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The present study was designed to determine whether amitriptyline, a 
prototypical tricyclic antidepressant, coulâ produœ pain-alleviating effects in a rat 
model of neuropathic pain. Newe injury mis produced by unilateral spinal nerve 
ligation and this resulted in persistent stimulus-evoked neuropathic pain 
syrnptoms (tactile allodynia and thermal hyperalgesia). Following acute systemic 
administration. amitriptyline and to a lesser extent desipramine. reversed thermal 
hyperalgesia in the injured paw. The anti-hyperalgesic effect of systemic 
amitriptyiine, but not desipramine, was bkcked by acute caffeine. Spinal 
administration of amitiiptyline producd an antkhyperalgesic effect that was not 
blocked by caffeine. An immediate an ti-hyperalgesic effect was observed 
following local peripheral administration of both amitriptyline and desipramine. 
The local administration of caffeine b W e d  the actions of amitriptyline but not 
desipramine. Neither amitriptyline nor desipramine exerted any anti-allodynic 
effect, but amitriptyline produced hyperaesthesia in the contralateral paw. A time 
course analysis was made of the immunoreactive expression of the 27 kDa heat 
shock protein (Hsp27-IR), neuropeptide Y (NPY-IR), and substance P (SP-IR) 
following newe injury. Changes in Hsp27-IR were first apparent at 4 days in 
laminae I through III in the L5 to 52 segmental region of the ipsilateral dorsal 
hom, were most intense by 12 days, and declined by 180 days. An increase in 
NPY-IR in the same regions paralbled that of Hsp27-IR, but was offset by a 2-3 
day delay. Decreased SP-IR was observeâ in the superficial laminae of the 
ipsilateral spinal dorsal h m  by 7 days, was greatest after 12 days. and was still 
evident after 180 days. 60th Hsp27-IR and NPY-IR were increased in the dorsal 
columns and the gracile nucleus by 17 days and persisted to 180 days, but no 
changes were obsewed in SP-IR in these regions. A non-invasive chronic drug 
paradigm (in drinking water) was used to study the behavioral and 
immunohistochemical effects of chronic amitriptyline alone, and in corn bination 
with chronic caffeine. Chronic amitriptyiine decreased the expression of thermal 
hyperalgesia. an effect that was blocked by the concomitant consurnption of 
chronic caffeine. While having no effect on static tactile allodynia of the 
ipsilateral paw, chronic amitriptyline caused tactile hyperaesthesia in the 
cont ralateral paw. an effect that was exacerbated by concomitant chron ic 
caffeine. These behavioral effects were reflected in decreeses in Hsp27-IR and 
NPY-IR in the deeper laminae of ipsilateral spinal dorsal hom. 

The results of this thesis suggest that acute and chronic amitriptyline are 
effective against stimulus-evoked thermal hyperalgesia. and this effect is partially 
ach ieved through manipulation of endogenous aâenosine levels. The syrnptom- 
specific action. and adenosine link in the effect of amitriptyline may be important 
clinical considerations goveming its use in neuropathic pain. Also, the mirrored 
effects on Hsp27-IR and NPY-IR in the spinal dorsal hom suggest that these two 
markers may be sensitive indicators of chronic drug manipulation of the 
mechanisms underlying the development and maintenance of neuropathic pain. 
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Pain is generally thought to be an adaptive mechanisrn that allows 

an organism to survive and prevent fuilher damage to the injured area. While 

this may be true in the case of acute nociceptive pain, it is difficult to understand 

the benefit of chrmic pain especially when it persists long after the injured area 

has healed. Yet this phenornenon does exist, and treatments for it are les$ than 

optimal. While considerabie research effort has led to a greater understanding of 

the mechanisms involved in acute nociceptive pain, more needs to be known 

about more persistent and chronic types of pain such as nerve injury-induced 

neuropathic pain. 

Neuropathic pain is a cornplex pathophysiological phenmenon that may 

anse frorn various etiologies such as trauma. compression injury, disease States. 

viral infection, amputation, or metabdic disorders such as diabetes (Poitenoy, 

1 991 ; Elliott, 1 994). White specif ic syrnptoms of neuropathic pain may Vary 

widely among patients. the hallmark symptoms include thermal and mechanical 

hyperalgesia (exaggerated response to a noxious stimulus). thermal and 

mechanical allodynia (a noxious response to nomally innocwus stimuli), 

paroxysmal and spontaneaus pain (Elliott. 1994; Wooif and Doubell. 1994). The 

variation in presenting symptoms may be a result of differing patterns of the 

neural pathophysiology so that patients present not with a unitary symptom, but 

more often with a composite of symptoms (Max, 1990). Whik the exact 

pathophysiological mechanisrns involved in the development and maintenance of 

neuropathic pain are diseasdnjury dependent and are not yet fu lly understood, 



some cornmon atttjt)utmexist. For the purpose of this thesis, the focus of the 

pathophysiological description will be the events following peripheral nerve injury. 

1.1 Pathophysidogy of nerve Injury-induœd neuropmthic pain 

Following newe injury, there are extensive pathophysiohgical changes at 

various levels along the neuroaxis that contribute to the development and 

maintenance of the neuropathic pain state (Fig. 1). Whik not intended to be an 

exhaustive analysis of the events, this thesis will highlight some of the salient 

features that are especially relevant to the antidepressant phannacotherapy of 

neuropathic pain. 

1.1.7 Peripheral sensifiizatim and changes in dorsal mot ganglion neurms 

In the periphery, there is an alteration in the sensory dynamics of 

peripheral nociceptors and mechanoreceptors. M i le  the exact mechanisms 

leading to the changes in peripheral sensory transduction are not fully knom. 

studies have detemined that the hyperresponsiveness is not due to an alteration 

in the activation threshold (reviewed Tanner et al., 1 997). The f unctional 

changes that lead to this hyperresponsiveness have instead been attributed to 

many factors including changes in the phenotype of the nociceptor, inappropriate 

syrnpathetic-sensory transduction, novel expression of proteins, and abnormal 

coupling of biochemical mechanisms (reviewed Codene et al., 1997; Tanner et 

al., 1 997). Maladaptive reorganization of peripheral sympathetic fibers in the 

periphery (reviewed Devor, 1994; Codene and Katz, 1997) and in the dorsal root 

ganglion (ORO) are also thought to contribute to the generation of ectopic foci of 



Figure 1 

Schematic depiction of the potential pathophysiological alterations in the 

peripheral (dorsal root ganglion, nerve fibers and peripheral receptors) and 

central (spinal cord) nerwus system following peripheral nenm injury. ldentified 

in the drawing is the site of neive injury used in this study indicating involvement 

of large myelinated AB fibers as well as smaller thinly myelinated A6 fibers and 

unmyelinated C fibers. (Adapted from HOkfeît el al.. 1 997) 





nerve impulse generation (Chung et al., 1996; Abôadie and Basbam, 1998; 

Ramer and Bisby. 1998). Factors potentialiy contributing to this ectopic activity 

include changes in the Na4 channel receptors that have b e n  demonstrated m 

inflammatory (Gould et al., 1998) and neuropathic (Kral et al., 1999) pain. Na4 

channel blockers are more effective when the channel is in the activated state, 

and this makes drug-induced alterations in Na+ channel dynamics especially 

applicable in neuropathic pain where spontaneous -pic foci are prevalent 

(reviewed Tanner et al., 1997). While more cornmon to inflammatory pain, 

peripheral nerve injury also initiates recruitment of macrophages from the 

bloodstream, as well as inducing local reactive gliosis (Kobienki, 1997). The 

release of several factors from these cells (cytokines, peptides, and growth 

factors) can sensitize the peripheral newe endings resulting in hyperresponsive 

nociceptors. 

At the site of the injury, depending on the extent of the damage, there may 

be regenerative sprouting and the formation of a nerve entanglement or 

neuroma. There may also be expression of novel Na4 channels that contribute to 

the generation of ectopic foci in the newe stump region (reviewed Devor, 1994). 

1.1.2 Central sensitiratbn 

In the spinal cord, multiple factors lead to a hyperactive and hyper- 

responsive state. These incluâe central sensitization, that is manifested by a 

change in the response properties of dorsal hom neurons (Fig. 2). a loss of 

inhibitory interneurons in the spinal corci. and reorganization of pnmary afferents 

such that the tactile AB afferents now project to a region of the cord previously 



Figure 2 

Schematic representatiori of some of the events involved in central sensitiration 

of spinal dorsal hom transmission neurons. Of emphasis is the intracellular 

events following reiease of glutamate (Glu) and substance P (SP) from pnmary 

afferent terminais, and their interaction with other cellular proteins (œll surface 

recepton and others). Also indicated is the potential liberation of positive 

feedback mediaton (NO, E s )  and invoivement of reiease of other mediators 

f rom glial cells. Abbreviations: AMPA, (RS)-<i-amino-3-hydroxy-5-methyi4- 

isoxazolepropionic acid; NMDA N-methyl-O-aspartate; PIP, phosphoinositol 

biphosphate; PLC. phoshdipase C; PKC, protein kinase C; OAG, diacylglycerol; 

IP,, 1,4,5-inositol triphosphate; mGluR, metabotropic glutamate receptor; NK,. 

neurokinin 1 receptor; NO. nitric oxide; PL-&, phospholipase 4 ; PGs. 

prostaglandins; TNF-a, turnor necrosis factor-alpha; II, interleukins; 

P, phosphorylation; ER, endoplasmic reticulum (intracellular calcium stores); 

I FNx interferon gamma. (Adapted from Wilcox and Seybold. 1 997). 





exclusively innervated by nociceptive A6 and C fibers (reviewed Codene et al.. 

1 993; Elliott, 1 994; Ochoa, 1994). 

1.1.2,1 Excitatory emino aciüs and the N-methfiil-aspartate r~c~p to r  

Rie involvement of excitatory amino acids (EU)  in the pathophysiology of 

chronic pain is supported by studies showing the telease of EAAs in the spinal 

cord following nociceptive stimuli (reviewed Codene et al., 1 993, Codene and 

Katz, 1 997). The behavioral hyperaigesia generated following intrathecal 

administration of EAAs (Aanonsen et al.. 1990; Aanonsen and Wicox, 1986, 

1987; Dougherty and Willis. 1991) is further evidence in support of the role of 

EAAs in nociception. Release of EAAs from primary afferents leads to one of the 

most critical events in the generation of central sensitization, increased sensitivity 

of NMDA recepton (NMDA-R) to glutamate (Wootf, 1997). While the net effect 

of NMDA-R activation by glutamate is an influx of Ca2+ and Na+, this only occurs 

after alleviation of a M e  block inside the channel. At normal resting membrane 

potentials, glutamate fails to generate an inward cuvent upon binding to the 

NMDA-R (Mayer et a1.,1984). Depolaiization of the cell membrane relieves the 

Mg2' block and allows the influx of Na+ and Ca2+. The Mg2' block can be relieved 

through repetitive C-fiber stimulation (Wooif and Wall. 1986; reviewed Codene et 

al.. 1993). Substance P (SP), neurokinin A (NKA) and glutamate, which are 

released by noxious sensory stimulation. can act at th8 NK1, NK2, and 

metabotropic glutamate receptors (mGluR) respectively to activate a G-protein 

coupled transduction systems. The second messenger systems involved include 

activation of phospholipase C (PLC) that catalyzes the hydrolysis of 



phosphotidyl-ionositol to the intracellular messengers inositol trisphoshate ([Pa) 

and diacylglyœrol (DAG); IP, then acts to stimulates the releas8 of intracellular 

Ca2+, whiie DAO stimulates the translocation and activation of protein kinase C 

(PKC). Activation of PKC in tum can phosphorylate the NMDA-R leading to 

enhancement of Ca2+ currents (DeReim et al.. 1985) and creation of a positive 

feedfomard bop. Phosphoryîation of the NMDA-R increases the functional 

sensitivity to glutamate such that glutamate then generates an inward current at 

resting membrane potentials (Chen and Huang. 1992). PKC is also involved in 

the phosphorylation of other proteins (channels or receptors) and this alters their 

response characteristics and makes a considerable contribution to neuron 

excitability (reviewed Firsstone and Firestone. 1997). The elevated intracellular 

Ca2+ levels, as well as the phosphorylation of other receptors and ion channels. 

creates a sensitized neuron that generates suprathreshold responses to 

subthreshold inputs, has a decreased response threshold, an expanded 

receptive field. and may exhibit prolonged after discharges (Wooif, 1997). 

1.2.2.2 Neuropeptides and facilita tion of central sensitization 

As mentioned above, SP and NKA. acting at NK1 and NK2 receptors. 

contribute to the sensitization of the NMDA-R through m m o n  second 

rnessenger systems. Thus. activation of NK1 receptors by SP. and NK2 

receptors by NKA. resuits in an increase in intracellular Ca2+ levels and activation 

of PKC through the PLC-IP, pathway (Mantyh et al.. 1984). SP and NMDA 

produce a synergistic effect on nociceptive processing and on the generation of 

central sensitization. This hypothesis is supported by studies showing CO- 



iocaiization of SP and EAAs in primary afferents (DeBiasi and Rustioni. 1988). as 

well a hyperalgesic and aflodynic effect of combined spinal SP and NMDA 

application (Willis and Dougherty. 1 991). The facilitative actions of these 

neuropeptides are thought to occur presynaptically by incieasing EAA 

neurotransmitter release (Kangrga and Randic, 1991 ; Srnullin et. al.. 1990), and 

postsynaptically by potentiating NMDA-induoed currents (Randic et al., 1990). It 

is interesting to note that peripheral neuropathy reduces the amount of SP 

required to increase EAA release (Skilling et al., 1992). 

1.1.2.3 Cellular and molecular mechanisms of neuropasticity in the 

spinal dorsal hum 

While Ca2+ influx is important 10 âorsal horn neuron excitability and 

therefore nociception in general, studies suggest that it is even more important in 

rnodels of persistent pain where sensitization is involved (reviewed Coderre et 

ai., 1993, 1997). Increases in intracellular Cah may resutt h m  a NMDA-R 

operated Ca2+-channel influx, a SP facilitated mobilization of Ca2+ from intemal 

stores (Womack et al., 1988), or a calcitonin gene-relateci protein (CGRP)- 

induced increase through voitage gated Ca2+ channels (Oku et al.. 1987; 

Womack et al., 1989). As alluded to above, the NMDA-R linked Ca2+ influx 

appears to be particulariy important in central sensitization. This importance is 

highlighted by studies demonstrating that the augrnenting eflect of intrathecal 

EAA administration in a model of persistent pain (formalin) is prevented by 

agents that block NMDA-R operated Ca2+-channels (Dougherty and Willis, 1992; 

Dougherty et al., 1992). Thus increases in intracellular Ca2+ are irnporiant in 



facilitating the heightened respansiveness of the post synaptic dorsal hom 

neurons (Fig. 2). 

Similarly. PKC has besn show to be an integral component of central 

sensitization, as suggested by the role in NMDA-R senstization discussed 

above. This conclusion is supported by studies using inhibitors of PKC to 

suppress the expression of neuropathic pain behaviors (Hayes et al.. 1992). The 

role of PKC in spinal cord neurm sensitization is also consistent with the 

importance of PKC in long terni potentiation (Malenka et al., 1986; Hu et al., 

1987) as the two phenmena are somewhat anabgous. Whib the principal 

effect of PKC is exeited through the modification of membrane ion channels (e.g. 

Ca2+. Na+, K+, and Cr). it is also involved in the phosphorylation of other 

in t racellu lar enzymes as well as O-proteins (reviewed Firestone and Firestone. 

1997). The net resuit of the actions of PKC is an increase in synaptic efficacy. 

A third important intracellular mediator of central sensitization is nittic 

oxide (NO). This diffusable gas is thought to be generated by the Ca2+ -induceci 

activation of nitric oxide synthase (NOS). which catalyses the conversion of L- 

arginine to Ltitrulline and in the process, liberates NO (reviewed Meller and 

Gebhatt, 1993). The facilitated Ca2+ influx that occurs with sensitization of the 

NMDA-A, as well increased release from intracellular stores. can create a greater 

intracellular concentration of Ca2+ uîtimately Ieading to an increased generation of 

NO. The role of NO in persistent pain ststes is thought to be primarily one of a 

retrograde messenger that acts to further increase neurotransmitter release 

(reviewed Meller and Gebhart, 1993; Sorkin, 1993). Evidence supporting the 

involvement of NO cornes from studies using inhibiton of NOS such as 



L-N6-nitro arginine rnethyl ester (L-NAME)) that inhibit the generation of NO and 

thermal hyperalgesia (reviewed Melier and Gebhart. 1993). 

Further downstream. the increases in Ca2+ and PKC may lead to altered 

expression of protooncxgenes and ultimately to the regulation of gene 

transcription of a variety of neuropeptides including en kephalins and neurokinins 

(reviewed Finkbeiner and Greenberg, 1998). 

1.1.3 Disinhibition 

In the normal state of the dorsal hom. there is an endogenous inhibitary 

tone t hat helps to regu late pst-synapt ic responses to afferent traff ic. Wthout it , 

we would be constantly detecting stimuli that would bombard higher cortical 

structures. Indeed. this may in part be the case in neuropathic pain where loss of 

inhibition contributes to the altered sensory perception. This endogenous 

inhibitory tone is exerted through two main systems, yaminobutyric acid (GABA) 

and opioids. 

The involvement of opioid systems in inhibition is indicated by their key 

role in analgesia (reviewed Dickenson, 1995). Actions of opioids and 

enkephalins are complex and depend on the site and type (p. 6. or r) of receptor 

involved. The spinal analgesic effed of opioids is thought to largely result from 

presynaptic in hibi ion of neurotransmitter release through activation of p 

receptors. as well as hypeipdarization of the presynaptic cell membrane 

(Dickenson and Sullivan, 1986; Besson and Chaouch, 1989; Besse et al., 1990; 

Kangra and Randic. 1991). Importantly. the presynaptic distribution of opioid 

receptors on C and small diarneter A fibers (A6). but not on larger diarneter A 



fibers (A$), suggests a selective rok in noxious stimulation (Dickenson. 1990). 

This selective distribution may also account for the la&, or reduced effect. of 

spinal opioids on allodynia which is putatively mediated by AB fibers. The 

reduced potency of spinal opioids in neuropathic pain has been demonstrated 

both behaviorally (reviewed Dray et al., 1994) and clinically (Dickenson, 1990) 

(but see Dellemijn, 1999). A loss of presynaptic opioid receptors on damaged 

primary afferents as well as an upregulation of cholecystokinin (CCK), an 

endogenous opioid antagonist, have b e n  suggested as mechanisms for the 

reduced potency of spinal opioids (Stanfa et al., 1992; Xu et al., 1993). 

The inhibitory tone within the spinal cord is also regulated by GABA and 

glycine. The intrathecal administration of bicuculline (GABA, antagonist ) and 

strychnine (glycine antagonist) resuits in the expression of allodynia, and this 

system has been proposed to also serve as a model of neuropathic pain (Yaksh, 

1989; Sivilotti and Woolf, 1994). The general consensus in the literature is that 

the loss of this inhibitory component in the dorsal hom is a significant contributor 

to the maintenance of neuropathic pain (Woolf and Doubell, 1 994; Wooîf, 1997). 

Disinhibition may resuk from pre and postsynaptic down regulation of respective 

inhibitory receptors (Hokfelt et al.. 1994). a down regulation of GABAA-R in DRG 

neurons and subsequently at the central tenninals (Fukuoka et al., 1998), or a 

down-regulation of inhibiory neurotransmitters in intrinsic inhibitory intemeurons 

(Castro-Lopes et al.. 1993). Another possibility is a transsynaptic degeneration 

of inhibitory intemeurons secondary to neive injury-induced excitotoxicity 

(Bennett, 1991). While this still remains mostly speculative and is in need of 

more direct evidence (Woolf. 1997). the possibility is noneoieless intnguing. 



The final component of inhibitory tone in the spinal cord is a descending 

modulation arising from bulbospinal projections containing noradrenaline (NA) 

and serotonin (5-HT). Acting through the a, -adrenoreceptor, noradrenergic 

efferents from the midbrain and brainstem produce rnild antinaciceptiari and 

potentiate the actions of morphine (Dickenson and Sullivan, 1993; Stanfa and 

Dickenson. 1994). However, it is not fully understood to what extent this aspect 

of synaptic modulation of dorsal horn transmission neurons is inhibited fdlowing 

nerve injury. 

1.1.4 Structunil reorganiirtion 

In addition ta the increased excitability and the decreased inhibition 

described above, the third cornpanent of central sensitization is structural 

reorganization. Following nerve injury, both degenerative and regenerative 

changes can occur in the spinal dorsal horn. The exact mechanisms that 

facilitate these changes are complex, but atrophic degenerative changes are 

thought to partly arise from deprivation of target-derived growth factors (e.g. 

nerve growth factor) which lads to breakdawn and death of DRG neurons (Gold 

et al., 1991 ; HOMett et al., 1994; Zhang et al., 1994). Central axons of the DRG 

neurons from the injured fiben may subsequently atrophy and withdraw from the 

terni inal reg ion (Castro-Lopes et al.. 1 990). Conversely, regenerative changes 

also occur as indicated by the expression of the growth associated protein-43 

(GAP-43) in growth me-fike structures in the superficial laminae of the dorsal 

horn following nerve injury (Woatf et al., 1990; Coggeshall et al; 1991). It is 

thought that it is the combination of factors from damaged termirvals and the 



vacancy created by atrophying central teminals that facilitates the sprouting of 

collateral fibers (Woolf et al., 1 992; Shortland and Woolf, 1 993). Of special 

reievance to neuropathic pain and allodynia is the reorganization of AB afferents 

from their central terminal fmid in laminae lllAV into laminae I and II regions 

nonnally restricted to AS and C fiber tenninals (Molander et al; 1992; Woolf et al., 

1992; Shortland and Wooîf. 1993). As a result of this altered connectivity, tactile 

information wnveyed through AB afferents has Me ability to excite vuide dynamic 

and nocicept ive-specif ic spinal dorsal horn murons (Molander et al.. 1 992). and 

in so doing light innocuous tactile information may be interpreted as noxious. 

Another important aspect of reorganization is the aberrant syrnpathetic sprouting 

that occurs in the DRG following nerve injury (see above). AS a resuit of the 

reorganization of AB afferents in the dorsal hom, ectopic DRG impulses can now 

be generated by syrnpathetic input (see above). 

In light of the multiple contributing mechanisms to the development and 

maintenance of neuropathic pain, it is not surprising that it is a difficuît clinical 

entity to treat. Many medical interventions have been utilized to treat neuropathic 

pain, but have met with limited success (reviewed MacFarlane et al., 1997). In 

an effort to avoid invasive surgical measures, various classes of 

phanacotherapeutic agents have been used in the treatdent of neuropathic 

pains (Ollat and Cesaro, 1 995). Same success has been experienced with 

tricyciic antidepressants (8.g. amitriptyline. imipramine, desipramine. 

clomipramine), anticonvulsants (carbarnazepine, valproate. gabapentin). and 

sympathornimetic agents (chidine). Neuropathic pain is still considered to be 

reiatively refractory to opioid treatrnent (Ollat and Cesaio. 1995; MacFarlane et 



al., 1 997; but see Delhijn, 1 999). Tricyclic antidepressants are considered 

f ront-iine therapy for neuropathic pain (Onghena and Van Houdenhove. 1 992). 

however conclusions from recent meta-analytical studies are equivocal as to 

whether there is a signifiiint difference in the eff icacy of antidepressants and 

anticonvulsants in the treatment of chronic pain (Onghena and van Houdehove, 

1992; McQuay et al., 1995; 1996). 

1.2 Antidepressant phamiacotbmpy of neuropathit pain 

Antidepressants (ADs), as the narne suggests, are more commonly used 

in the treatment of m d  disorders. However, as early as the 1960s (Paoli et al., 

1960; Lance and Curran, 1964), reports arose suggesting an analgesic efficacy 

of antidepressants. The analgesic effect was initiaily attributed to alleviation of 

the depression often associated with chronic pain. However studies have show 

that the analgesic effect of antidepressants occurs irrespective of mood aftering 

effects (reviewed Sindrup, 1997; Eschalier et al.. 1 999). Support for this premise 

cornes f r m  the fact that the dose required for the analgesic effect is well below 

that required for the antidepressant effect (Sindrup, 1997). In clinicaf studies. as 

with treatment of depression, the analgesic effect of antidepressants is not 

irnmediate but exhibits a delay period (Sindrup. 1997). However, the delay 

period for the analgesic effect is typically one week Mile that for the 

ant idepressant effect is approximately one rnonth (Walsh, 1 983; and reviewed 

Sindrup, 1997). 

Two recent meta-analyses (Onghena and Van Houdenhove. 1992; 

McQuay et al., 1996) attempted to systematically evaluate the clinical evidence 



for using ADs to treat chronic pain. While slightiy different in tems of their 

evaluation criteria (McQuay et al. focussed on neuropathic pain) the two studies 

came to very similar conclusions. Both found that ADs were effective in treating 

chronic pain but only provided panial relief. In fact, McQuay et al. concluded that 

only 30% of patients achieved a greater than 50)6 reduction in pain state. 60th 

studies also detemined that tricyclic antidepressants (TCAs) were the most 

effective, followed by the heterocyclics, whik the serotonin selective reuptake 

inhibitors (SSRls) had minimal to no effect. Fnally, both studies found that 

neuropathic pain of peripheral or central origin was the most responsive to AD 

treatment, and this effect was irrespective of alterations in rnood. The clinical 

evidence therefoie supports the use of ADs for the treatment of chronic pain in 

general, and neuropathic pain in particular. It still remains to be deterrnined 

however, just where and how these agents woik to exert their analgesic effect. 

1.2.1 Analgesic mechaanistns following acute administration 

When ADs are taken systemically. they have the potential to have 

peripheral, spinal and supraspinal effects. Initial studies focussed on supraspinal 

and spinal sites of action for the analgesic effect of AD$ (Spiegel el al., 1983; 

Dirksen et al., 1993; reviewed Eschalier, 1999). More recently, studies have also 

suggested a peripheral site of action for ADs (Jett et al.. 1997; Sawynok et al., 

1 999a and b). Interestingly, the class of ADs that provide the greatest relief in 

the treatment of neuropathic pain are the TCAS, a group of drugs that have been 

termed 'dirty' because of their ability to interact with many systems. In particular, 

one of the most cornmonly used TCA in the treatment of neuropathic pain is 



arnitriptyline, an agent which has multiple actions m e  of which are still 

incompletely understood (Baldessarini. 1995). Perhaps it is this ability to interact 

with many systems that affords the TCAs the greatest analgesic effect. 

Unfortunately, the m e  muitiplicity of action that may iead to its success, is also 

a major dose-limiting factor in I s  use, as these multiple actions can cause 

intolerable side effects (MacFarlane et al.. 1 997). For the purpose of this 

dissertation, the neurochemical mechanisms of action wili be discussed from the 

perspective of both acute and chronic administration experiments and will 

highlight the evidence supporting each of the respective rnechanisms. 

7.2.1.1 Amine hypothesis 

The most widely known mechanism of action of Ans is inhibition of 

monoamine reuptake (noradrenaline and serotonin) with a consequent change in 

central amine receptor systems. This mechanism is thought to largely underlie 

the means by which mood is improved (reviewed Leonard, 1993; 1996). Most of 

the emphasis of this hypothesis is centered on the inhibition of serotonin 

reuptake (reviewed Blier and de Montigny, 1995). However the minimal efficacy 

of SSRls in the treatrnent of chronic pain (Onghena and Van Houdenhove, 1992; 

McQuay et al.. 1996) argues against the primary involvement of this mechanism 

in alleviating pain. Similar findings with respect to minimal effects of SSRls as 

compared to TCAs in animal studies further suggest that this is not the main 

mechanism of action. Rather, it appears that a combination of serotonin and 

noradrenaline reuptake inhibition is important. This conclusion is suppoited by 

preclinical studies demonstrating that inhibition of serotonin or noradrenaline 



synthesis inhibits the analgesic effects of the mixed (noradrenaline and 

serotonin) as well as both types of seledive (noradrenaline or serotonin) 

reuptake inhibitors (reviewed Eschalier et al., 1999). Sirnilarly, serotonin and cr, 

-adrenoreceptor antagonists are effective in inhibiting the analgesia induced 

from al1 types ADs (mixed or selective)(Eschalier et al., 1 994). This finding is in 

line with the known synergistic effect of noradrenergic and serotonergic 

descending moâulation systerns on pain transmission (Post and Archer. 1990; 

reviewed Millan, 1 999). 

1.2.7.2 NMDA receptor antagonism 

There is compelling evidence suggesting an NMDA antagonistic action of 

ADs (Svensson et al., 1994; reviewed Leonard 1996). TCAs in general, and 

amitriptyline in particular. are structurally similar to well established NMDA 

antagonists like dizocilpine (MK-ml) (Iwamoto and Marion. 1994), and bind to 

the NMDA receptor with an IC, in the low pM range (Reynolds and Miller. 1988; 

Sills and Lao. 1989). It is interesting to note that NMDA antagonists are being 

developed for use as antidepressants, further confiming the structural and 

mechanistic similarities to antidepressants (Trullas and Skolnick. 1990: Paul et 

al., 1992; Papp and Moryl, 1993). Behavioral studies indicate that spinally 

delivered ADs are effective in reducing hyperalgesia following intraplantar 

carrageenan (Eisenach and Gebhart, 1995a) and spinal NMDA-induced 

behaviors (Mjellum et al., 1 993; Eisenach and Gebhart. 1995a). 

Antidepressants have also been show to be protective against NMDA-induced 

toxicity (Leander, 1989; McCaslin et al., 1992; Mjellum et al., 1993). The exact 



means through which acute ADs inhibit NMDA induced elevations of intracellular 

Ca2+ is not fully known. Studies suggest the action is similar to that obseived 

with MK-801. and does not reflect binding at reguhtory sites for glycine, M@, or 

Zn (Reynolds and Miller. 1988; Semagor et al.. 1989; Kiamura et al.. 1991). 

(The same may not be true following chronic AD administration. as will be 

discussed below). While acute ADs antagonize NMDA-induced nociceptive 

behaviors. they do not have any effect on NMDA. kainate or quisqualate evoked 

glutamate release (Semagor et al.. 1989; McCaslin et al.. 1 992). Furthemore, 

the effect of ADs appean to require an open channel (Semagor et al.. 1989; 

Tohda et al.. 1995) which may make this action especially applicable in situations 

involving wind-up and central sensitization. where the M g  block is removed. All 

of the above described evidence points to a possible NMDA antagonistic effect of 

ADs that may contribute to the antinociceptive effect oôserved in acute pain 

paradigms. 

1.2.1.3 lnteractims with opioids 

Preclinical data suggests that ADs interact with opioid systems. Although 

they have a low affinity for the opioid receptor (high PM; Hall and Ogren. 1981 : 

Isenberg and Cicero, 1984). a number of animal studies have demonstrated 

naloxone inhibition of the analgesic effect of ADs (Eshalier et al., 1981 ; Ardid and 

Guilbaud, 1992; Gray et al., 1998). The ability of naloxone to partially reverse 

the inhibitory effect of desipramine and clomipramine on mechanosensitive 

afferent activation (Su and Gebhart, 1998) provides support for an opioid link in 

the peripheral actions of ADs. Moreover. ADs increase the levels of leucine and 



methione-enkephalin in several regions of the rat brain after daily administration 

(De Filipe et al., 1985; Hamon et al., 1987). and enhance morphine 

antinociception after single administration (Fialip et al., 1989). However, clinical 

studies of the effect of naloxone on ADtievokeâ analgesia are still equivocal 

(see Eschalier et al., 1999 and references therein). 

1.2.1.4 Neurokinin antagonism 

The most compelling evidence for a putative AD antagonisrn of SP 

receptors cornes from a study demonstrating inhibiim of SP-induced nociceptive 

behaviors with intrathecal imipramine (Irnahita and Shimizu, 1992). In the study 

by lmahita and Shimizu (1992). it was unclear whether imipramine exeited its 

effect through direct interaction with the NK1 receptor. Indeed, it has b e n  

shown that ADs have a low affinity for NK1 receptois (see Kramer et al., 1998). 

Therefore, the effect of ADs on SP-evoked behaviors appears to be indirect and 

may involve actions at other receptor sites (e.g NMDA) that are affected by NK1 

receptor activation. In a similar manner, peripheral clomipramine has been 

show to reduce SP production in the carrageenan-induced exudate (Bianchi et 

al., 1995). which also suggests an indirect SP-antagonistic effect. 

1.2.1.5 InteractE'OIrs Wh cation (Ce,  n< and Na') channels 

The ability of ADs to indirectly affect Ca2+ conductance was previously 

described with respect to their interactions with NMDA receptors. However, ADs 

have also been shown to inhibit Ca2+ conductance through voltage dependant 

calcium channels (VDCC)(Aronstam and Hoss, 1 985; Lavoie et al., 1990; Chai et 



al., 1992). Choi et al. (1992) suggested that the effect of imipramine on Ca2+ 

conductance in culured murine dorsal root ganglia was exerted through L-type 

channels, and that the effect may invdve an interaction with pertussis-senslive 

G proteins (O, andlor 63. Conversely. Kamatchi and T i u  (1 991 ) detemined 

that the inhibition of Ca2+ -activaMd K+ efflux in cultured spinal cord neurans was 

not a result of interaction at a VDCC or interaction with a O-protein. Therefore 

the actual mechanisrn through which ADs modify Ca2+ conductance still remains 

to be fully deterrnined. but the action in itself is a potentially important contributor 

to the antinociceptive effect of ADs. 

The quinidine-like (dass I b anti-arrhythmic) antagonistic eff ect of some 

ADs on Na+ channels is another mechanism putativeiy contributing to their 

antinociceptive effect. This postulate was recently substantiated in a recent 

study that showed similar efficacy between desipramine and mexelitine, which is 

a class Ib anti-arryaimic agent (Jeît et al.. 1997). That there are beneficial effects 

with peripheral Na+ channel blockers in treating some types of neuropathic pain 

is well established (Galer, 1995). and this effect may be related to an inhiblion of 

primary afferent traffic. Ardid et al. (1 991) showed no effect of peripheral 

clomipramine on carrageenan-evoked hyperalgesia, but recent studies (Sawynok 

et al., 1999a and b) detenined that peripheral amitriptyline and desipramine 

were effective in alleviating formalin induced nociceptive behaviors. Thus, it may 

be that the potential quinidinelike effects of ADs are dependent on the test and 

the particular AD used. 



1.2.1.6 Other potent&~l mechanisms 

Other evidence supports a potential contribution of the anti-histaminergic 

action of ADs contributing in the antinociceptive effect. While histamine has 

been show to be invdved in modulation of naciceptive responses (Thoburn et 

al., 1994) and to play a role in clomipramine anaigesia (Arrigo-Reina and 

Chiechio. 1998). the exact nature of AD-histamine interaction in nerve-injury 

induced neuropathic pain remains to be detemineci. However studies suggest a 

role in stress induced analgesia (Anigo-Reina et al., 1988; Barke and Hough. 

1993) and &endorphin release (Amigo-Reina et ai., 1987) following long temi 

ADs administration. 

Antidepressants are also widely known to interact with muscarinic 

receptors (Hall and Ogren, 1981), and the antagonistic action at these receptors 

is largely responsibfe for the dose-lirniting side effects (Baldessarini, 1995). 

However, since cholinergie analgesia is thought to be mediated through niedinic 

ieceptors. the anti-muscarinic act0bns of TCAs are unlikely to wntribute to the 

analgesic mechanisms. ADs rnay also eff ect nicotinic receptors through open 

channel blocûing properties (Eldefrawi et al., 1 98 1 ; Scholfield et al.. 1 981 ; Arita et 

ai., 1987: Rana et al.. 1993; Fryer and Lukes, 1999). This action may contribute 

to the analgesic effect of ADs since nicotinic receptors have been localized tom 

and exert an excitatory effect on. cutaneous nociceptors (Morita and Katayama. 

1 984; Steen and Reeh, 1993; Roberts et al., 1995). 



1.2.1.7 Antic&prressnts, adenmine and neuropa fhic pain 

A final interaction of ADs (in particular amitriptyline) that has the potential 

to play a signifiint role in the antinociceptive actions of ADs is manipulation of 

endogenous adenosine levels. Earfier studies have suggested that amitriptyline 

may interact with endogenous adenosine systems by inhibiting cellular reuptake 

(Phillis and Wu, 1982; Phillis, 1984). This possibility is intriguing since adenosine 

has b e n  shown to have anti-nociceptive properties in animal studies of acute 

nociception. inflammation and neuropath ic pain (reviewed Sawynok. 1998. 

1999). In humans, adenosine has been shown to be efficacious in the alleviation 

of neuropathic pain after intravenous infusions (Belfrage et al.. 1995; Solîevi et 

al., 1995). Furthemore, a recent clinical study has demonstrated that intrathecal 

adenosine prevents the development of allodynia in an experimental mode1 of 

sensitization (Rane et al., 1998). The importance of adenosine in neuropathic 

pain is also suggested by the reduced level of adenosine in the plasma and 

cerebral spinal fluid of patients with neuropathic pain (Guieu et al., 1996). Such 

observations suggest that there rnay be a beneficial endogenous tme of 

adenosine that is diminished as part of the pathophysiology of neuropathic pain. 

Adenosine is an endogenously produced substance that has wide ranging 

and varying physiological effects (Collis and Hourani, 1993). The ievel of 

adenosine inside and outside of cells (approxirnately 1 O4 to IO7 M) is regulated 

by a balance of production, release, reuptake and metabolism (reviewed Geiger 

et al., 1997). Proâuction of adenosine inside the cell involves breakdom of 

adenosine Striphosphate (ATP). adenosine 5' diphosphate (ADP). cyclic 

adenosine 5' monophosphate (CAMP), and AMP specific 5'-nucleotidases, mi le  



outsiâe the cell adenosine production is a result of ATP breakdown by ecto-ATP 

dephosphorylase. ecto-ATPase, and ecto-5'-nuckotidase (reviewed Brundridge 

and Dunwiddie, 1997). Intracellular breakdown of adenosine cccurs through 

deamination to inosine, by adenosine deaminase (ADA), phosphorylation to 5'- 

AMP by adenosine kinase (AK), and transformation to S-adenosyl homocysteine 

(SAH) by SAHhydroIase (reviewed Brundridge and Dunwiddie. 1997). Intra- and 

extracellular adenosine kvels are regulated by reuptake transporters. The 

transporters have been divided into two classes. the equilibrative and 

concentrative transporters, basecl on structure and action (reviewed Geiger et al.. 

1997). Basicalfy. the equilibrative transporters are Na+-independent and act ta 

diminish cross membrane differences in adenosine concentration. The 

equilbrative transporten have been further subdivided into equilibrium sensitive 

(es ) and equilibrium insensitive (ei) based primarily on their affinity for the 

transport inhibitor nitrobenzylthioinosine (NBI) (Geiger et al., 1997). The 

concentration transporters are Na' -dependant and act to couple adenosine 

transpoit to the movement of Na+. and will therefore act to change adenosine 

concentration as a function of membrane depolarkation (reviewed Geiger. 1 997). 

The actions of extracellular adenosine are quite diverse. with effects on 

various biological systems including cardiovascular, respiratory, immunological, 

renal, gastro-intestinal and metabolic (Collis and Hourani, 1993). These effects 

are mediated through one or more of its four cloned receptors (A,. &, &. and 

4 ) coupled to intracellu far G proteins (reviewed Fredhokn et al., 1 994). 

Adenosine A, receptors are coupled to pertussis sensitive G,, and Go proteins 

(Freissmuth et al., 1991; Munshi et al.. 1991) and as such, a d  to decrease 



CAMP, decrease Ca2+ conductance, and increase K+ conductance (Fredholm et 

al., 1994). Furthemore, A, receptor activation has b e n  linked to stimulation of 

PLC and PKC (Gennrins and Fredholm, 1992). The adenosine A, receptors on 

the other hand are coupled to O, proteins that mediate the activity of adenyl 

cyclase (reviewed Fredhom, 1994). The A, receptors may also activate L-type 

Ca2+ channels (Bimbaumer, 1992) and thereby facilitate cell membrane 

depolarization as well as activation of intracellular protein kinases. The 

adenosine A, receptor interacts with O, proteins (Stiles, 1997) to increase the 

activity of adenyl cyclase as well as open Ca% channels. The final adenosine 

receptor, A,, is coupled to G, and G, proteins and results in a decrease in 

adenyl cyclase activity as well as an activation of PLC (Palmer et al., 1995). 

