 38.4 28.4
51.5 18.8 14.0 23.8
51.3 13.3 18.8 26.0 20.3 15.7
56.7 40.2 22.3 26.6
36.1 13.6 32.6 17.9 2.2 13.0
22.9 36.4 31.6 16.3
22.6 13.9 11.3 48.7 18.1 14.5
36.2 14.9 25.4 10.8
25.8 25.1 19.3 40.0 16.5 12.7
45.2 43.8 18.8 20.3
33.4 26.1 16.3 48.6 10.6 20.4
13.5 36.8 12.6 35.7
19.3 29.1 18.2 6.8 28.4 9.1
24.5 27.8
24.8
32.7 22.9 43.0 68.2 23.7
2
2
19.2 7.6
36.3
15.9 13.4 27.0 39.5 13.3
32.8 17.8
19.7
21.5 17.8 27.7 20.2 21.8
29.0 31.4
43.1
14.1 15.8 6.7 28.5 22.6
21.4
28.7 15.3
37.2 38.0 20.2 47.8 4.3
18.3 9.9
4.4 23.1 33.0 29.6 54.6
45.9
53.2
29.3
36.2 10.4 41.3 35.9 7.0
53.0
18.2 8.2
59.2
11.2 7.8 15.9 17.6 20.1
Mean 29.58 23.47 20.92 29.20 27.79 19.51 Mean 38.91 30.31 23.36 20.97
SD 13.83 12.39 10.77 14.03 15.86 11.95 SD 14.69 10.51 10.62 9.61
SEM 3.46 3.10 2.69 3.51 3.97 2.99 SEM 3.67 2.63 2.65 2.40
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Table X ll.xii Raw data used to determine intra-observer variability for the Latex
sphere model E-selectin/CD31 double immunofluorescence method.________
n2xc
8.33
40.09
40.09
48.86
24.26
4.21
15.25
55.17

Mean
SD
SEM

60.77
41.74
51.76
56.25
58.7
81.07
68.97
31.14
42.92
21.77
5.44

6.1i
9.85
19.15
10.26
20.64
33.16
19.06
12.11
6.6
21.74
32.33
31.39
27.94
19.34
44.41
32.29
35.5
23.49
10.82
2.7

6.1c

% E-selectin-IF
24.3i 24.4c 7.21
27.81 35.38 38.7
11.44 25.89 20.02
15.59 45.37 24.71
36.82 38.72 32.72
84.27 14.99 8.46
37.02 14.76 25.06
62.23 29.72 20.72
37.66 15.29 25.57

7.5c

7.6c

8.96
22.88 36.02
10.86
38.45 28.37
27.82
20.32 15.69
30.65
2.21 12.89
18.23
20.68 17.64
43.36
16.8 12.69
26.31
10.33 17.34
26.78
28.38 9.07
29.04 26.7 27.56 35.17 71.04 23.53
41.8 11.54 27.07 24.38 39.48 18.39
34.39 23.88 43.9 50.16 20.22 22.65
34.04 9.01 11.76 8.88
28.5 23.97
1.89 53.01 33.21 24.75 48.9
2.69
27.04 18.42 68.12 21.14 40.82 68.94
22.27 12.18 38.82 21.62 35.92 6.99
13.29 19.86 34.19 34.1 32.02 19.45
24.8 30.46 31.55 26.01 29.81 21.02
11.65 20.99 14.36 10.50 16.38 15.2
2.91
3.8
5.25
3.59 2.625 4.09

Table Xll.xiii Mean % E-selectin-IF determined in the original analysis and for
assessment of intra-observer variability in the latex sphere inflammation model.
Paw
n2xc
6.11
6.1c
24.3i
24.4c
7.2i
7.5c
7.6c

% E-selectin-IF
Original Repeat (ER)
42.92
34.05
23.94
23.49
21.92
24.8
21.76
30.46
25.21
31.55
25.95
26.01
27.79
29.81
21.02
19.51
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Appendix XIII: Bradford Assay
Table X lll.i Determining the optimum dilution of HTAB buffer, a summary of the
effect of concentration of HTAB on the absorbance of BSA (standard curve) at
595nm.
Plate Dilution % HTAB r2
Gradient
1
buffer
0
0.95 0.81±0.04
1:10
0.05
0.66 0.26±0.04
1:30
0.016
0.73 0.64±0.08
1:100
0.005
0.96 0.70±0.03
2
buffer
0
0.97 0.73±0.02
1:50
0.01
0.83 0.60±0.06
1:100
0.005
0.96 0.69±0.03
1:150
0.003
0.93 0.71±0.04
3
buffer
0
0.97 0.76±0.02
0.0067
1:75
0.97 0.83±0.02
1:250
0.002
0.94 0.69±0.02
1:500
0.001
0.97 0.81±0.02
Data given are: r (linear regression, goodness o f fit) and gradient ± SD.

Table XHI.ii Determining the effect of HTAB (0.0067% in 0.08M potassium
phosphate buffer (K phos buffer)) on the absorbance at 595nm of dilutions of the
standard curve (BSA).___________________________________________
Absorbance at 595nm
BSA mg/ml
K phos bulffer
BSA mg/ml
0.328 0.500 0.328 0.500 0.328 0.500
0.500
0.216 0.250 0.216 0.250 0.216 0.250
0.250
0.101 0.125 0.101 0.125 0.101 0.125
0.125
0.046 0.063 0.046 0.063 0.046 0.063
0.063
0.008 0.031 0.008 0.031 0.008 0.031
0.031
0.006 0.016 0.006 0.016 0.006 0.016
0.016
0.000 0.000 0.000 0.000 0.000 0.000
0

Table XIILiii Absorbance at 595nm of the BSA standard dilutions from which
sample protein values were extrapolated._________________________
[BSA] (mg/ml)
0.241
0.250
0.147
0.125
0.101
0.063
0.075
0.031
0.043
0.016

Absorbance595nm
0.201 0.212 0.231 0.235
0.148 0.141 0.150 0.142
0.089 0.101 0.107 0.102
0.076 0.074 0.073 0.064
0.050 0.052 0.044 0.056
206

P h D T h e s is

E m m a M R o b c rls

Table XHI.iv Protein content of paw skin homogenate from naive (n) or carrageenan
injected rats (6 hours post). I = right/ipsilateral hindpaw, C = left/contralateral
hindpaw, XI = right/ipsilateral forepaw, XC = left/contralateral forepaw. Italic
indicates irregular negative result.______________________________
Naive
Protein (mg)
Mean SD
sample
27.54
37.20 39.07 27.54 37.20 39.07
n li
31.28 25.83 25.20 31.28 25.83
25.20
n2i
4.32
9.62
4.48
4.48
4.32
9.62
n3i
5.41
5.41
8.53
-5 .0 3 8.53
-5 .0 3
n4i
13.21 3.39
3.54
13.21 3.39
3.54
n5i
17.72
23.33 25.20
23.33 25.20
17.72
n lc
34.71 28.32 20.37 34.71 28.32
20.37
n2c
10.24 3.39
1.36
10.24 3.39
1.36
n3c
1
.6
0
9.62
8.69
-1
.6
0
9.62
8.69
n4c
9.00
3.39
4.48
9.00
3.39
4.48
n5c
9.15
5.57
4.17
9.15
5.57
4.17
nlxi
30.66 20.37 11.96 30.66 20.37
11.96
n2xi
2.14
2.14
5.57
5.10
5.57
5.10
n3xi
2.92
6.50
5.57
6.50
5.57
2.92
n4xi
5.41
5.41
2.92
3
.1
6
2.92
- 3 .1 6
nSxi
8.37
2.61
8.37
2.61
7.75
7.75
nlxc
15.70 16.32 11.96 15.70 16.32
11.96
n2xc
6.82
5.73
4.79
6.82
5.73
4.79
n3xc
0.12
8.37
13.83 0.12
8.37
13.83
n4xc
-1 .7 5 8.37
8.37
6.66
6.66
-1 .7 5
n5xc

sample
6.1i
6.2i
6.3i
6.4i
6.5i
6.1c
6.2c
6.3c
6.4c
6.5c
6.1xi
6.2xi
6.3xi
6.4xi
6.5xi
6.1xc
6.2xc
6.3xc
6.4xc
6.5xc