In acute pain models in animals, spinal administration of adenosine has 

been shown to be anti-nociceptive, an effect thought ta be mediated by A, 

receptor activation (Karlsten et al., 1 992; Dbak and Sawynok., 1 995, reviewed 

Sawynok, 1 999). Intracerebroventricular injections of adenosine analogues 

produce antinociception (Holmgren et al., 1986). and the wider cerebral 

distribution of adenosine A, receptors as compared to that of the A, receptors 

suggests them as the principal contributors to adenosine supraspinal anti- 

nociception (Reppert et al., 1991). In various rnodels of neuropathic pain, spinal 

adenosine analogues have been shown to alleviate neuropathic pain syrnptoms 

(Yamamoto and Yaksh, 1991 ; Lee and Yaksh, 1996; Sj6lund et al., 1996; Cui et 

al., 1997). Sirnilarly. as in acute pain tests, the spinal effect of adenosine in 

neuropathic pain is thought to iargely occur through A, receptor activation in the 

substantia gelatinosa of the spinal cord (Sawynok and Sweeney, 1 989; reviewed 



Sawynok, 1999). Autoradiographic and binding studies have identified the 

substantia gelatinosa as containing the highesl density of A, and 4 recepton in 

the spinal cord (Goodman and Snyder 1982; Geiger et al., 1984; Choca et al., 

1988a). The A, receptors in the spinal cord have b e n  identlied on both 

intemeurons and projection neurons within the spinal dorsal hom (Geiger et al., 

1984; Choca et al., 1988). 

The inhibdory action of A, recepton on intrinsic dorsal horn neurons is 

thought to result from hyperpolarizatkn of the cell membrane via enhanced K+ 

conductance (Salter and Henry. 1985; De Konnick and Henry, 1992; Li and Peri, 

1994; Reeve and Dickenson, 1995). as well as inhibition of membrane 

depolarization through inhibition of Ca2+ conductance (Sah, 1990). The post- 

synaptic action of adenosine A, receptor activation is illustrated by the adenosine 

mediated inhibition of nociceptive behaviors following intrathecal SP and NMDA 

administration (Doi et al., 1987; Delander and Wahl, 1988). Adenosine A, 

presyna pt ic in hibit ion of neu rotransm itter release is also widely accepted as a 

mechanism for the anti-nociceptive effect of adenosine (Dunwiddie and 

Fredholm, 1 997). In this context, A, receptor activation inhibits Ca2+ conductance 

and thereby inhibits the presynaptic teminal membrane depolarization necessary 

for synaptic reiease (Dolphin et al., 1986; MacDonald et al., lm). Presynaptic 

A, receptor activation may also have an effect on the dynamics of synaptic 

vesicle docking and release (Dunwiddie and Fredholm, 1997). This action is 

validated by studies demonstrating A, receptor mediated inhibition of electrically 

evoked SP and CGRP release from capsaicin sensitive afferents (Vasko and 



Ono, 1990; Sanctioli et al., l992), and regulation of glutamate or aspartate 

release in the spinal dorsal hom (Conway and Yaksh, 1 998). 

While spinal adenosine is principally anti-nociceptive or anti-neuropathic. 

peripheral administration of adenosine is pronociceptive after intradermal 

administration in rats (Taiwo and Levine. 1990) and humans (Pappagallo et al.. 

1993). and augments the inflammatory pain induced by fonnalin injections 

(Karlsten et al., 1992; Doek and Sawymk. 1995). One problern in deciphering 

the pronociceptive effects of adenosine in the periphery is an apparent species 

difference (Sawynok, 1996). While A, receptors appear to be involved in the 

pronociceptive effect in humans (Pappagallo et al., 1 993; Sawynok. 1 996). the 

same effect is apparently mediated through the A, recepton in rodents (Taiwo 

and Levine, 1990. Karlsten et al., 1992; Ooak and Sawynak, 1995). 

ln clinical studies, intravenous adenosine infusions of less than 70 

pgkglrnl have demonstrated analgesic effects of both the allodynic threshold 

(Segerdahl et al., 1994) and in the area of secondary hyperalgesia (Segerdahl et 

al., 1995). In both of these studies however the neuropathic conditions were 

experimentally induced and not ongoing as is the case with chronic neuropathic 

pain patients. The significance of the results may not be totally applicable, 

especially if neuropathic pain is a result of central sensitization and 

neuroplasticity-induced permanent changes. Nonetheless. a series of recent 

studies have indicated the potential benefit of adenosine in the clinical treatment 

of neuropathic pain. In a study of two patients with neuropathic pain, Sollevi et 

al. (1 995) reported alleviation of spontaneous pain, tactile allodynia and wamith 

allodynia, as well as attenuation of pinprick hyperalgesia. The pain relief effect 



lasted 4 to 6 houn after infusion, which is surprising in light of the report& 

adenosine haif life of about 10 seconds (Çollevi, 1991). In a foliow up adenosine 

infusion study, Belfrage et al (1 995) reported a reduction in both spontaneous 

pain and pinprick hyperalgesia, and an increase in the albdynic threshold for 

seven patients with neuropathic pain. This study also reported a prolonged effect 

of the adenosine infusion lasting from 6 hours to 4 days. A recent clinical case of 

a post-surg ical lesion revealed the effect iveness of intrathecal administration of 

the aden os ine analogue R-NK pheny lisopropyladenosine (BPI A). in alleviat ing 

both static (touch) and dynamic (brush) allodynia (Karlsten and Gordh, 1995). 

The potential significance of endogenous adenosine levels to the 

analgesic action of ADs makes it important to cmsider interactions with 

compounds that affect adenosine actions. Acute administration of caffeine is 

understood to exert its phamacological effects through antagonism of adenosine 

receptors at low doses, but exhibits undesirable effects at higher doses through 

inhibition of phosphodiesterase enzymes (Fredholm, 1995). Caffeine is a non- 

selective adenosine receptor antagonist k i n g  equally effective at both A, and 4 

receptors (Fredholm, 1995). Consumption of caffeine from various sources rnay 

therefore affect drugs acting either directly or indiredly on endogenous 

adenosine systems. 

As described above, the analgesic potential of antidepressants rnay be 

exerted through muitiple mechanisms following acute administration. 

l rrespective of the specificity of the acute mechanisms of each AD. there are 

common features that occur with chronic administration that are thought to 

account for the mood attering effects of this diverse c las  of dnigs. As such. 



studies of the chronic AD-inducd changes are focusseâ on understanding the 

significance of the changes as they appiy to depression. Nonetheiess, an 

argument cm be made for the benefiiial aspects of these changes in tems of 

chronic pain treatment. It is important to remember however, that the desired 

rnood altering therapeutic effect of ADs occurs after a longer lag time and 

requires a signifikantly higher dose that the analgesic effect (Sindrup. 1997). 

Furthemore. the analgesic effect is independent of the rnmâ altering effects. 

For the purpose of this dissertation, the neuroplastic changes after chronic ADs 

will be briefly identifieci with a focus on changes implicated in the analgesic effect 

of chronic ADs. 

1.2.2 Neuroplastic changes following chronic antfdepressant treatrnent 

While each of the individual ADs rnay have different potencies in their 

acute effects as described above. they all induœ similar changes in receptoi 

systems following chronic administration. In general these changes can be 

grou ped into aminergic and non-am inergic (Leonard. 1 996). 

1.2.2.1 Chronic antidepressant-induced changes in aminergic systems 

Probably the most wdl  known change following chronic AD treatment is 

the desensitization and dom regulation of cortical p-adrenocepton (reviewed 

Leonard, 1 996). As cortical badrenocepton are thought to play an inhibitory role 

on cortical serotonin (5-HT) systems, this action would potentiate serotonergic 

transmission. Chronic ADJ also decrease the functional activity of 

autoreceptors and thereby decrease the inhibition of NAIS-HT release. On the 



other hand. the up-regulation of a,-adrenoceptors by chronic AD administration 

(in Leonard et al., 1993, 1996) acts to potentiate the effects of noradrenaline 

release. There is also a decreased funct ional activity of dopamine autorecepton, 

the functional signfcence of which remains to be detennined. 

The dominant mood altering effect of ADs seems to be exerted through 

manipulation of the sertonergic system. In general, al1 chronic A B  enhance 

serotonergic transmission by sensitizing forebrain neuronal reœptws (5-HT,,,, 5- 

HTa to the effects of 5-HT, increasing the quantity of the 5-HT, andloi 

desensitizing autoreceptors (5-HTlA ,,) and transporters (reviewed Blier and de 

Montigny, 1995; Leonad. 1993; 1996). In a recent study, Mjellum et al. (1993) 

demonstrated a decrease in intrathecal NMDA-evoked behaviors with chronic 

desiprarnine, an effect that was reversed by a 5-HT,, antagonist (NAN-190). 

I nterestingly, the administration of a 5-HT,, antagonist in controls potentiated the 

NMDA-induced response suggesting an endogenous serotonergic tone (Mjellum 

et al., 1 993). A recent study also found that forebrain 5-HT,, receptors becarne 

tonically active following chronic ADs (Haddjeri et al., 1 998). 

1.2.2.2 Chronic anfidepressants induced changes in neurotmnsmitter systems 

Possibly one of the most signifiant analgesia-linked alterations following 

chronic AD administration occurs with the NMDA receptor. The changes in the 

NMDA receptor are though to involve both the receptor and second rnessenger 

systems. Chronic. but not acute imipramine has b e n  show to alter the ligand 

binding properties of glycine (both nurnber and affinity) and glutamate recognition 

sites on the NMDA receptor (Nowak et al., 1993; Paul et al.. 1 993, 1 994). As the 



glycine and glutamate binding sites on the NMDA receptor are allosterically 

coupled (Williams et al., 1991; Carter. 1992). alterations in one or both of these 

sites will affect the actions of the NMDA receptor. Especially applicable to an 

analgesic role is the finding that the modifications in the NMDA receptor require 

approximately one week in order to becorne manifest. This time frame closely 

coincides with the tirne required to observe a therapeutic analgesic effet3 

(reviewed Magni, 1991 ; Watsm, 1994). but is significantly shorter Man the 3 to 6 

weeks required for the mood aitering effect (reviewed Leonard, 1996; Sindrup, 

1 997). 

It has been suggested that the effect of ADs is actually exerted though a 

common receptor coupled. or intracellular signaling pathway (Nestbr et al.. 1989; 

Duman. 1 994; Mann et al., 1995). This rationale mainly cornes frorn the 

repeated observation that the various treatment strategies for depression 

(pharmacotherapy and electroconvulsive therapy) fail to produce the same 

degree of changes in noradrenergic, dopaminergic, serotonergic, GABAergic or 

peptidergic transmission systems (Stone, 1983; Heninger and Chamey, 1987; 

Vetuiani, 1991. One important aspect comrnon to chronic ADs. NMDA-R 

activation and central sensitization is altered Ca2+ conductance. A significant 

aspect of increases in intracellular Ca* is the activation of protein kinases and 

their subsequent effects. Two important kinases are PKC and Ca2+ calmodulin 

kinase (CaMK II). Chronic TCAS. cause an increase in expression and function 

of Ca2+/cyclic AMP response element (CRE) DNA binding proteins (CREBS) in 

the rat hippocampus. suggesting a common adaptive mechanism regulated by 5- 

HT and NA (Duman et al.. 1 994; Nibuya et al.. 1996). 



Chronic administration of ADs are also thought to affect the expression of 

cortical GABA, receptors, anhough the experirnental results are equivocal 

showing both and increase and no change in density (reviewed Eschalier, 1999). 

Activation of GAB& receptors inhibas voltage-sensitive Ca* cunents in DRG 

neurons, inhibits K+-evoked release of 5-HT in cortical slices, and been shown to 

presynaptically inhibit neurotransmitter release (Desamenien et al.. 1982). As 

the G AB& receptor is linked to activation of G, proteins and a decrease in 

adenylate cyclase and PKC activity. the involvement of the G A B k  receptor may 

also be related to common second messenger modulation. 

Another interesting action of chronic AD administration is the interaction 

wit h central glucocorticoid receptors (GR). Typical antidepressants increase the 

density of ORS (Pepin et al.. 1989). Since GRs are known to function as DNA 

binding proteins that can moddy gene transcription (Bumstein and Cidlowski. 

1989), and GR have b e n  localized to central catecholamine and 5-HT cell 

bodies (Harfstrand et al., 1986). it is appealing to infer a relationship between G R  

receptor and subsequent neurotransmitter systems. However this postulate 

remains to be proven. The effect of chronic ADs on the glucocorticoid system 

may also involve a desensitization of corticotrophin releasing factor (CRF) 

recepton. and thereby decrease the assumed GR desensitization that occurs 

following the hypercortisolemia of depression (reviewed Leonard. 1996). Thus, 

chron ic AD administration may effect gene transcription through regulation of 

GR, and this action may have kng terni consequences that contribute to the 

analgesic and antidepressant effect. 



Yet another potentially beneficial effect of chronic ADs is the reductim in 

brain cyclo-oxygenase activity (Leonard. 1986; 1996). Reduction in cycb  

oxygenase would subsequently result in a decrease in the production of 

prostaglandins (most importantty prostaglandin E, [POU) that has been 

demonstrated following chronic ADs (Song and Leonard. 1995). Further. 

reduction in the adivity of central macrophages by chronic ADs would act to 

reduce the reiease of interieukins and prostagtanôiis (Leonard. 1996). and 

t hereby reduce their influence on neurotransmission. 

A final action of chronic ADs that may contribute to the analgesic efficacy 

is highlighted by the in vivo inhibition of neurite outgrowth by amlriptyline 

(Wong et al., 1991). This study and others reviewed in Leonard (1 993) suggests 

that chronic ADs may work, in part, by altering the cellular framework of the cell 

and ultimately reducing or eliminating in appropriate synaptic interactions. A 

reduction in the rate of CAMP synthesis has been implicated in this action, but 

further studies are required to ascertain the exact nature of this putative 

interaction. 

As is evident from the two preceding sections the actions of A B  are quite 

diverse both in ternis of their actions and in ternis of the differences between 

acute and chronic paradigms. One goal of the basic science of the 

pharmacotherapy of neuropathic pain is to gain a better understanding of the 

mechanisms through which 'dirty' drugs like amitriptyline exert their effect. This 

may be accomplished phamacologically using selective agonists and 

antagonists. Information may also be obtained by analyzing the changes 

induced by chronic AD administration on neurodiemical markers. 



1.3 lndicatom of underlying pathophysiology following newolnju y 

That ADs provide relief in nociceptive and neuropathic pain paradigms is 

widely accepted. The question remains however as to whether the relief is 

primarily symptomatic. or whether ADs modify the underlying pathophysiobgy of 

the condition. To determine this first requires an appreciation of the changes 

following nerve injury. The mechanisms underlying the developrnent and 

maintenance of neuropathic pain are thought to include matornical changes such 

as altered chernical phenotype of piknary afferents, and reorganization within the 

dorsal hom (section 1.1). Multi-level physidogical changes also occur that 

include central sensitization. disinhibition. ectopic discharge of DRG cells, 

peripheral nociceptor sensitization, and sympathetic nervous systern involvement 

(see Section 1.1). Changes in neuroactive substances have been studied in an 

effort to fom a causal link with behavioral manifestations of neuropathic pain. 

For example, depending on the modef, alterations in the expression of SP 

(Bennett et al., 1989; Munglani et al., 1995; Abbadie et al.. 1996; Cameron et al., 

1997), CGRP (Bennett et al.. 1989; Cameron et al.. 1991, 1997), GABA and 

GAP-43 (Woolf et al., 1990; Cameron et al., 1991; Somervaille et al., 1991) have 

been observed. A detailed analysis of al1 the changes in these markers is 

beyond the scope of this study and therefore attention will be paid to certain 

markers because of their potential significance. Specifically, attention will be 

directed at the small27kDA heat shock protein (Hsp27) because of its novelty in 

terms of response to nerve injury, neuropeptide Y (NPY) due to its putative role 

as a marker of reorganization. and SP because of its role in nociceptive 

processing by prirnary afferents. 



7.3.1 Hsp27 and neuropathic pain 

Recently. induction of the 27-kDa heat stiock protein (Hsp27) was 

reporteâ following nerve transection of the vagus (Hopkins et al., 1998) and 

sciatic nerves (Costigan et al., 1998). However, the significenœ of this increased 

Hsp27 expression following peripheral newe transection still remains to be 

detennined. Hsp27 has been show to be constitutively expressed in sub- 

populations of sensory and motor neurons (Plumier et ai.. 1997c), and to be 

induced in astrocytes fdlowing kainic acid-induced status epilepticus (Plumier et 

al., 1996) and ischemic injury (Kato et al., 1994; Plumier et al.. 1997a. l m ) .  

White the functional roles of Hsp27 are not completely understood, in non- 

neuronal cells Hsp27 has been shown to afford resistance to thermal (Landry et 

al., 1 989) and oxidative (Mehlen et al., 1 995) stress. to toxic agents (Huot et al.. 

1991) and to apoptosis induced by tumor necrosis factor-a (Mehlen et al., 1995, 

1996). Other features of Hsp27 include chaperone fundions (Jakob et al., 1993; 

Ehmsperger et al., 1997) and actin-binding properties (Miron et al., 1991). 

Indeed, Hsp27 and its phosphorylation state may be invofved in the regulation of 

actin filament dynamics (reviewed Landry and Huot, 1995) and are proposed to 

participate in trophic-induced cell migration (Rousseau et al.. 1997; Pioctrowicz 

et al., 1998). 

1.3.2 Neumpeptids Y and neuropathic pain 

Up-regulation of NPY in DRG, spinal dorsal hom and the gracile nucleus 

has b e n  reported following lmse ligation (Wakisaka et al., 1992; Munglani et al.. 

1 995. 1 996), cwsh (Wekisaka et al., 1992) or transection (Wakisaka et al., 1 991 



1992. Nahin et al.. 1994; mang et al.. 1995) of the sciatic nenre. W h L  NPY is 

thought to have primarily anti-nociceptive effects in the spinal dorsal hom (Hua et 

al.. 1991). the functional significance of the de novo synthesis of NPY in primary 

afferent murons. and concomitant changes in the distribution of NPY-IR in the 

spinal dorsal hom and gracile nucleus (Zhang et al.. 1995), has not b e n  fully 

detemined. 80th upregulation of NPY in myelinated cutaneous AB fibers 

located in laminae Ill-IV and spiouting of these fibers into lamina II has b e n  

reported following peripheral newe injury (Koerber et al.. 1 994; Woolf et al., 

1 992; Lekan et al., 1 996). These findings suggest that NPY plays a signif ican t 

role in the central reorganization of pain pathways and concomitant behavioral 

responses. 

Although the exact action of NPY in the spinal cord and DRG is not fully 

known, there is mounting evidence that it may play a role as an endogenous 

analgesic mediator in acute nociceptive paradigms (Hua et al.. 1991: Xu et al.. 

1994). In more cornplex types of pain syndromes however NPY has been shown 

to be hyperalgesic when administered both locafly (Tracey et al.. 1995), and 

spinally (White. 1997; Xu et al.. 1994; Xu et al.. 1998). 

Low level constitutive expression of NPY-imm unoreactivity (NPY-IR) in the 

superficial spinal dorsal horn is thought to largely result from local intemeurons, 

some bulbospinal projections (Gibson, 1984) and a minimal contribution from 

primary afferent terminals (ïhang et al.. 1993~). In local intemeurons of the 

spinal dorsal horn, NPY has b e n  colocalized with GABA (Rowan et al.. 1993). 

Following newe injury however. there is a dramatic increase in the level of NPY- 

IR expression in the spinal dorsal hom and in the ORO (see H6kfel et al.. 1997). 



A strong correlation exists between NPY mRNA and Y1 and Y2 receptor 

expression. Thus, localization studies of NPY and the Y1 and Y2 receptors 

suggest a beneficial alignrnent for influencing neuronal activity within the spinal 

cord. 

It was originally thought that al1 NPY receptor subtypes were coupW to 

inhibitory G proteins (GJ proteins that inhibit adenylate cyclase and result in a 

decrease the second messenger cyclic AMP (reviewed Grundemar and 

Hakanson, 1994; Blomquist and Herzog, 1997). However. NPY receptor 

activation has also been linked to increases in intracellular Ca2+ through the IP, 

pathway. Thus. the net outcome of NPY may be a combination of effects at the 

various receptor subtypes and the resulting effects on the second 

messenger/effector systems. Cornparisan of the profile of Y1 and Y2 receptor 

mRNA in naive and nerve injured animals also suggests an endogenous 

regulatory role. More specifically in normal animals Y1 mRNA is expressed in 

soma of local dorsal hom internewons and in small diameter DRG cells (Mantyh 

et al.. 1994; Zhang et al., 1994). However folkwing axotomy, Y 1 mRNA 

expression is decreased in small diarneter and increased in medium and large 

diameter DRG cells (Hokfel et al.. 1997). This finding has been disputed in 

studies that found no change in Y1 receptor distribution following neive injury 

(Mantyh et al.. 1994; Marchand et al. 1999). The different findings may be 

related to the type of nerve injury as differences have also been found in the level 

of galanin whether the injury was a transedion or a constriction (Ramer et al., 

1 998). A consistent finding with respect to the Y 1 receptor is the somatic 

localization both in DRG cells (Zhang et al., 1994a; Zhang et al.. 1994b) and 



local intemewons (Zhang et al., 1994a). In contrast. the Y2 receptor has been 

reported to be transporteci centrally and pefipherally ultimateiy becoming 

integrated in the axonal membrane as presynaptic receptors (Zhang et al., 

1994b). Also, in contrast to that observed with the Y1 receptor, Y2 receptors are 

typically found in approximately 15% of al1 DRG cells, but following axotomy the 

percentage is increased to greater than 50°k of the total cell population (Zhang et 

al.. 1997). Furthemore. there is a reportecl shift in the proportion of Y2 receptors 

towards increased expression in small diameter afferents (Zhang et al., 1997). 

The above studies suggest a distribution of NPY-IR terminais and receptors in 

the spinal cord that may contribute to neuronal processing in the spinal -rd. 

This hypothesis is further supported by functional studies on the actions of 

NPY. For example. NPY inhibits depolarization-induced release of SP both in 

vitro (Walker et al.. 1988) and in vivo (Duggan et al.. 1991). This action rnay be 

related to the inhibition of Ca '+ inlux obsewed in culturd DRG neurons (Walker 

et al., 1988) through activation of Y2 receptor (Bleakman et al., 1991 ; Wiley et 

al., 1993). The actual actions of NPY may be more cornpiex as intrathecal NPY 

inhibits nociceptive reflexes in the anaesthetized rat (Hua et al., 1991). but 

exhibits biphasic actions on spinal reflexes following axotomy (Xu et al., 1994). 

NPY has also b e n  shown to exacerbate neuropathy-induced hyperalgesia 

following local administration (Tracey et al.. 1995). The inhibitory effect of NPY is 

independent of spinal ~~adrenergic or opioid mechanisms (Xu et al., 1994). 

Thus, functional studies indicate that NPY has a diverse effect depending on 

which receptors are activated and in which area (i.8. spinal dorsal hom. DRG or 

gracile nucleus). Indeed, NPY has been shown to inhibit C-fiber evoked 



neurotransmitter release in general (Grundemar et al.. 1990, 1 993) and to 

specifically inhibit glutamate release (Colmers et al., 1991). Since SP and 

glutamate are colocalized and coreleased f rom pnmary afferents in the spinal 

wrd (Battaglia and Rustioni, 1988; De Biasi and Rustioni. 1988). this suggests a 

potential dampening of the events leading to windup and central sensitization. 

In addition to acting as a neurornodulator. studies have also show that 

NPY induces neurite elongation (White and Mansfield. 1996) and this may 

contribute to the reorganization of the large diameter afferents in laminae III and 

IV following peripheral nerve injury. 

1.3.4 Substance P h neumpathic pain 

One particularly important neurochem ical implicated in the processing of 

nociceptive stimuli is SP. SP is an undecapeptide member of the tachykinin 

family that also includes NKA and neurokinin B (NKB). Each of these peptides 

preferen tially binds to one of the neurokinin subreceptor types, NK1, NK2, and 

NK3, although each of the receptor subtypes binds al1 the neurokinins with 

varying affinity (Routh and Helke. 1995). Specifically, SP preferentially binds to 

NK1 mile NKA and NKB preferentially bind to NK2 and NK3 recepton. 

respectively (Kiyarna et al., 1993). SP has been irnplicated in various functions 

including vasodilation and vasoconstriction (Saria, 1984; Helme et al., 19û6). 

Perhaps however, the most widely known function for SP is as a neuraodulator 

in nociceptive processing. 

The pattern of positive immunohistochemical labeling for SP (SP-IR) in the 

spinal dorsal hom is distinct and generally restricted to the superficiel layen 



(layer I and Il,,). with some patchy labeling in layer V (H6kfel et al.. 1975). 

These areas of SP-IR are also regions where nociresponshre neurons have been 

localized (Hbkfelt et al., 1975; Besson and Chauch. 1987). The SP-IR labeling in 

these areas is thought to be derived from three principal sources: termination of 

prirnary afferents, int rinsic intemeurons. and descending raphe projections (Todd 

and Spike, 1993). Dorsal rhizotomy experknents, whkh eliminate the primary 

afferent contribution of SP to the spinal dorsal horn. have confirmed the large 

contribution of primary afferents to the pattern of SP-IR (Matthews et al.. 1992). 

Although descending raphe projections are thought to contribute to the profik, 

the actual contribution from these projections is minimal since studies that utilize 

catecholaminergic neurotoxins to selectively destroy the descending projections 

did not significantly reduce the SP-IR iabeling (Arvidsson et al., 1990). The 

component of SP derived from intrinsic intemeurons is more difficult to ascertain, 

but can be inferred by considering the existence of immunopositive terminals 

after dorsal rhizotomy. Since dorsal rhizotomy would elirninate the contribution of 

SP-IR labeling due to primary afferents, and the descending contributions are 

minimal to none, then the remaining bbeling can be inferred to be in intrinsic 

interne urons (reviewed Levine et al., 1 993; Todd and Spike. 1 993). 

The presence of SP-immunoreactive (SP-IR) terminals in the region of 

spinal dorsal hom nociceptive neurons is highly indicative of a functional 

connection. However, there are many exampies of a misrnatch between the 

regional distribution of immunopositive terminals and receptors for the respective 

neurochem icals (Herken ham. 1 987). The significance of the m ismatch between 

receptors and immunopositive terminals is perplexing and may reflect a 



hormonal-like medranisrn invohnng diffusion of the peptide (Levine et al.. 1993). 

However, SP has a shoct diffusion rate and is quicûly ôegraded into terminal 

fragments by the enzyme endopeptidase (Levine et al.. 1993). Therefore, the 

long distance effect of SP may require other neurochemical substances to inhibit 

the breakdown of SP and facilitate its diffusion (LeGreves et al., 1985). 

SP-receptors (SP-R) have been localized pst-synapt ically to nociceptive 

prÏmary afferent terminals in the spinal dorsal h m  (Brown et al., 1995; Budai and 

Larson, 1996). Moreover. the SP-receptors were found to be in close proximity 

to nociresponsive neurons. which is suggestive of SP involvement in nociception 

(Brown et al.. 1995). Additionally. the presence of SP-IR teminals in the spinal 

dorsal horn further implicates the involvement of SP in nociceptive processing 

because of the importance of the marginal layer and substantia gelatinosa in 

nociceptive processing. In determining the rok of SP in nociception, Duggan et 

al. (1 988, 1990) found that noxious mechanical and electncal peripheral 

stimulation caused an increase in SP release in the spinal dorsal hom. Other 

studies analyzing spinal cord perfusate have confimed a release of SP in the 

spinal dorsal hom in response to a noxious peripheral stimulus (Yonehara et al., 

1986; Duggan et al., 1988). However. the exact source of the SP cannot be 

determined from such studies as the increase in SP could also reflect an 

increase in the release of SP from the intrinsic intemeurons andlor descending 

raphe projections. in addition to that derived from pnmary afferent release. 

Evidence for the involvement of SP in nociceptive prooessing anses not 

only from imm unohistochemical localization of the term inals and receptors within 

a nociceptive processing region, but also from studies analyzing the actions of 



SP, and exogenously applied agonists and antagonists to SP. The actions of SP 

Vary depending on whether their action is peripheral, spinal, or central. Centrally, 

SP is implicated in neurotransmission, where it is involved in regulation of ventral 

motor neurons and preganglionic sympathetic neurons. as well as the 

transmission of nociceptive messages (Routh and Helke, 1995). lontophoretic 

injection of SP into the dorsal horn excites nociresponsive neurons (Levine et al, 

1 993). mi le having a minimal effect on non-nociceptive neurons (DeKonnick and 

Hendry, 1 991 ). Similariy. intrathecal administration of SP elicits nociceptive 

behaviors such as biting and scratching that are morphine sensitive (Papir- 

Kricheli et al., 1987; Rusin et al., 1992). an indication of its putative involvement 

in nociception. The importance of SP as a nociceptive neuromessenger is 

further implied by anatomical and physiological studies that reveal a direct 

positive proportionality between the responsiveness of spinal dorsal hom noci- 

responsive neurons and the number of SP synaptic contacts on these neurons 

(Ribiero-da-Silva, 1995). That is to Say, that the greater the number of SP 

synaptic connections on the second order nociresponsive neumn the greater the 

response. 

The exact molecular rnechanisms of SP in nociceptive processing are still 

under investigation and the details are beyond the scope of this thesis. In 

general however, SP is thought to act by potentiating and enhancing the action of 

glutamate on NM DA receptors. through a delayed but prolonged depolarkat ion 

of cell membranes (Randik et al., 1990; Smullin et al., 1990; Rusin et al., 1992; 

Budai and Larson, 1996). In fact 3565% of SP-IR fibers also contain glutamate 



(Battaglia and Rudimi, 1988). which suggests co-release of the two 

neurotransmitters in response to various stimuli. 

In models of nerve injury-induced neuropathic pain, the levels of SP-IR in 

the ipsilateral spinal dorsal hom are reduced to vaiying degrees depending on 

the model (reviewed HIJkfelt et al.. 1997). A roie for SP in the generation of the 

neuropathic pain behaviors has also been confirmed in a study that used 

nematal capsaicin to destroy Gfibers (Meller et al., 1992). In that study 

capsaicin pretreatment prevented the developrnent of thermal hyperalgesia. 

interestingly. it has also been recently shown that following sciatc nerve 

transection, small SP-positive sensory neurons fom rings around large diameter 

DRG neurons in much the same manner as observed with noradrenergic fibers 

(McLachlan and Hu, 1998). This abnormal structural association may contribute 

to aberrant sensory processing following newe injury (Mclachlin and Hu. 1998). 

These highlighted studies suggest a rab for SP in the development and 

maintenance of neuropathic pain although the level of contribution may Vary with 

the injury. 

1.4 Animal modek aî neuropathic pain 

Several animal models have been developed to study the rnechanisms 

involved in, and drug treatment of neuropathic pain (reviewed Bennett. 1994a; 

Kim et al.. 1997). Three of these rnodels involve varying degrees. and locations. 

of traumatic neive injury that kad to subtle yet important differences in the 

presentation of neuropathic pains. These include chronic constriction injury (CCI; 

Bennett and Xie. lm), partial newe ligation (PNL; Seitzer et al.. 1990), and 



spinal nerve Iigation (SNL; Kim and Chung. 1992). In this study, the SNL mode1 

of neuropathic pain was chosen because of the reproducibility of the injury to 

examine the effect of amitriptyline on different pain symptoms putatively resulting 

from different pathophysiological medianisms. This mode1 involves a restricted 

segmental unilateral spinal nerve ligation, resuiting in a syrnpathetically 

dependent neuropathic pain state manifested as behavioral signs of cdd and 

mechanical allodynia. and thermal hyperalgesia (Kim and Chung, 1991,1992; 

Kim et al., 1993). 

1.5 Rationale, hypothesls and objectives 

As discussed above, neuropathic pain is a muhifactorial clinical problem 

that is not currently amenable to treatment. AD drugs are a widely used 

treatment strategy in the medical cornmunity but they only provide partial relief 

(Onghena and Van Houdenhove. 1 992: McQuay et al., 1996). Interestingly, the 

multiple mechanisms of action of TCAs that contribute to their dose-limiting side 

effects. may also be the reason for their therapeutic efficacy in neuropathic pain. 

One potentially significant action is the manipulation of endogenous adenosine 

levels, especially in light of clinical studies that demonstrate a profound effect of 

adenosine in the treatment of neuropathic pain. Tbrefwe, the undrriying 

hypothegis of thIo dissertation is that acute (and possibly chronic) 

antidepressants work in part by manlpulating endogrnous adendne 

levels, and thls action can have a long Iaating effect on nruropathk pain. 

To study this required the development of a series of objectives to 

ascertain the effectiveness of antidepressants in an animal mode1 of neuropathic 



pain. the potential interaction with endogenous adenosine, and finally the effect 

of chronic antidepressants (amitriptyline) on the behavioral manifestations and 

underlying pathophysiology of neuropathic pain. Specifkally the objectives of 

th is t hesis were as follows: 

1) To determine the validity, in my hands, of unilateral L5L6 segmental SNL as 

a mode1 of nerve-injury induced neuropathic pain. This objective was 

designed around the time course of the expression of two behavioral 

manifestations, thermal hyperalgesia and static tactile allodynia. 

2) To assess the efficacy of acute administration of several antidepressants 

(amitriptyline, desipramine and fluoxetine) on the behavioral symptoms of 

thermal hyperalgesia and static tactile allodynia. 

3) To examine which of the therapeutically beneficial effects ascertained in 

objective (2) were affected by the concomitant administration of caffeine, a 

nonselect ive adenosine receptor antagonist. 

4) Based on the results of the first three objectives, to determine the effect of 

ch ronic am itriptyline administered in the drinking water on thermal 

hyperalgesia and static tactile allodynia, and to detemine the effects of 

chronic caffeine on the actions of chronic amitriptyiine. 



5) To determine the immunohistochemical time course of Hsp27, NPY and SP 

expression in the lumbosacral spinal cord and the gracile nucleus, following 

SNL. 

6) To determine whether Me effects of chronic amitriptyline alone, and in 

corn bination with dironic caffeine, modifies the imm unohistochern ica l 

expression of Hsp27. NPY and SP in the @na1 dorsal hom and graciie 

nucleus. 



2.1 Animals 

Experiments were conducted on ma@ Sprague-Dadey rats (1 00-1 20 g) 

from Charies River. Quebec, Canada and approved by the Dalhousie University 

Cornmittee on Laboratory Animals. Animals were housed in pain, maintained on 

a 1 211 2 hour lightldark cycle at 2Z0fl OC and given adlibitum access to faod and 

water. 

2.2 Surgicd Proœdures 

All surgery was performed using an aseptic technique. under a dissection 

microscope, and with adherence to the guidelines of the IASP on animal 

experirnentation in pain research (Zimmermann et al., 1983). Efforts were made 

to design experiments so as to limit the nurnber of animals used. 

2.2.1 Spinal Nerve LQation. 

Animals were renderd neuropathic through unilateral tight ligation of the 

5th and 6th lumbar spinal nerves (L5 and L6). in accordance with the technique 

of Kim and Chung (1 992)(see Appendix A). Animals were anaesthetized with 

halothane via an induction box and subsequently maintained at the appropriate 

anesthetic plane using 1 .5-2.0°h halothane. Rats were surgically dipped. 

adrninistered Ringen lactate solution (5 ml; subcutaneous; s.c.), atropine (0.6 

mVkg; intramuscular). penicillin (Penlong; 1 .O mikg; s.c.) and topical eye 

ointment (Lacri-Lube; Allergen. Inc.). The surgical area was aseptically scru bbed 



with alcohol and iadine, and a 3cm dorsal incision made using the ischium as the 

midline. Using blunt dissection and partial removal of the articular facet and the 

L4 transverse process, the L5 and L6 spinal nerves were exposed. The nerves 

were then tightly ligated with sterilized 6-0 silk. After ensuring hernostasis, the 

wound was closed in layen with subcutaneous and cutaneous suturing (3.0 

Novophil). Animals were then placed in a heated area for surgical recovery and 

monitoring. For a mare detailed description of the surgical procedure see 

Appendix A. Following a 48 hour rmvery period, animals were again housed in 

pairs. and environmental enrichment added to the cages. Sham animals 

received the exact procedure as de~cribed above except for the ligation of the 

newe. 

2.2.2 lntrathecal annulation 

For animals used to study the effects of spinal administration of 

amitriptyline, intrathecal cannulas were implanted 7 days following spinal nerve 

ligation surgery in accordance with the technique previously repofted in Sawynok 

and Reid (1 990). Under halothane anesthesia, the atlanto-occipital membrane 

was exposed by dermal incision and spreading of the nuchal muscles. The 

membrane was then cut, and a 7.5crn length of saline filled PE-10 tubing was 

gently introduced into the subarachnoid space. The cannula was then held in 

place by a knot tied loosely to the nuchal muscles. The rostral end of the 

cannula was externalized through a small incision in the skin overfying the skull 

and capped with a stainless steel wire plug. Any animals showing signs of 

paralysis or motor impairment were euthanized. 



2.3 Behavioral4naannment 

All behavioral tests were conducted between ûû: 00 and 1 4:OO daily. In the 

acute drug paradigms, testing was perforrned at 7,12, 17, and 22 days following 

nerve injury. An exception to this was the cannulated animais, whicb were tested 

at 7 and 12 days after cannulatbn (1 4 and 1 9 days after newe injury, 

respectively). Following a r8covery period of 7 days, animals were moved from 

the vivarium and acclimatized to the testing r o m  for 40 minutes. After this initial 

period the animals were placed in the respective testing apparatus for 3040 

minutes or until exploratory behavior ceased. 

2.3.1 Thermal Hyperalgesà 

To test for thermal hyperalgesia, a paw thermal stimulator (UARDG. Dept. 

of Anesthesiology) was used to direct a focused beam of light at the paw, as 

described initially by Hargreaves et al. (1988). Rats were placed in pairs in a 

clear plexiglass box (22cm X 19 cm X 25 cm) on top of the temperature 

maintained glass surface (30 f O.l°C) of the stimulatoi. At each testing period a 

group consisted of 6 anirnals (2 per box with three boxes total). After the initial 

acclimatization period, rats were tested for baseline withdrawal latencies 

(seconds) of both paws once every 20 minutes until five consistent responses 

were achieved. In acute drug experiments. the animals were then retumed to 

their cages for 30.40 minutes prior to drug administration and given ad-libitum 

access to foad and water. Following acute drug administration, the anirnals were 

returned to the testing boxes and tested at each time period as defined by the 

observation protocol. 



2.3.2 Statk Tactite A l l w i a .  

Following weighing and acclimatization to the testing room. rats were 

placed in pairs in a clear plexiglass box (30 cm X 22 cm X 26 cm) on an elevated 

wire mesh platform to allow for acceu to the ventral surface of the hind paws. 

Rats were further acclimated to the testing chambers and the experimental 

baseline determined (once every 30 minutes) using Sernrnes-Weinstein 

monofilaments (Stoetting Corn p., Wood Dale, IL). The 50% withdrawal threshoiâ 

was detennined using the Dixons updown method (Chaplan et al., 1994). 

Briefly, filaments were applied to the ventral surface of the paw. starting with the 

4.31 filament (2.04 g) and the respcnse noted. Following a positive respanse 

(paw withdrawal, with characteristic pain behavior), a lower filament was then 

applied. Convenely, no response would necessitate subsequent application of 

higher filament. This pattern of application was repeated untif a series of 6 

responses was obtained. The 50% withdrawal threshold was then deterrnined 

from the tabular value for the pattern of 6 responses (k). the final monofilament 

value (Xf ; in log units), and interpolateci using the formula: 

50% g threshold = (1 dU* ' 3  1 10,000 

where 6 is the mean difference between stimuli. Following determination of 

baseline values. the rats were returned to their original cages and left 

undisturbed with ad-libitum access to food and water for 3û-40 minutes. After 

acute drug administration, the animals were again placed in the testing chambers 

and monitored for the appropriate behavioral periods depending on the route of 

drug administration. In these experiments a modification was made to the testing 

procedure of Chaplan et al. (1994). in that the filament was only applied to the 



ventral surface of the paw for 3 seconds instead of 6. This modification was 

made as it was determined that 3 seconds was a sufficient time period to elicit a 

response from a neuropathic paw. 

2.4 Acute dmg tmatment peradigmr 

For al1 experiments. the tester was unaware of the particular treatment 

group of each rat. 

2.4.1 Differential route and test effecs of amitripty/in8, desipramine and 

fluoxetine 

In both of Me behavioral tests, amitriptyline. desipramine. fluoxetine 

(Sigma Chem ical Co., St. Louis, MO) or saline was administered systernically by 

intraperitoneal (i.p.) injection. spinally through a chronically implanted intrathecal 

(i.t.) cannulas. or locally (SC.) in the dorsal surface of the paw. Drugs were 

injected in a volume of 5 mükg for systemic injections. and a total volume of 20 pl 

(1 0 pl drug + 10 PI saline flush) for i.t. injections. For local injections. the animals 

were briefly anaesthetized with halothane. and the solution administered S.C. in 

the dorsal surface of the ipsilateral or contralateral paw in a volume of 50 pl using 

a 30 gauge needle attached to a Hamilton syringe. 