Carrageenan injected
Protein (mg)
Mean
32.37
22.56
7.75
24.43
31.44
21.78
19.91
29.57
10.71
14.45
7.44
1.21
3.08
6.66
18.82
41.88
8.53
11.80
12.74
14.30

37.05
21.31
21.00
20.06
21.31
8.69
15.08
21.15
6.35
11.49
4.63

-2 .2 2
- 2 .0 7
4.63
16.95
33.93
3.54
9.00
7.60
13.83

20.84
14.30

-0 .9 8
15.39
13.21
9.00
17.72
8.84
12.89
7.91

- 0 .6 6
-2 .3 8
1.83

-5 .0 3
13.36
26.14
3.23
8.37
7.13
7.60

32.37
22.56
7.75
24.43
31.44
21.78
19.91
29.57
10.71
14.45
7.44
1.21
3.08
6.66
18.82
41.88
8.53
11.80
12.74
14.30

37.05
21.31
21.00
20.06
21.31
8.69
15.08
21.15
6.35
11.49
4.63

-2 .2 2
- 2 .0 7
4.63
16.95
33.93
3.54
9.00
7.60
13.83

SD
20.84
14.30

- 0 .9 8
15.39
13.21
9.00
17.72
8.84
12.89
7.91

-0 .6 6
-2 .3 8
1.83

-5 .0 3
13.36
26.14
3.23
8.37
7.13
7.60
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Appendix XIV: Myeloperoxidase assay
Table XlV.i Mean absorbance at 650nm o f sample wells containing MPO, 0.24mM
MPO (units/ml)
5
0.072
0.053
0.049
0.046

10
0.077
0.056
0.050
0.047

0.043
no TMB
Data are mean of 3 readings.

0.042

0.500
0.250
0.125
0

Time (minutes'
15
20
0.078 0.079
0.058 0.059
0.053 0.055
0.049 0.051
0.044

0.045

25
0.079
0.060
0.057
0.055

30
0.080
0.062
0.058
0.055

0.046

0.047

Table XlV.ii Determining the optimal concentration of TMB.
Naive
[TMB] mM
1.6
0.53
0.16
0.053
0.016
0

Dilution
A(>50nm
0.072 0.083
1:1
0.072 0.072
1:3
1:10
0.058 0.057
1:30
0.050 0.051
1:100
0.049 0.051
0.054 0.057
0

0.073
0.069
0.059
0.047
0.047
0.051

Mean
0.076
0.071
0.058
0.049
0.049
0.054

SD
0.006
0.002
0.001
0.002
0.002
0.003

Carrageenan
[TMB1 mM Dilution
Mean SD
A650nm
1:1
0.428 0.459 0.466 0.467 0.46 0.02
1.6
1:3
0.488 0.517 0.520 0.480 0.50 0.02
0.53
0.44 0.04
0.16
1:10
0.419 0.410 0.490 0.428
1:30
0.281 0.271 0.302 0.295 0.29 0.01
0.053
1:100
0.079 0.073 0.086 0.102 0.09 0.01
0.016
0
0.046 0.043 0.042 0.049 0.05 0.00
0
Data given are absorbance values at 650nm for right/ipsilateral hindpaw skin
homogenates from nai've or carrageenan injected rats incubated with differing
concentrations of TMB.
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Determining the optimum concentration of hydrogen peroxide

Naive
H 2O 2 mM
0
0.24
0.3
Carrageenan
H 2O 2 mM
0
0.24
0.3
Data are absorbance values
from naive or carrageenan
H20 2.