2.4.2 Ca Heine anfagonism eff8Cts 

Amitriptyline. desiprarnine. caffeine (Sigma Chernical Co.. St. Louis. MO) 

or saline were administered alone or in combination, systemically (i.p.), spinally 

(i.t.), or peripherally (s.c.) in the dorsal aspect of the paw. Drugs were dissolved 



in saline and injected in a volume of 5 mMtg for systemic injections, and a total 

volume of 20 pl (1 O pi drug + 1 O pl saline flush) for intrathecal injections. For 

local peripheral injections, the animals were briefly anaesthetized with halothane. 

and the solution administered SC. in the dorsal aspect of the ipsilateral or 

contralateral paw in a volume of 50 pl. Caffeine was ceadrninistered with 

amitriptyline and desipramine in the systemic and local paradigms. but was given 

1 O minutes prior to amitriptyhe only in the spinal paradigm. 

2.5 lmmunohistochemical Time Course 

For the immunohistochemical time course animals were divided into 

experimental (n=4). and sham (na) at al1 time points. with inclusion of a naïve 

(n-3) group at altemate time points. Following perfusion for 

irnmunohistochemical processing, the LS and L6 spinal nerves were expos8d to 

determine both the integrity. and the position of the Iigation. 

2-51 lmmunohistochemistry 

For a detailed description of imrnunohistochemical processing see 

Appendix B. Animals were killed with a bolus dose of sodium pentobarbital and 

perfused transcardially with chilled (4OC) 350 ml of 0.1% sodium nlrite in 0.05M 

phosphate buffered saline (PBS). fotlowed by 350 ml of 4% parafonnaldehyde 

(PFA) dissolved in 0.1 M phosphate buffer (PB). Following petfusion, the brains 

and spinal cords were removed and post-fixed in 4% PFA for 24-36 hours at 4*C, 

then placed in 20% sucrose in PB for 12-1 8 houn. The brains and spinal cords 

were eut (40 pm) into 4 series using a sliding sledge microtome, and placed in 



PBS. Sections were then placed in 1 % hydrogen peroxide for 30 min. followed 

by 3 washes (O 10 min each) in 0.2% Triton-X in PBS. and subsequentty placed 

in primary rabbit polyclonal antiboây raised against mouse Hsp25 (1 : 6 0 ;  

St ressGen Biotechnologies Corp.) or rabbit polyclonal ant ibody raised against rat 

NPY (1 500; lncstar Corp.). SP (1 500; lncstar Corp) diluted in 2% goat senirn in 

0.1 X Triton-X in PB& for 36-48 hours at 4' C. Folbwing thiee rinses in PBS. 

sections were inwbated in biotinylated goat anttrabbit antibody, raised against 

rabbit lgG. diluted in 2% goat senim in 0.1 O h  Triton-X in PBS (1 500; Vector 

Laboratories Inc.) for 90 minutes. Sections were then rinsed three times in PBS 

and incubated in avidin-biotin-horseradish peroxidase cornplex (ABC-Elite) 

(1 :500; Vector Laboratories Inc.) for 90 minutes. The sections were immersed in 

0.05% diaminobenzidine-tetrachloride (DAB)(Sigma) in PB. and reacted with 

0.001 % hydrogen peroxide. Sections were free Roated on gelatin subbed slides 

air dried for 24 hours. dehydrated in increasing alcohol concentration series, 

cleared with Xylene, and covenlipped with Entellen coverslip medium. 

2.5.2 Image Analysis 

Covenlipped sections were viewed with an Olyrnpus BH-2 microscope. 

and a qualitative assessrnent made of the immunoreactive staining intensity. 

The laminar poslion of the staining was determineci by comparison to the 

cytoarchitecture described in Paxinos and Watson (1986) and verified using 

da&-field microscopy. Representative sections were also captured using a JVC 

video camera attached to the Olyrnpus microscope. Digitized images were 

compiled and labeled using a Macintosh computer and Adobe Photoshop 



software (v4.0) and printed using a dye-sublimation printer (Kodak XLS 8600, 

Rochester, NY). 

Quantitative analysis was also made of the changes in immunoreactive 

expression of Hsp27-IR and NPY-IR in the spinal dorsal hom in the L5/L6 region 

of the spinal cord, in spinal newe ligated animais. Five sections per animal were 

captured using a JVC camera attached to a Olympus BH2-RFCA microscope. 

The images were then convefled to gray scaie and a densitometric analysis 

made using NIH software (NIH Image 1 A). Values were obtained for laminae I- 

IV of both the ipsilateral and contralateral spinal dorsal hom. A further sub 

analysis was made of larninae Ill-IV for NPY only. Foc each individual section. a 

nonnalized value was calculated that reflected the percent change of the 

ipsilateral side compared to the contralateral side (% difference = [ipsilateral / 

contralateral] X 100). The values were then mmbined according to the time 

point, and a mean I standard error of the rnean (SEM) calculated for the 

ipsilateral and contralateral paw, as well as the percent difference. 

2.6 Chronic drug administration pandigm 

Ta study the effects of chronic drug administration. newe injured rats were 

divided into foui treatment groups: control (no drug), caffeine alone, amitriptyline 

alone. and amitriptyline-caffeine combination. All d ~ g s  were dissolved in the 

same water normally provided to animals in the Dalhousie Carleton Animal Care 

Facility at a concentration of 0.1 1 mglml for amitriptyline. and 0.05 mglml for 

caffeine. At the beginning of the spinal nerve ligation surgery. animais received a 

preemptive drug administration (i.p.) based on their assigned treatment group of 



caffeine (7.5 mgkg), amitriptyline (10.0 mgkg), and a combination of 

amitriptyline (10 mgkg) and caffeine (7.5 mglkg) respectively. Saline controls 

were given a systemic injection (i-p.) of saline in an equivalent volume to the dnig 

treatment groups. The animals then received the spinal nerve ligation surgefy as 

previously outlined (section 2.2.1). Following surgery, and an initial observation 

period. the animals were housed individually for 48 hours to allow for wound 

healing. The animals were then paired back with their original cagemate for the 

duration of the expriment, and enviionmental enrichment was provided in the 

cages of al1 animals. The experimenter was Minded to the treatrnent group 

assignment of the rats. 

2.6.1 Measurement of weight, fluid wnsumption and drug concentratjon 

Handling of animals was lirnited to the experimenters during th8 study. 

Every 48 hour period the animals were weighed, had their cages changed and 

the fluids levels measured and changed. Fresh drug solutims were made every 

48 hours. For each individual rat the dose of drug over the 48 hour period was 

estimated by first dividing the amount of fluid consumed by 4 (2 rats per cage X 2 

days of consurnption). The approximate dose was then calculated by m ult iplying 

the concentration of the drug in the water by the individual volume of fluid, and 

dividing this value by the weight at the respective tirne point. 

2.6.2 Beha vioural Analysis 

Once every 7 days the animals were measured for the degree of thermal 

hyperalgesia (section 2.3.1) and static tactile allodynia (section 2.3.2). The 



thresholds of these two evoked responses were obtained over a 2 day period (1 

X behavioral test per dey) to rninirnize the stress of repetit ive testlrg. Animals 

were initially acclimated to the testing rmm and subsequently the testing 

apparatus (30-40 minutes each). The animals were then tested wer a 90 minute 

period to determine the level of expression of the defined behaviors. Following 

the testing period the animals were retumed to clean cages, and taken back to 

the vivarium. 

2.6.3 lmmunohistochemical a n a l ' s  

Twenty-four houn after the third behavioral test point (day 22). the 

animals were killed and perfused for immunohistodiemical processing as 

previously outlined (section 2.5.1). Following the procedure as outlined, the 

animals were processed for detection of Hsp27. NPY. and SP. 

2.6.4 BI& sample collection 

To detenine the plasma levels of the drugs in the experimental animals 

approximately 2 millilitres (ml) of blood was collected prior to initiation of 

perfusion via a cardiac puncture. Blood was then quickly transferred to sterilized, 

vacuum sealed. heparinzed tubes, gently agitated, and stored at 4OC until 

collection was completed from al1 animals. The tubes were then centrifuged 

(3000 RPM for 10 minutes) and the plasma taken off in 300 pl volumes and 

stored in individual aliquots at -70°C. This portion of the analysis was not 

completed within the confines of this dissertation, but will be analyzed at a later 

date in combination with samples from a clinical study. 



2.7 Data Analysis 

2.7.1 Acute drug administratim paradrgm 

For each of the acute drug administration experiments, raw data for 

response threshdds of bah paws in each animal were recorded and entereâ into 

a spreadsheet (Microsoft Excel S-O). The data was thm nmalired (to account 

for iner animal variability in response thresholds) for each animal as Maximum 

Possible Effect (MPE) in terms of reversal of the neuropathic syrnptom k i n g  

tested [MPE (anti-hyperalgesia or anti-allodynia)] or in ternis of the analgesic 

effect of the contralateral paw [MPE (analgesia)]. These values were calculated 

as follows: MPE (anti-neuropathic) = (PDR-IBR)/(CBR-[BR), where PDR is the 

gost prug Eesponse of the ipsilateral paw, t BR is the lpsilateral paw kaseline 

response, and CBR is the çontralateral paw baseline gesponse. Similarly, the - 

MPE (analgesia) = (PDR - CBR)/(cutoff-CBR), where cutoff was 20 seconds from 

the thermal stimulus and 15 g for tactile allodynia, and PDR is the p s t  drug 

withdrawal threshold of the contralateral paw. Accordingly, the individual values 

reporteci or depicted are the MPEI the standard error of the mean (SEM). The 

time course of the drug effect is also depicted as the cumulative MPE EMPE) for 

each treatment and route of administration. This value was calculated as the 

sum of the indidual MPE values through the time course. Individual time point 

data were statisticalîy analyzed using a one way ANOVA for repeated measures 

with a paimise cornparison (Bonfenoni post hoc analysis), or Students t-test (two 

tailed). To compare ZMPE values of multiple treatment groups a one-way 



ANOVA with a painvise cornparison (Student-Neuman-Keuls post hoc analysis) 

was used. When comparing the means et individual tirne points. or the ZMPE 

values of only two groups. a two tailed Students 1-test was used with a Student- 

Neuman-Keuls post hoc correction. For al1 tests. a P value iess than 0.05 

(Pe.05) was considered signif.int unless othemise indicated in the figure 

legends. 

2.7.2 Cornparison of immunoreactive changes in Hsp27 and NPY 

The quantitative changes in immunoreactive expression of Hsp27 and 

NPY were compared using a Speaman Correlational Analysis. Analysis was 

made between Hsp27-IR and NPY-IR in laminae 1-IV. as well as between Hsp27- 

IR in laminae 1-IV and NPY-IR in laminae lllAV only. 

2.7.3 Chronic drug administration paradigm 

The raw values of withdrawal thresholds of the paws for thermal (seconds; 

sec) and tactile (grams; gm) stimuli were recorded and the difference calculatecl. 

The means t the standard error of the mean (SEM) for the respective measure 

was calculated after grouping al1 the anirnals by their treatrnent group. 

Cornparisons between groups for the specific measure (ipsilateral paw threshold. 

contralateral paw threshold. or difference) were made using a Students 1-test 

(Student-Neuman-Keuls post hoc correction) for thermal hyperalgesia and Mann 

Whitney Rank Sum for allodynia. and the level of significance designated by the 

appropriate symbol on the figures. 



3.1 Establishment and miilntenance of muropathlc pain behavlon 

Peripheral mononeuropathy from ligatim of L5 and L6 spinal nerves 

resulted in neuropathic pain in the rat with symptoms of static tactile allodynia 

and thermal hyperaigesia that were maintained throughout the testing periods 

(days 7. 12, 17, 22) (Fg.3). A poslive response in the neuropathic paw 

commonly consisted of shaking, biting, licking and guarding following a quick 

withdrawal from the stimulus. In the non-injured (mtralateral) paw. the response 

involved a quick withdrawal from the stimulus without any of the secondary 

behavion. The thermal threshold for the ipsilateral paw was determined to be 

approximately 7.98 t 0.48 sec compared to 10.35 t 0.63 sec for the contralateral 

paw (Pe.01, n-10). Allodynia was manifested as 50% withdrawal threshold of 

2.20 I 0. 28 g for the ipsilateral paw and 13.37 t 0.37 g for the contralateral paw 

(P401 .  n=lO). Threshold values remained relatively stable with no significant 

change in baseline values for either the ipsilateral or contralateral paws at each 

of the subsequent testing days. We did however observe a trend towards a 

gradua1 increase in the response threshold of both the ipsilatetrl and 

contralateral paws as the time course progresded and the animals got older. 



Figure 3. 

Graphic representation of the difference between the ipsilateral and contralateral 

paws in terms of the static mechanical allodynia 50°k withdrawal threshold 

(grams) and thenal hyperalgesia (seconds) on successive days fdlowing spinal 

nerve ligation. Values depict group means (n=10 per group). 





3.2 Effect of acute mtiôepressant addmlnnlstmtion on mm 
injury-induced themuil hypemlgesb and staüc tactile allodynia 

3.2.1 Efféct of sysfemic amitripf)dine, desipramine and fluoxetine on thetmal 

hyperalgesia 

Systemic administration of amitriptyline produceci an anti-hyperalgesic 

effect on the thermal threshold of the neive-injured paw (Fi. 4). This effect was 

greatest at 10 mgkg, reaching an almost complete reversal of thermal 

hyperalgesia (MPE =O.gW-O. 17) 60-80 minutes after injection (Fig. 4A). No 

statistically significant difference was detmed between any dose in the 

contralateral paw (Fig. 48). Cornparison of the CMPE values for the ipsilateral 

paw (Fig. 4C) shows a statistically significant difference of 10 mgikg compared to 

saline controls, as well as to 1 and 3 mgkg responses. White bath 1 mgkg and 

3 mgkg were significantly different from the saline controls, they were not 

significantly different from each other. A slight sedative effect was observed in a 

few of the rats with the 10 mgkg dose, but not at other doses. This effect did not 

hinder the ability of the animals to respond to the stimulus, as the nature of the 

response at threshold was similar to that observed during baseline 

deterrn inat ions. 

Systemic administration of desipramine (3 and 10 mgkg) caused a 

significant thermal anti-hyperalgesic effect at individual time points (Tg. SA), and 

in the cumulative effect (Fig. 5C). The magnitude of the effect was relativety 

consistent over the time pend of observation with the maximal effect (40% 

reversal) occurring between 90 and 120 minutes (Fig. 5A). There was however 



no significant difference in the cumulative values between the 3 and 1 O mglkg 

groups. A subsequent dose of 20 mghg was found to be highly sedative, which 

compromised accurate detemination of the threshold and was therefore not 

included. Systemic fluoxetine (5 mglkg) had no effect on the nerve injury-induced 

thermal hyperalgesia (data not shown). 

3.2.2 Effect of spih l  amilrptyîine on themal hyperalgesia 

The intrathecal injection of amitriptyline (60 pg) resulted in a partial 

reversal of the thermal hyperalgesia that was evident 20 minutes after injection, 

and persisted for the 60 minute testing period. As the 30 pg dose was ineffective 

in the allodynia test. and 90 pg was highly sedative, these doses were not used 

for testing the effect on thermal hyperalgesia. While values for the individual time 

points are not significantly different on their own (Fig. 6A), comparison of the 

ZMPE values for saline and amitriptyline (60 vg) were significantly different (Fig. 

6C). No significant difference was observed in the contralateral paw withdrawal 

thresholds at either single time points or in cornparison of the ZMPE values (Fig. 

6B and 6C). 

Following intrathecal cannulaticn. the neuropathic animals showed signs 

of signif icant stress and general malaise that appeared to adversely effect their 

response ability. Because of this. and the fact that the effect of spinal 

amitriptyline was not robust, analpis of spinal desipramine or fluoxetine was not 

pursued. 



Figure 4 

Time course of the effect of systemic amitriptyline at vanous doses on thermal 

hyperalgesia in the ipsilateral paw (A), and thermal withdrawal threshold in the 

contralateral paw (B). and represented as the cumulative maximum possible 

effect EMPE) over the time course (C). Values represent the MPE I SEM (nr5 

for saline, 1 and 3 mgkg, and n=l5 for 10 mgkg). 'P4.05 compared to saline 

controls. t P d 0 5  compared to 1 and 3 mgkg. 
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Figure 5 

Time course of the effect of systemic desipramine at 3 and 10 mgkg on themal 

hyperalgesia in the ipsilateral paw (A), and thermal withdrawal threshold in the 

contralateral paw (8). and represented as the cumulative maximum possible 

effect (ZMPE) over the tirne course (C). Values represent the MPE f SEM (n=5 

for saline, 1. and 3 mgikg, and n=15 for 10 mgkg). *P<0.05 cornpared to saline 

controls. 
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Figure 6 

Time course of the effect of spinal arnitriptyline (60 pg) on thermal hyperalgesia 

in the ipsilateral paw (A), and the thermal withdrawal threshold in the 

contralateral paw (B), and represented as the cumulative maximum possible 

effect EMPE) over the time course (C). Values represent the MPE f SEM (nt6 

for both groups). 'Pe.05 compared to saline controls. 
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3.2.3 Eflect of local perimeral injmion of amitn'ptyline. desiprarnine and 

fluoxetine on themal hypenlgesle 

When injected locally into the neuropathic paw, amitriptyline at both 30 

and 100 nmol, had an immediate statistically significant effect. At 100 nmol, 

amitriptyline almost cornpletely reversed the thermal hyperalgesia (Fig. 7A). with 

the MPE values remaining significantly different from those of saline for the first 

120 minutes. Local injection of arnitriptyline (1 00 nmol) into the contralateral paw 

however, failed to show any signiticant effect on the withdrawal latency of the 

ipsilateral paw (Fig. 7A). arguing against a systemically mediated effect. 

Similarly, local injection of saline in the ipsilateral paw of nerve-ligated animals 

produced no effect. Furthemiore, neither the ipsilateral nor contralateral local 

injections showed any significant effect on the contralateral paw withdrawal 

latency (Fig. 78). Cornparison of the XMPE values revealed a statistically 

significant difference of locally injected amitriptyline (30 and 100 mol )  on 

thermal hyperalgesia when administered in the injured paw (ipsi), as compared to 

values when saline was injected in the ipsilateral paw (saline), or when 

amitriptyline was injected in the contralateral paw (cntra)(Fig. 7C). There was 

also no alteration in the thermal withdrawal thresholds of naive animals after local 

injection of amitriptyline 100 nmol (n=4; data not show). 

Local administration of desipramine (1 00 nmol) caused an immediate and 

alleviation of nerve-injury induced thermal hyperalgesia that was significant as 

cornpared to controls (Fig. 8). This effect lasted for approximately 140 minutes 

as compared to the effect of saline. Increasing the dose of desiprarnine to 300 



Figure 7 

Time course of the effect of local injection of amitriptyline (30 and 100 nmol) on 

thermal hyperalgesia in the ipsilateral paw (A), when injected into the nerve- 

injured paw (ipsi) and non-injured contralateral (cntra) paw. Panel B represents 

the time course of the change in the thermal withdrawal Iatency in the 

cont ralateral paw, when amitriptyline is injected into the nerve-injured paw (ipsi) 

and non-injured paw (ma). Panel C depicts the cumulative MPE value 

(ZMPE). Values represent the MPE i SEM (n=9 for al1 groups). 'Pe0.05 

compared to saline controls, tPcû.05 as compared to contralateral controls, 

$P<0.05 100nmol ami cornpared to 3ûnmol ami. 
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Figure 8 

Time course of the h l  effect of ipsitateral desipramine (des: 1 Wnmol) and 

fluoxetine (flx; lûûnmol) administration on the thermal hyperalgesia of the nerve- 

injured paw (ipsi)(A) and withdrawal threshold of the contralateral paw (cntra)(B). 

Panel C depicts the cumulative MPE (ZMPE ) value. Values represent the mean 

+ SEM (n=6 for al1 groupe). 'P4.05 compared to saline wntrols. 
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nmol did not result in any further increase in the thermal anti-hyperalgesic effect 

(data not shown). This effect was observecl to be local since injection into the 

contralateral paw had no effect on the withdrawal threshold of the newe injured 

(ipsilateral) paw (Fig. 88). Similarîy no effect was observed in the response 

threshold of the non-injured paw when amitriptyline was injected in the injured 

paw. 

No significant anti-hyperalgesic effect was obs8rved mth fluoxetine 

(100nmol)(Fig. 8A and 8C). However. paw swelling was obsewed that was 

subsequently found to be statistically significant from the effect of a local injection 

of saline (Sawynok et al.. 1999b). 

3.2.4 Summary of systemic and locel penpheral effécts of amitriptyline, 

desipramine and fluoxetine rn thermal hyperalgesia 

Figure 9 is a summary/comparison of the systemic (Fig. 9A) and local 

peripheral (Fig. 98) effects of each of the antidepressants on nerve injury- 

induced thermal hyperalgesia. As the figure depicts, the greatest effect was 

observed with amitriptyline for both routes although the overall effect of 

desipramine was very similar following local administration (Fig. 98). Fluoxetine 

on the other hand had no effect on thermal hyperalgesia through either route and 

was found to cause caused significant paw swelling following lacal administration 

(Sawynok et al., 1999b). 



Figure 9 

Summary of various doses of systemic (A) and local peripheral(6) amitriptyline 

(ami), desipramine (des), and fluoxetine (flx) on thermal hyperalgesia of the 

nerve-injured paw (ipsilateral). Values represent the cumulative maximum 

possible effect (XMPE) of the respective time courses. 'P4.05, "P<O.O1, 

**P<0.001 as compared to saline controls. 8Pc0.05 as compared to 10 mgkg 

desipramine. Note: in (A) the cumulative MPE &MPE) values for amitriptyline 

are from a 120 minute time course whereas those for desiprarnine are from a 180 

minute time course. In (6) al1 ZMPE values are from a 180 minute time course. 





3.2.5 Effect of systemb amitnpty/ine, *seramine, and tluaxetine on static tactile 

alladynia 

Systemically adrninistered amitriptyline. at al1 doses tested (1, 5 and 10 

mgkg), had no signifiant effect on newe injuryinducd allodynia in the 

ipsilateral paw (Fig. 10A). Since 10 mgkg was slightly sedative in some rats, a 

higher dose was not used. but this dose was used as a representative for the 

actions of systemic amitriptyline (Fi. 10). However, all doses of systemic 

amitriptyline caused a hyperaesthetic response in the contralateral paw, resuiting 

in a reduced MPE (analgesia) value ranging from -0.4 to -0.8 (Fig. 108). The 

ZMPE value for 10 mgkg differed significantly from saline (Fig. 10C). 

Qualitatively, the hyperaesthetic response was obsenred as a brisk withdrawal to 

the filament with no overt signs of pain such as biting, licking, vocaliza:ions or 

guarding of the paw. As such. ahhough the thresholds in the non-injured paws 

were similar to those in the injured paws. the responses were not ~ateg~rized as 

'neuropathic pain responses'. Threshold testing 24 hours after drug 

administration showed that bath the ipsilateral and contralateral baselines 

retumed to predrug values (data not shown). suggesting that the hyperaesthesia 

was drug related. 

Neither desipramine (Fig. 10A) nor fluoxetine (data not shown) had any 

effect on the injury-induced static tactile allodynia. Systemic desipram ine did 

however cause hyperaesthesia of the contralateral paw resulting in a decreased 

response threshold at individual time points (Fig. 10B) and in the cumulative 

MPE (Fig. 1 OC). Again, as in the hyperaesthetic effect observed with systemic 

amitriptyline, the response characteristically consisted of a brisk withdrawal from 



Figure 10 

Time course of the effect of systemic amitriptyline (ami; 10 mgkg) and 

desipramine (des; 10 mgkg) on static tactile allodynia in the ipsilateral paw (A), 

on the threshold of withdrawal to static tactile stimuli in the contralateral paw (B). 

and represented as the cumulative maximum possible effect (ZMPE) over the 

time course (C). Values represent MPE f SEM (ml5 for ami and n=9 for des) 

*P<0.05, "P<0.01 compareci to saline. 
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the stimulus without any of the secondary behaviors associated with the 

neuropathic pain response. 

3.2.6 Effect of spinal amitriptyline m static tactile allodyna 

Similar to systemic amitriptyline, spinal administration of amlriptyline 

failed to have a significant effect on allodynia in the ipsilateral paw (Fig. 1 1A). 

However, a cornparison of the XMPE revealed the 60 pg group to be significantly 

different from both the 30 pg and the saline group (Fig. 1 1 C). No signlicant 

effect of saline was observed although we did observe an anti-allodynic trend in 

the later time points (Fig. 11A). Spinal amitriptyline (60 pg) also caused a 

h yperaesthetic response in the contralateral paw (Fig. 1 1 8 and 1 1 C) that was 

similar in magnitude to that observed following systemic administration. A 90 ug 

dose (n=3) produced a pronounced sedative effect that interfered with the 

accurate determination of the withdrawal threshold, and was therefore not 

included. 

3.2.7 Effect of local peripheral injection of amitriptyline, desipramine and 

fluoxetine on static tactile a l l ~ i a  

The local peripheral injection of amitriptyline (1 Wnrnol) failed to show any 

significant effect on the withdrawal response of the newe-injured paw to tactile 

stimulation (Fig. 12A and 12C). However, this injection caused a reduction in the 

response threshold of the contralateral paw. A similar reduction in the threshold 

also occurred after direct local injection of amitriptytine (1 ûûnrnol) into the non- 

injured contralateral paw (Fig. 128). This effect was observed to be significantly 



different frorn the response to saline in the same paw. The response following 

local injection of amitriptyline into the contralateral (non-injured) paw was sirnilar 

to that following injection into the ipsilateral paw (Fig. 128 and lx), suggesting 

a system ically mediated hyperaesthetic effed. 

Neither desipramine nor fluoxetine had any effect on the tactile threshold 

of the ipsilateral paw when injected directly into the paw (Fig. 124. and 12C). In 

contrast, both caused contralateral paw hyperaesthesia following ipsilateral 

injection (Fig. 128 and 12C). This hyperaesthetic effect was significantly 

different from the effect of saline alone. 

3.3 Effed of H e i n e  on the thermal ana-hypnlgemic action of 

amitriptyline and desipramine followlng nerve injury 

Based on the differential syrnptom and route effects of amitriptyline and 

desipramine described in the first part of this thesis, the second part of the thesis 

sought to determine whether manipulation of endogenous adenosine contributed 

ta the positive (thermal anti-hyperalgesia) and negative (cont ralateral 

hyperaesthesia) effects of amitriptyline or desipramine. This was achieved by 

using caffeine, a nonselective adenosine receptor antagonist. While an effect 

was observed against the action of amitriptyline on thermal anti-hyperalgesia, no 

effect was obsewed on the contralateral hyperaesthesia induced by either 

amitriptyline or desipramine (data not shown). 



Figure 11. 

Tirne course of the effect of spinal amitriptyîine (30 and 60 pg) on static tactiie 

allodynia in the ipsilateral paw (A). on the threshoid of withdrawal to static tactile 

stimuli Ki the contralateral paw (B) and represented as the cumulative MPE 

(XMPE) over the time course (C). Values represent the MPE f SEM ( n 4  for al1 

groups). *Pd05 cornpared to saline controls. tP4.05 compared to ami (30 pg). 
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Figure 12 

Time course of the effect of local peripheral injection of amitriptyiine (1 Wnmol) 

desipramine (IOOnmol), and fluoxetine (1 00nmol) on static tactile allodynia in the 

ipsilateral paw (A), when injected into the nerve-injured paw (ipsi) and non- 

injured contralateral (cntra) paw. Panel B represents the time course of the 

change in the tactile threshoM of the contralateral paw (B), following injection into 

the nerve-injured paw (ipsi) and non-injured paw (cntra). Panel C depicts the 

cumulative maximum possible effect (ZMPE) over the entire tirne course. Values 

represent the MPE f SEM ( n a  for saline and Ami groups and n=6 for 

desipramine and fluoxetine groups). 'Pe0.05 compared to saline controls. 

tPe0.05 ami (ipsi) compared to ami (cntra). 
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3.3.1 Intn'nsic e W  of systemic caffdne 

Analysis of the intrinsic effect of caffene revealed an apparent anti- 

hyperalgesic effect of 1.5 and 7.5. but not 3.75 mgkg (Figs. 13A and 1 38). as 

compared to saline. The cumulative MPE (ZMPE) values for 1 .S and 7.5 mgikg 

were not however different from that obseived with 3.75 mg/kg (Fig. 138). A 

further increase in the &se of caffeine to 15 mglkg produced an increase in the 

activity level of the rat. an effed that was not obsetved for the 1.5. 3.75, or 7.5 

mgkg doses (data not shown). This behavioral response had an effect on the 

withdrawal threshold of the ipsilateral paw as accurate detemination of the 

threshold requires the rat to remain still during presentation of the stimulus. No 

significant difference was found between the thermal withdrawal thresholds of the 

contralateral paw at any of the doses (Fig. 136). 

4 

3.3.2 Effecl of systemk caffeine on the thermal anti-hyperalgesic effet3 of 

systemic amitrplvline 

Systernic amitriptyline (10 mgkg) produced a signlicant reversal of nerve 

injury-induced thermal hyperalgesia from 60-180 minutes following administration 

(Fig. 14A). and with respect to the overall cumulative effect (ZMPE) (Fig. 14D). 

Coadministration of 1.5 mg/kg of caffeine with amitriptyline had a statisticaliy 

sign if icant effect an the thermal anti-hyperalgesic effect of amitriptyline both at 

individual tirne points (Fig. 14A) and in the cumulative effect (Fig. 14D), where a 

60% block of the thermal anti-hyperalgesic effect of amitriptyline was obsewed. 

Caffeine at 3.75 mglkg completely antagonized (1Wh block) the thermal anti- 



Figure 13 

Time course of the systemic effect of various doses of caffeine (caff) on thermal 

hyperalgesia in the ipsihteral paw following newe injury (A). The figure also 

depias the cumulative maximum possible effect EMPE) over the the course for 

both the ipsilateral (ipsi) and contralateral (cntra) paws (B). Values depict group 

means (n=6-9 per group) t SEM of the maximum possible effect. ' P4.05 

compared to saline. 
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Flgure 14 

Time course of the effect of systemic cbadrninistratim of increasing doses of 

caffeine (gray syrnbols) on the systemic thermal anti-hyperalgesic effect of 10 

mgkg amitriptyline (ami) (black syrnbols) as compared to saline (hollow syrnbols) 

(A, B. and C). The overall efiect is shown as the cumulative maximum possible 

effect &MPE) (D). Values depict the mean ( n a  per group) t SEM. 'P43.05. 

"P<0.01, "'P<0.001 campard to saline. tP4.W. ttP4.01, tîtP<O.ûûl 

compared to amitriptyline (1 0 mglkg). 





hyperalgesic effect of arnitriptyiine (1 0 mgkg) (Figs. 146 and 140) without 

exerting any observable psychomotor stimulatory effect, as mentioned above. 

Similarly, while 7.5 mgkg did not have any significant motor effect. it did partially 

block the thermal anti-hyperalgesic action of amitriptyline. at one individual time 

point (Fig. 1 4C) and in the cumulative effect (67% block) (Fig. 140). 

3.3.3 Effect of spinal caffdine on the t h e m l  anti..hypem@esic action of spinal 

amitriptyline 

The spinal administration of arnitriptyline (60 pg) oniy produced a partial 

effect on newe injury induced thermal hyperalgesia. and this effect was only 

significantly different frorn saline in the cumulative score (fig. 15). Spinal 

pretreatment (1 0 min) with caffeine (1 00 pg) slightly reduced the cumulative 

themal anti-hyperalgesic action of spinal amitriptyline (Fig. 158) but this effect 

was not statistically significant. This dose of intrathecal caffeine was without 

intrinsic rnotor or anti-hyperalgesic activity (Fig. 1 SA). Higher spinal doses of 

amitriptyline were not investigated. as they produced pronounced seûative andlor 

motor effects severely wmpromising the ability to detemine the withdrawal 

thresholds as mentioned previously (section 3.2.2). 

3.3.4 Effect of 1-1 peripheral caffeine on the themal anti-hpralgesjc actian of 

local peripheml emit@tyiine 

The local peripheral administration of amitriptyline (30 and 100 nmol) 

produced a signifiant thermal anti-hyperalgesic effect at individual time points 



Figure 15 

Time course of the effect of spinal amitriptyline (ami) and caffeine (caff) alone. 

and in combination, on nerve-injury induced thermal hyperalgesie of the 

ipsilateral paw (A) for individual time points. The data is also depicted in ternis of 

the maximum possible effect (XMPE) (B). Values depict the mean (n=6 per 

group) SEM. 'P4.05 cornpared to saline. 
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(Figs. 16B and 14C) and in the cumulative data (Fig. 160). This d ' f a  was 

detemined to be due to a local action as it was not observecl following 

administration of amitriptyline into the contralateral paw (section 3.2.3). When 

CO-adm inistered peripherally with amitriptyline, caffeine (1 500nmol) significantly 

reduced the local thermal anti-hyperalgesic effect of 30nrnol (66% block) (Figs. 

166 and 16D) and 100nmol(60% block) amitriptyline (Figs. l6C and 160). 

Peripheral administration of caffeine alone however, fa im to produœ my 

significant effect (Fig. 16A). M i l e  there still remained a slight thermal anti- 

hyperalgesic effect following administration of the amitriptylinecaffeine 

combinat ion, this effect was not significantly different from that of saline alone 

(Figs. 166, 16C and 16D). 

3.3.5 Effect of systemic and kcel caffeine on the thermal anti-hyperalgesic 

action of systemic and local peripherel desipramine 

As identified in a previous section both systemic (1 O mgkg) and local 

(100nmol) desipramine had a significant effect on nerve injury induced thermal 

hyperalgesia. Neither systemic nor local ca-administration of caffeine had an 

effect on the themal anti-hyperalgesic action of desipramine (Fig. 1 7). 

3.4 Time Cou- af Immunonactive expresslon of Hsp27, NPY, 

SP following unilaterd rplnal mwe ligation 

The results from the previous two sections of this thesis identified a route and 

test specific effect of antidepressants in nerve injury induced neuropathic 



Figure 16 

Time course of the local peripheral effect of 1500nrnoi of caffeine (caff) alone (A) 

and on the thermal anti-hyperalgesic effect of 30nmol (B) and 1 Wnmol (C) 

amitriptyline (ami). Amitriptyiine alone is depicted by black symbds while 

combination of the respective doses with caffeine is depicted by gray syrnôols. 

The cumulative effect of the drugs atone. and in combination. on the maximum 

possible effect (MPE) on the ipsilateral paw. is shown in (D). Values depict the 

mean (n=9 per group) * SEM. 'P4.05, "Pc0.01, mP<O.ûO1 compareci to 

saline. tP<O.M. ttP4.01. tttP<0.001 compared to the respective dose of 

amitriptyline alone. 





Time course of the systemic (A and 6) and local periphecal (C and D) effect of 

desipramine alone and in combination with caffeine. Panel (A) depicts the time 

course of systemic desipramine (10 mglkg) and caffeine (7.5 mgkg) alone and in 

combination, while panel (B) represents the cumulative MPE (ZMPE) values 

following systemic administration. Show in panel (C) is the time course of the 

anti-hyperalgesic effect of desipramine (100nmd) and caffeine (1 500nmol) alone 

and in combination. and show in (D) is the cumulative MPE GMPE) values over 
* 

the time course. 'Pe.05. "P<.01 compared to saline controls. 





pain. In order to study the neuroanatomical effects of chronic drug treatment, the 

time course of immunoreactive expression of selective markers was performed. 

3.4.1 Behavioral manifitatidns of peripheml nervç, Iigation palhophysiollogy 

At each of the tirne points correspondhg to the immunohistochernical 

analysis, a determination of the allodynic threshold was made. Figure 18 depicts 

the mean 50% withdrawal threshdd for the ipsikteral and contralateral paws, as 

well as the difference between the two paws, in experimental animals at 4.7. 12. 

and 17 days. The magnitude of the dinefence between the thresholds for the 

paws increased from day 4 to day 7, but then remained relatively stable until &y 

17. The figure also depicts a lower response threshold of the contralateral paw 

at 4 days that is significantly different from that of the contralateral paw at the 

later time points. There was also an occasional reduced threshold response in 

the ipsilateral paw of the sham animals that cantributed to a higher variation in 

the response threshold for the group (data not show). By 5 months however, 

we did not detect any difference in the respdnse thresholds between the 

ipsilateral and contralateral paws, and both were above the cutoff (15 gram) 

th reshold. 

3.4.2 Changes in Hsp27-IR expmssion in the spinal dorsal hom and gracile 

nucleus 

Hsp27-IR was examined in the spinal cord and brain stem of naive rats 

from the same group as the experimental animals coinciding with the 1, 4 and 12 

day time points. For this study, Hsp27-IR is described only in the L4S2 region of 



Figure 18 

Histogram showing the expression of tactile alladynia in the nerve ligated paw 

(ipsilateral) and the tactile response threshold of the non-injured (contralateral 

paw). Also shown is the differenœ in the response threshdds between the two 

paws at the successive time points. Values represent the mean t SEM for 

experimental animals ( n 4  at each time point). 4Pc0.05 as m p a r e d  to the 

ipsilateral paw 4 day value, 'PcO.05 compared to the 7 day contralateral paw 

value, $Pc0.05 compared to the 7 day difference value and ePcO.05 mmpared 

to the 4 day ipsilateral paw value. 





the spinal cord, as this was the spinal segments in which most of the changes in 

Hsp27-IR expression occurred folbwing SNL Hsp274R in the spinal cord of the 

naive animals was simifar at al1 time points (Fig. 19A-E). Light labeling of Hsp27- 

IR was obsewed in LI and LIII-IV, but was noticeaMy absent in UI except for a 

few labeled fibers and axon terminal-like structures. At the L5 level, the Hsp27- 

IR was more dense in the medial one-half to two-thirds of the dorsal horn, and at 

L6, a small band of lightly stained fibers extended along the medial border of the 

dorsal hom towards the rnidline and crossed up towards LI on the opposite side. 

Hsp27-IR was examined in the spinal cord and brain stem of SNL and 

sham rats at 6 and 24 hours, 4, 7. 12. 1 7 and 1 80 days. Relative changes in 

Hsp27-IR. as compared to naïve and sham ligated animals. did not becorne 

apparent in the dorsal hom until4 days after SNL (see F ig. 19). By 4 days the 

SNL-induced Hsp27-IR was most apparent in the dorsal hom from L M 2  (F igs. 

19K-0). The Hsp27-IR was most dense in L6 and SI and patchy labeling was 

observed in the superficial iarninae of the L4. L5 and S2 segments. The Hsp27- 

IR in L641 was most dense in LI. UI. and the dorsal margin of UII (MW. 

Moderate Hsp27-IR was present in LU,. In the sham ligated animals at 4 days, a 

dense patch of Hsp27-IR was located only on the lateral margins of LI, LII, and 

LI I Id in spinal segments L5 to SI (Fig. 1 9F-4. 

Seven days after SNl, the intensity of Hsp27-IR in the ipsilateral dorsal 

hom from LS-Ç2 was not changed from that seen at 4 days (Figs. 19K-0). 

However, on the contralateral side of the spinal cord. we observed a reduction of 

Hsp27-IR in lamina III, from L6-S 1. 



By 12 days after SNL. Hsp27-IR in the ipsilateral dorsal horn was most 

intense and appeared as a wide band of labeling that filled the medial to lateral 

extent of the dorsal horn from LI-UII in LS-SI (Figs. 20 and 21C). Less densely 

stained Hsp27-IR fibers appeared to spread further into the deeper laminae (LIV- 

LV) from the more densely stained superficial laminae. The Hsp27-IR labeling in 

L4 and S2 appeared as dense patches in LI-LIII with little or no SNL-induced 

change in Hsp27-IR in spinal segments above L4, or below S2. Moderate to 

dense Hsp27-IR extended along the medial border of the dorsal horn from L1-L6, 

crossed the midline above the central canal and extended up along the medial 

border of the contralateral dorsal hom ta LI (Fig. 21C). In addition, a few Hsp27- 

IR fibers in the ne& region of the dorsal horn appeared to cross the miâline 

above the central canal and extend towards the lateral-most border of the 

contralateral dorsal horn (Fig. 21C). Many of the Hsp27-IR fibers in the ne& 

region of the ipsilateral dorsal horn appeared to overlap with branching dendritic 

processes that extended dorsally from neurons located in the ventral hom. A 

small patch of Hsp27-IR was observed in the region of the intermediornedial 

nucleus and a dense patch of Hsp27-IR fibers extended from the ventrolateral 

border of the dorsal horn into the region of the parasympathetic nucleus 

ipsilaterally (Fig. 22A). Dense Hsp27-IR fibers were observed in the dorsolateral 

region of the ipsilateral dorsal adumn in spinal segments L5-L6 (Figs. 200,20H, 

2% and 228). The Hsp27-IR was traced rostrally in the dorsal colurnn to the 

nucleus gracilus where Hsp27-IR fibers were dense in the medial region of the 

nucleus (Fig. 220). 