0.040
0.057
0.061

A 650nm
0.041 0.043
0.061 0.058
0.061 0.063

0.044
0.061
0.062

Mean
0.042
0.059
0.062

Mean
A 650nm
0.058 0.058 0.056 0.058 0.058
1.053 1.059 1.094 1.016 1.056
1.022 0.951 0.962 0.977 0.978
at 650nm for right/ipsilateral hindpaw
injected rats incubated with differing

SD
0.00
0.00
0.00

SD
0.00
0.03
0.03
skin homogenates
concentrations of

Table XlV.iv Absorbance at 650nm of the various combinations of assay
components._____________________________________________________________
Mean
SD
Sample TMB H 2O 2
SEM
A 650nm
Y
Y
Y
0.498 0.518 0.525 0.481 0.506 0.020 0.010
A
Y
Y
buffer 0.050 0.050 0.052 0.049 0.050 0.001 0.001
B
Y
DM SO buffer 0.039 0.040 0.041 0.058 0.045 0.009 0.005
C
Y
0.039 0.039 0.041 0.039 0.040 0.001 0.000
D
DMSO
Y
Y
Y
0.046 0.040 0.047 0.042 0.044 0.003 0.002
E HTAB
Y
0.045 0.039 0.040 0.042 0.042 0.003 0.001
F HTAB DMSO
HTAB
buffer
DMSO
0.040 0.039 0.041 0.041 0.040 0.001 0.000
G
buffer 0.044 0.040 0.042 0.041 0.042 0.002 0.001
Y
H HTAB
Data are the absorbance values for the different combinations of assay components
as listed on the left of the table; Y indicates the presence of the component
(carrageenan-injected paw sample, 0.53mM TMB or 0.24mM H 2O2).
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Table XIV.v Peroxidase activity in naive rat paw skin as indicated by the ability to
oxidise TMB (A650nm/mg protein)____________ ________ _______________________
Protein
M inus 'no sam ple'

■^650nm

<"iiO

M ean
AJ mg

A650 n Jn ig protein

N il

0.071

0.069

0.067

0.024

0.022

0.020

33.2

0.0007

0.0007

0.0006

0.00066

N2I

0.058

0.056

0.053

0.011

0.009

0.006

24.6

0.0004

0.0004

0.0002

0.00035

N3I

0.060

0.061

0.061

0.013

0.014

0.014

6.3

0.0021

0.0022

0.0022

0.00218

N4I

0.066

0.067

0.066

0.022

0.023

0.022

4.8

0.0045

0.0047

0.0045

0.00461

N5I

0.068

0.217

0.058

0.024

0.014

6.3

0.0038

0.0022

0.00303

0.017

17.3

0.0012

0.0010

0.0010

0.00104

N IC

0.067

0.064

0.064

0.020

0.017

N2C

0.061

0.058

0.055

0.014

0.011

0.008

23.5

0.0006

0.0005

0.0003

0.00047

N3C

0.072

0.072

0.071

0.025

0.025

0.024

5.0

0.0050

0.0050

0.0048

0.00494

N4C

0.054

0.056

0.056

0.010

0.012

0.012

8.2

0.0012

0.0015

0.0015

0.00139

NSC

0.059

0.057

0.053

0.015

0.013

0.009

4.8

0.0031

0.0027

0.0019

0.00255

N1XI

0.068

0.066

0.066

0.021

0.019

0.019

5.3

0.0039

0.0036

0.0036

0.00369

N2XI

0.062

0.063

0.059

0.015

0.016

0.012

20.1

0.0007

0.0008

0.0006

0.00071

N3XI

0.090

0.094

0.086

0.043

0.047

0.039

4.4

0.0098

0.0107

0.0089

0.00977

N4XI

0.075

0.074

0.073

0.031

0.030

0.029

4.9

0.0064

0.0062

0.0060

0.00616

N5X1

0.069

0.068

0.065

0.025

0.024

0.021

4.2

0.0060

0.0058

0.0050

0.00560

N1XC

0.071

0.062

0.063

0.024

0.015

0.016

6.2

0.0038

0.0024

0.0026

0.00294

N2XC

0.078

0.078

0.072

0.031

0.031

0.025

12.9

0.0024

0.0024

0.0019

0.00225

0.020

0.0050

0.0038

0.00428

N3XC

0.068

0.073

0.067

0.021

0.026

5.2

0.0040

N4XC

0.094

0.095

0.094

0.050

0.051

0.050

6.5

0.0077

0.0079

0.0077

0.00778

N5XC

0.083

0.085

0.081

0.039

0.041

0.037

7.5

0.0052

0.0055

0.0049

0.00519

Data are absorbance values at 650nm of right/ipsilateral (I) and left/contralateral (C)
hindpaw, right/ipsilateral (XI) and left/contralateral (XC) forepaw skin homogenates.
Table XIV.v Naive (N; n=5) or Table XIV.vi carrageenan injected (C; n=5) rats, the
values are adjusted for the sample buffer control and the calculated A65 onm/mg
protein (see above) for each sample. Yellow highlights anomalous result excluded
from further analysis.
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Table XIV.vi Peroxidase activity in paw skin from rats injected with carrageenan
(2%) into the ipsilateral hindpaw (I) as indicated by the ability to oxidise TMB
(A650nm/mg protein).
Protein
Minus 'no sample'

A>50nm
C .li
C.2i
C.31
C.4i
C.5i
C.lc
C.2c
C.3c
C.4c
C.5c
C.lxi
C.2xi
C.3xi
C.4xi
C.5xi
C.lxc
C.2xc
C.3xc
C.4xc
C.5xc