Figure 19 

Hsp27-IR in the spinal dorsal horn (L4S2) in naive (A-E). shamoperated (FJ) 

and spinal nerve ligated animals (K-O) 4 days after surgery when changes first 

became apparent. The Hsp27-IR in the ligated animals is m a t  dense in LI and 

the outer margin of LIII in the lower lumbar (LS-L6) and upper sacral (SI) spinal 

cord (L-N). Note that the labeling in LI1 is lighter than that seen in adjacent 

larninae of the Iigated animals but darker than that seen in the &am-operated 

and naive anirnals. Surgical exposure of the spinal nerves also induced some 

expression of Hsp27-IR in the laterakmost reg ion of the superficial lam inae 

including LI-LI1 and the outer region of Llll (0-1). The roman nurnerals in (A) 

indicate the different larninae of the spinal dorsal hom. Scale bac 25ôpm. 



Figure 19 



Figure 20 

Hsp27-IR in the spinal dorsal hom (L442) in sharn-operated (A-E) and spinal 

nerve ligated animals (FA) 12 days after surgery, when Hsp27-IR expression is 

at a peak. The Hsp274R ewession in the ligated animals has intensified and 

spread into deeper laminae of the lumbo-sacral spinal cord. Hsp27-IR is now 

dense in LI-LIII and moderate to light in LIV and LV of the lower lumbar (L5-L6) 

and upper sacral (SI) spinal cord. Dense Hsp27-IR in the sham operated 

animals has also spread into intemediate and medial portions of LI and LI1 with 

rnoderate to light patchy labeling in Llll and UV. The small lines in (A) indicate 

the approximate borders of the different laminae. Scale bar: 25ôpm. 



Figure 20 



Figure 21 

HSP27-IR in the L6 spinal segment 24 hr (A). 4 days (B), 12 days (C) and 180 

days (D) after L5-L6 spinal newe ligation. The Hsp27-IR is dense in the 

superficial larninae by 4 days, becomes most dense by 12 days and is greatly 

diminished by 180 days after spinal newe ligation. By 12 days. the Hsp27-IR 

spreads into the midline and crossing fibers extend along the medial border of 

the dorsal hom, deep to the dorsal hm. to mach the superficial laminae on the 

contralateral side (see anows). The small lines in (A) indicate the approximate 

borders of the different larninae. Scale bar: 25Qu-n. 



Figure 21 



In the sham ligated animals at day 12, a dense band of Hsp27-IR was obsenred 

only in LI and on the lateral border of Li-LIII from L4S1 (Figs. 20A to 200). 

Moderate to light labeling was observed in LII-LIII from spinal segments L461. 

At L6-SI, moderate to light Hsp274R extended along the medial border of the 

dorsal horn from LI-VI, crossed the midline above the central canal and extended 

up along th8 medial border of the contralateral dorsal horn to LI. Hsp27-IR fibers 

were sparse in the neck region of the dorsal hom and only the occasional Hsp27- 

IR fiber extended towards the midline. Moderate to dense Hsp27-IR was 

observed extending from the ventro-lateral border of the dorsal horn into the 

parasympathetic nucleus ipsilaterally. In the sham animals, little or no Hsp27-IR 

was observed in S2 at 12 deys, and Hsp27-IR labeling in the dorsal columns and 

nucleus gracilis was light to moderate on both sides. 

By day 17. Hsp27-IR in the SNL animals appeared to be less dense in Lllr 

LV compared to that seen in the SNL animals at day 12. The differences in 

Hsp27-IR were most apparent in these laminae from L6-SI. Hsp27-IR in the 

other regions of L5-S2 were similar to that seen at âay 12. By day 180. Hsp27- 

IR in the dorsal hom had retumed almost to the same intensity as that seen in 

the naive animals (Fig. 21 0). However, Hsp27-IR in the lateral half of LI and UII, 

at spinal segments L&S1 was more dense that that seen in the sham ligated or 

naive animals. In addition, Hsp27-IR was more dense in the dorsal and lateral 

part of the ipsilateral dorsal column as compared to the contralateral dorsal 

column (Fig. 21 0). 



Figum 22 

Hsp27-IR in the spinal cord and brain stem 12 days after spinal nerve ligation (A. 

B and D) or sham-surgery (C). Panel (A) shows the typical pattern of Hsp27-IR 

in SI and the presenœ of dense labeling in the lateral sacral parasympathetic 

nucleus (anow). Panel (8) shows dense Hsp27-IR in the dorsolateral portion 

(arrows) of the ipsilateral fasciculus gracilus (gr) after SNL Note the presence of 

dense HSP27-IR in the medial portion (arrows) of the ipsilateral nucleus gracilus 

(Gr) in the SNL animal (D) that is not as evident in the sham-operated animal (C). 

Scale bar: 250pm. 





3.4.3 Changes in NPY-IR expression in the qpinal done l  hom and gracile 

nucleus 

Changes in NPY-IR in the spinal dorsal horn and gracile nucleus were 

similar to the changes in Hsp27-IR obsenred following SNL. There was a 

rnarked increase in NPY-IR in laminae III and IV and the medial portion of lamina 

II of spinal segments L5-SI, predominately ipsilateral (Fig. 23 and 24). In 

contrast to the Hsp27-IR however, the NPY-IR was apparent by day 7 and was 

most intense by day 17 (Figs. 23K-û and 24). The increased NPY-IR was most 

dense in the medial to lateral edent of Laminae III and moderate in lamina IV by 

day 17. NPY-IR increased in the medial one-third of lamina II so a light to 

moderate patch appeared by day 7 that increased to a dense patch by day 17. 

By day 17, NPY-IR appeared to be increased in laminae I and II, of the 

contralateral dorsal horn. Little or no change in NPY-IR was obsenred in spinal 

segment L4 and in the lateral one-third of S2. 

In sham operated animals, an increase in NPY-IR was observed primarily 

in the lateral most region of lamina III of spinal segments LS-SI that became 

evident by day 7 (Figs. 23F to 235). was most prominent by day 17 and 

diminished after 180 days. 

By day 17. NPY-IR was increased in the lateral border of the dorsal 

column (Fig. 24C) and dense NPY-IR filled the gracile nucleus caudal to the obex 

and was observed in the rostral mat  extent of the nucleus rostral to the area 

postrema (Fig. 24). In the sham animals there was a small patch of NPY-IR that 

was observed only in the medial part of the gracile nucleus caudal to the obex. 

The increase in NPY-IR in the spinal dorsal hom diminished by 180 days after 



Figure 23 

NPY-IR in the spinal dorsal hom (L442) in naive (A-E). sharn-operated (F-J) and 

SNL animals (K-0) 7 days after surgery when changes first became apparent. 

Changes in the density and distribution of NPY-IR in the SNL animals is most 

apparent in LI and LIII in the bwer lumbosacral cord (L5- SI) spinal cord (w L- 

N). NPY-IR in UI appears to be increased primarily along the medial border of 

the lamina at L6-SI. At L4. there is little or no difference between groups and at 

S2, an increase in NPY-IR is oniy present in the medial WWhirds of LM. 

Surgical exposure of the spinal nerves (F-J) increased NPY-IR in the laterakrnost 

region of UII at L6 (sse H) and produced patchy labeling throughout Llll at SI 

(see J) . Scale bai: 2SOpm. 



Figure 23 



Figure 24 

Representative spinal cord sections et LWS1 showing the time course of the 

increase in NPY-IR above normal ievels after SNL. There is little change in NPY- 

i R after 1 day but a marked increase in NPY-IR occum in the spinal dorsal horn 

by 12 days (B). The intensity of NPY-IR peaks at 17 days (C) and diminishes to 

near normal levels by 1ûû days (O). At 17 days. the change in NPY-IR is most 

evident in LI, UII-UV and in the medial one-third of LI1 of the ipsilateral dorsal 

horn. Crossing NPY-IR fibers (arrows) were obsenred and NPY-IR appears 

increased in the contralateral LI and the medial border of LI1 17 days after SNL 

Scale bar: 2 5 0 ~ .  



Figure 24 



Figure 25 

NPY-IR in the gracile nucleus (Gr) 17 days after SNL (A-81, 17 days after sham- 

surgery (C) and 180 days after SNL (D). Note that the NPY-IR is markedly 

increased in the ipsilateral gracile nucleus (A) compered to that seen on the 

contralateral side and in sham-operated animak (C). The increase in NPY-IR in 

the gracile nucleus extends f rm the caudal to its rostral-most extend (8). In the 

sham-operated animals, NPY-IR is increased mainîy in the medial onethird of 

the nucleus (C). By 180 days after SNL, the increase in NPY-IR is still evident 

but is noticeably diminished espedally in the medial one-third of the nucleus (D). 

Scale bar: 250pm. 





Figure 26 

Densitometric comparison of the percent change in immunoreactive intensity of 

Hsp27 and NPY in the spinal dorsal horn of the L m 1  region of the spinal cord in 

experimental ne-injured rats. The percent change in intensity (percent 

change = (ipsbcontra)/contra) is represented as the mean +/- SEM of 5 sections 

per animal at each of the time points. 





SNL so that it was similar to that seen in the control animals (Tg. 24D). 

However, in the gracile nucleus light to moderate NPY-IR was still present 180 

days after SNL (Fig. 250). 

Qualitative analysis of the immunoreactive changes in Hsp27 and NPY in 

both the spinal dorsal hom and gracile nucleus suggested a positive conelation. 

However, densitometric analysis of the change in immunoreactive labeling in the 

ipsilateral spinal dorsal horn as compared to that of the contralateral side using a 

Speanan Correlational analysis faiW to confin a poslive conelation in the 

changes in Hsp27 and NPY (coefficient; r, = .91. P = .06). 

3.4.4 Changes in SP-IR expression in the spinal dorsal hom and gracile nucleus 

In naive and sham operated animals, dense immunoreactive expression 

of substance P (SP-IR) was observed in the superficial laminae of the dorsal 

hom. The labeling consisted of terminal plexus with sorne staining of the 

surrounding neuropil. There also appeared to be a lighter region of moderate 

SP-IR fibers in the area of the lamina l lAll interface. The same pattern of 

expression was observed in the contralateral side in experimental animals (Fig. 

27D). and on the ipsilateral side until day 7 when a reduction in the SP-IR was 

observed in the superficial laminae of the ipsilateral SDH (Fig. 27A). The 

depletion in SP-IR was most drastic at day 12 (Figs. 278 and 27E) and occurred 

in both the superficial lamina and in the deeper region of lamina lüill interface. A 

depletion in SP-IR 



Figure 27 

Cornparison of the changes in immunoreactive expression of substance P (SP- 

IR) in the spinal dorsal hom of the L6B1 segmental region. Depletion in the 

ipsilateral superficial îaminae (1 and II, ) was first evident at 7 days (A and 0). 

greatest at 12 days (B and E). and still evident at 5 rnonths (C and F). Staining 

intensity and distribution of naives is similar to that of the contralateral side at day 

7 (0). Scale bar: 250 Pm. 



Figure 27 



was still observed in the superficial lamina 180 days following injury (Figs. 27C 

and 27F). Very light SP-IR terminal labeling was observed in the gracile nucleus 

in al1 animals. No changes in gracile nucleus SP-IR were evident following nerve 

injury (not show). 

3.5 Effects of chronic b u g  aâmlnlstration on behwioi and 

immunohistochemlstry Wlowîng unibturl spiiul newe hijury 

To detemine whether chronic administration of amitriptyline has an effect 

on nerve injury induced neuropathic pain behaviors. amitriptyline was 

administered in the drinking water. Caffeine was also administered alone and in 

combination with amlriptyline to determine if the blocking effect obsenred in the 

acute experiments also occurred following chronic administration. Due to 

limitations im posed by immunohistochern ical processing, the groups were 

divided into two equal series of 4 anirnals from each treatment group. The data 

was then pooled after consistency was confirrned between the series. 

Am itriptyline hydrochloriâe is su bject to degradation when in aqueous 

solution and exposed to light for long periods (3-4 days)(Buckles and Waiters, 

1976). To minirnize this effect, dmgs were administered in opaque bottles and 

fresh solutions were given every 48 hours, which falls within the window of the 

acceptable Iimt for stability. 

3.5.7 Weight gain, fluid consumpficn, and drug levels. 

Figure 28 shows the mean 4- SEM weight of al1 the animals in the first 

and second series of experiments. No statistical significance was observecl 



between any of these values for any tirne point As show, al1 groups gained 

weight at approximately the same rate. These results suggest that the dnig 

treatment did not adversely effect the continued developrnent of the animals. 

Figure 29 depicts aie volume of fluid consumed over successive 48 hour 

perioids expressed as the mean t SEM of the group. As indicated in the figure, 

al1 groups appeared to consume roughly the same volume of fluid over the time 

periods. These results fumer suggest that the drug treatment did not advenely 

effect 'normal' drinking behavior. 

Figure 30 depicts the approximate dose of drug received by the respective 

groups based on the weight, fluid consurnption, and initial concentrations of 0.1 1 

m g h l  for amitriptyline. and 0.05 mglml for caffeine. Cornparison of the drug 

concentration between groups revealed that animals receiving amitriptyline alone 

(ami) or in combination with caffeine (ami (combo)) received approximately the 

same dose (1 5-1 8 mglkg)(Fig 30). Similarly, there was no difference in the dose 

of caffeine (6-8 mgkg) obtained by animals receiving caffeine alone (caff) or in 

combination with amitriptyline (caff (combo)). The initial difference between the 

groups receiving the drug alone canpared to those receiving the combination 

reflects an initial methodological enor. and a dose titration in the first week of the 

first series. Although the initial differences in the dnig doses were significantly 

different, there were no significant variations in the behavioral effect (see below). 



Figure 28 

Average weight (kg) of rats. measured every 48 hours. in each treatment group 

over the course of the chronic dnig administration period (21 days). Values 

represent the mean f SEM of n a  for each of amitriptyline (ami), caffeine (caff), 

combination (ami+caff) and ccntrol groups. 





Figuro 29 

Average fluid consumption (mVday), rneasured at 48 hour intervals, in each 

treatment group over the course of the chronic dnig administration period (21 

days). Values represent the mean f SEM of n=8 for each of amitriptyline (ami). 

caff eine (caff). combination (ami+caff) and contrd groups. 





Figure 30 

Graph of drug concentration of amitriptyiine (1 1 rnglml) and caffeine (0.05 mglml) 

administered in the drinking water over the 21 day evaluation period. Values 

depict the mean t SEM of n=8 animals. for each group at each time point. Unes 

represent the concentration of amitriptyline when administered alone (ami) and in 

corn bination with caffeine (ami (combo)), and caffeine when administered alone 

(caff) and in corn bination with amitriptyline (caff (combo)). 





3.5.2 Beha v i m l  effectî of chrmic drug administ~on 

Assessment of the behaviwal effects of chronic drug treatment involves 

an appreciation of the actions of the drug on each paw as well as changes in the 

difference value between the paws. The results from the pooled groups for the 

chronic study are shown in Figures 31 and 32. The control groups (neuropathic. 

no drug) were first compared to the naïve groups to ensure a significant 

difference in the response threshdds and therefore expression of the 

neuropathic pain behavior. At each time point for both thermal hyperalgesia and 

static tactile allodynia a statistical cornparisan was made for each of the paws as 

weil as the difference score against the respective values in the control group 

(indicated by *P<0.05, T<0.01. mP<O.OO1). A cornparison was also made 

between respective values in the amitriptylinecaffeine corn bination group and 

those on the amitriptyline only group (indicated by tP<0.05, ttP4.01. tttP<O.001). 

3.5.2.1 Thermal hyp8ralgesia 

Seven days following surgery and chronic drug administration rats in the 

drug treatment groups were showing signs of differences in thresholds as 

compared to the controls (Fig. 31 A). In control animals. the value of the 

ipsilateral paw was significantly reduced from either the contralateral paw or 

naïve animals, indicating a robust neuropathic condition. Caffeine treated 

animals exhibited a reduced ipsilateral paw threshold and greater paw difference 

value, as compared to the controls (Fig. 31A). Of al1 groups. the caffeine animais 

demonstrated the strongest evidence of neuropathic pain. On the other hand, 

compared to controls. chronic amitriptyline had a greater ipsilateral paw 



threshold, a lower contralateral paw threshold, and less of a difference between 

paws (Figure 31 A). Corn bination of caffeine with amlriptyline partially inhibited 

the anti-hyperalgesic effect of amitriptyline (Fig. 31A). The difference between 

the paws in the combination group was not signlicantly different from that of the 

amitriptyline group, but this may have been a result of the signifiant decrease in 

the response threshold of contralateral paw in the combination gmup. 

After two weeks of chronic dnig administration. the same general trends 

were obsewed as seen at day 7. with some important additions (Fig. 31 8). Thus. 

the caffeine group again demonstrated the most robust thermal hyperalgesia as 

evidenced by the lowest ipsilateral paw threshold, and the greatest paw 

difference score (Fig. 31). Additionally, in the caffeine group, the contralateral 

paw threshold was greater than that observed in naïve rats, suggesting that the 

animais avoided bearing weight on the injured paw. Cornpared to controls. the 

amitriptyline group had a greater ipsilateral paw threshold. a lower contralateral 

paw threshold, and a lower paw difference score (Fig 31 B). Combination of 

caffeine with amitriptyiine again caused a block of the thermal anti-hyperalgesic 

effect of amitriptyline. an effect that was greatest at this time point. 

At the third week (Day2l) of the study the results were still comparable to 

those observed at the first two time points (Fig. 31C). The most robust thermal 

hyperalgesia was observed in the control and caffeine treated animals (Fig. 31C). 

C hronic am itriptyline again blocked expression, or developrnent. of thermal anti- 

hyperalgesia. The effect of arnitriptyiine was blocked by CO-administration of 

caffeine (Fig. 31 C) but not to the extent of that observeci at 14 days. 



Figures 31A, 326,33C 

H istograms showing the effect of Chrmic drug administration of amitriptyline 

(ami : 15-1 8 mglkglday) and caffeine (caff: 6-8 mgkg/day) alone and in 

combination (ami+caff) on newe injucy-induced thermal hyperalgesia of the 

ipsilateral paw (ipsi), the thermal withdrawal threshoid of the contralateral paw 

(cntra). and the difference between the two responses (diff; wtiere diff=ipsi-cntra). 

Analysis was made at 7 (A), 14 (8). and 21 (C) days aler surgery. Naïve 

animals had no surgical or dnig intervention. while control animals received 

spinal nerve ligation surgery but no drug (normal dnnking water). The treatment 

groups are identifid bebw the respective gmup of three histograms. Histogram 

values represent the rnean t SEM of n=4 for the naïve group and n=74 for 

control and treatrnent groups. WPt0.05, WP4.01, ###P<O.Wl compared to 

naTve, 'P4.05, "P<0.01, "*P<0.001 compared to control, tP4.05, ttP<O.Ol, 

tttPe0.001 for combination group (ami+caff) compared to the appropriate 

amitriptyline value (ami). 









3.5.2-2 Sta tic tactile albdynk 

At day 7 t h ~ 8  was no difference in the ipsilateral paw threshold for any of 

the treatment groups compared to the controls. However a hyperaesthetic effect 

on the contralateral paw in both the amitriptyiine and amitriptyline-caffeine 

combination groups was observed at al1 time points (Fig.32A). As in the acute 

amitriptyline experiments (section 3.2.5), the contralateral response threshold 

was significantly kwer than that of control animals. Qualitative assessrnent of 

the response however diff erentiated it from that observed in the neuropathic paw. 

The hyperaesthetic response typically involved a rapid withdrawal from the 

stimulus but with none of the secondary behaviors observed in the neuropathic 

paws (i.e. shaking, biting. licking and guarding). Animals in the amitriptyfine had 

a significantly lower contralateral paw withdrawal threshold from that observed in 

the control (Fig. 32A). A further decrease in the contralateral paw threshold was 

observed in the combination group so that the value was significantly less than 

that of any other treatment groups including amitriptyline alone (Fig. 32A). The 

net result of these lower contralateral paw thresholds is a reduction in the paw 

difference scores (Fig. 32A), as compared to controls, which taken alme could 

be interpreted as an anti-alloclynic effect. 

At day 14, the same general trends were observed as in day 7. As such, 

there was no effect on the ipsilateral paw threshold, yet thete was a signHicant 

h yperaesthetic effect observed in the contralateral paw of both the amitriptyline, 

and amitriptyline-caffeine combination groups (Fig. 328). Once again caffeine 

coadministration with amitriptyline resulted in a significantly lower contralateral 

paw threshold as compared to the amitriptyline alone group (Fig. 328 ). 



Figures 32A. 326.32ê 

Histograrns showing the effect of chronic drug administration of am itriptyline 

(ami: 15-18 mgn<g/day) and caffeine (caff: B8 mgkg/day) alone and in 

combination (ami+caff), on necve injury-induced static tadile allodynia of the 

ipsilateral paw (ipsi), tactile withdrawal threshdd of the contralateral paw (cntra), 

and the difference between the two responses (diff; where diffripsi-cntra). 

Analysis was made at 7 (A), 14 (6). and 21 (C) days aiter surgery. Naïve 

animals had no surgical or drug intervention, while control animals received 

spinal newe ligation surgery but no dnig (normal drinking water). The treatment 

groups are identifid below the respective group of three histograms. Histogram 

values represent the mean t SEM of n=4 foi the naïve group and nz7-8 for 

control and treatment groups. #P<.05. ##P<.O1, ###P<.OO1 mpared  to naive, 

'Pc.05, "P<.01, "+P<.OOi compared to control , tPe.05, ttPc.01, tttP<.ûû1 for 

combination group (ami+caff) compared to the appropriate amitriptyline 

h istogram (ami). 









By day 21 (Fig. 32C). aie amitriptyiinecaffeine group no longer had an 

exacerbating effect on the contralateral paw hyperaesthesia as compared to 

amitriptyline alone. Thus, while both groups were significantly hyperaesthetic as 

compared to controls. they were not different from each other (Fig. MC). 

3.6 Effect of chronlc drug admlnlstradon on Hsp27-IR, NPY-IR, 

and SPJR in the SPIMI dorsal hom and gracile nucleus 

To determine if the antihyperalgesic and hyperaesthetic effect of the 

chronic drug treatments were syrnptomatic. or whether they were manifestations 

of changes in the underlying pathophysiology. we examined changes in 

immunoreact ive expression of several immunohistochemical markers. This 

analysis was made 24 hours after the final behavioral test to minimize 

manipulation-induced effects on the expression (i.e. at day 22 after surgery). For 

the purpose of this thesis. analysis was restricted to the lower lumbar and upper 

sacral sections of the spinal cord. but included the full extent of the gracb 

nucleus. 

3.6.7 Hsp2 7 h m  unoreacfivrty in the spinal dorsal hom and gracile nucleus. 

In the ipsilateral spinal dorsal hom of control animals Hsp27-IR in the 

lower lurnbar and upper sacral segments consisted of dense expression in the 

superficial lamina and in the lamina llhl interface. In lamina II, however, there 

appeared to be a reduction in the intensity of the Hsp274R expression (Fig. 33A). 

This same pattern of Hsp27-IR expression was observed in ipsilateral SDH of the 

caffeine group (Fig. 338). In the amitriptyline group (Fig.33C). there was dense 



Figure 33 

Corn parison of the effect of chronic dnig administration on Hsp27-IR expression 

in the spinal dorsal hom in the LWS1 region following unilateral spinal nerve 

ligation. Panel (A) is a representation of the Hsp27-IR expression in nenm 

injured animals receiving only drinking water. Su bsequent panels depict the 

eff ect of chronic caffeine (caff: 6-8 mg/kg/day)(B). amlriptyline (ami: 1 5-1 8 

mg/kg/day)(C) alone, and in combination (ami+caff)(C) administered in the 

drinking water. Special attention is dirBCted at the lamina IlIiiV region of the 

ipsilateral dorsal horn (anows). Scale bai: 100 vm. 



Figure 33 



Figure 34 

Cornparison of the effect of chronic drug administration on Hsp27-IR expression 

in the gracile nucleus at the caudal level of the area postrema. following 

unilateral spinal newe ligation. Panel (A) is a representation of the Hsp27-IR 

expression in newe-injured animals receiving only drinking water. Subsequent 

panels depict the effect of chronic caffeine (caff: &IO mglkglday)(b). amitriptyline 

(ami: 15-20 rngkg/day)(C) abne, and in combination (arni+caff)(C) administered 

in the drinking water. Special emphasis is given to the increased expression in 

the contralateral gracile nucleus (arrows). Scaie bar: 80 Pm. 



Figure 34 



expression in the superficial lamina, as observed in the control and caffeine 

groups. but the labeling in laminae Il,, III and IV was homogeneous so that the 

dense band of labeling at the lamina llnll interface was no longer apparent. In 

the combination group (Fig. 330). Hsp27-IR in the ipsilateral SDH was similar to 

that obsenred in the control and caffeine groups. 

In the contralateral SDH. there appeared to be an increase in Hsp274R 

labelling in the medial 1 / p  region of the lamina IlfiIl interface in both the 

amitriptyline (Fig. 33C) and combination groups (Fig. 330) as compared to either 

the control or caffeine groups. In these same groups there also appeared to be 

an increase in the Hsp27-IR in the superficial laminae especially the lateralmost 

reg ion. 

In the ipsilateral gracile nucleus, Hsp21-IR was increased in the 

amitriptyline and combination groups compared to the control and caffeine 

groups (Fig. 34). This difference was most evident at the caudal level of the area 

postrema, but was observed through the rostral extent of the nucleus. In this 

region there also appeared to be an increase in the Hsp27-IR labeling in the 

medial region of the contralateral gracile nucleus. 

3.6.2 NPY immunomactiv~ (NPY-IR) in the spinal dorsal hom and gracile 

nucleus 

Following drug treatment there appeared to be a redudion in NPY-IR in 

the lamina lüill intedace in the ipsilateral SDH of the amlriptyline animais (Fig. 

3%). Furthemore, whereas in the control. caffeine, and combination groups 

dense imm unoreactive expression was observed in the superficial larn inae and 



the lamina IMII interface. in the amitriptyline group, dense NPY-IR expression 

was only observed in the superficial laminae (Fig. 35). The labeling consisted of 

punctate terminal-like endings and fibers. 

Contralateral SDH immunoreactive expression of NPY consisted mainiy of 

a thin region of terminal like endings in the superficiel larninae. In the 

amitriptyline and cantrol groups however. there appeared to be an increase in 

the elent of the labeling in the medial 1 / 3 ~  of the lamina lülll interface and at the 

lateralmost iegion of the superficial laminae (Fig. 35C and 350). 

In the ipsilateral gracile nucleus. increaæd NPY-IR was observed through 

the extent of the nucleus in the amitriptyline and combination groups as 

compared to that observed in the control and caffeine groups (Fig. 36C and 

360). 

3.6.3 SP immunoreactivity (SP-IR) in the SDH and gm 

Changes in the SP-IR expression following nerve injury (data not show) 

were less obvious than those observed with either Hsp274R or NPY-IR. 

Nonetheless there appeared to be an increase in SP-IR in the lamina I IAl l  

interface of the ipsilateral dorsal dorsal horn although there was considerable 

variation between animals. 



Figure 35 

Cornparison of the effect of chronic drug administration on NPY-IR expression in 

the spinal dorsal hom in the L m 1  region following unilateral spinal nerve 

ligation. Panel (A) is a representat'm of the Hsp27-IR expression in newe- 

injured animals receiving only drinking water. Subsequent panels depict the 

effect of chronic caffeine (cafk 8- 10 mglkg/day)(B). amitriptyiine (ami: 1 5-20 

rnglkglday)(C) abne. and in c m  bination (ami+caff)(C) administered in the 

drinking water. Arrom indicate special ernphasis on the lamina llVlV region of 

the ipsilateral dorsal horn (black anows), and lamina lMll of the contralateral 

dorsal hom (white anows). Scale bar: 100 Pm. 



Figure 35 



Fîgure 36 

Cornparison of the effect of chronic drug administration on NPY-IR expression in 

the gracile nucleus, at the caudal level of the area postrema, following unilateral 

spinal nerve ligation. Panel (A) is a representation of the Hsp27-IR expression in 

nerve-injured animals receivhg only drinking water. Subsequent panels depict 

the effect of chronic caffeine (caff: &IO mglkglday) (6). amlriptyline (ami: 15-20 

mglkglday) (C) alme, and in combination (arnhtr) (C) administeted in the 

drinking water. Special emphasis is given to the increased expression in the 

ipsilateral gracile nucleus in the amitriptyline treated animals (arrows). Scale bar: 

80 Pm. 



Figure 36 



DISCUSSION 

The underlying purpose of this dissertation was to detemine whether ADs 

were effective in alleviating syrnptoms of neuropathic pain in a rat madel of nerve 

injury. Additionally, the study was designed to detemine whether the relief 

afforded by ADs was primarily syrnptomatic, or a resuft of effects on the 

underlying pathophysioiogy. Also of interest was a detemination of whether 

manipulation of endogenous adenosine contributes to the action of various ADs. 

The principal findings of this thesis are as follows: (1) Acute 

administration of amitriptyline and desipramine is effective in alleviating thermal 

hyperalgesia through multiple routes of administration. (2) The themial anti- 

h yperalgesic eff ect of amlriptyline, but not desipram ine, is partially blocked by 

caffeine administration at the same sites. (3) Hsp27-IR and NPY-IR show a 

positive correlation in their increased expression in the spinal dorsal hom and 

gracile nucleus. (4) Chronic administration of amitriptyline alleviates thermal 

hyperalgesia, and this effect is blocked by chronic administration of caffeine. (5) 

Chronic administration of am itriptyline also causes hyperaesthesia in the 

contralateral paw, an effect that is exacerbateci by combination with chronic 

caffeine administration. (6) The behavioral effects of chronic amitriptyline 

administration are mirrored by changes in immunoreactivity of Hsp27 and NPY in 

the spinal dorsal hom. 

Collectively, the results of this thesis suggest that ADs (in particular 

amitriptyline) may be effective in treating neuropathic pain syrnptoms of thermal 

hyperalgesia but not those of static tactile allodynia. With respect to the latter 

sym ptom. am itriptyline may actually cause an untoward eff ect (contralateral 



tactile hyperaesthesia). The results also suggest that part of the efficacy of 

amitriptyline involves a manipulation of endogenous adenosine levels. an action 

that may be amenable to enhancement through combination with other agents 

such as adenosine kinase or deaminase inhibitors. In contrast, the ability of 

caff aine to block the benefiiial anti-hyperalgesic action of amitripty line suggests 

that caution may need to be exercised in patients using ADs for the treatment of 

neuropathic pain and who regularly consume caffeine from various sources. This 

possibility needs to be verified in controlled clinical trials. 

4.1 Symptom and route effect of acute AD8 

The results of the behavioral studies indicate that amitriptyline produces 

heterogeneous effeds on different manifestations of neuropathic pain and may 

therefore be useful for the treatment of some, but not ail, neuropathic pain 

syrnptorns. Specifically. in the rat mode1 of unilateral spinal newe ligation. 

amitriptyline produceci an almost camplete reversal of thermal hyperalgesia. but 

had no effect on static mechanical allodynia. Site and test specific actions of 

amitriptyline have been described previously in studies using models of acute 

nociception (tail flick, hot plate. vocalization) (Dirksen et al., 1994; Koneniemka- 

Rybicka and Plaznik. 1998). but few studies have examined the profile of 

amitripWin0 in this model of neuropathic pain. While other studies of neuropathic 

pain have shown amitriptyline to be active against hyperalgesia (Ardid and 

Guilbaud, 1992; Courteix et al.. 1994). they did not report any effect against 

allodynia. Recently, two studies have repocted an anti-allodynic effect of 



systemic amitriptyline (Abdi et al., 1998; Field et al., 1999). but the magnitude of 

the effect was minimal in terrns of the extent of the condition, and dose refated 

effects were not shown. Additionally, the methods for detenining the allodynic 

threshold were different hom that used in this study and this may have also 

contributed to the discrepancy in the anti-allodynic effects of amitriptyline 

between those studies and this thesis. The findings of these studies, in 

conjunction with the present resuts. may partially explain the equivocal dinical 

results seen with amlriptyline and other ADs in the treatment of neuropathic 

pains (Ollat and Cesaro, 1995; McQuay et al., 1996), since it may act 

preferentially against some syrnptoms and not others. 

The results in this thesis also indicate that the thermal anti-hyperalgesic 

effect of amitriptyline occurs following systemic, spinal. or local administration 

while the effect of desipramine occurs following systemic and local administration 

(spinal route not tested). In al1 cases, the anti-hyperalgesic effe~ts of 

amitriptyline and desipramine were observed without a concomitant analgesic 

effect in the contralateral paw. When administered systemically, amitriptyline 

aimost corn pletely reversed the nerve in jury-induced thermal h yperalgesia while 

desipramine had less of an effect. While this effect may be due to dose 

limitations, further testing was precluded by the occurrence of sedative effects. 

The spinal site of action of amitriptyline against thermal hyperalgesia shown in 

this study has already b e n  demonstrated in the carrageenan mode1 of persistent 

inflammation (Eisenach and Gebhari. 1995a), and in acute nociceptive tests 

(Hwang and Wilcox. 1987). The present study also demonstrates a local 

peripheral thermal anti-hyperalgesic effect of both amitriptyline and desipramine, 



the du ration of which was sirnilar to that observed following systemic injection, 

but with a longer duration. The local nature of this effect was verified when 

injections into the contralateral paw did not have any effect on ipsilatecal 

response latencies. Furthermore this local effect did not appeai to be a result of 

the potential local anesthetic-like actions of tricyclic ADJ (ûeffois et al., 1996), 

since no change was seen in the thermal threshoM of (a) the contralateral paw 

following local administration into that paw, or (b) the paw of naive animals 

following local administration. This finding is in agreement with the local actions 

of amitriptyline and desipramine in the rat fomialin mode1 (Sawynok et al., 1999a. 

199913) and of clomipramine, imipramine and desipramine in a model of noxious 

colorectal distention (Su and Geôhart, 1998). However, the results are in 

contrast to the lack of local effect observed with clomipramine in the rat 

carrageenan pressure threshoid mode1 (Ardid et al., 1991 ). The disparity 

between the two inflamrnatory rnodels may be due either to a difference in the 

intensity of the inflammatory injury, or to a potential difference in the profile of 

different drugs in the same class. The present observations represent the fint 

report of a local, peripheral site of action of both amitriptyline and desipramine in 

a neuropathic pain model. 

In contrast to the pain alleviating actions against thermal hyperalgesia, 

both arnitriptyline and desipramine were ineffective in the treatment of nerve 

injury-induced static tactile alMynia. There was even a slight untoward effect 

following spinal administration of amitriptyline (60 pg) that became statistically 

significant when the cumulative score was anaiyred. lncreasing the spinal 

concentration of arnitriptyline to 90 pg caused a signifiint sedative effect in that 



the animals were flaccid in the testing apparatus and this hindered their ability to 

respond to the stimuli. An interesting observation with the use of both agents in 

the tactile threshold test was the decrease in response threshold obsewed in the 

contralateral paw, which was temied a hyperaesthetk tactile response. While 

the hyperaesthetic response threshold was similar to that of the neive injured 

paw, qualitatively the observed behavioral response (a brisk withdrawal) differed 

from that exhibiteci by a normal neuropathic pain response (i.8. biting. licûing, and 

guarding). A similar magnitude of hyperaesthetic effect was observed following 

al1 routes of administration for both agents. Whib no other studies using 

neuropathic pain rnodels have reporteci a pain facilitating or pronociceptive effect, 

amitriptyline has been show to have pronociceptive actions in the rat tail flick 

test when administered spinally (Dirksen et al., 1994). In most other models, 

amitriptyline produced antinociception when administered systemically (rat hot 

plate, tail flick, withdrawal reflex. and acetic acid wrlhing tests) (Dirksen et al., 

1994; Casas et al.. 1995; Korzeniewska-Rybiia and Plamik, 1998). 

Collectively. the findings of this and the other studies indicate a distinct test and 

route specific effect of amitriptyline and desipramine. 

In contrast to amitriptyline and desipramine. systemic and local peripheral 

administration of fluoxetine was ineffective against either thermal hyperalgesia or 

static tactile allodynia. Further, the local peripheral administration of fluoxetine 

was found ta cause paw oederna (Sawynok et al., 1 999b). The lad< of effect of 

fluoxetine in this study is in agreement with others showing a minimal effect of 

SSRls in the treatment of experimental and clinical neuropathic pain (reviewed 

Sindrup. 1997). 



While the focus of this study was not a complete mechanistic analysis of 

the action of ADs against these two syrnptoms of neuropathic pain. it is useful to 

consider the general pathophysiological mechanisms of neuropathic pain that 

may account for differential actions. Th8 deveioprnent of neuropathic pain is 

thought to involve reorganization of A8 afferents into lamina I and II. central 

sensitization, loss of inhibitory intemeurons (reviewed Codene et al., 1993; Woolf 

and Doubell, 1994). oenslization of peripheral nociceptors (reviewed Sirnone, 

1992). and possibly a phenotypic switch in the response properties of the 

peripheral receptors following inflammation (Schaible and Schmidt. 1988; Meyer. 

1 995; Neuman et al.. 1 996). Another important factor in neuropathic pain is a 

sympathetic maintenance and dependence (reviewed Kim et al.. 1997) as a 

result of reorganization of noradrenergic fibers infiftrating the dorsal robt ganglia 

(McLachlan et al.. 1993; Ramer and Bisby, 1997; Rubin et al.. 1997). While 

central sensitization, loss of inhibitory intemeurons. and sympathetic dependence 

may be involved in both allodynia and hyperalgesia, reorganizatim of A8 

afferents and sensitization of respective nociceptors appears to be of particular 

relevance to allodynia. Furthemore, it has been show that allodynia rnay be 

spinally mediated through (RS)u-amineShydro~5-methyi4- 

isoxazolepropionic acid (AMPA) receptoro on wide dynamic range neurons, while 

h yperalgesia may be spinally mediated through NMDA-R on the same neurons 

(Leem et al., 1996). This finding correlates with the increased expression of the 

GluR1 subunit of the AMPA receptor in UII. LW and LV following dorsal 

rhizotomy (Carlton et al., 1998). regions which are thought to undergo 

reorganization following peripheral nenre injury. These mechanisms may explain 



the arnitriptyline-induced hyperaesthetic effect in the contralateral paw, and the 

lack of effect of amitriptyline against allodynia in the ipsilateral paw. However, it 

has also been shown that spinal NMDA antagonists are effective in alleviating 

nerve injury-induced allodynia (Chapian et al.. 1997) which argues against a 

simple receptor differentiation between the two sym ptoms. 

ADs are known to exert a number of pharmacdogical actions (reviewed 

Richelson. 1990; Leonard. 1993; Eschalier et al.. 1994; Eschalier et al.. 1999). 

The most prominent of these actions is the prevention of both noradrenaline and 

serotonin reuptake (Richelson and Pfenning, 1984). which in the long terni leads 

to receptor up-regulation or downregulation and this is thought to partly underlie 

their eff icacy in treating depression (Blier and de Montigny. 1995). With regard to 

pain mechanisms. enhancement of central noradrenergic tone may contribute to 

alleviating neuropathic pain f r m  chronic nerve constriction injury through 

activation of descending adrenergic inhibitory circuits as suggested by Ardid and 

Guilbaud (1992). However. if this mechanism was prominent in the present 

rnodel, one might expect an anti-allodynic action of amitriptyiine and desipramine 

as spinal administration of a, -adrenergic receptor agonists produce prmounced 

ant i-allodynic actions (Yaksh et al., 1 995). Peri pherally, noradrenaline can 

produce hyperalgesia (Levine et al., 1 986; Tracey et al., 1 995a) or 

antinociception (Davis et al.. 1991; Khasar et al., 1995) via activation of different 

~~adrenergic receptor subtypes (Khasar et al.. 1995). While blockade of the 

pronociceptive peripheral or, receptors rnight potentially be invohred in the local 

action of amitriptyline and desipramine. this was not deemed to underlie the 

eff icacy in an inflammatory mode1 (Sawynok et al., 1 999a. 1999b). The role of 



serotonin in pain modulation is also cornplex, since activation of serotonergic 

recepton produces pro- or anti-nociœptive actions in the spinal cord, depending 

on the receptor subtype being activateci (reviewed Cesselin et al.. 1994; 

Sawynok. 1996,1998). and pronociceptive actions at peripheral sites (Abbott et 

al., 1996; Doak and Sawynok, 1997). Interestingly, it has been shown recently 

that 5-HT released from immortalized cells transpianted into the lurnbar 

subarachnoid space was able to reverse the development of chronic neuropathic 

pain (Eaton et al., 1997). However, there is no2 much literature on the role of 5- 

HT itself in neuropathic pain tests (but see Cesselin et al.. 1994). Nonetheless. 

the duality of actions observed with both amines rnay have relevance to the 

heterogeneity of results seen wlh arnitriptyline and to a lesser extent 

desiprarnine. 