A*50im/nig protein

Mean
A/mg

0.1128
0.0816
0.221
0.1824

0.0934
0.0761
0.1822
0.1785

0.0703
0.0738
0.2112
0.1828

0.09216
0.07718
0.20482
0.18125

2.991
1.629
2.587
3.284

2.485
1.523
2.141
3.215

1.881
1.478
2.474
3.292

2.944
1.582
2.54
3.24

2.438
1.476
2.094
3.171

1.834
1.431
2.427
3.248

(mg)
26.101
19.387
11.491
17.763

2.077

2.029

1.933

2.033

1.985

1.889

19.672

0.1033

0.1009

0.096

0.10009

0.188
0.084
0.095
0.082

0.186
0.085
0.089
0.08

0.175
0.079
0.086
0.074

0.141
0.037
0.048
0.038

0.139
0.038
0.042
0.036

0.128
0.032
0.039
0.03

11.686
14.686
18.075
9.387

0.0121
0.0025
0.0027
0.004

0.0119
0.0026
0.0023
0.0038

0.011
0.0022
0.0022
0.0032

0.01164
0.00243
0.00238
0.00369

0.075

0.072

0.073

0.031

0.028

0.029

9.738

0.0032

0.0029

0.003

0.00301

0.123
0.143
0.083
0.076

0.12
0.149
0.083
0.081

0.129
0.141
0.083
0.076

0.076
0.096
0.036
0.032

0.073
0.102
0.036
0.037

0.082
0.094
0.036
0.032

6.037
1.206
2.453
5.647

0.0126
0.0796
0.0147
0.0057

0.0121
0.0846
0.0147
0.0066

0.0136
0.0779
0.0147
0.0057

0.01275
0.087
0.01468
0.00596

0.082

0.082

0.084

0.038

0.038

0.04

14.14

0.0027

0.0027

0.0028

0.00273

0.107
0.143
0.074
0.077

0.105
0.143
0.076
0.079

0.103
0.139
0.072
0.077

0.06
0.096
0.027
0.033

0.058
0.096
0.029
0.035

0.056
0.092
0.025
0.033

28.087
6.582
9.725
9.154

0.0021
0.0146
0.003
0.0038

0.002
0.014
0.0026
0.0036

0.097

0.093

0.089

0.053

0.049

0.045

9.894

0.0021
0.0146
0.0028
0.0036
0.0054

0.005

0.0045

0.00206
0.01438
0.00278
0.00368
0.00495

See table XIV.v for details

Table XlV.vii A summary of the peroxidase activity o f naive or carrageenan (CAR)
injected rats as indicated by the ability of the sample to oxidise TMB to give a
coloured reaction product (A65onm/mg protein)._______________________________
A650nn/® g protein
Naive
I
c
XI
1
0.0007 0.0010 0.0037
0.0004 0.0005 0.0007
2
0.0022 0.0049 0.0098
3
0.0046 0.0014 0.0062
4
0.0030 0.0026 0.0056
5
Mean 0.0022 0.0021 0.0052
0.0018 0.0018 0.0033
SD
SEM 0.0008 0.0008 0.0015
Data are mean of 3 triplicate readings

CAR

xc
0.0029
0.0022
0.0043
0.0078
0.0052
0.0045
0.0022
0.0010
for each

I
C
0.0922 0.0116
0.0772 0.0024
0.2048 0.0024
0.1813 0.0037
0.1001 0.0030
0.1311 0.0046
0.0577 0.0040
0.0258 0.0018
sample (see table

XI
0.0128
0.0807
0.0147
0.0060

XC
0.0021
0.0144
0.0028
0.0037
0.0027 0.0050
0.0234 0.0056
0.0324 0.0050
0.0145 0.0023
XIV.v and XlV.vi).

211

PhD Thesis

I 'jnnni M R obe rts

Table XlV.viii Peroxidase activity in naive rat paw skin as indicated by the ability
to oxidise TMB (A650mn/g tissue).___________
M inus ’no sam ple'

^?0nni

T issu e (g)

Atsonm/g tissue

M ean A /g

N il

0.071

0.069

0.067

0.024

0.022 0.020

0.064

0.38

0.34

0.31

0.34

N2I

0.058

0.056

0.053

0.011

0.009 0.006

0.053

0.21

0.17

0.11

0.16

N3I

0.060

0.061

0.061

0.013

0.014 0.014

0.039

0.33

0.36

0.36

0.35

N4I

0.066

0.067

0.066

0.022

0.023 0.022

0.06

0.37

0.38

0.37

0.37

N5I

0.068

0.217

0.058

0.024

0.014

0.05

0.48

0.28

0.38

N IC

0.067

0.064 0.064

0.020

0.017 0.017

0.06

0.33

0.28

0.28

0.30

N 2C

0.061

0.058 0.055

0.014

0.011 0.008

0.067

0.21

0.16

0.12

0.16

N 3C

0.072

0.072 0.071

0.025

0.025 0.024

0.053

0.47

0.47

0.45

0.47

N4C

0.054

0.056 0.056

0.010

0.012 0.012

0.044

0.23

0.27

0.27

0.26

N5C

0.059

0.057 0.053

0.015

0.013 0.009

0.035

0.43

0.37

0.26

0.35

N1XI

0.068

0.066

0.066

0.021

0.019 0.019

0.039

0.54

0.49

0.49

0.50

N2XI

0.062

0.063

0.059

0.015

0.016 0.012

0.033

0.45

0.48

0.36

0.43

1.79

1.96

1.63

1.79

N3XI

0.090

0.094

0.086

0.043

0.047 0.039

0.024

N4XI

0.075

0.074

0.073

0.031

0.030 0.029

0.031

1.00

0.97

0.94

0.97

N 5XI

0.069

0.068

0.065

0.025

0.024 0.021

0.025

1.00

0.96

0.84

0.93

N 1XC

0.071

0.062

0.063

0.024

0.015 0.016

0.034

0.71

0.44

0.47

0.54

N 2XC

0.078

0.078

0.072

0.031

0.031 0.025

0.039

0.79

0.79

0.64

0.74

N 3XC

0.068

0.073

0.067

0.021

0.026 0.020

0.027

0.78

0.96

0.74

0.83

N 4XC

0.094

0.095

0.094

0.050

0.051 0.050

0.044

1.14

1.16

1.14

1.14

N 5XC

0.083

0.085

0.081

0.039

0.041 0.037

0.032

1.22

1.28

1.16

1.22

Data are absorbance values at 650nm of right/ipsilateral (I) and left/contralateral (C)
hindpaw, right/ipsilateral (XI) and left/contralateral (XC) forepaw skin homogenates.
Table XlV.viii Naive (N; n=5) or Table XIV ix carrageenan injected (C; n=5) rats,
the values are adjusted for the sample buffer control and the calculated A^onm/g
tissue for each sample. Yellow highlights anomalous result excluded from further
analysis.
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Table XlV.ix Peroxidase activity in paw skin from rats injected with carrageenan
(2%) into the ipsilateral hindpaw (I) as indicated by the ability to oxidise TMB
(A 650nm/g tissue).__________________________________________________________
Tissue
Minus 'no sample'

•^650nm

C.li
C.2i

2.991
1.629

C.3i

2.587

C.4i

3.284

C.5i
C.lc

2.485

2.438

1.834

A65onm/g tissue

(g)

0.120

Mean
A/g

1.881

2.944

1.523

1.478

1.582

1.476

1.431

0.154

10.27

9.58

9.29

9.72

2.141

2.474

2.54

2.094

2.427

0.152

16.71

13.78

15.97

15.48

3.215

3.292

3.24

3.171

3.248

0.203

15.96

15.62

16.00

15.86

2.077

2.029

1.933

2.033

1.985

1.889

0.103

19.74

18.34

19.04

0.188
0.084

0.186

0.175

0.141

0.139

2.27

2.24

2.06

2.19

0.085

0.079

0.037

0.038

0.128
0.032

0.062

C.2c

0.074

0.50

0.51

0.43

0.48

C.3c

0.095

0.089

0.086

0.048

0.042

0.039

0.055

0.87

0.76

0.71

0.78

C.4c

0.082

0.080

0.074

0.038

0.036

0.03

0.037

1.03

0.97

0.81

0.94

C.5c

0.075

0.072

0.073

0.031

0.028

0.029

0.054

0.57

0.52

0.54

0.54

C.lxi
C.2xi

0.123

0.12

0.076

0.073

0.082

0.072

1.06

1.01

1.14

1.07

0.149

0.096

0.102 0.094

0.098

0.98

1.04

0.96

0.99

C.3xi

0.143
0.083

0.129
0.141

0.083

0.083

0.036

0.036

0.036

0.053

0.68

0.68

0.68

0.68

C.4xi

0.076

0.081

0.076

0.032

0.037

0.032

0.048

0.67

0.77

0.67

0.70

C.5xi

0.082

0.082

0.084

0.038

0.038

0.040

0.087

0.44

0.44

0.46

0.44

C.lxc

0.105
0.143

0.103

0.60

0.58

0.56

0.58

0.139
0.072

0.058
0.096
0.029

0.056
0.092

0.095

1.01

1.01

0.97

1.00

0.076

0.060
0.096
0.027

0.100

C.2xc
C.3xc

0.107
0.143
0.074

0.025

0.102

0.26

0.28

0.25

0.26

C.4xc

0.077

0.079

0.077

0.033

0.035

0.033

0.064

0.52

0.55

0.52

0.53

C.5xc

0.097

0.093

0.089

0.053

0.049

0.045

0.082

0.65

0.60

0.55

0.60

24.53

20.32

15.28

20.04

See table XlV.viii for details.
Table XIV.x A summary of the peroxidase activity o f naive or carrageenan (CAR)
injected rats as indicated by the ability of the sample to oxidise TMB to give a
A 650 nm/g tissue