Part of the pathophysiology of the nerve injury-induced neuropathic pain 

syndrome is a peripherally expresseci, syrnpathetically mediated, pain (Kim and 

Chung. 1991; Kim et al.. 1993; Ramer and Bisby, 1997). Thus, surgical (Shir 

and Seltzer. 1991 ; Kim et al., 1993; Kinnman and Levine. 1995). and chernical 

(Neil et al.. 1991 ; Desmeules et al., 1995) syrnpathectomy relieve neuropathic 

pain syrnptoms. The benefit of sympathectmy may also be both rnodel- and 

technique-dependent (Kim et al.. 1997; Ramer and Bisby. 1997). Prevention of 

the reuptake of noradrenaline could augment neuropathic pain by stimulating a 

sympatheticallydependant discharge from the ganglia. and this could manifest 

as syrnptoms of spontaneous and ongoing pain. This might explain why 

amitriptyline causes a tactile hyperaesthetic response, especially in light of 

reports indicating that an increased sympathetic drive augments mechano- 



hypersensitivity after spinal nerve ligation (Kim et al., 1993; Kinnman and Levine. 

1 995). 

Tricyclic ADs also have antagonistic actions at the NMDA receptor 

(Reynolds and Miller, 1988; Semagor et al.. 1989; Cai and McCash. 1992; 

McCaslin et al., 1992). and this action could exphin the antihyperalgesic action 

of amitriptyline in the spinal cord (cf. Leem et al., 1996; Chaplan et al., 1997). 

Block of NMDA-Fi in the spinal cord has been shown to alleviate pain in animal 

models of acute nociception (Gordh et al., 1995; Nichols et al.. 1997). 

inflammation (Eisenach and Gebhart. 1995a; Chaphn et al.. 1997) and 

neuropathic pain (Davar et al., 1991 ; Kawamata and Omote, 1996; Chaplan et 

al., 1997; Nichols et al., 1997). Spinal amitriptyline has speclically been show 

to antagonize the hyperalgesic effects of spinal NMDA administration (Eisenach 

and Gebhart, 1995a). Blockade of peripheral NMDA-R (cf. Zhou et al., 1996) 

might contribute to the local anti-hyperalgesic effect of amitriptyline in this study. 

but such an action was not implicated in the local action of amlriptyline in the 

formalin mode1 (Sawynok et al., 1999a). Whether peripheral EAA receptors are 

involved in pain signaling following newe injury remains to be detennined. 

Another possible mechanism for the action of ADs is through interactions 

with endogenous opioid systems (Hall and h r e n ,  1981; lsenberg and Cicero, 

1 984). as naloxone blocks the systemic effects of am itriptyline (Ardid and 

G uilbaud. 1 992; Gray et al., 1998) and clomipramine (Eschelier et al.. 1 981 ; 

Antesuategui et al., 1989). However, in neuropathic pain. a spinal mode of 

action for opioids seems unlikely since in neuropathic pain, such an effect is 

greatiy reduced (Bian et al., 1995). However, an effect of opioMs on neuropathic 



pain has been observed fdkwing supraspinal (Bian et al.. 1995; Martin et al.. 

1 998; Suzuki et al.. 1 999) and systemic (Bian et al.. 1995; Suzuki et al., 1 999) 

administration. 

Finally, a local anesthetic like action of TCAs has b e n  suggested (Detfois 

et al.. 1996). and studies have shown local anesthetics to be effective in animal 

models of neuropathic pain (Jett et al., 1997; Abdi et al., 1998) as well as in the 

treatment of clinical neuropathic pain (Rowbotham et al.. 1996; Galet et al., 

1999). However, in the present study no effect was observed on the thermal 

threshold in the contralateral paw, or in the paws of naïve animals, when the ADs 

were administered systemically or locally. Thus, these results do not support a 

straightforward local anesthetic effect of amitriptyline and desipramine in this 

study. The results do not however, preclude the possibility that the local 

anaesthetic effect is confined to the neuropathic paw because of the 

pathophysiological changes in Na' Channel expression and dynamo= following 

peripheral newe injury. This remains a distinct possibility especially in light of the 

fact that local anesthetics are particularly effective when Na' channels are in an 

active state (Tanner et al.. 1991; Kral et al.. 1999). 

The findings of this study confimi those of other animal studies showing a 

profile of amitriptyline that is dependent on the dosep the route of administration, 

and the pain test (Diiksen et al., 1994; Casas et al., 1995; Mestre et al.. 1997; 

Korzeniewska-Rybicka and Plaznick. 1998). These findings suggest that the 

pathophysiology of thenal hyperalgesia and mechanical allodynia are 

maintained through distinct rnechanisms. as has ben suggested by the 

differential profile of other dtugs like dextmethorphan on these two endpoints 



(Tal and Bennett. 1992). The clinical implications of this study. and others 

showing a specificity of action are evident. since the effiicy of amitriptyline in a 

patient may be detennined by which of the neuropathic syrnptoms is the most 

st rongly expressed. It will therefore be interesting to see if othet 

phanacotherapies also show a preferential ef f i icy for subtypes of pain 

syrnptoms, which may be indicative of an effect against specific 

pathophysidogical rnechanisms underîying neuropathic pain. 

Another important implication of the prerent study is the demonstration of 

a peripheral anti-hyperalgesic effect of amitriptyline and desipramine when 

adrninistered locally. This is the first time a local effect of tricyclic ADs has been 

demonstrated in a neuropathic pain model, although it has been reported in a 

model of noxious colorectal distention (Su end Gebhart. 1998), and in 

inflammatory pain (Sawynok et al.. 1 m a ,  1 999b). This particular finding 

suggests that an alternative mode of administration (e.g. cream or patch) may be 

effective in alleviating certain manifestations of neuropathic pain. The possibility 

of developing topical treatments for neuropathic pains is an emerging issue in the 

development of new therapeutic strategies for this condition (Rowbotham et al., 

1 995; Galer et al.. 1999). 

4.2 Caffelin interactlon wlth AD. In iwuropathlc pain 

In the first part of this study, a themal anti-hyperalgesic effect was 

detected with bath amitriptyline and desipramine. Both of these ADs act through 

multiple mechanisms as noted above. but amitriptyline has the additional putative 

mechanism of manipulating endogenous adenosine levels. This mechanism 



could potentially be very signl i int since systemic and spinal adenosine and its 

analogues have been shown to alleviate human (Betfrage et al., 1995; Karlsten 

and Gordh, 1995) and rat neuropathic pain (Yamamoto and Yaksh, 1991; Lee 

and Yaksh, 1996). To investigate this potential rnechanism, caffeine was 

adrninistered via the same route as the AD (amlriptyline and desipramine). 

Caffeine is a non-selective adenosine receptor antagonist and provides an 

opportunity to look at this interaction with a clinically relevant antagonist. 

Caffeine blocked the thermal anti-hypeialgesic effect of amitriptyline but 

not desipramine, and this was observed following both systemic and peripheral 

administration. As blockade of adenosine receptors is thought to underlie many 

of the pharmacological effects of caffeine. especially at moderate doses 

(reviewed Fredholm, 1995). these observations suggest involvement of 

endogenous adenosine in the themial anti-hyperalgesic effect of amitriptyline. 

Other studies have previousiy reported involvement of adenosine receptors in the 

antinociceptive effect of systemically adrninistered ADs in the tail flick (Pareek et 

al., 1994) and writhing tests (Sierralta et al.. 1995). and of peripheral arnitriptyline 

in the formalin test (Sawynok et al., 1999a). Collectively, these observations 

suggest that adenosine is an important endogenous mediator of the analgesic 

properties of a nurnber of (but not all) tricyclic ADs and of amitriptyline in 

particular. 

The mechanism by which amitriptyline interacts with endogenous 

adenosine systems is likely through inhibition of adenosine uptake, as 

nortriptyline (the active metabolite of amitriptyline) was shown to be the most 

potent of a number of tricyclic ADs in inhibiting aie neuronal uptake of adenosine 



(Phillis and Wu, 1982)(no actual uptake data was presented for amlriptyline). 

Consistent with this interpretation is the obsewation that ADs enhance the 

inhibitory effects of adenosine on neuronal fihg, but do not affect the actions of 

an adenosine analog which is not subjed to uptake (Phillis. 1984). Whib neither 

an amitriptylinefacilitated release of adenosine nor a direct binding of 

amitriptyline to adenosine receptois have b e n  reported, these actions remain 

m echanistic possibilities for the adenosinslinked actions of amitriptyline. In this 

manner, amitriptyline is well known for its ability to bind to a diverse number of 

diff erent receptor sites (reviewed Eschalier et al., 1 994). However, with the 

exception of opioid recepton. these actions are primarily inhibitory, which would 

tend to argue against a direct adenosine receptoi agonistnediated action of 

amitriptyline. 

Adenosine analogs have been show to produce pain relieving effects in a 

variety of neuropathic pain rnodels fdlowing both spinal (Çosnowski and Yaksh, 

1989a. 1989b; Sjolund et al., 1996; Lee and Yaksh, 1996; Cui et al.. 1997; 

Khandwala et al.. 1998) and peripheral administration (Liu and Sawynok. 1998). 

Considering the proposed adenosinelinked action of amitriptyline and the 

prominent efficacy of adenosine analogs in neuropathic pain models. it is not 

clear why we only observed a modest thermal anti-hypeialgesic effect of spinally 

administered amitriptyline. The spinal dose of amitriptyline used in the present 

study (60 pg) has been reported to produce complete reversal of themal 

hyperalgesia following intraplantar carrageenan (Eisenach and Gebhart, 1995a), 

while having no effect on the response to radiant heat in a non-inflamed situation 

(Eisenach and Gebhart. 1995b). The apparent lack of b k k  of the spinal action 



of amitriptyline by caffeine may re fk t  a b w  level of intrinsic adenosine actïwty. 

Interestingly, the greatest effect of spinal amitriptyiine (Eisenach and Gebhart. 

1995b) and other tricyclic ADs (Hwang and Wilcox, 1987a) was obsewed in 

combination with other agents. Therefore it rnay be possible that a more robust 

effect of spinal amitriptyline in neuropathic pain woulâ occur as a result of 

combinations with other agents. 

The manipuiation of endogenous adenosine by amitriptyline, while 

important. is unlikely to be the sale anti-hyperalgesic mechanism involved since 

amitriptyline is known to produce a diverse number of biological actions. As . 

discussed previously. these include inhibition of monoamine uptake. blockade of 

muscarinic. histamine. a-adrenergic, NMDA and SP receptors. and quinidinalike 

actions on sodium channels (reviewed Eschalier et al., 1994. 1999). and a 

nurnber of these actions may contribute to the efficacy of amitriptyline (and 

desipramine). Additional Iines of reasoning also support the conclusion that the 

phannacology of acute amitriptyline is not soleîy a resutt of an interaction with 

endogenous adenosine systems, or perhaps wiUi any other single mechanism for 

that matter. Thus, while spinal administration of adenosine analogs exerts a 

prominent anti-allodynic effect in the spinal nerve ligation mode1 (Lee and Yaksh, 

1996). amitriptyiine did not exhibii any anti-allodynic effed in this study. A similar 

argument can be made with respect to potmtial NMDA receptor antagonism by 

amitriptyline. In this study. amitriptyline and desipramine were effective against 

thermal hyperalgesia. but not static tactile allodynia. However. high potency 

NMDA antagonists have been show to produce both anti-allodynic (Chaplan et 

al., 1997) as weII as anti-hyperalgesic (Mao et al.. 1992a, 1992b; Yamamoto and 



Yaksh, 1 991 ; Mao et al., 1 993) effects following nerve injury. It appears 

therefore, that blockade of NMDA-R can at best only pattially account for the 

actions of amitriptyline and desipmmine. Whik such a rnechanism for spinal 

amitriptyline was proposed recentfy in an infiammatory pain mode1 (Eisenach and 

Gebhart. 1995a). the pharmacobgical profile of NMDA antagonists at blocking 

inflammatory versus neuropathic pain c m  differ (Chaplan et al., 1997). 

An important point to note regarding these obsenrations is that the doses 

of caffeine (1.5, 3.75 and 7.5 mgkg) that blocked the systemic effect of 

amitriptyline are modest ones. These doses diâ not produce overt behavioral 

stimulation in this study. and are at the low end of the minimal range for 

producing psychomotor stimulant effectd in rodents (Nehlig et al., 1992). Acute 

ingestion of two cups of strong dfw (2x1 00 mg: Barone and Roberts, 1996) 

would generate a human dose of approximateiy 2.û-3.6 mgkg (70 kg male or 55 

kg fernale). On the other hand. it has been estimated that the average daily 

consumption rate of caffeine, in the United States and Canada. is 2.4 to 4.0 

mg/kg/day (1 70 to 300 mg/day for 6070 kg individual) (reviewed Fredholm et al., 

1999). While direct extrapolation between rats and humans may not be entirely 

appropriate due to pharmacokinetic and other variables, the doses of caffeine 

which block the action of amitriptyline are cleariy b w  enough to be relevant to 

human dietary intake levels. Therefore the issue of whether caffeine 

consumption in a dietary context might interfere with the effiicy of amtriptyline 

in neuropathic pain needs to be addresseci directly in human studies. This 

potential interaction could perhaps contribute to the limited efficacy of 



amitriptyline observeci in a recent meta-analysis of ADs used for the treatment of 

clinical neuropathic pain (McQuay et al., 1996). 

In summary. the resuîts of this portion of the study suggest that the 

thermal anti-hyperalgesic efiect of acute arnitriptyline, but not of acute 

desipramine, is rnediated in part through manipulation of endogenous adenosine. 

This interaction occurs following both systemic and peripheral administration of 

arnitriptyline, but is less apparent folbwing spinal administration. mis study 

raises the possibility that caffeine consumption might influence the effi icy of 

amitriptyline in alleviating neuropathic pain in humans. 

4.3 Irnmunohktochemical changes In Hsp274R, NPYJR anâ SP-IR 

following newe Injury 

While the findings of the fint two sections of this thesis yielded sorne 

interesting results, the acute administration paradigm may not be fully 

representative of the mechanisms folbwing ADs use in the treatment of 

neuropath ic pain. Thus, in the acute drug administration paradigm. the duration 

of the thermal anti-hyperalgesic efiect was short lived as the thermal 

hyperalgesia typically retumed by the end of the observation period. In this 

context, the acute AD administration appears to provide symptomatic relief. To 

analyze the effectiveness of AD$ in a more clinically relevant paradigm, a chronic 

administration regime was developed. Furthemore. to determine if the relief was 

primarily symptomatic or reflected an alteration in the underlying 

pathophysiology. irnmunohistochemical analysis was performed on selective 

markers in the spinal cord, dorsal colurnns and gracile nucleus. Before this could 



be accomplished however it was necessary to detemine the time course of the 

changes in expression of selected rnaikers following nerve injury. 

The third component of this study was designed to achieve this end and 

consisted of an anaîysis of the time course of the behavioral expression of 

mechanical allodynia in conjunction with the segmental and temporal expression 

of Hsp27-IR, NPY-IR. and SP-IR expression. The results indicate that the 

temporal expression of Hsp27-IR and NPY-IR in the dorsal hom closely 

coincides with the expression of mechanical allodynia folkwing SNL newe injury. 

Following resolution of the alladynia, the attered long terni expression of Hsp27- 

IR and NPY-IR could be indicative of ongoing plasticity, suggesting an 

involvement of both Hsp27 and NPY in the degeneiation and regmeration 

phases following newe injury. 

4.3.1 Tactile Allodjmia following SNL injury 

The pathophysiological events fdlowing SNL result in symptoms of 

mechanical and thermal hyperalgesia (exaggerated responses to noxious stimuli) 

as well as mechanical and thermal allodynia (exaggerated response to nomially 

innocuous stimuli) (reviewed Bennett. 1994a. 1994b; Kim et al., 1997). These 

behaviors are maximal approximately 14 days folbwing injury, but wane to 

undeteclable levels by 4 months (Kim and Chung, 1992). Only expression of 

static tactile alladynia was monitored as an indication of the neuropathic pain 

level in this series of experiments, as this is a more rdbust manifestation of 

neuropathic pain. 



Significant expression of mechanical allodynia was observed from 4 

through to 17 days following SNL. There was also a reduced response threshold 

in the contralateral paw of the SNL animals at 4 days that was not apparent at 7 

days. However, albdynia was not detectable 180 days following SNL. as has 

been previously characterizeâ in this (Kim and Chung. 1992) and other rat nerve 

in ju ry models (Bennett and Xie, 1 988; Çeltzer et al., 1 990). The fact Mat tactile 

allodynia could not be detected may simpiy reflect a technical limitation in 

measuring sensory dîfferences between the hno paws in older animals. 

Altematively, post rnortem analysis of the ligated (L5 and L6) spinal nenres at this 

final time point revealed a compromise in the integrity of the ligation from around 

the nerve, as the suture material had dissolved whib the knot from the Iigation 

rernained. Furthemore, there appeared to be a partial decrease in the 

constriction of the ligated spinal newes from that observed with intact ligations at 

day 17. This finding suggests that alleviation of the neuropathic syndrome in this 

study could be due in part to a regeneration of previousiy injured fibers, alhough 

this rernains to be proven. 

4.3.2 Temporal expmssion of Hsp274R following SNL 

Low levels of constitutive expression of Hsp27-IR have ben  previously 

described in lamina 1, III, and IV of the spinal cord (Plumier et al., 1997~). In 

addition, axotomy has recently been reportecl to induce Hsp27 expression in 

motor neurons of the vagus newe (Hopkins et al., 1998), and in ORO neurons 

following peripheral, but not central, newe transection (Costigan et al.. 1998). 

Moreover. medium to large dorsal root ganglion cells showed upregulation of 



Hsp27 mRNA mile de now synthesis of Hsp27 mRNA accurred in small DRG 

cells (Costigan et al., 1998). After SNL, expression of Hsp27-IR. in ternis of both 

intensity and extent, peaked at 12 days. Five months following SNL, Hsp27-IR 

was still increased in larninae I ar:d III of the ipsilateral dorsal hom. Larninae 1, II, 

and V are commonly associated with nociceptive transmission from primary 

afferents. While laminae I and V have been s h o w  to receive A 6  and C-fibers, 

lamina II is thought to principally receive G fibers (teviewed Willis and 

Coggeshall, 1991). Hsp27-IR increased expression in laminae I and II could 

therefore represent an upregulation of Hop27 in medium size ORO cell bodies of 

AB- fibers and de noni synthesis in small diameter DRG cell bodies of C- fibers, 

as obsenred after newe transection (Costigan et al., 1998). In addition. it is 

possible that Hsp27 is upregulated in local intemeurons or glial cells of the dorsal 

hom, but this remains to be venfied with ultrastructural studies of the spinal 

dorsal hom of mononeuropathic animals. 

In the dorsal most aspect of lamina III (Ili,,). there was a robust u p  

regulation of Hsp27-IR. Previous studies have suggested the possibility of 

reorganization of large diameter afferents at the lamina IIAI I  interface (Woolf et 

al., 1992; Shortland and Woolf, 1993; Woolf and Doubell, 1993; Lekan et al., 

1996) that sventually infiltrate into lamina II and potentially contribute to painful 

mechanosensitivity inherent to neuropathic pain (Campbell et al., 1998; Ochs et 

al., 1989). Therefore, the results in this study wuld be indicative of synaptic 

reorganization in this region as they correspond to the tirne frame of large 

diameter fiber reorganization, and manifestation of large diameter fiber mediated 

neuropathic pain (allodynia). The potential signfi ince of a correlation between 



increased Hsp27-IR and a reduced response threshold is also suggested by the 

immunohistochemical and behavioral findings in the contralateral paw of SNL 

animals at 4 days. At 4 days, we obsewed a reduced response threshold and an 

increase in Hsp27-IR in lamina III,, of the contralateral paw in SNL animals. 

In addition to upregulation of Hsp27-IR in the spinal dorsal hom, there 

was an increase in Hsp27-IR in the ipsilateral dorsal oolumn and gracile nucleus 

from 12 days through to 5 rnmths post-SNL These findings suggest that Hsp27 

up-regulation coincides with increased afferent traffic of rnyelinated fibers to the 

gracile nucleus, which in tum projects to the thalamus. A study by Miki et al. 

(1 998) recentl y suggested that the increased activity within the dorsal column 

medial lemniscus (DCML) pathway, following sciatic nerve chronic constriction 

injury, contributes to the pathophysiology of neuropathic pain by changing the 

endogenous tone of gracile second order neurons. In tum, these neurons project 

to the ventroposterolateral nucleus of the thalamus. a region that also serves as 

an integrative site for nociceptive information transmitted through the 

spinothalamic pathway. The findings in this study compliment those of others 

that allude to the potential contribution of the ûCML pathway and the 

ventroposterolateral nucleus of the thalamus in neuropathic pain (Guilbaud et al.. 

1 986a. 1 986b; Kupen and G ybel. 1 993; Berkley and Hubscher. 1 995). 

Conversely, the increased Hsp27-IR in the dorsal cdumn could also represent 

transmission of nociceptive information through a dorsal colurnn polysynaptic 

pathway (reviewed Willis and Coggeshall. 1991) that has recently been 

implicated in other pain models (Al-Chaer et al.. 1998). It therefore seems 



plausible that plastici of primary afferent pathways through the dorsal columns 

contributes to the maintenance of the neuropilthic state. 

An increase in Hsp27-IR was also noted in the ipsilateral parasympathetic 

nuclei in the intemiediolateral gray. This labeling could reflect ectopic afferent 

drive from injured DRG neurons of the 5th and 6th lumbar segments. since 

visceral afferent teminals have been shown to project to these nuclei through the 

L6 spinal nerve (de Groat et al.. 1996). The upregulation of Hsp27-IR in the 

parasympathetic nuclei couM also be an unmasking of input to these nuclei as a 

result of dying back of the injured afferents. This remains specufative however 

and the functional implications of this altered input still needs to be detemined. 

4.3.3 ROIS of Hsp27 following nerve injuty 

The diverse roles for Hsp27, such as protection against cell death and 

regulation of actin filament dynamics (see Introduction), suggests that Hsp27 

may have distinct tima and event-dependent roles following nerve injury. 

Indeed, peripheral nerve injury involves phases of both degeneration and 

regeneration (Coderre et al., 1993; Wool and Doubell, 1994). The resuîts of this 

study and those of others (Costigan et al., 1998; Hopkins et al.. 1998) suggest 

that the short-term onset and long-tenn duration in the aiteration of Hsp27 

expression may contribute to both events. albeit through different actions. The 

up-regulation and de nom synthesis of Hsp27 within 24 hours of nerve injury 

may reduce putative apoptotic mechanisms, as upregulation of Hsp27 has been 

linked to increased cell survival from cytotoxic challenge (Mehfen et al.. 1996; 

Samali and Cotter, 1996) On the other hand, the more persistent Hsp27 



expression may reflect a rde for Hsw7 in regeneration through inavement in 

actin filament dynamics (Lavoie et al., 1995). The temporal expression and 

neuroanatomical distribution of Hsp27-IR corresponds ta the time course of A& 

f iber reorganizat ion, maximal expression of allodynia, and expression of GAP-43 

which is thought to be indicative of synaptic reorganization in the dorsal horn 

(Woolf et al., 1989; Coggeshall et al., 1991; Nahin et al., 1994). Whether 

functional reorganization occurs, and the exact factors Mat facilitate this process 

is nat fully known. Only 50% of the small DAO cells die following peripheral 

nerve lesion by 32 weeks (Coggeshall et al., 1997). It has also b e n  recently 

demonstrated that C-fiber atrophy and the ensuing vacancy in the dorsal hom is 

insufficient in and of itsetf, and that there are intrinsic factors present in darnaged 

C-fibers that are necessaiy to facilitate the reorganization (Chong et al., 1996; 

Mannion et al.. 1998). Therefore it is possible that Hsp27 expression in small 

diameter DRG cells contributes to the survival of C-fibers and this survival is 

important ta the reorganization that cccurs in lamina II. 

4.3.4 Temporal expmssion of NPY-IR foI/owing SNL 

The present study also describes changes in NPY-IR followfng SNL that 

pennits a more precise correlation of the spinal nerve and spinal segmentai level 

where neuroplastic and neurochemical changes occur 6 hours to 180 days after 

newe injury. Neuropeptide Y expression is increased in similar regions of the 

lumbo-sacral spinal cord in the SNL mode1 as in the sciatic newe loose ligation or 

transedion models (reviewed H6kfel et al., 1998). Following SNL, the increase 

in NPY first bernes evident at 4 days. is most intense by 17 days and is almost 



completely diminished by 180 days. Furthemiore. there was an increase in NPY- 

IR in laminae I and II, of the contralateral spinal dorsal hom 17 days after SNL. 

Projections to the contralateral dorsal hom most likely originated from the 

ipsilateral side of the cord since NPY immunostained fibers were obsewed 

extending across the midline dorsel to the central canal towards the contralateral 

side. Following SNL, NPY in the ipsilateral gracile nuckus mis most dense at 17 

days and still evident 180 days after SNL. It is interesting to note that both 

Hsp27-IR and NPY-IR were increased in similar regions of the lumbosacral 

dorsal hom, dorsal column white matter and graciie nucleus. Moreover, maximal 

expression of the NPY-IR was deleyed by about 3-5 days campared to that of the 

Hsp27-IR. suggesting that changes in the two were positively conelated. 

The resub described in this portion of the thesis confimi and extend those 

of previous studies that have describecl changes in NPY-IR levels in the spinal 

dorsal hom following loose ligation (Wakisaka et al.. 1992; Munglani el al., 1995, 

1996). crush (Wakisaka et al., 1992) or transection (Wakisaka et a1.,1991, 1992; 

Nahin et al., 1 994; Zhang et al.. 1995) of the sciatic nerve. These studies have 

consistently demonstrated an increase in expression or de nom synthesis of 

NPY in either dorsal root gangfia or laminae III and IV of the lower lumbar spinal 

cord at 14, 28 or 100-120 days afier nerve injury. In the dorsal root ganglia. 

expression of NPY is mainly increased in large and medium-sized neurons after 

sciatic nerve transection (Wakisaka et a1..1991, 1992: Zhang et a1.,1994b). The 

large and medium-sized dorsal mot ganglion neurons may account for much of 

the increased NPY seen in the spinal cord as well as the dorsal columns and 

gracile nucleus since they have large myelinated fibers that terminate in laminae 



III and IV of the spinal dorsal hom (Rivero and Grant. 1990) and ascend in the 

spinal dorsal dumns (Giuffrida and Rustioni, 1992). In wntrast, however. 

changes in NPY-IR in laminae 1-11 may result from increased synthesis in local 

NPYcontaining neurons in this region or from SNL induced sprouting of afferent 

fibers located in the deeper laminae (Le. laminae III or IV). Upregulation of NPY 

in m yelinated cutaneous AB fibers located in laminae Ill-N and sprouting of these 

fiben into lamina II has been reportecl fdlowing peripheral newe injury (Koerber 

et al.. 1994; Woolf et al.. 1932; Lekan et al.. 1996). 

4.3.5 Rote of NPY following nenm injury 

The exact actions of NPY following neive injury are complex and depend 

on the type and location of its receptor subtypes (Le. supraspinal, spinal, or 

peripheral). Low level constitutive expression of NPY-IR in the superficial spinal 

dorsal hom is thought to largely result from local intemeurons, some bulbospinal 

projections (Gibson et al., 1984) and a minimal contribution from pimary afferent 

terminals (Zhang et al., 1993). In local intemeurons of the spinal dorsal hom, 

NPY has been colocalized with GABA (Rowan et al.. 1993). In the spinal dorsal 

hom and DRG, intrathecal NPY in hibits nociceptive reflex= in the anaesthetized 

normal rat (Hua et al., 1991). but has biphasic actions on spinal reflexes following 

axotorny (Xu et al., 1994). It is also worth mentiming that peripherally 

administered NPY augments hyperalgesia, an effect thought to be the result of 

an interaction with the sympathetic nervous system and which may contribute to 

peripheral sensitization (Tracey et al., 1995a. 1 995b). 



This analgesic potential of NPY in the spinal cord is also supporled by 

mechanistic studies on the actions of NPY. For exampie, NPY inhibits 

depolarization-induced release of substance P both in vitro (Walker et al., 1988) 

and in vivo (Duggan et al., 1991). This action may be related to the inhibition of 

Ca2+ influx observed in cuîtured DRG neurons (Walker et al., 1988) through 

activatian of Y2 receptors (Bleakman et al., 1991; Wiley et al.. 1993). As 

substance P is known to be pain facilitating, decreasing its release couM in effect 

suppress pain. In addlion to acting as a neuromodulator, other studies have 

show that NPY induces neurite elongation m i t e  and Mansfield. 1996) and this 

may contribute ta the reorganization of the large AB afferents in laminae III and 

IV following peripheral newe injury. 

4.3.6 Changes in SP-IR following newe injuly 

A decrease in the intensity SP-IR expression was identifia in the 

superficial laminae of the ipsilateral dorsal hom in the L4 through S2 spinal 

segments. Light to no SP-IR terminal expression was obsenred in the gracile 

nucleus in any treatment group at any of the time points observed. These results 

are consistent with the substantial body of literature that has demonstrated a 

decrease in SP in the spinal dorsal hom and DRG following nerve injury 

(reviewed Hbkfel. 1994). The decrease in synthesis and release of SP from 

primary afferents has the potential to attenuate transmission of peptide-mediated 

information from prirnary afferents. Converseiy, expression of SP-IR has been 

show to be increased in spared or adjacent DRG neurons following partial 

sciatic newe injury (Ma and Bisby, 1998). suggesting that SP may contribute to 



the development and maintenance of neuropathic pain. That no increase in SP- 

IR was observed in this study couid be related to the extent of the injury as the 

mode1 used by Ma and Bisby (1998) does not damage al1 the fibers in the nerve, 

whik the mode1 used in the present study is for al1 intents and purposes. a 

t ransection. 

4.3.7 Summary of immunohistOChemicaI time course 

In sumrnary. the imrnunohistochemical time course suggests a close 

positive association between the expression of Hsp27-IR and NPY-IR in the 

spinal cord, dorsal cdumns and gracile nucleus. Furthemore. the changes in 

expression of these two markers closely coincides wlh the development of static 

tactile allodynia. On the other hand. SP-IR was reduced in the ipsilateral dorsal 

hom. which is suggestive of a loss of primary afferent fibers in this region. 

Although the exact roles of Hsp27 and NPY have yet to be determined, several 

important possibilities exist. 

The first possibility is bas& on the observation that the expression of 

Hsp27 in the dorsal hom coincides with two temporaliy separated yet related 

events following newe injury. In the initial stages. Hsp27-IR expression may be 

indicative of a neuroprotective response mechanism within the spinal cord and 

DRG as an ettempt to Iimit the amount of injury induced damage. At later time 

points. the expression of Hsp27 may be indicative of regenerative or adaptive 

processes that allow the organism to survive despite the injury. The second 

possibility is based on the enhanced expression of NPY in the superficial and 

deeper laminae that could be part of an endogenous modulatory mechanism 



acting through the presynaptic Y2 receptor to lirnit the release of excitatory 

neurotransmitters glutamate. SP and CGRP. This postulate can be extended to 

the gracile nucleus where a number of studies have revealed the importance of 

this nucleus in the expression of tactile hypersenslivii lncreased expression of 

NPY could therefore be a means of dampening the increased afferent input 

through this system as a result of the injury - a type of relief valve for effects of 

the excitatory barrage. This effect could elso be exerted through Y1 receptors 

although this action may be facilitative if the receptors were located on lacal 

inhibitory intemeurons. However. studies on the pathophysiology of nerve injury 

suggest that part of the underiying pathology that leads to persistent pain is a 

loss of inhibitory intemeurons (Sugimoto et al.. 1990; Bennett. 1991). If Y1 

receptors are located on the intemeurons that are lost. then the facilitative aspect 

of NPY in the spinal cord may be kst. Perhaps this is why the action of spinal 

NPY appears to be inhibitory in nenre injured animals and biphasic in 

inflammatory models where there is no loss of the interneurons. While this 

remains speculative it could be evaluated directly using selective Y1 and Y2 

agonists in the various pain models. Studies have also pro- that the u p  

regulation of NPY is maladaptive (Mungbni et al., 1995. 1996). and in this sense 

NPY up-regulation could indicate a pathophysiokgical mechanism Mvolved in 

sustaining the neuropathic condition. 

The third interesting aspect of the imm unohistaaiem ical time course is the 

close correlation between the change in expression of NPY-IR and Hsp27-IR in 

the ipsilateral dorsal hom and gracile nucleus. This finding suggests that the 

actions of Hsp27 may play a role in the subsequent upregulation of NPY either 



directly or indirectly. This relationship seems plausible especially in light of the 

temporal offset between the expression of these two markers. 

4.4 Effect of chronic amitriptyllne on neuropathic pain behnriom and 

expression of HspZ7, and NPY in the spinal tord, dorsal columns and 

gracile nucleus 

In previous sections of this dissertation, it was deterrnined that acute 

administration of amitriptyline and desiparnine was effective in treating thermal 

h yperalgesia but not static tactile allodynia. This effect was obsewed following 

acute administration. and this is interesting but it may not accurately represent 

the clinical treatment of neuropathic pain where drugs are administered over 

longer periods. In order to study AD pharmacotherapy of neuropathic pain more 

precisely, a chronic drug paradigm was developed to examine the effect of 

chronic amitriptyline both alone and in combination with chronic caffeine. The 

end points of this pait of the study were the changes in the neuropathic 

behaviors resulting frorn aie nenre-injury as well as changes in the 

immunohistochemical expression and localization of Hsp27, NPY and SP. 

Drugs were administered in the drinking water to reduce the stress of 

repeated intraperitoneal injections. and because oral administration is the most 

clinically applicable route. One concem with a drinking water paradigm is 

spillage of the Ruid that rnay give an inaccurate dose calculation. Since al1 

groups consumed approxirnately the same arnount of fiuid. it can be assumed 

that the amount of spillage was comparable between the groups. Aliowing for a 

spillage of 20°A of the volume would yield dose concentrations of approximately 



10-1 2 rng#'kg/day for amitriptyline and 4-6 mgkglday for caffeine (regardless if 

the drug was received alone or in combination). The predence of aiterations in 

the neuropathic responses also suggests that an effective dose was obtained. 

Also of concern in using this method of administration is the potential degradation 

of amlriptyline that occurs over time when the drug is in aqueous solutions 

(Buckles and Walters. 1976; Enever et al., 197ï). This effect was minimized by 

using opaque water bottles to reduce the effect of light. and by changing the 

drinking solution every 48 hours. According to the pharmacokinetic studies, the 

level of degraded product (ketone bodies) becornes unacceptable efter 3-4 days 

(Buckles and Walters, 1976), which falls outside the time frame that the rats were 

exposed to the solution in this study. Furthemore, the greatest catalyst in the 

degradation of aqueous amitriptyline is the ion content of the water (Enever et al., 

19ï7). To correct for this problem Enever et al. (1977). used chelating agents 

and antioxidants, but these were not used in the present paradigm as they may 

create an unpleasant taste. In spite of these methodological conœms. the fact 

t hat am itriptyline caused an ipsilateral anti-hyperalgesia and a contralateral 

hyperaesthesia which were similar to the effects observed following acute 

administration suggests that the dnig was active during the study. 

Many studies have atternpted to detennine the mechanisms of action of 

chronic ADs but this has typically been done in the context of detennining how 

they relieve depression rather than their actions as analgesics. While studies on 

the effects of chronic ADs do not always involve the same agent, the profile for 

the TCAs in general is very similar with differences being more a matter of 

degree. The changes that occur following chronic AD treatrnent have primarily 



focussed on changes in neurotransmitter receptors as well as non-aminergic 

mechanisms in the brain (reviewed Richelson. 1990; Leonard, 1996). Changes 

to neurotransmitter receptors include down regulation of cortical 

adrenoceptors. GABA, and 5 - 6  receptors, a decreased funetional actMty of 5- 

Hl,, and 5-HT, receptors as well as (i -adrenergic and dopamine 

autoreceptors, and an up-regulation of cortical a,-adrenoceptors (Leonard, 

1996). Changes in non-arninergic medianisms include modulation of NMDA 

andlor sigma-1 receptors. senslizatim of glucocorücoid receptors. 

desensitization of corticotrophin releasing factor (CRF) receptors in the limbic 

system, and inhibition of the brain cyclo-oxygenase pathway (Leonard, 1 996). 

As is evident from the list of affecteâ receptor systems, chronic ADs modify 

systems that rnay in tum erplain their efficacy in the treatment of neuropathic 

pain. 

Just as the acute effects of ADs may not necessarily account for their 

actions following chronic administration. the same may be true for caffeine. 

While acute administration of caffeine at the doses used in this study probably 

produces an antagonism of adenosine receptors, the action of chronic caffeine 

even at the low dose achieved in this study may not be as straight forward. Thus 

at clinically relevant doses chronic caffeine has b e n  shown to upregulate the 

expression of adenosine A, and to a lesser extent 4 receptors, decrease the 

density of cortical ~adrenoceptors. cause alerations in the GABA receptor 

channel function. and reduce the excitatory effect of acetylcholine release on rat 

cerebrai cortical neurons (reviewd Daly, 1993). 



4.4.1 Thetmal anti-hyperal~es& effect of Ehrmic amitrpwine and changes in 

Hsp27-IR and NPY-IR in the @al cord and gracile nuckeus 

In this study. chronic amliiptyline (1 5-1 8 rnglkglday) administration was 

found to be effective in alleviating thermal hyperalgesia of the ipsilateral paw for 

the three week observation period. This dfect was reduced by concomitant 

chronic caffeine (6-8 rnflglday) at each of the evaluation time points. The 

behavioral effects of chronic amitriptyline and caffeine appeared to coincide with 

changes in Hsp27-IR and NPY-IR expression in the ipsilateral spinal dorsal hom. 

especially in the region of laminae III and IV. It is not possible from these resuk 

to detemine the exact mechanism(s) for the anti-hyperalgesic effect of chronic 

amitriptyline. aîthough the blocking effect of caffeine strongly suggests an 

adenosine link. Similady, it is diffiuit to infer a direct causal relationship between 

the behavioral efiects of the drug treatment and the difference in expression of 

Hsp27-IR and NPY-IR between the groups. Nonetheless, several hypotheses 

can be made based on the putative mechanisms of chronic arnitriptyline and on 

the functions of Hop27 and NPY. 

4.4.2 Manipulation of endwenous adenmine levels 

The caffeine block of the thermal anti-hyperalgesic effect of amitriptyline 

suggests an invohrement of enôogenous adenosine in the action of chronic 

amitriptyline. a potentiel that has b e n  suggested by several lines of evidenœ. 

Thus, ADs inhibit uptake of adenosine in neuronal populations (Phillis and Wu. 

1 982), and enhance the inhibitory effects of adenosine on neuronal firing but not 

of an adenosine analog which is not subject to uptake (Phillis. 1984). More 



recently, arntiptyline was shown to inhibit the veratridine-evoked felea~8 of 

glutamate in the rat prefrontal cortex (Golembiowska and Zylewska, 1999). and 

this effect was blocked by 1 0 mghg (IP) caffeine (Krystyna Golembiowska. 

personal communication). Interestingly, the ability of desipramine to inhibit the 

veratridine-evoked glutamate release (Golembiowska and Zylewska, 1999) was 

not blocked by caffeine. It has also been demonstrated recently that intrathecal 

administration of N6çyclohexykdenosine, an adenosine analog. b W s  NMOA- 

evoked glutamate and adenosine release in the perfusate of the rat spinal cord 

(Conway and Yaksh, 1998). These resuts, in combination with the behavioral 

evidence for the anti-neuropathic effect of adenosine, highlight the potential 

importance of this mechanism in the analgesic action of AD. Thus. increased 

extracellular adenosine may act presynaptically to inhibit neurotransmitter 

release, or postsynaptically to inhibit the generation of post synaptic potentials. 

Manipulation of the endogenous adenosine levels by amitriptyline may 

poten t iall y afford relief from thermal h yperalgesia through interaction with opioid 

recepton. The use of opioids in neuropathic pain is controversial as systemic 

and supraspinal administration affords relief from neuropathic pain syrnptoms. 

yet higher spinal doses are required to elicit reduced effects in comparison to that 

observed in nociceptive pain (Portenoy 1990). With these higher doses. a risk of 

side effects occurs (Foley. 1 991 ). It has b e n  proposed that part of the efficacy 

of spinal opioids in nociceptive paradigms resuts from adenosine release 

(Sawynok et al., 1989). Thus, spinal administration of adenosine receptor 

an tagonists reduces the antinociœptive effects of spinal morphine (Sweeney et 

al., 1987; ûelander et al., 1992; Cahill et al.. 1995). Recently. a synergistic effect 



interaction between spinal adenosine and moiphine was demonshated in this 

model of neuropathic pain (Lavand'homme and Eisenach, 1 999). 01 particular 

interest was the dramatic effect of spinal administration of dypyridamole, an 

adenosine uptake inhibitor, on the anti-allodynic effect of spinal morphine 

(Lavand'homme and Eisenach, 1999). Dypyridamole by itself however did not 

have a signifiant anti-allodynic effect. This result rnay help explain why no 

significant effect of spinal amitriptyline was observed in our study, as it appears 

that manipulation of endogenous spinal adenosine is insuffiiient by itself to 

produce a direct effect in this neuropathic model. 

4.4.3 Chronic amitnptylineinduced changes h aminergic neurotransmitter 

receptor systems 

Alterations in the density and functional activity of various arninergic 

receptors, is one possible mechanisrn for the anaigesic effect of chronic 

amitriptyline. In general, effects appear mostly to involve down regulation and 

decreased functional activity (reviewed Leonard, 1996). These actions may be 

applicable to the analgesic effect if there is a decrease in the autoreceptors 

controlling NA and 5HT release in bulbospinal pathways, whereby such an effect 

could enhance the actions of nonal descendhg modulation. This may be 

particularly important in chronic neuropathic pain, as me of the factors in aie 

maintenance of the condition is a kss of inhibitory tone in the spinal dorsal horn 

as a result of a loss of local inhibitory intemeurons (WOO~ and Doubell. 1994). 

Thus, a potential increase in the gain of dexending modulation by chronic 

amitriptyline could help compensate for the los$ of the inhibitory intemeurons. 



On the other hand. increases in peripheral NA and 5-Hl may have pain 

potentiating effects on neuropathic pain. which would argue against the benefi of 

increasing NA and 5-HT. 

A complex association between NMDA-R and 5HTlA reœptors was 

suggested in a stucfy by Mjellum et al. (1993). In the Mjellum study. chronic 

desipramine reduced the behavioral effect of intrathecal NMDA, and thk effect 

was blocked by intrathecal administration of a 5-HT, antagonist (NAN-190). 

Also of interest is the finding that in the control animals (no desipramine) 

intrathecal NAN-190 augmented the NMDA induced behavkral response while a 

5-HT,, agonist (&OH-DPAT) inhibited it. These results suggest a tonic inhibiiion 

of NMDA-R through 5HTlA receptors following chronic ADs. which may also be 

applicable in neuropathic pain. 

4.4.4 Chronic amitriptyIine-indu& non-aminergic changes 

The effects of chronic amitriptyline on non-arninergic mechanisms are 

complex and variable. For the sake of brevity. the discussion of these 

mechanisms will be confined to those with the greatest potential of contribution to 

amitriptyiine-induced thermal anti-hyperalgesia observed in this thesis. As well, 

the mechanisms will be discussed in the context of the differential expression of 

Hsp27-IR and NPY-IR in the spinal dorsal hom and gracile nucleus. 



4.4.4.1 NMDA receptor antagonism 

From a mechanistic point of view, block of the effects of NMDA-R 

activation is an appealing mechanism to account for the thermal anti- 

h yperalgesic effect of chronic amitriptyline. The chronic ADinduced changes in 

the NMDA-R cornplex indicate that it is a slowly developing and adaptive 

phenornenon (Paul et al., 1 994). This mechanism could therefore explain the lag 

in therapeutic effed observeci folkwing initiation of AD treatment. Furthemore, 

the downstream consequemes of NMDA-R adaptation are potentially very 

important in the long terrn effect of chronic amitriptyline. The ability of ADs from 

all classes to affect adaptive changes in the NMDA-R has also been suggested 

as a final common pathway of AD pharmacotherapy (Paul et al., 1994). The 

method by which ADs interact with the NMDA-R is not fully known. However, a 

recent study by McCaslin et al. (1992) detemined that while amitriptyline blocked 

N MDA induced toxicity, it did not biock NMDA-evoked glutamate release. 

Further, the antagonistic effect of ADs on the NMDA receptor appear to require 

an open channel (Semagor et al., 1 989; Tohda et al., 1 995). This finding rnay be 

especially important in neuropathic pain because of the enhanced state of 

NMDA-R in central senslization (Le. relief of the Mgh block). Another important 

point of note is that the AD-induced alterations in ligand binding properties at 

both glycine and glutamate recognition sites of the NMDA-R requires a chronic 

AD administration of 7 to 14 days to be expressed (Nowak et al., 1993; Paul et 

ai., 1 993, 1 994). Thus, ADs have NMDA-R antagonistic and receptor moddying 

properties that have signifiant potential for reducing central sensitiration. 



4.4.4.2 Neurotoxkity, 7ïVFa and NGF 

The reduction in Hsp27-IR could correlate to an amitriptyline-facilitated 

reduction in the neurotoxic date wiaiin the spinal dorsal hom or DRG as a resuit 

of the nerveinjury. This could be a result of a combination of antagonistic 

actions at NMDA and SP receptors, manipulation of endogenous adenosine with 

su bsequent activation of antinociceptive adenosine A l  receptors, a decrease in 

ectopic activity of spinal dorsal hom or DRG cells and a dectease in intracellulai 

Ca2+ conductance. Additionaliy, TCAs have been shown to reduce astrocytic and 

microglial secretion of interleukins and thereby prevent the initiation of the 

cytokine cascade that may act to sensitize peripheral nociceptors or spinal cord 

neurones (reviewed Kobierski, 1 997). The com bination of these actions of 

amitriptyline could reduce the requirement for the molecular chaperone and 

neuroprotective actions of Hsp27, which would be manifested as less intense 

Hsp27-IR in spinal dorsal hom. This seems plausiMe since one function of 

Hsp27 is to afford protection from TNFa (Mehlen et al.. 1997). a cytokine that is 

u p-reg ulated in cells of the macrophage-lineage folbwing nerve injury and 

purported to be involved in the maintenance of the chronic pain state (DeLeo et 

al., 1997). Curiously, the pattern of immunoreactive labeling in the dorsal hom 

also appears to have been one of an upregulation of Hsp27-IR in lamina II, 

which could correspond to a survival of C fibers projecting to this region if one 

accepts that the source of Hsp27-IR is the DRG as suggested by Costigan et al. 

(1 998) and that a certain percentage of small diameter afferents die following 

nerve injury (Coggeshall et al., 1997). Therefwe, the maintaineci expression in 



the amitriptyline animals could indicate sorne degree of spared fibers although 

this seems unlikeiy since the traumatic injury is still maintained. 

In infiammatory pain. endogenous adenosine has also been show to 

reduce levels of TNF-a in the circulation as well as at the lesion site (Firestein et 

al., 1994; Cronstein et al.. 1995). Adenosine also inhibits the secretion of TNFs 

in stimulated monocytes (P anely et al.. 1993) and adenosine A, receptor 

activation inhibits endotoxin stimulated production of TNFu (Thid and Chouker, 

1995). Although the results of these studies are more applicable to inflammatory 

pain, they nonetheless highlight the protedive potential of endogenous 

adenosine against TNFsr. The manipulation of endogenous adenosine by 

chronic amitriptyline may aid in reducing the effects of TNF-a. Furthemiore, by 

potentially inhibiting expression of TNF-a, this could reduce the subôequent 

expression of NGF in the spinal cord and DRO. This reduced NGF may in tum 

reduce the degree of sympathetic sprouting in the DRG and decrease the level of 

NPY gene induction. 

With respect to the decrease in NP Y-IR induced by chronic amitriptyline. 

the difficulty in interpretation arises initially from determining whether the up- 

regulation in the ne-injury (no drug) animals is compensatory or maladaptive. 

If upreg ulat ion of NP Y is a compensatory means of presynaptic autoregulation 

through the Y2 receptor as described previousiy, it is not surprising that there is 

increased expression in spinal dorsal hom in nerve injured anirnals. In this 

respect, amitriptyline could be acting to reduce or prevent the development of 

central sensitizatim within the spinal dorsal hom, in which case there would be 



iess of a requirement for the increased synthesis of NPY, and this couM result in 

decreased expression. Conversely, if NPY is pronociceptive as suggested by 

others (Munglani et al., 1995; White 1997). then the reduction in the pain state 

may be due in part to a decrease in the synthesis and release of NPY. For this 

to occur. there would have to be a reduction in the signaling 

molecules/mechanisms mat are responsible for the nerv&njury induced up- 

regulation. There are several factors involved in the expression of NPY. These 

include activators of CAMP. calcium or phospholipid deperident protein kinases, 

glucocorticoids and NGF (reviewed Heilig and Widerlov, 1 995). Chronic ADs 

have been shown to regulate the activity (Perez et al., 1989) and nuclear 

translocation (Nestler, 1989) of CAMP-dependant protein kinases. Effects of 

chronic ADs have also b e n  noted on the phosphoinositoWKC pathway, and on 

expression of neurotrophins in the brain (reviewed Duman, 1994). Thus, chronic 

ADs have the potential to affect the expression of NPY in neuronal and glial cells. 

The question still remains as to whether the decrease in NPY-IR in the 

amitriptyline group is a result of the attenuated deveiopment of thermal 

hyperalgesia, or the cause. 

The potential manipulation of NGF expression by amitriptyiine is important 

for reasons other than altering the expression of NPY. NGF has been shown to 

be important in upregulation of other neuroactive peptides, and kvels of NGF 

are increased in the spinal dorsal hom following newe injury (reviewed Anand, 

1995). It may therefore be possible that part of the action of amitriptyline is to 

reduce the level of NGF in the spinal dorsal hom or DRG. lncreases in NGF 

have been shown to be important in the sympathetic sprouting and the formation 



of perineural baskets of sympathetic fibers around the ORO cells that contribute 

to the sympathetic dependency of some neuropathic pains (Mcbchlan et al., 

1 993; Chung et al., 1996; Ramer and Bisby, 1997). Interestingly, it has also 

been show recently that NGF facilitates the formation of SP-IR perineurial 

baskets around DRG neurons of îarge diameter afferents, that may also 

contribute ta the generation and maintenance of the neuropathic pain state 

(Mcbchlan and Hu. 1998). The potential benefit of blocking the bioactiwty of 

NG F is also exemplif ied in a recent study that demonstrated an antiallodynic 

effect of a NGF receptor antagonist (ALE-0540)(0wolabi et al., 1999). This etfect 

was observed following both systemic and intrathecal administration. 

Many of th8 above considerations have the underiying assumption that the 

NPY-IR expression occurs in neurons. It is also possible that the expression of 

NPY-IR in this study may be a result of astrocytic expression as NPY has been 

shown to be induced during in situ reactive gliosis (Bamea et al.. 1998). Thus 

the decrease in NPY-IR obsewed in the chronic amitriptyline group rnay reflect a 

reduction in reactive gliosis in the spinal cord. The consequences of reactive 

gliosis in terrns of the release of pronociceptive mediators is well known 

(reviewed Kcbierski, 1997). and a reduction in this effect by chronic amitriptyline 

could contribute to the anti-hyperalgesic effect. 

4.4.4.3 Cation channels and ht&luller messmgers 

Arnlriptytine may also act to reduce the spontaneous activity wlhin the 

DRG through inhibition of Na* or Cah channels. The manipulation of Na+ 

channels will affect the ability of the cell membrane to depolaiize and thereby 



prevent post-synaptic action potentials, ectopic discharges and presynaptic 

neurotransrnitter release. In addition to these effects, alteration in the dynamics 

of Ca2+ influx through inhibition of voltage dependent calcium channels (VDCCs). 

or via NMDA-R facilitated influx, may affect subsequent gene expression 

(Finkbeiner and Greenberg, 1998) and in tum, peptide synthesis. Amitriptyline- 

facilitated block of Na+ and Ca2+ conductance couM therefore be effective in 

reducing central sensitilation bah presynaptically and postsynaptically. 

Additionally, amitriptyline block of facilitated increases in intracellular Ca2+ that 

occun in the spinal dorsal hom during central senslization, or in the DRG 

following newe injury, has the potential to effect neuronal gene expression. 

Thus, the effect on gene expression of DRO neurons could explain the less 

intense Hsp27-IR and NPY-IR since the increased expressions of both of these 

in the spinal dorsal hom are thought to be a resutt of increase synthesis and 

expression in primary afferent terminals (as discussed previously). 

Arnitriptyline has also been suggested to interact with second messenger 

systems either directiy oc indirectly. With respect to the latter, this most likely 

occun as a resuit of manipulation of intracellular CaH. in ternis of direct 

manipulation of second messmgers, penetration of the neuronal cell membrane 

and direct influence on phosphatidyl ionositol hydrdysis has besn suggested 

(Leonard, 1993). As alluded to above, the NMDA-R plays an important role in 

the generation and maintenance of neuropathic pain, as well as in the effects of 

chronic ADs. An important aspect of the maladaptive changes to the NMDA-R in 

neuropathic pain is the phophorylation of the receptor by intracellular kinases 



(reviewed Coderre et al., 1993). Therefore manipulation of these kinases has the 

potential to alter the adaptive changes in the NMDA-R. 

4.4.4.4 Other actions of drrmk amitnptyîine 

Amitriptyîine has also been show to inhiba neunte outgrowth (Wong et 

ai., 1991), and in so doing potentially prevent the development of inappropriate 

synaptic contacts (Leonard, 1993). This possibility is intriguing in light of the 

importance of structural reorganization to the development and maintenance of 

neuropathic pain. As suggested above, the difference in the expression of 

Hsp27-IR and NPY-IR between treatment groups could reflect an effect on the 

development of the neuropathic condition rather than a decrease in an already 

established neuropathic state. Ba& on a cornparison of the Hsp27-IR and 

NPY-IR, the treatment-dependent effect of chronic amitriptytine appean to be 

greatest in the laminae 11, III, and IV regions of the ipsilateral spinal dorsal hom. 

It may be possible therefore that chronic AD treatment is reducing the 

maladaptive reorganization in this region of the ipsilateral spinal dorsal hom and 

th is facilitates the thermal anti-hyperalgesic effect of amitriptyline in this study. 

4.5 Lack of antf-allodynlc effect and tadk hypemesthesic Mect of 

chronfc amitrlptyllne and caM81ne 

Ch ronic amitriptyline showed no effect on newe injury-induced static 

tactile allodynia. An increase in expression of NPY-IR and Hsp274R in the 

ipsilateral gracile nucleus was observed that coincides with the lack of effect of 

amitriptyline on the static tactile allodynia in the ipsilateral paw. Thus, the 



increased expression of Hsp27-IR and NPY-IR in the gracile nucleus and the 

decreased expression in the spinal dorsal hom, suggests involvernent of two 

different fiber types in the mediation of allodynia and thermal hyperalgesia. The 

concept that hyperalgesia is mediated by C and A6 fibers and allodynia by AB 

fiben is widely accepted (reviewed Woolf and Doubell. 1994). The differential 

behavioral and immunohistodrem ical effects of chronk amitriptyline f uraier 

suggest syrnptorn-related specifiiity of amitriptyline as was observed following 

acute administration. 

Curiously, chronic amitriptyline also resulted in an increased sensitivity of 

the contralateral paw, manifested as a significantly reduced response threshold 

to tactile stimulation that did not include any of the secondary neuropathic pain 

behaviors. There also was an increase in Hsp27 and NPY-IR in the medial 

portion of lamina Il-IV in the contralateral spinal dorsal hom. This is the region of 

primary afferent temination of tactile afferents from the ventral surface of the 

paw (Swett and Woolf, 1985). In this case. either the ipsilateral afferents are 

projecting bilaterally or for some reason the drug groups have induced u p  

regulation of NPY in the contralateral DRG. The first of these outlined 

possibilities seems more likely. 

The hyperaesthetic effect of arnitriptyîine may also be related to the finding 

that while amitriptyline inhibits NMDA-induced toxicity, il does not inhibii the 

NMDA-induced release of glutamate (McCaslin et a1.,1992). As a result of this. 

the excess glutamate would be available to interact with the AMPA or kainate 

receptors that have ben  impficated in allodynia. 



4.6 Changes in SP-IR fdlowbig chtonfc amlaiptylim 

No difference was observed in SP-IR expression in the spinal cord 

following chronic treatment with any of the drug regimens, as compareâ to the 

controis. Thus. in al1 groups there was a reduction in immunoreactive labeling for 

SP-IR. This was not wholly unexpected sinœ a signifkant contribution to the SP- 

IR in the spinal cord is f r m  primary afferents (Nahin et al., 1991 and references 

therein). As these fibers are severely damaged from the injury, it diâ not seem 

reasonable to expect the drug treatment to alter the expression. It may have 

been possible to disœm a difference using quantitative methods but this requires 

an appropriate control. The best control from a methadological standpoint would 

be the contralateral paw since it would have the exact same 

im m unohistodiem ical processing. However, since contralateral behavioral 

effects were observed in the drug treatment groups. it did not seem appropriate 

to use the contralateral side as a control. 



CONCLUSIONS 

The findings of this dissertation suggest several interesting and potentiafly 

important points regarding the AD phannacotherapy of nerve injury-induced 

neuropathic pain. 

First of all, the mode1 of unilateral spinal newe Iigation appears to be a 

good model for studying the phamacological intervention in neuropathic pain as 

it reliably produces s tmg  manifestations of static tactile allodynia and thermal 

hyperalgesia that are analogous to clinically obseived phenmena. The fact that 

there was a differential syrnptom and route effect of amitriptyline and 

desipramine suggests that (a) the mode1 mimics what happens clinically since 

not al1 neuropathic pain patients respond to AD analgesic treatment which may 

be due to diierential dominance of their symptoms, and (b) antidepressants may 

work better on syrnptoms of thermal hyperalgesia. The caffeine blodc of the 

t hemal ant i-hyperalgesic action of am itriptyline may be clinically relevant since 

consumption of caffeine could act to limit the effectiveness of amitriptyline. 

Conversely, this problem could possibly be avoided by using desipiamine, which 

provided relief from thermal hyperalgesia, but this effect was not blocked by 

caffeine. However, il may also be advantageous to exploit the potential link 

between amitriptyline and manipulation of endogenous adenosin8 levels since 

adenosine and its analogues have been shown to have a profound effect on 

neuropathic pain. This may be accomplished through combination therapy with 

adenosine kinase or deaminase inhibitors. The local peripheral effect of 

amitriptyline and desipramine suggests the potential for development of cream or 



patch formulations to increase the local concentration while limiting the systemic 

absorption and the ensuing side eifects. 

Part of the problem in developing effective treatments for neuropathic pain 

is an incomplete understanding of the underiying rnechanisms in the 

development and maintenance of this condition, and the effects of the treatments 

on these parameters. In this study, acute amitriptyline and desipramine reversed 

thermal hyperalgesia but this effect was only temporary as the syrnptoms quickly 

returned. This finding suggests that in this context (acute administration) 

amitriptyline and desipramine are affording short terni syrnptomatic relief. 

Ch ron ic am itriptyline administration also provided relief from thermal 

hyperalgesia, but it is uncertain whether this is syrnptomatic relief or attenuation 

of the pathophysiological mechanisms of newe injury-induced neuropathic pain. 

The alteration in Hsp27-IR and NPY-IR expression in the dorsal hom suggests 

that there is a chronic amitriptyline-induced manipulation of the underlying 

pathophysiology, a speculation that remains to ôe proven. However. if it is 

assumed that the preemptive and chronic amitriptyline paradigrn used in this 

study was effective in treating the underlying pathophysiology. then it may be 

beneficial to investigate the use of a similar paradigm (preemptive plus chronic 

maintenance) in other sluations that invobe newe damage. 



Throughout the discussion, an effort was made to suggest future 

experiments in the sections with the appropriate results. Nonetheless, there are 

several interesting areas that deserve reiteration. 

(1) Differential route and spptwn effscts of ADs 

The differential syrnptom and route effects of amitriptyline and 

desiprarnine raise the issue as to whether differential etlects ocwr in other 

models of neuropathic pain. A number of earlier studies have looked at the 

analgesic action of antidepressants in neuropathic pain. Nonetheless. it would 

be useful for a single laboratory to do a comprehensive profile of ADs in models 

of neuropathic pain ranging from newe injury (spinal nerve ligation, partial nerve 

ligation, and chronic constriction injury), metabolic disturbances (diabetic 

neuropathy), viral infection (HIV, Herpes Simplex II) and chemical agents 

(chemotherapeutic agents). The advantage of one laboratoiy perfoming such a 

comparison would be the built in control in ternis of the behavioral tests (these do 

differ in detail and application between studies). and could therefore provide a 

useful profile of ADs in neuropathic pain of differing etiologies. 

(2) Contrala teml hyperaesthesia 

The contralateral h yperaesthesia induced by both acute and chronic 

administration of amitriptyline in this study is somewhat perplexing. It would 

therefore be interesting to determine whether amitriptyline aiters the 

electrophysiological properties of neurons in the spinal cord, gracile nucleus and 

possibly the thalamus. Simibrîy, it would also be interesting to determine 

whether the same hyperaesthetic effect is observed in other nenre injury rnodels 



and if so, is it also obsewed in other models of non-newe injury models of 

neuropathic pain. 

(3) Ca ffeine block of amitnptyiine 

The ability of caffeine to bbck the thermal anti-hyperalgesic action of 

arnitriptyline was very intiiguing. The question still remains however as to 

whether systemic caffeine is able to bkxk the thermal anti-hyperalgesic actions 

of locally administered arnitriptyline. This question is parücularly applicabie to the 

potential development of local patch or cream formulations, especially since 

caffeine is usually administered orally. The lad< of effect of spinal amitriptyline in 

this study was unexpected, but could have been a result some degree of trauma 

induced by intrathecal annulation. Therefore, for the purpose of using this 

model, it would be useful to do a study using an acute lumbar puncture 

procedure for administration of am itriptyline (and desipramine). Should this 

procedure yield a spinal effect, then it would be useful to determine if the effect is 

blocked by spinal and systemic caffeine. 

The observation that chronic amitriptyline provided relief from newe-injury 

induced thermal hyperalgesia was not wholly unerpected. However, the 

question remains as to whether the effect was primarify syrnptmatic or if there 

was a modification of the underlying pathophysiology. To detenine this, it may 

be useful to stop the chronic drug administration after one week and see if. and 

when the thermal hyperalgesia becomes manifested (as well as whether the 

contralateral hyperaesthesia is resdved). It would also be usef ul to investigate 

the therapeutic window and detemine if there is a critical period where, after 

which, the effects of amitriptyline may be lost. This is especially impoitant sinœ 



in a practical sense preemptive administration may not akays be possible. In 

the discussion a lot of speculation was made as to the mechanistic effects of 

chronic amitriptyline. Some of these possibilities could be explored using 

molecular biological techniques (e.g. changes in mRNA îevels) to look for 

changes in the expression of varkus mediaton (0.g. TNF-a , NGF) in the various 

neurotransmitter systerns that c m  be influenced by dironic ADs. 

(4) Relationship behwm the 6ehaMbrel and Ùnrnunoihistochemr%al changes 

Whether the obsewed increases in NPY are maladaptive or adaptive in 

neuropathic pain remains to be definitively answered. However. this could be 

addressed using spinally delivered NPY antagonists and obsewing the resuit on 

thermal hyperalgesia and allodynia. It may also be possibie to use knockout and 

knockôown technology to analyze the role of NPY in ôevelopment and 

maintenance of neuropathic pain. The exact role of Hsp27 in peripheral nerve 

injury also remains to be determined, but it does appear to be a sensitive marker 

of pathophysiological changes following newe injury. Correlation of the effects of 

chronic ADs on nerve injury-induced Hsp27 expression (protein and rnRNA) with 

the effects of other anti-neuropathic drugs, such as NMDA antagonists, may 

provide a better understanding of the significance of the changes in Hsp27 

expression. 



Methoddogy foi Splnal Newe Ugatlon surgery. 

1. Sterilize sutures: &O silk in individual packages for the number of surgeries 
per day. 

2. Ensure glass probeshodüi are suitable (plus spares). 
3. Ensure el1 supplies; 3-0 vicryî swagged (or novofil) for closure. scalpel blades 

(#l5). cotton swabs on wooden sticks. gauze. alwhol. iodine. eye ointment. 
LRS, sterile saline and penicillin. 

4. Clean al1 instruments thoroughîy, then sterilize with the microbead sterilizer. 

1. Anaesthetire the rat (100450gm) using halothane and place on a heated 
blanket. Surgically clip the dorsal pelvic area (approximately 5 cm both sides 
of the midline), and apply eye ointment. 

2. Administer 5 cc LRS (iwsc), and 0.1 cc penicillin (im). 
3. Adjust halothane as necessaiy (1 5 2 . 0  %) throughout, remembering that the 

procedure takes 40-60 minutes (prevent overdosing). 
4. Surgically scnib/prep the incision area using EtOH and iodine. 
5 .  Make a 3 cm skin incision along the midline using the iliac crests as a midpoint 

(don't cut too deep as the bone at this devekpmental stage is soft, and easily 
penet rated). 



Make a stab incision (#15 scalpel Made) on the left side of the vertebral column, 
at the mid-sacral level. The blade should hit the sacrum at the depth of the cut, 
as below (see Figure). 

rostral 

Using the scalpel blade gently cut along the left side of the vertebral column 
for about 2 cm rostral to the stab incision. 
lnsert scissor tips in incision site and gently spread open the exposure. 
Place retractor et the L 4 vertebrae (right side), and a second retractor to 
counter-retract the muscle away from the vertebral column. 
Clear the sacrum and iliac crests using blunt dissection technique (by rotating 
the blunt end of the O-tip). 

10. Identdy the sacro-iliae nm, the LWS1 articular facet, and the L6 transverse 
p rocess . 

facet joint 

,H process caudal 

I l .  Use rongeurs to gently nip off the articulai facet close to the vertebral 
column. removing any connecthe tissue as well. 



12. Wiih a third retractor, open the exposure site f urther by scraping and 
retracting the muscle from the transverse process. Clear off the transverse 
process. using blunt dissection as necessary. 

13. Clear away area between the transverse process and the sacro-iliac rim, 
exposing the connective tissue undemeath. 

14. Detach the connective tissue from the sacro-iliac rim, to allow access to the 
L6 transverse process. 

1 S. Slowly nip away the L6 transverse proces, moving cranial to allow for 
exposure and access to the L 4 U  nerve bundb (nerves appear snow white). 
When complete, the bme eôges should be smooth to prevent any damage to 
the nerves. Cautlon: the neive bundle lies encapsulated in the muscle and 
surrounding fascia. 

16. Using a glass hook 'fish' around the newe bundle on the medial side, 
advancing the tip ventral and cranial to get undemeath the bundle. Gently 
elevate the bundb and separate it from the surrounding tissue (be careful in 
stretching the nerves, as stretch of L4 will result in foot drop). Slowly move the 
glass hook medially under the bundle until L4 drops off (more lateral and 
ventral nerve). Allow the glass book tip to break through the fascia connecting 
the nerves. Ensure that the hook is cranial to the region where the two nerves 
join. 

17. Once L4 is isolatWfree. wrap a piece of sterilized 6-0 silk around the bal1 tip 
of the glass hook. and pass the hoak tip undemeath and back around the 
netve. 

18. Ligate the newe ('finger-tight') using the deep tie method, and a square knot. 
so that the nerve bulges on both sides of the knot. Make sure that not doesn't 
also strangulate muscle. or any other tissue. Trim suture ends. Nota it is also 
possible to triple knot L4 to prevent loosing of the knot. 

19. 'Fish' for L6 under the sacro-iliac rim. at a 4S0 angle (parallel to the sacro- 

iliac notch). Carefully work the bal1 tip cranial along the underside of the 
sacrum. as L6 lies tightly against the sacrum. Once the bal1 tip is clear of the 
sacro-iliac notch. gently pull it through the fascia. Ligate L6 as done for LS. 
ensuring that the nerve ligature doesn't also include surrounding tissue. 
Caution: Since there is minimal mobility to L6, it can easily snap or become 
pulled from the peripheral roals. 



20. Swab out the surgery area. debride any necrotic muscle, remove retractors 
and gently 'roll' the muscle back into place (ensuring that no air m e t s  
rernain). 

21. Close the wound first with subcutaneous sutures (cantinuous) using 3-0 
novofil, followed by repeated cutaneous sutures. 

1. Place animal in recovery box, with heated lamp, for observation. 
2. Once ambulatory, retum the rat to cage and include mash dia. 
3. House each rat ind~dually for 3-4 days. then retum to double housing with 

environmental enrichment. 
4. During initial recovery period, check for arnbulation, eating, mat  condition 

(groorned). and h ydration levels. 
5. Administer additional CRS and/or penicillin as required. 



DAB Immunohlstochmlstry Protocol for detectlon of 
SP, NPY, CGRP, Hsp2W 

Place f ixd  brain in sucrose buffer (20% in 0.1 M PB) ovemight. 

Section using freezing microtome (4 series. 40 vm thick) and collect sections 
in 50 ml beaken oontaining 0.05 M phosphate buffer saline (PBS). 

lncubate sections in I0h H202 in PBS for 30 minutes 

Wash 3 times in 0.2Oh triton-X in PBS (15 minute each wash). 

Make 2Oh rabbit serum (dilute 200 pl aliquot of goat serum into 10 ml of 1 % 
triton-X in PBS and wash pipette tip 3 times in the senim). 

Pellet sections and add 2 ml of 2% goat serum plus primary antibody 1:SW 
(SP and NPY), and 1:- (Hsp25/27). If there are many sections (i.e.. more 
than half a brain) then use more than 1 ml of solution. Incubate sections for 
48 hours at 4°C on a shaker. 

Wash 3 times in PBS, then pellet. 

lncubate sections in 1 ml of BlOGAR 1 :5W (BlOtinylated Goat Anti-Rabbiî; 
add 40 pl aliquot of BIOGARS to 2 ml of 2% goat serum) 1-2 hours. 

Make up ABC solution in preparation for step 10 (see notes below). 

Wash 3 times in PBS, then pellet. 

lncubate in 1 ml of ABCelite 1 :500 (Avidin-Biotin-peroxidase Cornplex) 1-2 
hours (for 1 ml of ABC*, pipette 2 pl from solution #An and add to 1 ml of 1% 
triton-X in PBS. then with a clean tip pipette 2 pl from solution *Ba and add to 
the 1% triton-X solution, allow to mix for 30 minutes). 

Wash 3 times in PBS, then pellet. 

Weigh out a small piece of DA6 (diaminobenzidine; stored in freezei; you 
will need at least 0.0025 g for each series). Wear gloves. 

Dissolve the DAB in a small amount of distilled water. 

15. Add ? ml of 0.1 M Phosphate buffer (PB) such that the DAB is at a 0.0005 
@ml concentration. 



16. Make up hydrogen peroxide (H202) fresh each time (dilute 1 ml of 30% 
H202 into 100 ml of distilled water). 

1 7. React sections in DAB, and rnonitor reaction rate by removing representat ive 
sections and analysing staining intensity (add 5 ml of aie 0.5 mgiml DAB 
solution and 150 pl (30pVml of DAB) of the dilute H202 soiution to the 
sections). 

18. Stop reaction by rinsing sections 4 times in succession in PBS. 

19. Pour the DA6 solution into the waste DAB bottle and wash the sections 3 
times in PBS. Store sections in the fridge. 



Aanonsen LM and Wilcox (1 986) Phencyclidine selectively b W s  a spinal action 
of N-methyl-D-aspartate in mice. Neurosci Lett 67: 1 91 -1 97. 

Aanonsen LM and Wilcox (1987) Nociceptive action of excitatory amino acids in 
the mouse: effects of spianliy admiistered opioids. phencyclidine of a 
agonists. J Phannacol Exp Ther 243: 919. 

Aanonsen LM, Lei S, Wilcox GL (1990) Exacitatory amoino acid receptors and 
nociceptive neurotransmission in rat spinal cord. Pain 41 : -321. 

Abbadie C, Brown JL. Mantyh PW, Basbaum AL (1996) Spinal cord substance P 
receptor immunoreactivity increases in both inflammation and newe injury 
models of persistent pain. Neuroscience 70: 201 -209. 

Abbadie C, Bausbaurn Al (1 9 s )  The contribution of capsaicin-sensitive afferents 
to the dorsal root ganglion sprouting of sympathetic axons after peripheral 
nerve injury in the rat. Neu~wci Lett 253: 143-1 46. 

Abbott FV, Hong Y, Blier P (1996) Activation of 5-HT, receptors potentiates pain 
produced by inflammatory mediators. Neuropharmacology 35: 99-1 1 0. 

Abdi S, Lee OH. Chung JM (1998) The anti-allodynic effects of arnitriptyline, 
gabapentin, and lidocaine in a rat mode1 of neuropathic pain. Anaesth 
Analg 87: 1360-1366. 

ACChaer ED, Feng Y, Willis WD (1998) A role for the dorsal column in 
nociceptive visceral input into the thalamus of primates. J Neurophysiol 
(Jun) 79(6): 3143-3150. 

Anand P (1995) Nerve growth factor regulates nociception in human heaith and 
disease. Br J Pharmacol 75: 201-208. 

Antkiewicz-Michaluk, Romanska. Michaluk J, Vetulani J (1 991) Role of calcium 
channels in effects of antidepressant dnigs on responsiveness to pain. 
Psycophamacdogy 105: 269-274. 

Antesuategui M. Nahano L. Feria M (1989) Noradrenergic and opioidergic 
influences on the antinociceptive effect of clomipramine in the formalin test 
in rats. Psychophamacol98: 93-96. 

Ardid 0, Eschalier A, Laverenne J (1991) Evidence for a central but not a 
penpheral analgesic effed of clomipramine in rats. Pain 45: 95-100. 



Ardid D, Guilbaud G (1992) Antinociceptive effects of acute and achronic" 
injections of tricyclic antidepressant dmgs in a new mode1 of 
mononeuropathy in rats. Pain 49: 279-287. 

Arita M, Wada A, Takara H, lzumi F (1987) Inhibition of =Na influx by tricyclic and 
tetracyclic antidepressants and binding of rH]lmipramine in bovine 
adrenal medullary celb. J Pharmacol Exp mer 243: 342-348. 

Aronstam RS, Hoss W (1 9û5) tricyclic antidepressant inhibition of depolarkation 
-inducd uptake of calcium by synaptosomes from rat brain. Biochem 
Pharmacol 34: 902-904. 

ArrigeReina R. Spadaro C, (1 987) Evidenœ of correlations between mast-ceIl 
histamine and beta-endorphin (ir) from NIL-pituitary in the homeostasis. 
Pharmacol Res Commun 19: 793-801. 

Arrigo-Reina R, Scoto O, Spadaro C (1988) Correlations between mast cell 
histamine and pain perception in rats. Med Sci Res 16: 859-86û. 

Arrigo-Reina R, Chieco S (1998) Evidence of a key-role for histamine from mast 
cells in the analgesic effect of clomipramine in rats. lnflamm Res 17: 44- 
48. 

Arvidsson U, Culfheim S, Ulfhake 6, Bennet GW, Fone KC, Verhofstad AA, 
Visser TJ, HMel T (1990) 5-Hydroxytriptarnine, substance P and 
thyrotropin releasing-hormone in the aduît cat spinal cord segment L7: 
irnrnunohistochemical and chernical studies. Synapse 6: 237-270. 

Baldessarini RJ (1 995) Drugs and the treatment of psychiatrie disorden. In: 
Gilman AG, Rall TW, Nies AS, Taylor P (Eds.) The Pharmacological 
Basic of Therapeutics, 8th edn., Pergamon Press. New York, pp. 383-435. 

Barnea A, Aguila-Mansilla N, Bigio EH, Worby C, Roberts J (1 998) Evidence for 
regulated expression of neuropeptide Y gene by rat and hurnan cultured 
astrocytes. Reg Pept 75-76: 293-300. 

Barone JJ, Roberts HR (1996) Cafkine consumption. Fd. Chem. Toxic. 34(1): 
1 19-1 29. 

Battaglia G, Rustioni A (1988) Coexistence of glutamate and substance P in 
dorsal root ganglion neurons of the rat and monkey. J Cornp Neurol27ï: 
297-3 1 2. 



Belfrage M. Sollevi A, Segerdahl M. Sj6lund K-F, Hanîsan P (1995). Systemic 
adenosine infusion alleviates spontaneous and stimulus evoked pain in 
patients with peripheral neuropathic pain. Anesth Analg 81 : 713-717. 

Bennett GJ (1 991 ) Evidence from animal rnodels on the pathogenesis of painful 
peripheral neuropathy: relevance for phannacotherapy. In: Basbaum Al. 
Besson J-M (Eds). Towards a New Pharmacdherapy of Pain. Chicester: 
John Wiley & Sons. pp 365-379. 

Bennett GJ (1994%) Animal models of neuropathic pain. In: Gebhart GF. 
Hammond DL Jensen TS (Eds). Proceedings of the 7th World Congress 
on Pain. Seattle: IASP Press. pp 495-51 0. 

Bennett GJ (1994b) Neuropathic pain. In: Wall PD, Melzack R (Eds). Textbwk of 
Pain. Edinburgh U.K.: Churchhill Liingstone. pp 202-240. 

Bennett GJ. Xie Y-K (1988) A peripheral mononeuropathy in rat that produces 
disorders of pain sensation like those seen in man. Pain 33: 87-107. 

Bennett GJ. Kajander KC, Sahara Y. laradola MJ, Sugimoto T (1989) 
Neurochemical and neuroanatomical changes in the dorsal hom of rats 
with an experimental painful peripheral neuropathy. In: Cervero F, Bennett 
GJ, Headley PM (Eds). Processing of sensory information in the 
superficial dorsal hom of the spinal cord. New York: Plenum Press. pp 
463-471. 

Berkley KJ, Hubscher CH (1995) Are there separate central nervous systems for 
touch and pain? Nat-Med Aug l(18): 7-773. 

Besse D, Lombard MC, Zakac JM. Roques BP, Besson JM (1 990) Pre and post- 
synaptic distribution of mu. delta. and kappa opioid receptors in the 
superficial layers of the cervical dorsal horn of the rat spinal cord. Brain 
Res 521 : 15-22. 

Besson J-M, Chaouch A (19û7) Peripheral and spinal mechanisms of 
nociception. Ph ysiology Rev 67: 67-1 86. 

Bian D, Nichols, Ossipov MH, Lai J. Porreca F (1995) Characterization of the 
antiallodynic efficacy of morphine in a mode1 of neuropathic pain in rats. 
NeuroRepott 6: 1981 -1 984. 

Bianchi M, Rossoni O. Sacerdote P. Panerai AE. Berti F (1 995) Effects of 
chlomipramine and fluoxetine on subcutaneous carrageenin-induced 
inflammation in the rat. Infiamm Res 44: 466-469. 



Bimbaumer L (1 992) receptoc-effector signalling through G proteins: Roles of 
beta-gamma dimers as well as alpha subunits. Cell71: 1069-1 072. 

Bleakman D, Colmen WF, Fournier A, Miller RJ (1991) Neuropeptide Y inhibits 
Ca2+ influx into cultured dorsal root ganglion neurons of the rat via a Y-2 
receptor. Br J Phannacol 103: 1781 -1 789. 

Blier P, de Montigny C (1 995) Current advances and trends in the treatment of 
depression. Trends Pharmacd Sci 1 S(jT): 220.226. 

Blomquist AG, Herzog H (1997) Y-receptor subtypes: how many more? Trends 
Neurosci 20: 294-298. 

Brown JL, Liu H, Maggio JE Vigna SR, Mantyh PW, Bausbaum Al (1995) 
Morphological characterization of substance P receptor-immunor8active 
neurons in the rat spinal wrd and trigeminal subnucleus caudalis. J Comp 
Neurol356: 327-344. 

Budai D. Larson AA (1996) Role of substance P in the modulation of C-fiber 
evoked responses of spinal dorsal horn neurons. Brain Res 71 0: 197-203. 

Brundridge JM, Dunwiddie TV (1 997) Rob of adenosine as a modulator of 
synaptic activii in the central nervous system. Adv Pharmacol 39: 353- 
391. 

Buckles J, Walters V (1 976) The stability of amitriptyline hydochloride in aqueous 
solution. J Clin Phamacy 1 : 107-1 12. 

Bu rnstein KL, Cidlowski JA (1 989) regulation of gene expression by 
glucocoticoids. Ann Rev Physiol5 1 : 683-699. 