Naive

CAR

I
C
XI X C
XI X C
I
C
0.34 0.30 0.50 0.54
1
20
2.19 1.07 0.58
0.16 0.16 0.43 0.74 9.72 0.48 0.99
2
1
0.35 0.47 1.79 0.83 15.5 0.78 0.68 0.26
3
4
0.37 0.26 0.97 1.14 15.9 0.94 0.7 0.53
5
0.38 0.35 0.93 1.22
0.54 0.44 0.6
19
Mean 0.32 0.31 0.93 0.89 16.03 0.99 0.78 0.59
0.09 0.11 0.54 0.28 4.04 0.70 0.25 0.26
SD
SEM 0.04 0.05 0.24 0.13 1.81 0.31 0.11 0.12
2an of 3 triplicate reac ings for each sample see ta ?les X V.viii
for details. I = right/ipsilateral hindpaw, C= left/contralateral hindpaw, XI =
right/ipsilateral forepaw, XC = left/ipsilateral forepaw.
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XV:

sen sitisa tio n

of

M ir r o r -im a g in g
the

in fla m m a to r y

and

co n tra la tera l

r esp o n se

fo llo w in g

c a p sa ic in in jection in man.
NB: The following experiments were carried out at the Royal United Hospital for
Rheumatic Diseases, methodology was approved by the local ethics committee. Data
were originally presented as Haigh et a/., 2002.

A

B

shoulder

wrist
wrist
The response to intradermal injection of capsaicin (1%, lOOpl)
into the volar surface of the forearm in man. (A) The injected (ipsilateral) arm,
a digital image taken 30 minutes post injection showing the response to
capsaicin. Visible are the ‘bleb’ at the injection site, an area of neurogenicallymediated erythema (reddening of the skin), and the area of skin displaying
mechanical hyperalgesia (Semmes-Weinstein filaments, force 74.4mN,
indicated by orange marks on the skin, area 350cm2). (B) The contralateral arm
o f the same subject: 60 minutes after ipsilateral injection, capsaicin (lOpl of
0.01%) was injected i d. into (1) the upper arm (different dermatome control)
(2) exact contralateral site (same dermatome) (3) volar aspect of the wrist (same
dermatome control). Pen marks on the skin represent the areas of mechanical
hyperalgesia and allodynia, the areas of both are greatest in the exact
contralateral site, as is the area of erythema.
F ig u re X V .i
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Baseline

30minutes post capsaicin
(1% lOOpl, id.)

B

Immediately post capsaicin
(0.01%, lOOpl, i d.)

10 minutes post
capsaicin

F ig u re X V .ii Following ipsilateral injection of capsaicin to stimulate a localised

neurogenic inflammation, the topographically precise contralateral region is
sensitised. As described in figure XV.i, (A) capsaicin was injected into the volar
surface of the left forearm, using thermography the skin surface temperature was
measured at baseline (left picture) and 30 minutes after injection (right picture).
Skin surface temperature rose by 2.5°C following injection, skin surface
temperature in the same region of the contralateral arm rose by 0.5°C. (B) 60
minutes after ipsilateral injection of capsaicin, the contralateral arm was
challenged with a smaller dose (0.01%, lOOpl) in three regions (1) the upper arm
(different dermatome control) (2) exact contralateral site (same dermatome) (3)
volar aspect of the wrist (same dermatome control). Skin surface temperature
increased in all regions immediately post injection (left pictures) and was still
elevated after 10 minutes (right picture). Temperature increases were greatest in
the exact contralateral site (region 2).
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B

30 m inutes post capsaicin vehicle id .
volar surface left forearm (arrow )
F ig u re X V .iii (A) Following ipsilateral (left volar surface o f forearm) injection
of capsaicin vehicle (10% ethanol, 20% Tween 80 in sterile saline, lOOgl i d.)
there was minimal increase to skin surface temperature consistent with that
caused by non-noxious injury and needle-pnck (not shown). Contralateral skin
surface temperature did not change. (B ) After 60 minutes the contralateral arm
was challenged with a small dose of capsaicin (0.01% lOOpl i d.) in three regions
(1) the upper arm (different dermatome control) (2) exact contralateral site (same
dermatome) (3) volar aspect of the wrist (same dermatome control). After 10
minutes (pictured) skin surface temperature had increased equally in all three
regions consistent with the local response to capsaicin injection.
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