Cahill CM, White TD, and Sawynok J (1995) Spinal opioid receptors and 
adenosine release: neurochemical and behavioral characterization of 
opioid subtypes. J Pham Exp Ther 275: 84-93. 

Cai Z, McCaslin PP (1992) Arnitriptyîine. desipiamine, cyproheptadine and 
carbarnazepine, in concentrations used therapeutically, reduce kainate- 
and N - methyl-D-aspartate-induced intracellulai Cah levels in neuronal 
culture. Eur J Pharmacd 219: 53-57. 

Cameron AA, Cliffer KD. Dougherty PM. Willis WD, Cariton SM (1991) Changes 
in lectin, GAP-43 and neuropeptide staining in the rat dorsal horn following 
experimental peripheral neuropathy. Neurosci Lett 131 : 249-252. 



Cameron AA, Cliffer KD, Dougherty PM Garrison, CJ, Willis WD, Cartton SM 
(1997) Time course of degrnerative and regenerative changes in the 
dorsal hom in a rat mode1 of peripheral neuropathy. J Cornp Neurd 379: 
428442. 

Campbell JN, Raja SN, Meyer RA, McKinnon SE (1988) Myelinated afferents 
signal hyperalgesia associatecl with newe injury. Pain 32: 89-94. 

Carlton SM. Hargett GL, Coggeshall RE (1998) Plasticity in a-amine3-hydroxy- 
methyl-4-isoxazoleprophic acid receptor subunits in the rat dorsal hom 
following deafferentation. Neunscience Lett 242: 21 -24. 

Carter Al (1992) Glycine antagonists: Regutatian of the NMDA-receptor channet 
complex by the strychnine-insensitive glycine site. Drugs Future 17: 595- 
61 3. 

Casas J, Gilbert-Rahola J, Clover Al, Mico JA (1995) Test dependent 
relationship of the antidepressant and analgesic effects of arnitriptyline. 
Meth. Find Exp Clin Pharmacol 17: 583-588. 

Castro-Loges JM, Coimbra A, Grant G, Arvidsson J (1990) Ultrastructural 
changes of the central scalloped (Cl) primary afferent endings of synaptic 
glomeruli in the substantia gelatinosa rolandi of the rat after peripheral 
neurotomy. J Neurocytol 19: 329-337. 

Castro-Lopes JM Tavares 1, Coimbra A (1993) GABA decreases in the spinal 
cord dorsal hom after peripheral neurectomy. Brain Res 620: 287-294. 

Cesselin F, Laporte A-M, Miquel M-C, Bourgoin S. Hamon M (1994) Serotonergic 
mechanisms of pain control. In: Gebhart OF, Hammond DL, Jensen TS 
(Eds). Proceedings of the P World Congress on Pain, Progress in Pain 
Research and Management (Vol 2). Seattle: IASP Press. pp 669-682. 

Chaplan SR, Bach FW, Pogrel JW, Chung JM, Yaksh TL (1994) Quantitative 
assessment of allocfynia in the rat paw. J Neurosci Methods 53: 55-63. 

Chaplan SR. Malmberg AK, Yaksh TL (1997) Eff i icy  of spinal NMDA receptor 
antagonism in formalin hyperalgesia and nerve injury evoked allodynia in 
the rat. J Pham Exp Ther 280: 829-838. 

Chaput Y, de Montigny C, Blier P (1986) Effects of selective 5-HT reuptake 
blodcer claloprarn on the sensitivity of 5-HT autoreceptors: 
electrophysiological studies in the rat. Naunyn Schmeidebergs Arch 
Pharmacol 33: 342-349. 



Chen L, Huang L-YM (1992) protein kinase C reduces Mg2+ MO& of NMDA- 
receptor channels as a rnechanism of modulation. Nature 356: 521-523. 

Choca JI, Green RD, Proudfit HK (1 988a) Menosine Al and A2 receptors of the 
substantia gelatinosa are located predominately on intnnsic neurons: an 
autoradiographic study. J Pham Exp Ther 247: 757-764. 

C h o a  JI, Green RD, Proudit HK (1988b) Autoradigraphic eviûence that the 
spinothalamic tract neurons possess adenosine receptors. Soc Neurosci 
Abstr 14: 776 

Choi JJ, Huang G 4, Shafik E, Wu W-H, McArdle JJ (1 992) Imipramine's 
sebctive suppression of an L-type calcium channeî in neurons of murine 
dorsal root ganglia involves G proteins. J Pham Exp mer 263(1): 49-53. 

Choi Y, Yom YW, Na HS, Kim SH, Chung JM (1994) Behavioral signs of an 
ongoing pain and cold allodynia in a rat mode1 of neuropathic pain. Pain 
59: 369-376. 

Chong MS, Woolf CJ, Turmaine M. Emmon PC, Anderson PN (1996) lntrinsic vs 
extrinsic factors in detennining the regeneration of the central processes 
of rat dorsal ganglion neurons: the influence of a peripheral nerve graft. J 
Comp Neurol370: 97-1 04. 

Chung K. Lee BH, Yoon YW, Chung JM (1996) Sympathetic sprouting in the 
dorsal rwt  ganglia of the injured peripheral nerve in a rat neuropathic pain 
model. J Comp Neurol376: 241-252. 

Codene TJ, Katz J, Vaccarino AL, Melzack R (1 993) Contribution of central 
neuroplasticity to pathological pain: review of clinical and experimental 
evidence. Pain 52: 259-285. 

Coderre TJ. Katz J (1997) Peripheral and central hyperexcitability: differential 
signs and syrnptoms in persistent pain. Behav Brain Sci 20: 404-419. 

Coggeshall RE. Reynolds ML, Woolf CJ (1991) Distribution of the growth 
associated protein GAP43 in the central processes of axotomized primary 
afferents in the adult rat spinal cord; presenœ of growlh cone-like 
structures. Neurosci Lett 131 : 37-41. 

Coggeshall RE. Lekan H, Doubell TP. Allchome A, Wooif CJ (1997) Central 
changes in primary afferent fibers following peripheral newe lesions. 
Neuroscience f7: 1 1 15-1 122. 



Collis MG, Hourani SM0 (1993) Menosine receptor subtypes. Trends 
Phannacol Sci 14: 360-366. 

Colmers WF. Klapstein GJ. Fomier A. St. Piene S. Treheme KA (1991) 
Presynaptic inhibition by neuropeptide Y in rat hippacampal slice in vitro is 
mediated by Y2 receptor. Br J Pharmacal 102: 41-44. 

Conway CM. Taksh TL (1 998) lntrathecal adenosine A l  agonist blocûs NMDA- 
evokeâ release of excitatory arnino acids and adenosine as measufed by 
intrathecal loop dialysis. Soc Neuroscience Abst 24: 1629. 

Costigan M. Mannion AJ, Kendall O. Lewis SE, Campagna JA, Coggeshall RE. 
Meredith-Midâîeton J, Tate S. Woolf CJ (1998) Heat shodc protein 27: 
developmental regulat ion and expression after peripheral nerve injury. J 
Neurosci l8(lS): 5891 -5900. 

Courteix C, Bardin M. Chanteauze C, Lavemne J, Eschalier A (1994) Study of 
the sensitivw of the diabetes-induced pain model in rats to a range of 
analgesics. Pain 57: 1 53-1 60. 

Cronstein BN, naime D. Firestein G (1 995) The antiinflammatory effects of an 
adenosine kinase inhibitor are mediated by adenosine. Arth Rheum 38: 
1040-1045. 

Cui J-C, Sollevi A, Linderoth B. Meyerson BA (1 991) Adenosine receptor 
activation suppresses tactile hypersensitivity and potentiates spinal cofd 
stimulation in mononeufopathic rats. Neuroscience Lett. 223: 173-1 76. 

Daly JW (1993) Mechanisrns of action of caffeine. In: Garattini S (Ed). Caffeine. 
Coffee and Health. New Yoik: Raven Press. pp 97-1 50. 

Davar G, Hama A, Deykin A. Vos B. Maciewicz R (1991) MK-801 bl&s the 
development of thermal hyperalgesia in a rat mode1 of experimental 
painful neuropathy. Bmin Res 553: 327-330. 

Davis KD, Treede RD, Raja SN. Meyer RA. Campbell JN (1991) Topical 
application of clonidine relieves hyperalgesia in patients with 
syrn pathetically maintained pain. Pain 47: 309-31 7. 

De Biasi, Rustioni A (1 988) glutamate and substance P coexist in primary 
afferent teminals in the superficial laminae of spinal cord. Proc Natl Acad 
Sci (USA) 85: 7820-7824. 



De Filipe MDC, De Ceballos ML, Gil C. Fuentes JA (1985) Chronic 
antidepressant treatment increases enkephalin levels in N accumbens and 
striatum of the rat. Eur 3 Pharmacol 1 12: 1 19-1 22. 

de Groat WC, Vizzard MA, Araki 1, Roppok J (1996) Spinal intemeurons and 
preganglionic neurons in sacral autonomie reflex pathways. In: Holstege 
G, Bandlei R, Saper CB (Eds). Progress in Brain Researai. Amsterdam: 
Elsevier. pp 97-1 1 1. 

DeLeo JA, Colbum RW, Rickman Al (1997) Cytokine and growth factor 
immunohistochemical spinal profiles in two animal models of 
mononeuropathy. Brain Res 759(1): 50-57. 

de Montigny C, Chaput Y, Blier P (1990) Modification of serotonergic neuron 
properties by long-term treatment with serotonin reuptake blockers. J Clin 
Psychiatry 51 (1 2. Suppl B): 4-8. 

De Reime SA, Strong JA, Albert KA. Greengard P, Kacmarek LK (1985) 
Enhancement of calcium current in ApWsrTa by phorbol ester and protein 
kinase C. Nature 31 3: 31 3-316. 

Deffois A, Fage O, Carter C (1996) Inhibition of synaptosomal veratridine 
induced sodium influx by antidepressants and neuroleptics used in chronic 
pain. Neurosci Lett 220: 1 17-1 20. 

DeKonnick Y, Henry JL (1992) Peripheraf vibration causes an adenosine- 
mediated postsynaptic inhibitory potential in dorsal hom neurons in the cat 
spinal =rd. Neuroscienœ 50: 435-443. 

Delander G E. Wahl J J (1988) Behaviour induced by putative nociceptive 
neurotransrnitters is inhibited by adenosine or adenosine analogs 
coadministered intrathecalîy. J Pham Exp Ther 246: 565-570. 

Dellemijn P (1 999) Are opioids effective in relieving neuropathic pain? Pain 80: 
453-462. 

Desarmenien M. Feltz P, Occhipinti G, Santangelo F, Çchlichter R (1 984) 
Coexistence of GABAA and GABABreceptors on A delta and C primary 
afferents. Br J Pharmacol 81 (2): 327-333. 

Desmeules JA. Kayser V, Weilfuggaza J, Bertrand A, Guilbaud G (1995) 
Influence of the sympathetic nervous system in the development of 
abnorrnal pain-related behaviors in a rat mode1 of neuropathic pain. 
Neuroscience 67: 941 -951 - 



Devor M (1994) The pathophysiobgy of damaged peripheral newes. In: Wall PD. 
Melzack R (Eds). Textbook of Pain (3"' edn). New York: Churchhill 
Livingstone. pp 70.1 W. 

Dickenson AH (1 990) A cure for wind-up: NMDA receptor antagonists as 
potential analgesics. Trends Pharmacol Sci 1 1 : 307-309. 

Dickenson AH (1 995) Spinal cord phamacology of pain. Br J Anaesth 75: 193- 
200. 

Dickenson AH. Sullivan AF (1986) Eiectrophysiological studies on the effects of 
intrathecal morphine on nociceptive neurones in the rat dorsal hom. Pain 
24: 21 1-222. 

Dickenson AH. Sullivan AF (1 993) Com bination therapy in analgesia; seeking 
synergy. Cunent Opinion in Anaesthesiology 6: 86 1 -865. 

Dirksen R, Van Diejen D, Van Luijtelaar EWM, Booij LHDJ (1994) Site-and test- 
dependent antinociceptive eff i icy of amitriptyline in rats. Pham Biochem 
Behav 47: 21 -26. 

Doak GJ, Sawynok J (1995) Cornplex role of peripheral adenosine in the genesis 
of the response to subcutaneous fonnalin in the rat. Eur J Phannacol 281 : 
31 1-31 8. 

Doak G. Sawynok J (1 997) Formalin-induced nociceptive behavior and edema: 
involvement of multiple peripheral 5-hydroxytryptamine receptor subtyp-. 
Neufoscience 80: 939-949. 

Doi T, Kuzuna S. Maki Y (1 987) Spinal antinociceptive effects of adenosine 
compounds in mice. Eur J Phannacol 1 37: 227-231. 

Dolphin AC, Forda SR, Scott R H  (1986) Calcium-dependent currents in cultured 
rat dorsal root ganglion neurons are inhibled by an adenosine analogue. J 
Physiol (Lond.) 373: 47-61. 

Dougherty PM. Willis WD (1 991 ) Enhancement of spinothalamic neuron 
responses to chernical and mechanical stimuli folkwing combined micro- 
iontophoretic application of N-metyl-Baspartic acid and substance P. Pain 
47: 85-93. 

Dougherty PM, Willis WD (1992) Enhanced responses of spinothalamic tract 
neurons to exclatory amino acids accompany capsaicin-induced 
sensitzation in the monkey. J neurosci 12: 883-894. 



Dougherty PM. Sluka KA, Çorkin KN. Westlund KN. Willis WD (1992) neural 
changes in acute arthritis in monkeys. 1. Parallel enhanœment of 
responses of spinothalamic tract neurons to mechanical stimulation and 
excitatory amino acids. Brain Res Rev 1 7: 1-1 3. 

Dray A. Urban L, Dickenson A (1994) Phamacology of chronic pain. Trends 
Phaimacol Sci 15: 190-1 97. 

Duggan AW, Henry IA. Morton CR, Hutchison WD. Zhao ZQ (1988) Cutaneous 
stimuli releasing immunoreactive substance P in the dorsal hom of the cat. 
Brain Res 451 : 261 -273. 

Duggan AW, Hope PJ. Jarot 6, Schaibk HO, Fleehivood-Walker SM (1990) 
Refease. spread and persisteme of immunoreactive neurokinin A in the 
dorsal hom of the cet following noxious cutaneous stimulation. Studies 
with antibody microbes. Neuroscience 35: 195-2û2. 

Duggan AW, Hope PJ. Lang CW (1 991) Microinjection of neuropeptide Y into the 
superficial dorsal hom reduces stimulus-evoked release of 
immunoreactive substance P in the anesthitized cat. Neuroscienœ 44: 
733-740. 

Duman RS, Henninger GR. Nestler EJ (1 994) Adaptations of receptor-coupled 
signal transduction pathways underlying stress-induced and drupinduced 
neural plasticity. J Newous Ment Disease 182(2): 693-700. 

Dunwiddie W. Fredholm 68 (1997) Adenosine neurornodulation. In: Jacobsen 
KA. Jawis MF (Eds). Purinergic Approaches in Experimental 
Therapeutics. New York: Wiley-Liss. pp 359382. 

Eaton MI, Santiago DI. Dancausse HA. Whittemore SR (1997) Lurnbar 
transplats of immortalized serotonergic neurons alleviate chronic 
neuropathic pain. Pain 72: 59-69. 

Ehmsperger M. Graber S. Gaestel M, Buchner J (1997) Binding of non-native 
protein to Hsp25 during heat shock stress creates a reservoir of folding 
intemediates for reactivation. EMBO-J 1 6(2): 22 1-229. 

Eisenach J. Gebhart OF (1 995a) lntrathecal amlriptyline acts as an N - methyl- 
D- aspartate receptor antagonist in the presence of inflammatory 
h ypeialgesia in rats. Anesthesiology 83: 1 046- 1 054. 

Eisenach J, Gebha~ GF (1 995b) lntrathecal amitriptyline. Antinociceptive 
interactions with intravenous morphine and intrathecal clonidine, 
neostigm ine. and carbarnykholine in rats. Anesthesidogy 83: 1036-1 045. 



Eldefrawi ME. Wamick JE, Schofield GG, Albuqueque EX, Elderfrawi AT (1981) 
Interaction of imipramine with the h i c  channel of the acetylcholine 
receptor of motor endplate and electric organ. Biochem Pharmacol 30(11): 
1391-1394. 

Elliott (1994) KJ. Taxonomy and mechanisms of neuropathic pain. Seminars in 
Neurology 14(3): 1 95-205. 

Enever RP, Li Wan Po A, Shaooten E (1977) Factors influencing decomposition 
rate of amitriptyline hydrochkride in aqueous solution. J Pharmaceutical 
Sci 66(8): 1 087-1 089. 

Eschalier A. Monastruc Cl Devoize JL, Rigal F, Gaillard-Plaza G. Pecharde JC 
(1981) Influence of naloxone and methysergide on the analgesic effect of 
cfomipramine in rats. Eur 3 Phannacol 74: 1-7. 

Eschalier A. Mestre C, Dubray C, Ardid D (1994) Why are antidepressants 
effective as pain relief? CNS Drugs 2: 261-267. 

Eschalier A. Ardid D, Dubray C (1 999) Tricyclic and other antidepressants as 
analgesics. In: Sawynok J. Cowan A (Eds). Novel Aspects of Pain 
Management: Opioids and Beyond. New York: Wiley-Liss. pp 303-31 9. 

Field MJ, McCleaeary S. Hughes J, Singh L (1999) Gabapentin and pregabalin. but 
not morphine and am itriptyline, block both stat ic and dynamic components 
of mechanical allodynia induced by streptozocin in the rat. Pain 80: 391- 
398. 

Fialip J, Marty H. Makambila MC, Civiale MA. Eschalier A (1989) Patterns of 
administration of antidepressants in anirnals: II. Relevanœ in a study of 
the influence of clomipramine on morphine analgesia in mice. J Pharmacol 
Exp Ther 248: 747-75 1. 

Finkbeiner S. Green berg ME (1998) Ca2+ channel regulated neuronal gene 
expression. J Neurobid 37: 1 il -1 89. 

Firestein OS. Boyle D. Bullough DA. Gruber HE, Sajjadi FG, Montag A, Sambol 
B. Mullane K (1 994) Protective effect of an adenosine kinase inhibitor in 
septic shock. J lmmunol 152: 5853-5859. 

Firestone S, Firestone L (1997) Protein kinase C. In: Yaksh TL et al. (Eds). 
Anaesthesia Biolagic Foundations. Philadelphia: Lippincott-Raven. 



Foley KM (1 991 ) Clinical tolerance to opioids. In: Basbaum Al. Bessan JM (Eds). 
Towards a New Phannacotherapy of Pain. Chichester Eng: Dahlem 
Konforenzen, John Wiley. pp 1 81 -204. 

Fredholm BR (1 995) Adenosine, adenosine recepton and the actions of caffeine. 
Phannacology 8 Toxicology 76: 93-1 01. 

Fredholm BR. Abbrachio MP. Bumstock O, Daly JW, Hamden TK. Jacobsen KA, 
Leff P. Williams M (1 994) VI. Nomenclature and classification of 
purinoceptors. Phannacol Rev 46: 143-1 56. 

Fredholm BR. BBttig K. Holmdn J, Nehlig A, Zvartau EE (1999) Actions of 
caffeine in the brain with special reference to factors that contribute to L 
widespread use. Pharmacol Rev 5 1 (1 ): 84-1 32. 

Freissmuth M. SchCih W. Linder ME (1991) Interaction of the bovine brain Al- 
adenosine recptor with recombinant G protein a-subunits. Selectivity for 
ffi, J Biol Chem 266: 17778-lft83. 

Fryer JD. Lukas R I  (1 999) Antidepressants noncornpetitivefy inhibit nicotinic 
acetylcholine receptor function. J Neurodrem 72: 1 1 17-1 124 

Fukuoka T, Tokunaga A, Kondo E. Miki K, Tachibana T. Noguchi K (1 998) 
Change in mRNAs for neuropeptides and aie GABAA receptor in dorsal 
mot ganglion neurons in a rat experimental neuropathic pain mode!. Pain 
78: 13-26. 

Galer BS, Jensen MP (1996) Development and preliminary validation of a pain 
rneasure specific to neuropathic pain: The Neuropathic Pain Scale. 
Nêurol~gy 48: 332-338. 

Galer BS. Rowbotharn MC, Perander J. Friedman E (1999) Topical lidocaine 
patch relieves postherpetic neuralgia more effectiveiy than a vehicle 
topical patch: results of an enriched enrollment study. Pain 80: 533-538. 

Geiger JD. LaBella FS, Nagy JI (1984) Characterization and localisation of 
adenosine receptors in rat spinal cord. J Neurosci 4: 2303-2310. 

Geiger JO, Parkinson FE, Kowaluk EA (1997) Regulators of endogenous 
adenosine levels of therapeutic agents. In: Jacobsen KA. Jarvis MF (Eds). 
New York: Wiley-Liss. pp 55-84. 

Geoffrey M. Mogilnicka E, Nielsen M, Rafaelsen (XI (1988) Effect of nifedipine on 
the shuttlebox escape deficit induced by inescapable shock in the rat. Eur 
J Pharmacol 154: 277-283. 



Gerôer GB Kangrgra 1. Ryu PD, Larew JSA, Randic M (1 989) Multiple effects of 
phorbol esters in the rat spinal dorsal horn. J Neurosci 9: 36-3617. 

Gerwins P, Fredholm BB (1992) ATP and its metabolite adenosine act 
synergistically to mobilize intracellular calcium via the formation of 
ionositol 1 -4.5-trisphophate in a smooth muscle cell line. J Biol Chem 267: 
16081-16087. 

Gibson W. Polak JMB Allen JM, Adrian JS, Kelley JS. Bloom SR (1984) The 
distribution and origin of a novel brain peptide, neuropeptide Y, in the 
spinal card of several mammals. J Comp Neurol. 227: 79-91. 

Giuffrida RB Rustioni A (1992) Dorsel mot ganglion neurons projecting to the 
dorsal column nuclei of rats. J Comp Neurol. 31 6(2): 206-220. 

Gold BG. Mobley WC. Matheson SF (1 991) Regulation of axonal calber, 
neurofilamant content and nuclear localisation in mature sensory neurons 
by nerve growth factor. J Neurosci 1 1 : 943-955. 

Golembiowska K Zylewska A (1 999) Effed of antidepressant drugs on 
verairidine-evoked glutamate and aspartate release in rat prefrontal 
cortex. Pol J Phannacol 51: 63-70. 

Goodman RR, Snyder SH (1 982) Autoradiographic localization of adenosine 
receptors in rat brain using f H)cyclohexyladenosine. J Neurosci 2: 12% 
1241. 

Gordh T, Karlsten RB Kristensen J (1995) Intervention with spinal NMDA. 
adenosine, and NO systems for pain modulation. Ann Med 27: 229-234. 

Gould III HJ. England JD, Liu ZP, Levinson SR (1998) rapid sodium channel 
augmentation in response to inflammation induced by complet9 Freunds 
adjuvant. Brain Fies 802: 69-74. 

Gray AM. Spencer PSJ. Sewell RDE (1998) The involvernent of the opioidergic 
system in the antinociceptive mechanisms of action of antidepressant 
compounds. Br J Phannacol 124: 669-674. 

Grundemar L. Grundstr6m N, Andenson RGG, Johansson 1, Hgkanson R (1990) 
Suppression by neuropeptide Y of capsaicin-sensitive sensory nenre- 
mediated contraction in guinea pig aimays. Br J Phannacol 99: 473-476. 



Grundemar L, Wahiestedt C, Wang 2-Y (1993) Neuropeptide Y suppresses the 
neurogenic inflammatory response in the rabMt eye; mode of action. 
Regul Pept 43: 57-64. 

Grundemar L, Hakanson R (1994) Neuropeptide Y effector systems: 
perspectives for drug development Trends Pharmacol Sci 15: 153-1 59. 

Guieu R, Peragut JC, Roussel P. Hassani H, Sernpieri F, m i s  O, Gola R, 
Rochat H (1 996) Adenosine and neurapathic pain. Pain 68: 271-274. 

Guilbaud O, Kayser V, Benoist JM, Gautron M (1 986a) Modification in the 
responsiveness of ventrobasal thalamic neurons at different stages of 
carrageenan-produced inflammation. Brain R e s  3û5(1): 86-98. 

Guilbaud G, Peschanski M. Briand A. Gautron M (1986b) The organization of 
spinal pathways to the ventrobasal thalamus in an experimental model of 
pain (an arthritic rat). An electrophysiological study. Pain 26(3): 301-312. 

Haddjeri N, Blier P, de Montigny C (1 998) Long-terrn antidepressant treatments 
result in a tmic activation of forebrain 5-HT1A receptors. Journal of 
Neoroscience 18(23): 101 50-6. 

Hall H, Ogren S-O (1981) Effects of antidepressant drugs on different receptors 
in the brain. Eur 3 Pharmacol 70: 39347. 

Hamon M. Enerit MB, Mestiakawa S et al. (1987) Pharmacological bichemical 
and functional properties of bHT1A binding sites labelled by &OH-DPAT 
in the rat brain. In: Dourish CT, Ahelnius S. Hudson PH (Eds). Brain 5- 
HTl A Receptors. Chicester UK: Ellis Harwaod. pp 34-51. 

Harfstrand A. Fuxe K Cintra A (1 986) Glucocorticoid receptor imrnunoreactivity 
in monoamine neurons of rat brain. Prac Natl Acad Sci (USA) 83: 9779- 
9783. 

Hargreaves K. Dubner R, Brown F, Flores C, Jores J (19ûû) A new and sensitive 
method for measuring thermal nociception in cutaneous hyperalgesia. 
Pain 32: 77-88. 

Hayes RI, Mao J, Price DD, Geramano A D'Avella D, Fiori M. Mayer DL (1992) 
pret reatment wlh  gangliosides reduces abnormal nociceptive responses 
assaciated with a rodent mononeumpathy. Pain 48: 391-396. 

Heilig M, Widel6v E (1 995) Neurobiology and clinical aspects of neuropeptide Y. 
Crit Rev Neurobid 9: 1 15-1 36. 



Helme RD. Koschorke GM. Zimmerman T (1986) Immunoreactive substance P 
relsase from from skin nerves in rat by noxious thenal stimulation. 
Neurosci Lett 63: 295-299. 

Henninger G. Chamey 0 (1987) Mechanism of action of antidepressant 
treatments: Implications for the eüology and treatment of depressive 
disorders. In: Meltzer H (Ed). Psychophanacokgy: The Third Generation 
of Progress. New York Raven Press. pp 534-544. 

Herkenham M. and Pert CB (1980) In vitro autoradiography of apiate receptors in 
rat brain suggests loci of 'opiatergic' pathways. Proc Nat1 Acad Sci USA 
7 7 :  553205536. 

Hbkfelt Tl Zhang X. Weissenfeld-Hallin Z (1994) Messenger plasticity in prirnary 
sensory neurons following axotomy and its functional implications. Trends 
Neurosci 17: 22-30. 

Hdkfeit Tl Zhang X. Xu 2-Q, Ji R-R. Shi Tl Cornes J. Kerekes N. Landry M. 
Holmberg K. Broberger C (1997) Phenotype regulation in dorsal r d  
ganglion neurons after nerve injury. focus on peptides and their receptors. 
In: Molecular Neurobiology of Pain, Progress in Pain Research and 
Management, Vol 9 (ed. Borsooû D.), IASP Press. Seattle. pp 1 15-1 43. 

Hokfelt T, Broberger Cl Zhang X. Diez M. Kopp J. Xu 2-Q. Landry M. Bao L, 
Schalling M. koistinaho J, DeArmond SJ, Prusiner S. Gong J. Walsh JH 
(1 998) Neuropeptide Y: some viewpoints on multifaceted peptide in the 
normal and diseased nervous system. Brain Res Rev 26: 156166. 

Holmgren M. Hedner J. Mellstrand Tl Nordberg G. Hedner T (1 Qû6) 
Characterisation of the antinociceptive effects of some adenosine 
analogues in the rat. Naunyn-Schmiedeeb. Arch Phamacd 334: 290-293. 

Hopkins DA, Plumier J-CL, Currie RW (1998) Induction of the srnall heat shock 
protein (Hsp27) in the rat medulla oblongata after vagus nerve injury. Exp 
Neurol 153: 173-183. 

Hu GY. Hvalby O, Walaas SI, Albert KA. Skjeflo P. Andersen P. Greengard P 
(1987) protein kinase C injection into the hippocampe1 pyramidal 
cellselicits features of long terni potentiaüon. Nature 328: 426-429. 

Hua X, Boublik JH. Spicer MA, Rivier JE. Brown MR. Yaksh TL (1991) The 
antinociceptive effects of spinally addministered neuropeptide Y in the rat: 
systematic studies on structure activity relationship. J Pharmacol Exp Ther 
258: 243-258. 



Huot J, Roy G, Lambent H, Chretien P. Landry J (1991) Increased sunrival after 
treatments with anthcer  agents of chinese hamster cella expressing 
human Mr 27,000 heat shock protein. Cancer Res 51: 52455252. 

Hwang AS. Wilwx GL (1987a) Analgesic properties of intrathecally administered 
heterocyclic an tidepressan ts. Pain 28: 343-355. 

Hwang AS, Wilcox GL (1987b) Baclofen, gamma-aminobutyric acid-B receptors 
and substance P in the mouse spinal cord. J Phannaail Exp Ther 248: 
lO%-lO33. 

Hylden JLK, Wilcox GL (1983) Pharmacological characteriration of substance P- 
induced nocicepth in mice: modulation of opioid and noradrenergic 
agonists at the spinal level. J Pharmacol Exp Ther 226: 3984û4. 

Hylden JKL. Thomas DA, ladorola MJl Nahin Ri ,  O u h r  R (1 991) Spinal opioiâ 
analgesic effects in a mode1 of unilateral inflammatianhyperalgesia: 
possible involvement of noradrenergic mechanisms. Eur J Pham 1 94: 
135143. 

lmahita T, Shimizu T (1 992) lmiprarnine inhibits intrathecal substance P-induced 
behavior and blocks spinal cord substance P receptors in mice. Brain Res 
581: 59-66. 

ken berg KE, Cicero TJ (1 984) Possible involvement of opiate receptors in the 
pharrnacological profiles of antidepressant compound. Eur J Pharmacol 
103: 57-63. 

lwamoto ET, Marion L (1994) Pharmacological evidence that nitric oxide 
mediates the antinociception produced by muscarinic agonists in the 
rostral ventral rnedulla of rats. J Pharmacol. Exp Ther 269: 699-708. 

Jakob U, Gaeslel M. Engel K, Buchner J (1993) Small heat shock proteins are 
molecular chaperones. J Biol Chem 268: 15 1 7- 1 520. 

Jett MF, McGuirk J, Waligora O. Hunter JC (1 997) The effects of mexelitine, 
desipramine and fluoxetine in rat madels invoiving central senslisation. 
Pain 61: 161-169. 

Kamatchi GL, Ticku MK (1 991) Tricyclic antidepressants inhibit Ca (2+) - 
activated K (+) - efflux in cultured spinal cord neurons. Brain Res 545(1-2): 
59-65. 



Kangrgra 1. Randic M (1991) Outflow of endogenous aspartate and glutamate 
from the rat spinal dorsal hom in vitro by activation of law- and high- 
threhold primary afferent fibers. Modulation my p opioids. Brain Res 553: 
347-352. 

Karlsten R, Kristensen JD, Gordh T (1 992) R-phenylioopropfl-adenosine 
increases spinal cord Mood fkw after intrathecal injection in the rat. 
Anaesth Anal 75: 972-976. 

Karlsten R. Gordh T (1995) An A, -seiective adenosine agonist abolishes 
allodynia elicited by vibration and touch after intrathecal injection. Anesth 
Analg 50: 844447. 

Kato H, Liu Y, Kogure K. Kato K (1994) Induction of 27 kDa Heat shock protein 
following cerebral ischemia in a rat mode1 of ischemic tolerance. Brain Res 
634: 235-244. 

Kawamata M and Omote K (1996) Involvement of increased excitatory amino 
acids and intracellular Ca2+ concentration in the spinal dorsal horn in an 
animal mode1 of neuropathic pain. Pain 6û: 85-96. 

Khandwala H, Zhang Z, Loomis CW (1 998) Inhibition of strychnine-allodynia is 
mediated by spinal adenosine Al-but not AS.receptors in the rat. Brain 
Res 808: 106-1 09. 

Khasar SG. Green PO. Chou 6, Levine JD (1995) Peripheral nociceptive effects 
of e-adrenergic receptor agonists in the rat. Neuroscience 66: 427432. 

Kim KJ. Yoon YJ, Chung JM (1 997) Comparison of three rodent neuropathic pain 
models. Exp Brain Res 1 1 3: 200-226. 

Kim SH, Chung JM (1991) Syrnpathectomy alleviates mechanical alkdynia in an 
experimental animal mode1 for neuropathy in the rat. Neurosci Lett 134: 
131-1 34. 

Kim SH. Chung JM (1992) An experimental mdel  for peripheral neuropathy 
produced by segmental spinal newe ligation in the rat. Pain 50: 355-363. 

Kim SH, Na HS. Sheen K. Chung JM (1993) Effects of sympathectomy on a rat 
mode1 of peripheral neuropathy. Pain 55: 85-92. 

Kinnrnan E. Levine JD (1995) Sensory and sympathetic contributions to newe 
in jury-induced sensory abnonnalities in the rat. Neuroscience 64: 75 1 -767. 



Kitamura Y. Zhao X-H, takei M. Yonemitsu O, Nomura Y (1991) Effects of 
antidepressants on the glutamatergic system inm the mouse brain. 
Neurachem Int 3: 247-253. 

Kiyama H, Maeno H, Tohyama S (1993) Substance P receptor (NK1) in the 
central nervous system: possible functions from a morphological aspect. 
Rûgul Pûpt 46: 114-123. 

Kobierski LA (1 997) Cytokines and inflammation in the central newous system . 
In: Borsook D (Ed). Molecular Neurobiology of Pain, Progress in Pain 
Research and Management (vd 9). Seattle: IASP Press. pp 45-59. 

Koerber HM, Mirnics K. Brown PB Mendel1 LM (1994) Central sprouting and 
functional plasticity of regenerated primary afferents. J Neurosci 14: 3644- 
3671. 

Koltzenberg M. Lunberg L E R. Torebork H E (1992) Dynamic and static 
components of mechanical hyperalgesia in human hairy skin. Pain 51: 
207-21 9. 

Korzeniewska-Rybicka 1, Plamid< A (1 998) Analgesic effect of antidepressant 
dnigs. Pharm Biochem Behav 59: 331-338. 

Kral MG, Xiong 2. Study RE (1999) Alterations of Na+ cunents in dorsal root 
ganglion neurons from rats with painful neuropathy. Pain 81: 15-24. 

Kramer MS, Cutler N, Feighner J, et al. (1998) Distinct mechanism for 
antidepressant activity by blockade of central substance P receptors. 
Science 281 : 1640-1 645. 

Ku pers RC, Gybels JM (1 993) Electrical stimulation of the ventroposterolateral 
nucleus (VPL) reduces mechanical allodynia in a rat model of neuropathic 
pain. Neurosci Lelt 50(1): 95-98. 

Lance JW, Curran DA (1 964) Treatment of chronic tension headache. Lancet 1 : 
1234-1 239. 

Landry Jp Chretien P, Lambert H, Hickey E, Weber LA (1 989) Heat shock 
resistance conferred by expression of the human HSP27 gene in rodent 
cells. J Cell Biol 109: 7-1 5. 

Landry J, Huot J (1 995) Modulation of actin dynamks during stress and 
physiological stimulation by a signaling pathway involving p38 MAP kinase 
and heat-shock protein 27. Biochem Cell Biol73(9-10): 703-707. 



Lavoie PA. Beauchamp O, Eide A (1 990) Tricyclic antidepressants inhibit voltage 
dependent calcium channels and Na+-Ca2+ exchange in rat brain cortex 
synaptosomes. Can J Physid Pharmacd 68: 141 4-1 41 8. 

Lavoie JN, Lambert H, Hickey E, Weber LA. Landry J (1 995) Modulation of 
cellu lai themoresistance and actin filament stability accom panies 
phosphoryîation-induced changes in oligomeric structure of heat shock 
protein 27. Mol Cell Biol 1 5: 505-51 6. 

Lavand'homme PMB Eisenach JC (1999) Exogenous and endogenous adenosine 
enhance the spinal antiallodynic effects of morphine in a rat model of 
neuropathic pain. Pain 80: 31-36. 

Le Greves PI Nyberg F, ferenius L, HdMelt T (19û5) Calcitonin gene-relatd 
peptide is a potent inhibitor of substance P degradation. Eur J Phannacol 
1 1 5: 309-3 1 1. 

Leander JD (1 989) tricyclic antidepressants block N-methyCD-aspartic acid- 
induced lethality in mice. Br J Pharmacal Feb 96(2): 256-258. 

Lee YW, Cheplan SR. Yaksh TL (1995) Systemic and supraspinal, but not spinal. 
opiates suppress allodynia in a rat neuropathic pain model. Neurosci Lett 
199: 1 1  1-1 14. 

Lee YW, Yaksh TL (1996) Pharrnacdogy of the spinal adenosine receptor which 
mediates the antiallodynic action of intrathecal adenosine agonists. J 
Pharmacol G p  Ther 27: 1642-1 648. 

L e m  JW, Choi EJ. Park ES, Paik KS (1 996)N - Methyl-D-aspartate (NMDA) and 
non-NMDA antagonists direntially suppress dorsal horn neuron 
responses to mechanical stimuli in rats with peripheral newe injury. 
Neurosci Lett 21 1 : 37-40. 

Lekan HA, Carlton SM. Coggeshall RE (1996) Sprouting of Ai3 fibers into lamina 
II of the rat dorsal hom in peripheral neuropathy. Neurosci Lett 208: 147- 
1 80. 

Leonard BE (1 986) Neurotransmitter receptors. endocrine responses and the 
biological substrates of depression: a review. Human 
Psychopharmacology 1 : 3- 1 8. 

Leonard BE (1 993) The comparative phamacology of new antidepressants. J 
Clin Psychiatry 54: 3-15. 



Leonard BE (1996) New approaches to the treatment of depression. J Clin 
Psychiatry 57: 26-33. 

Levine JO. Taiwo YO, Cdlins SD, Tarn JK (1986) Noradrenaline hyperalgesia is 
mediated through interaction with sympathetic postganglionic neuron 
temiinals rather than activation of primary afferent nociceptors. Nature 
323: 15û-160. 

Levine JO, Fields HL. Bausbaum AL (1993) Peptides and aie pnmary afferent 
nociceptar. J Neurosci 13: 227342286. 

Li J, Peri ER (1994) Adenosine inhibition of synaptic transmission in the 
substantia gelatinosa. J Neurophysid 72: 161 1-1621. 

Liu XJ. Sawynok J (1998) Periphecal antihyperalgesic effect of adenosine A, 
receptor agonists in a rat neuropathic pain model. Neurosci Abs 24: 1630. 

Londos C, Cooper DMF, WoW J (1980) Subclasses of extemal adenosine 
receptors. Proc Natl Acad Sci (USA) 77: 2551-2554. 

Ma W, Bisby MA (1998) lncrease in preprotachykinin mRNA and substance P 
immunoreactivty in spared dorsal root ganglion neurons followin partial 
sciatic newe injury. Eur J Phannacd 1 O(7): 238042399. 

MacDonald RL, Skenitt JH, W e n  MA (19û6) Adenosine agonists reduce voltage 
dependent calcium conductance of mouse sensory neurons in cell culture. 
J Physiol (Lond.) 370: 75-90. 

MacFarlane BV, Wright A, OCallaghan J, Benson HA€ (1997) Chronic 
neuropathic pain and its control by dnigs. Phannacol Ther 75: 1-19. 

Magni G (1991) The use of anticlepressants in the treatment of chronic pain. A 
Review of Current Evidence. Dnigs 42(5): 730-748. 

Malenka RC, Madison DV, Nicoll RA (1 986) Potentiation of synaptic transmission 
in the hippocampus by phoibol esters. Nature 321 (6066): 175- 177. 

Mann CD. Vu TB, Hrdina PD (1995) Protein kinase C in rat brain cortex and 
hippocarnpus: effect of repeated administration of fluoxetine and 
desipramine. Br J Phanacol 1 15: 595-600. 

Mannion RJ, Doubell TP, Gill H, Wootf CJ (1998) Deafferentation is insufficient to 
induce sprouting of A-fiber temiinals in the rat dorsal horn. J Comp Neurd 
393: 1 35- 1 44. 



Mantyh PW, Pinno& RD, Downes CP, Goedert M, Hunt SP (1984) Correlation 
between Mositol phosphdipid hydrolysis and substance P receptors in rat 
CNS. Nature 309: 795-797. 

Mantyh PW, Allen CJ, Rogers S, DeMaster E, Ghilardi JR. Mosconi R, Kruger L, 
Mannon PJ, Taylor IL, Vigna SR (1994) Some sensory neurons express 
neuropeptide Y receptors: potential paracrine inhibition of primary afferent 
nociceptors following peripheral nerve injury. J Neurosei 14: 395803968. 

Martin TJ, Hairston Cf, Lutz PO, Harris LS, Poneca F (1998) Anti-allodynic 
actions of intravenous opioids in the nerve injured rat: potential utility of 
heroin and dihydraetorphine against neuropathic pain. Eur J Phannacol 
357: 25-32. 

Mao J, Price DO. Hayes RL. Lu J, Mayer DJ, Frenk A (1993) lntrathecal 
treatment with dextrophan or ketamine potently reduces pain-related 
behaviours in a rat mode1 of peripheral mononeuropathy. Brain Res 805: 
164-1 68. 

Marchand JE. Cepeda MS, Carr OB. Wurrn WH, Kream RM (1999) Alterations in 
neuropeptide Y, tyrosine hydroxylase, and Y-receptor subtype distribution 
following spinal nerve injury to rats. Pain 79: 187-200. 

Matthews MA. Hoffman KD, Stove JD (1 992) Ultrastructural characteristiucs of 
SP-immunoreactive synaptic terminais in the catsnonnal and rhizotomised 
trigem in1 subnucleus caudalis. Somatosens Mot Res 9: 1 31 -1 56. 

Max MB (1990) Towards a physiologically based treatment of patients with 
neuropathic pain. Pain 42: 131 -1 33. 

Mayer M L  Miller RI (1990) Excitatory amino acid receptors. second rnessengen 
and regulation of intracellular Ca2+ in mammalian neurons. Trends Pham 
Sci 1 1 : 254-260. 

Mayer ML, Westbraok GL, Githrie PB (1984) Voltagedependant blocû by Mg2+ 
of NMDA responses in spinal cotd neurons. Nature 3û9: 261-263. 

McCaslin PP. Xu XZ. Ho lK, Smith TG (1992) Amitriptyline prevents N - methyi- 
P aspartate (NMDA)-induced toxicity, does not prevent NMDA-induced 
elevations of extracellular glutamate, but augments kainate-induced 
elevations of glutamate. J Neurochem 59: 401-405. 

Mclachlan €M. Janig W. Devor M, Michaelis M (1993) Peripheral newe injury 
triggers noradrenergic sprouting within dorsal mot ganglia. Nature 363: 
543-546. 



Mciachlan EM. Hu P (1998) Axonal sprouts containing calcitmn gene-related 
peptide and substance P forni pericellular baskets around brge diameter 
neurons after sciatic newe transedon in the rat. Neuroscience 84(4): 961 - 
965. 

McQuay HL, Carroll O, Jadad AR, Wien PJ, Moore RA (1 995) Anti-convulsant 
dnigs for the management of pain: a systematic review. Br Med J 31 1: 
1 047- 1 052. 

McQuay HL, Tramer M. Nye BA, Carroll D. Wflen PJ. Moore AA (1 996) A 
systematic review of antidepressants in neuropathic pain. Pain 88: 217- 
227. 

Mehlen P, Preville X, Chareyron P. Briolay J, Klernenz R. Arrigo A-? (1995) 
Constitutive expression of hurnan Hsp27, Diosophila Hsp27, or human 
alpha B-crystallin confer resistance to TNF-a and oxidative stress-induœâ 
cytotoxicity in stably transfected murine L929 fibrobtasts. J lmmund 154: 
363-374. 

Mehlen P, Schulze-Osthoff K. Arrigo A P (1 996) Small stress proteins as novel 
regulatom of apaptosis. Heat shock protein 27 blocks FasiAPO-1- and 
staurosporine-induced cell death. J Biol Chem 271 : 165 10-1 6514. 

Meller ST, Gebhart OF, Maves TJ (1 992) Neonatal capsaicin treatment prevents 
the development of the thermal hyperalgesia produced in a model of 
neuropathic pain in the rat. Pain 51 (3): 317-321. 

Meller ST, Gebhart GF (1993) Nitric oxide (NO) and naciceptive processing in 
the spinal cotd. Pain 52: 127-136. 

Mestre C, Hemsndez A, Eschalier A, Pelissier T (1997) Effects of clomipramine 
and desipramine on a C-fiber reflex in rats. Eur 3 Pham 335: 1-8. 

Meyer RR (1 995) The pathogenesis of neuropathic pain. Reg Anaesth 20: 173- 
1 84. 

Miki K. Iwata K. Tsuboi Y, Sumino R, Fukuoka T, Tachibana T, Tokunaga A, 
Noguchi K (1998) Responses of dorsal column nuclei neurons in rats with 
experimental rnononeuropathy. Pain 76: 407-4 15. 

Millan MI (1999) The induction of pain: an integrative review. Progress in 
Neuribiol57: 1 -1 64. 



Miron T, Vancompemolle K. Vandekerckhwe J, Wilchek M. Geiger B (1991) A 
25-kD inhibitor of actin polyrnerization is a low mokular mess heat shock 
protein. J Cell Biol 1 14(2): 255-261. 

Mjellum N, Lund As Hok K (1993) Reduction of NMDA-induced behaviour after 
acute and chronic administration of desipramine in mice. 
Neurophamacology 32: 591-595. 

Molander C, Hongpaisan J. Grant G (1992) Changing patterns of C-fos 
expression in spinal cord neurons after electrical stimulation of the 
chronically injured sciatic nerve in the rat. Neuroscience 50: 223-236. 

Morita K. Katayama Y (1983) Two types of acetylcholine receptors on the soma 
of primary afferent neurons. Brain Res 290: 348352. 

Munglani R. Hunt SP (1995) Molecular biology of pain. Br J Anaesth 75: 186- 
1 92. 

Munglani R, Harrison SM, Smith GD. Bountra C. Birch PJ, Elliot PJ, Hunt SP 
(1 996) Neuropeptide changes persist in spinal cord despite resoiving 
hyperalgesia in a rat model of motoneuropathy. Brain Res 743(1-2): 102- 
1 O8 

Munshi R, Pang IH, Stemweis PC. Linden J (1991) A, adenosine receptors of 
bovine brain couple to guanine nucleotide-binding proteins O,, G,. and 
Go. J Biol Chem 266: 22285-22289. 

Nahin RL, Humphrey E, HyMen JU< (1 991) Evidence for calcitonin gene-related 
pepetide contacts on a poulatior, of lamina I projection neurons. J Chem 
Neuroanat 4: 123-1 29. 

Nahin RL, Ren K, De Leon M, Ruda M (1994) Primary sensory neurons exhibit 
aftered gene expression in a rat model of neuropathic pain. Pain 58: 95- 
108. 

Nehlig A, Daval J-L, Derby O (1992) Caffeine and the central nervous system: 
mechanisms of action. biochernical, metabolic and psycastimulet effects. 
Brain Res Rev 17: 139-1 70. 

Nehlig A. Lucignani G. Kadekaro M. Porrino W. Sokoloff L (1984) Effects of 
acute administration of caffeine on local cerebral glucose utilization in the 
rat. Eur J Pharmacol 101 : 91-1 W. 



Neil A, Attal N. Ouilbaud G (1991) Effects of guanethidine on sensitization to 
natural stimuli and selfmutilating behavioc in rats with a peripheral 
neuropathy. Brain Res 585: 237-246. 

Nestler EJ. Terwilliger FE. Duman RS (1 989) Chronic antidepressant 
administration alters subcellular distribution of cydic AMP-dependent 
protein kinase in rat frontal cortex. J Neurochem 53(5): 1 644-1 647. 

Neuman S. Doubell TP. Leslie 1. Wodf CJ (1996) lnflammatory pain 
hypersensitivity mediated by phenotypic switch in myelinated primary 
secondary neuron. Nature 384: -363. 

Nbuya M. Nestler EJ, Oman RS (1996) Chronic antidepressant administration 
increases the expression of CAMP response elment binding protein 
(CREB) in rat hippocarnpus. J Neurosci 16(7): 2365-2372. 

Nichols ML, Lopez Y. Ossipov MH. Bian D, Poneca F (1997) Enhancement of 
the antiallodynic and antinociceptive eff i icy of spinal morphine by 
antisera to dynorphin A(1-3) or MKgOl in a nerve-ligation madel of 
peripheral neuropathy. Pain 69: 31 7-322. 

Norman TR, Leonard BE (1994) Fast acting antidepressants: Can the need be 
met? CNS Drugs 2: 120-131. 

Nowak G, Trullas R. Layer RT. Skolnick P. Paul IA (1993) Adaptive changes in 
the N-methyl-D-aspartate receptor complex after chronic treatment with 
imipramine and 1-aminocyclopropan8~arboxyiic acid, J Phanacd E>cp 
Ther 265: 1380-1386. 

Ochoa JL. Yamitsky D (1993) Mechanical hyperalgesias in neuropathic pain 
patients; dynamic and static subtypes. Ann Neuml33: 465-472. 

Ochoa JL (1 994) Pain mechanisms in neuropathy. Cun Opin Neurol7: 407414. 

Ochs G, Schenk M. Struppler A (1 989) Painful dysthesias following peripheral 
nerve injury: a clinical and electrophysiological study. Brain Res 496: 228- 
240. 

Oku R, Satoh M. Fujii N, Otaka A. Yajima H, Takagi H (1 987) Calcitonin gene 
real ted peptide promotes mechanical nociception by potentiating ralease 
of substance P from the spinal dorsal hom in rats. Brain Res 403: 350- 
354. 



Olivera BM, Miljanich OP, Ramachandran J. Adama ME (1994) Calcium channel 
diversity and neurotransmitter release: the omega-conotoxins and omega- 
agatoxins. Ann Rev Bichem 63: ûZ3-867. 

Oilat H, Cesaro P (1995) Phanacology of neuropathic pain. Clin Neuropham 
18: 391-4û4. 

Onghena P, Van Houdenhove B (1992) Antidepressant-induced analgesia in 
chronic non-malignant pain: a meta-analysis of 39 placebo-controlled 
studies. Pain 49: 205-216. 

Owalabi JB, Rizkalla O, Tehim A, Ross GM. Riopelle RI, Kamboj R. Ossipov M, 
Bian O, Wegert S. Porreca F. Lee DKH (1 999) Characterization of 
antiailodynic actions of ALE0540, a novel newe growth factor receptor 
antagonist. in the rat. J Pham Exp Ther 289: 1271 -1 276. 

Palmer TM, Gettys TW, Stiles GL (1995) Dinerential interactions with and 
regulation of multiple G-proteins by the rat A3 adenosine receptor. J Bid 
Chem 270: 1 6895-1 6902. 

Paoli F, Farcoufl O. Coussa P (1980) Note pr6lirninaire sur raction de 
I'irnipramine dans les 6tats douloureux. Rev Neurol 102: 503-504. 

Papir-Kricheli D. Frey J, Laufer R. Gilon C, Chorev M. Selinger 2, Devor M 
(1 987) Behavioural effects of receptor-specifii substance P agonists. Pain 
31 : 263-276. 

Papp M, Moryl E (1993) Simibr effects of chronic treatment with imipramine and 
NMDA antagonists CGP3784 and MKûO1 in a chronic mild stress mode1 of 
depression in rats. Eur J Neuropsychopharmacol3: 34û-349. 

Pappagallo M, Gaspardone A, Tomai F (1993) Analgesic effect of bamiphylline 
on pain induced by intradermal injection of adenosine. Pain 53: 199-204. 

Pareek SS, Chopde CT, Thakur, Desai PA (1994) Adenosine enhances 
analgesic effect of tricyclic antidepressants. lndian J Phanacd 26: 159- 
161. 

Parmely MJ, Zhou W. Edwards III CK, Borcherding DR. Silverstein R, Monison 
DC (1 993) Adenosine and related carbocyclic nucleoside analogue 
selectively inhiba tumor necrosis factor-alpha produdion and protect mice 
against endotoxin challenge. J lmm und 1 5 1 : 389-396. 



Paul IA, Tnillas R. Skolnick P et al. (1992) Dom regulation of cortical beta 
adrenoceptors by chronic treatment with functional NMDA antagonists. 
Psychopharmacdogy 106: 2s-287. 

Paul IA. Trullas R. Skolnick P et al. (1993) adaptation of the NMDA receptor 
complex in rat frontal cortex folowing chronic treatment with 
electroconwlsive shock or imipramine. Eur J Pharmacd 247: 305-312. 

Paul IA, Nowak PA, Layer RT et al. (1 994) Adaptation of the NMDA receptor 
complex in rat frontal cortex folbwing dironic antidepressant treatments. J 
Phannacol Exp Ther 269: 95-1 M. 

Paxinos G, Watson C (1986) The rat brain in stereotaxic coordinates. r* edition. 
New York, NY: Academic Press. 

Pepin MC, Beaubier S, Barden N (1989) Differential regulation by 
dewmethasone of glucocorticoid receptor messenger RNA concentrations 
in neuronal cultures derived from fetal rat hypothalamus and cortex. Mol 
Brain Res 6: t7-83. 

Perez J, Tinelli Dl Brunello N, Recagni G (1989) CAMP-dependent 
phosphorylation of soluble and crude microtubub fractions of rat cerebral 
cortex after prolonged desmethylimipramine treatment. Eur J Phannacol 
172: 305-31 6. 

Phillis JW (1 984) Potentiation of the action of adenosine on cerebral cortical 
neurones by the tricyclic antidepressants. Br J Phanacol. 83: 567-575. 

Phillis JW, Wu PH (1982) The effect of various centrally active drugs on 
adenosine uptake by the central nervous system. Comp Biachem Physiol 
C 72: 179-187. 

Piotrowicz RS. Hickey E, Levin EG (1998) Heat shock protein 27 kDa expression 
and phoshorylation regulates endothdial cell migration. FASEB J 12: 
1 48 1 -90. 

Plumier J-C L, DavM JC. Robertson HA, Currie RW (1997b) Cortical application 
of potassium chloride induces the low-molecular weight heat shock protein 
(Hsp27) in astrocytes. J-Cereb-Blood-Flow-Metab 7(7): 781 -790. 

Plumier JGL,  Armstrong JN, Landry J, Babity JM, Robertson HA. Cunie RW 
(1996) Expression of the 27,000 mol. Wt heat sho& protein following 
kainic acid-induced status epilepticus in the rat. Neuroscience 75: 849- 
856. 



Plumier J-C-L Amstrong JN. Wood NI. Babity JM, Hamilton TC, Hunter Al, 
Robertson HA, Cunie RW (1997a) Diffrential expression of c-fos, Hsp70, 
and Hsp27 aftec photothrombic injury in the rat brain. Brain Res Mol Brain 
R ~ s  45(2): 239-246. 

Plumier J-CL. Hopkins DA, Robertson HA, Currie RW (1997~) Constitutive 
expression of th8 27-kDa heat shocû protein (Hsp27) in sensory and 
motor neurons of the rat nervous system. J Comp Neurol384: 409-428. 

Portenoy RK (1 991) Issues in the management of neuropathic pain. In: 
Bausbaurn AL, Besson J-M (Eds). Towards a new pharmacology of pain. 
New York: Wley. pp 393-416. 

Portenoy RK, Foky KM. intufrissi CE (1990) The nature of opioid 
responsiveness and its implications for neuropathic pain: new hypothesis 
derived from studies of opioid infusions. Pain 43: 273-286. 

Post C, Archer T (1 990) Interactions between 5-HT and noradrenaline in 
analgesia. In: Besson JM (Ed). Serotonin and Pain. Amsterdam: Elsevier. 
pp 153-173. 

Ramer MS, Bisby MA (1997) Rapid sprouting of sympathetic axons in dorsal raot 
ganglia of rats with a chronic constriction injury. Pain 70: 237-244. 

Ramer MS. Bisby MA (1998) Normal and injury-induced syrnapthetic innervation 
of rat dorsal root ganglia increases with age. J Cornp Neurol394: 38-47. 

Randic M. Hecimovic H. Ryu PD (1990) Substance P modulates glutamate- 
induced currents in acutely isolated rat spinal dorsal hom neurones. 
Neurosci Lett 117: 74-80. 

Rane K, Segerdahl M, Goiny M. Sollevi A (1998) Intathecal adenosine 
administration. A phase 1 clinical safety study in heakhy volunteers. with 
additional evaluation of L influence on sensory thresholds and 
experimental pain. Anesthesiology 89: 1 1 0 6  1 1 15. 

Rana 6, McMom SO, Reeve HL, Wyatt CN. Vaughan PFT. Peers C (1993) 
Inhibition of neuronal nicbtinic acetylcholine recepton by irnipramine and 
desipramine. European J Pharmacol 250: 247-25 1. 

Reeve Al, Oickenson AH (1995) The rdes of spinal adenosine receptors in the 
control of acute and more persistent nociceptive responses of dorsal horn 
neurones in the anaesthetized rat. Br J Pharmacol 1 1 6: 222 1-2228. 



Reppert S M. Weaver D R, Stehle J H. Rivkees S A (1991) Molecular cloning and 
characterisation of a rat A, - adenosine receptor that is widely express& 
in brain and spinal cord. Moi Endocrinol5: 1 037- 1048. 

Reynolds IJ, Miller R I  (1 988) Trkyclic antidepressants block N-methyl-D- 
aspartate receptors: similarities to the action of zinc. Brit J Phanacol 95: 
95-1 02. 

Ribiero-da-Silva A, Cuello AC (1995) Organisation of peptidergic neurons in the 
dorsal hom of the spoinal cord: anatomical and functional wrrelates. Prog 
Brain Res 104: 41-59. 

Richelson E (1990) Antidepressants and brain neurochemistry. Mayo Clin Proc 
65: 1227-1 236. 

Richelson E. Pfenning M (1 984) Blockade by antidepressants and related 
corn pounds of biogenic amine uptake into rat brain synaptosornes: rnost 
antidepressants selectively Mock norepinephrine uptake. Eur J Pharmacol 
104: 277-286. 

Roberts RGD, Stevenson JE, Westernan RA. Pennefather J (1995) Nicotinic 
acetylcholine receptors on capsaicin-sensitive nenres. NeuroReport 6: 
1 578- 1 582. 

Routh VH. Helke CJ (1 995) Tachykinin reœptors in the spinal cord. Prog Brain 
Res 104: 93-1 08. 

Rowan S. Todd Al, Spike RC (1993) Evidence that neuropeptide Y is present in 
GABAergic neurons in the superficiel dorsal horn of the rat spinal cord. 
Neuroscience 53(2): 537-545. 

Rowbotham MC. Davies PS, Fields HL (1995) Topical lidocaine gel relieves 
postherpetic neumlgia. Ann Neurol37: 246-253. 

Rubin G, Kaspi T, Rappapot ZH, Cohen S. Ravikovitch M. Lomazov P. Devor M 
(1 997) Adrenosensitivity of injured afferent neurons does not require the 
presence of postganglionic sympathetic tenninals. Pain 72: l8W91. 

Rusin KI. Ryu PD. Randic M (1992) Modulation of excitatory arnino acid 
responses in rat dorsal horn neurons by tachykinins. J Neurophysiol68: 
2656-286. 

Sah DWY (1990) Neurotransrnitter modulation of calcium cunent in rat spinal 
cord neurons. J neurosci 10: 136.141. 



Salter MW, Henry JL (1 9 s )  Effeds of adenosine 5'-monophosphate and 
adenosine Striphosphate on functionally identifii units in the cat spinal 
dorsal hom. Evidence for a differential effed of adenosine 5'-triphosphate 
on nocicaptive vs. non-nociceptive units. Neuroscience 1 5: 81 5-825. 

Sarnali A, Cotter TG (1996) Heat shock proteins increase resistance to 
apoptosis. Exp Cell Res 223: 163-1 70. 

Sanctioli P8 Del Bianco E, Maggi CA (1992) Adenosine inhibits action potential- 
dependent release of calcionin gene-related peptide- and substance P- 
like immunoreactiviiies from primary afferents in the rat spinal cord. 
Neurosi Lett 144: 21 1-21 4. 

Saria A, Gamse A, Petennann J. Fischer JA, Theodorsson-Norheirn JE. Lunberg 
JM (1 986) Simultaneous release of several tachykinins and calcitonin 
gene-related peptide from rat spinal cord. Neurosci Lett 93: 310-31 4. 

Sawynok J (1 996) Purines and nociception. In Purinergic Approaches in 
Experimental Therapeutics. Jacobsen K Jarvis MF (Eds). Wiley & Sons. 
pp 495-51 3. 

Sawynok J (1 997) Modulation of nociception by descending serotonergic 
projections. In: Baumgarten HG, G6thert M (Eds). Handbook of 
Experimental Pharmacology, Vol. 29. pp. 637-653. 

Sawynok J (1998) Adenosine receptor activation and nociception. Eur J 
Pharmacol 317: 1-11. 

Sawynok J (1999) Purines in pain management. Cun Opinion in CPNS. 
Investigational Dnigs l(1): 27-38. 

Sawynok J, Sweeney MI (1989) The role of purines in nociception. 
Neuroscience 32: 557-569. 

Sawynok J, Sweeney MI, White TD (1989) Adenosine release may mediate 
spinal analgesis by morphine. Trends Pharmacol Sci 10: 186-1 89. 

Sawynok J, Reid A (1 990) Supermsitivity to intrathecal 5-hyâroxytryptamine, 
but not noradrenaline, folbwing depletion of spinal 5hydroxytryptamine 
administered in vanous sites. Naunyn-çchmied Arch Pham 342: 1-8. 

Sawynok J, Reid A (1 996) Neurotoxin induced lesions to central serotonergic, 
noradrenergic and dopaminergic systems modify caffeine-induced 
antinociception in the fonnalin test and locomotor stimulation in rats. J 
Pham Exp Ther 277: 646453. 



Sawynok J, Reid A, Esser MJ (1999a) Peripheral antinociceptive action of 
amitriptyline in the rat fonnalin test: involvement of adenosine. Pain 80: 
45-55. 

Sawynok J, Esser MJ, Reid A (1999b) Peripheral antinociceptive actions of 
desipramine and flwxetine in an inflammatory and neuropathic pain test in 
the rat. Pain (in press). 

Schaible HG, Schmidt RF (l9ûû) Tme course of mecbanosensitivity changes in 
articular afferents during a developing experimental arthritis. J 
Neurophysiol60: 2 1 -21 95. 

Schofield GO. Witkop B. Warnick JE, Aîbuquerque M (1981) Differentiatian of 
the open and closed States of the kriic channels of nicotinic acetyîcholine 
receptors by tricyclic antidepressants. Proc Nat1 Acad Sci 78(8): 524G 
5244. 

Segerdahl M. Ekblom A. Sollevi A (1994) The influence of adenosine. ketamine, 
and morphine on experimentalîy induced ischemic pain in healhy 
volunteers. Anesth Anaig 79(4): 787-791 . 

Segerdahl M, Ekblom A, Sjolund KF, Beffrage M.Forsberg C. Sollevi A (1995) 
S ystem ic adenosine attenuates touch evoked allodynia induced by 
mustard oil in humans. NeuroReport 6: 753-756. 

Seltzer 2, Dubner R, Shir Y (1990) A novel behavior mode1 of neuropathic pain 
disorders produced in rats by partial sciatic nerve injury. Pain 43: 205-218. 

Sernagor E, Kuhn D, Vyklicky L Jr, Mayer ML (1989) Open channel block of 
NMDA receptor responses evoked by tricyclic antidepressants. Neuron 2: 
1 22 1 - 1 227. 

Shir Y, Selzer Z (1991) Effects of syrnpathectomy in a mode1 of causalgifomi 
pain produced by partial sciatic newe injury in rats. Pain 45: 309-320. 

Shortland P, Wooif CJ (1993) Chronic Peripheral newe section results in a 
rearrangement of the central axonal arborizations of axotomized Ai3 
pn'mary afferent neurons in the rat spinal cord. J Comp Neurd 330: 65-82. 

Sierralta F, Pinardi G, Mendez M, Miranda HF (1995) Interaction of opioids wïth 
antidepressant-induced antinociception. Psychopharmacolagy Berl 1 22: 
374-378. 



Sills MA, Loo PS (1 989) tricyclic antidepressants and dextromethorphan bind 
with higher affiniuty to the phencyclidine receptor in the absence of 
magnesium and L-glutamate. Mol Pharmacd 36: 1-1 65. 

Sirnone DA (1992) Neural mechanisms of hyperalgesia. Curr Opin Neurobiol2: 
479-483. 

Sindrup SH (1 997) Antidepressants as analgesics. In: Yaksh TL et al. (Eds.) 
Anesthesia: Biologic Foundations. Lippincott-raven Publ.. Philadephia. pp 
987-997. 

Sivilotti L, WoaH CJ (1994) The contribution of GA64  and glycine receptors to 
central sensitisation: disinhibition and touch-evoked allodynia in the spinal 
cord. J Neurophysiol72(1): 169-179. 

Sjdlund K-F, Sollevi A, Segerdahl M. Han- P. Lundberg T (1996) lntrathecal 
and systemic R -phenylisoprapyi-adenosine reduces scratching behaviour 
an a rat rnononeuropathy model. NeuroReport 7: 1856-1860. 

Skilling SR. Srnullin DH. Larson AA (1 988) Extracellular amino acid 
concentrations in the dorsal spinal cord of freely moving rats fdlowing 
veratridine and nociceptive stimulation. J Neurochem 51 : 127-1 32. 

Skilling SR, Haikness OH. Larson AA (1 992) experimental peripheral neuropahty 
decreases the dose of substance P required to increase excitatory amino 
acid release in the CSF of rat spinal cord. Neurosci Lett 135: 92-96. 

Sm ullin OH, Skilling SR, Larson AA (1990) Interaction between substance P. 
calcitonin generelated peptide, taurine and exclatory amino acids in the 
spinal cord. Pain 42: 93-1 01. 

Sollevi A (1 991) Clinical studies on the effect of adenosine. In Imais, Nakazawa 
M. eds. Role of adenosine and adenine nucleotides in the biological 
system. Proceedings of the Fourth International Symposium on adenosine 
and adenine nucleotides. Amsterdam: Elsevier, pp 525-538. 

Sollevi A, Belfrage M, Liundeberg T, Segerdahl M, Hansson P (1 995) Systemic 
adenosine infusion: a new treatment modality to alleviate neuropathic 
pain. Pain 61 : 1 55- 1 58. 

Somewaille T,  Reynolds ML, Wodf CJ (1991) Tirnedependent differences in the 
increase in Gap43 expression in the dorsal root ganglion cells after 
peripheral axotorny. Neuroscience 45: 21 3-220. 



Song Cl Leonard BE (1995) The effect of otfactory bulbectomy in the rat alone or 
in combination with antidepressants and endogenous factors. on immune 
function. Hurnan Psychophannacdogy 10: 7-1 8. 

Soikin L, Westlund KN. Sluka KA, Dougheity PM. Willis WD (1992) Neural 
changes in acute arthritis in monkeys. IV. Time course of amino acid 
release into the lumbar dorsal hom. Brain Res Rev 17: 39-50. 

Sorkin L (1993) NMDA evokes L-NAME sensitive spinal release of glutamate and 
citrulline. Neuroieport 4: 479.482. 

Sosnowski M, Stevens CW, Yaksh TL (1989a) Assessrnent of the role of A,/& 
adenosine receptors mediating the purine antinociception, motor and 
autonomie function in the rat spinal cord. J Pham Exp Ther 250: 915-922. 

Sosnowski M, Yaksh TL (1989b) Rob of spinal adenosine receptors in 
rnodulating the hyperesthesia produced by spinal glycine receptw 
antagonism. Anesth Analg 69: 587-592. 

Spiegel K. Kalb R, Pasternak G (1983) Analgesic activity of tricyclic 
ant idepressants. 1 3(4): 1 462-1 465. 

Stanfa LC, Dickenson AH (1994) Enhanced alpha2 adrenergic controls and 
spinal morphine potency in inflammation. Neuroreport 5: 469472. 

Stanfa LC, Sullivan AF, Dickenson AH (1 992) Alterations in neuronal excitability 
and the potency of spinal mu, delta and kappa opioids after carrageenin 
induced inflammation. Pain 50: 345-354. 

Steen KH. Reeh PW (1993) Actions of cholinergie agonists and antagonists on 
sensory nerve endings in rat skin, in vitro. J Neurophysiol70(1): 397408. 

Stiles G (1 997) Adenosine recptor subtypes: New insightes from cloning and 
functional studies. In: Jacobsen KA, Jarvis MF (Eds). Purinergic 
Approaches I Experimental Therapeutics. New York: Wey-Liss. pp 29-37. 

Stone EA (1 983) Problems with the current catecholamine hypothesis of 
antidepressant agents: Speculations leading to a new hypothesis. Behav 
Brain Sci 6: 555-577. 

Su X. Gebhart GF (1998) Effects of tricyclic antidepressants an 
mechanosensitive pelvic nerve afferent fibers innervating the rat colon. 
Pain 76: 105-1 1 4. 



Sugimoto Tl Bennett O, Kajander KC (1990) Transsynaptic degeneration in the 
superficial dorsal hom after sciatic nerve injury effects of chronic 
constriction injury, transection. and strychnine. Pain 42: 205-2 1 3. 

Suzuki R. Chapman V, Dickenm AH (1999) The effectiveness of spinal and 
systemic morphine on rat dorsal h m  neuronal responses in the spinal 
newe ligation model of neuropathic pain. Pain 80: 21 5-228. 

Sweeney MI. White fD, Jhamandas KH, Sawynok J (1987) Morphine releases 
endogenous ademsine from the spinal cord in vivo. Eur J Pharmacol 141 : 
1 69- 1 70. 

Svensson BE. Werkrnan TR. Rogawsûi MA (1994) Alaprochte effecvts on 
voîtage-dependent K+ channels and NMDA receptors: studies in cultured 
rat hippocam pal neurons and fibroblast cells transformed with Kvî.2 K+ 
channel cDNA. Neurophamacobgy 33: 795-804. 

Swett JE. Woolf CJ (1985) The somatotopic organkation of primary afferent 
teminals in the superficial laminae of the dorsal horn of the rat spinal 
cord. J Comp Neurol231: 6677. 

Tal M. Bennett GJ (1992) Neuropathic pain sensations are differentially sensitive 
to dextrorphan. Neuioreport 5: 1438- 1440. 

Taiwo YO, Levine JO (1 990) direct cutaneous hyperalgesia induced by 
adenosine. Neuroscience 38: 757-762. 

Tanner KD. Gold MS, Reichling OB. Levine JD (1997) transduction and 
excitability in nociceptors: dynarnic phenornena. In: Bonodc (Ed.) 
Molecular Neurobiology of Pain. Progress in Pain research and 
Management (Vol 9). IASP Press, Seattle pp 79-1 OS. 

Thiel M. Chouker A (1 995) Acting via A2 receptors, adenosine inhibb production 
of tumor necrosis factor-a in endotoxin-stimulated polymorphonuclear 
leukocytes. J Lab Clin Med 126: 275-282. 

Thobum KK, Hough LB1 Nalwalk JW, Mischler SA (1994) Histamine induced 
modulation of nociceptive responses. Pain 58: 29-37. 

Todd AL. Spike RC (1 993) The localisation of classical transmitters and 
neuropeptides within neurons in laminae 1-III of the mamrnalian spinal 
dorsl hom. Prog Neurobiol41: 609-645. 



Tohda M. Urushihara H, Nomura Y (1995) lnhibitory effects of antidepressants 
on NMOA-induced currents in Xenopus OOcytes injected with rat brain 
RNA. Neurcchem Int 26(1): 53-58. 

TOrebjoik HE, Lundberg LE, LaMotte RH (1992) Central changes in processing 
of mechanoreceptive input in cepsaicin-induced ~econdary h yperalgesia in 
humans. J Physiol (Lond.) 448: 765-780. 

Tracey DJ, Cunningham JE, Romm MA (1995a) Peripheral hyperalgesia in 
experimental neuropathy: mediat ion by a2-adrenoceptors on post- 
ganglionic sympathetic terminak. Pain 60: 31 7-327. 

Tracey DJ, Romm M A  Yao NNL (1995b) Peripheral hyperalgesia in 
experimental neuropathy: exacerbation by neuropeptide Y. Brain Res 669: 
245-254. 

Treede R-D, Cole J D (1 993) Dissociated secondary hyperalgesia in a subject 
with large fiber sensoiy neuropathy. Pain 53: 169-1 ï7. 

Trullas R, Skolnick P (1 990) Functional antgonists at the NMDA receptor 
cornplex exhibit antidepressant actions. Eur J Pharmacol 185: 1-1 0. 

Van Calker D. Muller M, hamprecht B (1979) Adenosine regulates, via two 
different cell types of receptors, the accumulation of cyclic AMP in cuitured 
brain cells. 3 Neurochem 33: 999-1005. 

Vasco MR, Ono H, (1990) Adenosine analogs do not inhibit the potassium- 
stimulated release of substance P from rat spinal cord slices. Naunyn 
Schmied Arch Pharmacol 342: 441 -446. 

Vetulani J (1 991) The development of our understanding of the mechanisms of 
action of antidepressant drugs. Pol J Pharmacol Pham 43: 328338. 

Wakisaka S, Kajander KC. Bennett GJ (1 991) lncreased neuropeptide Y (NPY)- 
like immunoreactivity in rat sensory neurons following peripheral axotorny. 
Neurosci Lett 124: 200-203. 

Wakisaka S, Kajander K C, Bennett G J (1 992) Effects of peripheral nerve 
injuries and tissue inflammation on the levels of neuropeptide Y- like 
immunoreactivity in rat prirnary afferent neurons. Brain Res 598: 349-352. 

Walker W. Ewald DA, Pemey TM, Miller RI (1 988) Neuropeptide Y modulates 
neurotransmitter release and Ca2+ currents in rat sensory neurons. J 
Neurosci 8: 243893446. 



Walsh TD (1983) Antidepmssants in chronic pain. Clin Neurophamacol6: 271- 
295. 

Watson CPN (1994) Antidepressant drugs as adjuvant anlagesics. J Pain 
Symptom Manage 9(6): 392-405. 

White DM (1997) Intathecal neuropetide Y exacerbates nerve injuryinduced 
mechanical hyperalgesia. Brain Res 75û: 1 41 - 1 46. 

White DM, Mansfield K (1996) Vasoactive intestinal poiypeptide and 
neuropeptide Y act directly to increase neurite outgrowth of dissociated 
dorsal root ganglion cells. Neuroscience 73: 881-887. 

Wiley JW. Gross RA. MacDonaM RL (1 993) Agonists for neuropeptide Y receptor 
subtypes NPY-land NPY-2 have opposite actions on rat nodose ganglion 
neuron calcium cunents. J Neurophyskl70: 324-330. 

Wilcox GL, Seybold V (1 997) Pharmacology of spinal afferent processing. In: 
Yaksh TL et al. (Ed). Anesthda: Biobgic Foundations: Philadelphia: 
Lippincott-Ravm. pp 557-576. 

Williams K. Romano Cl Dichter M. Molinoff P (1991) Modulation of the NMDA 
receptor by polyamines. Life Sci 48: 469-498. 

Willis WD. Coggeshal RE (1991) Sensory Mechanisms of the Spinal Cord. 2nd 
edition. New York: Plenum Press. 

Wornack MD, MacDermott AB, Jessell TM (1 988) Çensory transmitters regulate 
intracellular calcium in dorsal horn neurons. Nature 334: 351-353. 

Womack MD, MacDermott AB, Jessell TM (1989) Substance P increases [Ca2+], 
in dorsal hon neurons via two distinct mechanisms. Soc Neurosci Abs 15: 
1 84. 

Wong KL. Bruck PC, Farabman IA (1991) Arnitriptyline mediated inhibition of 
neurite outgrowth from chick's embryonic cerebral exphnts invoves a 
reduction in adenylate cyclase activity. J Neurochem 57: 1223-1 230. 

Woolf CJ (1 989) Recent advances in the pathophysiology of acute pain. Br J 
Anaesth 63: 193- 146. 



Woolf CJ (1 997) Mokulai signals responsible for the reorganization of the 
synaptic circuitry of the dorsal h m  after peripheral nerve injury: the 
mechanisms of tactile alkdynia. In: Borsook (Ed). Molecular Neurobioiogy 
of Pain. Progres in Pain Research and Management Vol 9. Seattle: IASP 
Press. pp 171-200. 

Woolf CJ , Doubell TP (1994) The pathophysiology of chronic pain-increased 
sensitivity to k w  threshold Ali-fibre inputs. Cun Opinion in Neurobiology 4: 
525534. 

Woolf CJ. Wall PD (1986) The relative effectiveness of C primary afferent fibers 
of different origins in evokhg a prolonged facilitation of the flexor reflex in 
the rat. 3 Neurosci 6: 14334 443. 

Woolf CJ, Reynolds ML, Molander C. O'Brien C, Lindsay RM. Benowitz LI (1990) 
GAP43 a growth associated protein, appears in dorsal root ganglion cells 
and in the dorsal hom of the rat spinal cord following peripheral nenre 
in jury. Neuroscience 34: 465-478. 

Woolf CJ. Shortland P. Coggeshall RE (1992) Peripheral nenre injury triggers 
central sprouting of m yelinated aff erents. Nature (London) 355: 75-78. 

Xu XJ, Puke MJC, Wiesenfeld-Hallin Z (1 992) The depressive effect of 
intrathecal clonidine on the spinal flexor reflex is enhanced after sciatic 
nerve section in rats. Pain 5 1 : 145-1 51. 

Xu XJ, Puke MJC, Verge VMK ,Wesenfeld-Hallin 2. Hughes J. Hokfelt T (1993) 
Up-regulation of cholecystokinin in primary sensory is associated with 
morphine insensitivity in experimental neuropathic pain in the rat. Neurosci 
Lett 1 52 (1 -2): 1 29-1 32. 

Xu XJ. Hao J-X, Hdkfeit 1, Wesenfeld-Hallin Z (1994) The effects of intrathecal 
neuropeptide Y on the spinal nociceptive flexor reflex in rats with intact 
sciatic newes and after peripheral axotomy. Neuroscience 63(3): 817-826. 

Yaksh TL (1989) Behavioral and anatomic correlates of tactile evoked allodynia 
produced by spinal glycine inhibaion: effects of modulatory receptor 
systems and excitatory amino acid antagonists. Pain 37: 1 1 1 - 123. 

Yaksh TL, Pogrel JW, Lee YW, Chaplan SR (1995) Reversal of newe ligation- 
induced allodynia by spinal alpha-2 adrenoceptor aganists. J Pham Gcp 
Ther 272: 207-2 1 4. 



Yamamoto T, Yaksh TL (1991) Spinal phamacobgy of thermal hyperaigesia 
induced by constriction injury of sciatic nerve: Gccitatory amino acid 
antagonists. Pain 49: 121 - 128. 

Yonehara N. ShibutaniT, Tsai HY. Inoki R (1986) Effects of opioids and opioid 
peptide on the release of substance P-like material induced by tooth pulp 
stimulation in the trigeminal nucleus caudalis of the rabbitt. Eur J 
Pharmacol 129: 2ûQ-216. 

Zhang X. Nicholas AP, Hdkfelt T (1 993) Uitrastuctural studies on peptides in the 
dorsal hom of the rat spinal cord. 1. Co-existenœ of galanin with other 
peptides in primaiy afferents in normal rats. Neufoscience 57: 365-384. 

Zhang X. Bao L. Xu Z-Q et al. (1994a) Localisation of neuropeptide Y Y1 
receptors in the rat nervous system with special reference to somatic 
receptors on small dorsal mot ganglion neurons. Proc Natl Acad Scu 
(USA) 91: 1173û-11742. 

Zhang X. Weisenfeld-Hallin 2. Hokfelt T (1994b) Effect of peripheral axotomy on 
expression of neuropeptide Y receptor expression in rat lumbar dorsal root 
ganglia. Eur 3 Neurosci 6: 43-56. 

Zhang X, Xu 24. Bao L et al. (1995) complementary distributuion of receptors 
for neurotensin and NPY in srnall neufons in rat lumbar DRGs and 
regulation of the receptors and peptides after peripheral axotomy. J 
Neurosci 15: 273302747. 

Zhang X. Shi TJ. Holmberg K et al. (1 997) Expression and regulation of the 
neuropeptide Y Y2 receptor in sensory and autonomic ganglia. Proc Natl 
Acad Sci (USA) 94: 729-734. 

Zhou S, Bonasera L, Cariton SM (1996) Peripheral administration of NMDA. 
AMPA or KA resuls in pain behaviors in rats. Neuroreport 7: 895-900. 

Zimmeman M (1 983) Ethical guidelines for investigations of experimental pain in 
conscious animals. Pain 16: 109- 1 1 1. 




