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ABBREVIATIONS

5-HT serotonin (5-hydroxytryptamine)
8-OH-DPAT 8-hydroxy-2-(dipropylamino)tetralin
BLA basolateral amygdaloid nucleus
CeA central amygdaloid nucleus
Cg cingulate cortex
CHEM CHEMBRIDGE-5861528
CT central thalamus
DMH dorsomedial hypothalamus
DRt dorsal reticular nucleus (caudal)
GABA γ-aminobutyric acid
GLU glutamate
I insular cortex
ITC intercalated cell mass
LA lateral amygdaloid nucleus
LC locus coeruleus
LH lateral hypothalamus
LIDO lidocaine
M1 primary motor cortex
MDT medial dorsal thalamus
mGLUR metabotropic glutamate receptor
mPFC medial prefrontal cortex
NMDA N-methyl-D-aspartate
PAG periaqueductal gray
PbN parabrachial nucleus
PBN phenyl-N-tert-butylnitrone
PVN paraventricular nucleus
ROS reactive oxygen species
RtF reticular formation
RVM rostral ventromedial medulla
S1 primary somatosensory cortex
S2 secondary somatosensory cortex
SC superior colliculus
SDH spinal dorsal horn
SNI spared nerve injury
SNL spinal nerve ligation
Str striatum
t-BOOH tert-butyl-hydroperoxide
TEMPOL 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl
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ThCN thalamocortical network
TMS transcranial magnetic stimulation
TRP transient receptor potential
TRPA ankyrin subfamily of TRP channels
TRPC canonical subfamily of TRP channels
VLM ventrolateral medulla (caudal)
VPT ventral posterior thalamus
WDR wide-dynamic range
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EPIGRAPH

“It was in this way that the gray cub learned other attributes of his mother than the
soft, soothing tongue. In his insistent crawling toward the light, he discovered in her
a nose that with a sharp nudge administered rebuke, and later, a paw, that crushed
him down or rolled him over and over with swift, calculating stroke. Thus he
learned hurt; and on top of it he learned to avoid hurt, first, by not incurring the risk
of it; and second, when he had incurred the risk, by dodging and by retreating.
These were conscious actions, and were the results of his first generalizations upon
the world. Before that he had recoiled automatically from hurt, as he had crawled
automatically toward the light. After that he recoiled from hurt because
he knew that it was hurt.”

White Fang

Jack London
1906
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ABSTRACT

Despite extensive research on the mechanisms of nociceptive pain, little is known
about the processes that lead to neuropathic pain development. As one of the most
severe and drug-resistant forms of chronic pain, neuropathic pain represents a
major burden for patients, their families, and society. Therefore, new insights into
the pathophysiology of neuropathic pain are needed.

The amygdala represents a complex of brain nuclei responsible for mediating
negative emotions, such as fear. Moreover, maladaptive changes in the amygdala
contribute to the development of chronic pain and its comorbidities, such as
anxiety and depression. However, little is known about the mechanisms for
amygdala-mediated pain hypersensitivity in neuropathy. We therefore investigated
descending pathways engaged by the amygdala for modulation of spinal
nociception in neuropathic rats.

In particular, we investigated the contribution of oxidative stress in the amygdala
on the development of neuropathic pain. Oxidative stress is characterized by
overproduction and poor detoxification of reactive oxygen species (ROS). ROS act as
endogenous agonists of transient receptor potential (TRP) channels, which account
for transduction of noxious stimulation to a nociceptive signal in peripheral nerves
and for nociceptive transmission in the spinal cord. We therefore assessed how
blocking TRP channels and detoxification of ROS with antioxidants in the amygdala
influence pain hypersensitivity and pain affect in neuropathic rats.

Furthermore, we investigated whether electrical cortical stimulation can reverse
changes associated with pronociceptive activity of the amygdala. In particular, we
examined descending pathways recruited by stimulation of the secondary
somatosensory cortex (S2), which has proven to be an efficacious site for
attenuation of drug-resistant neuropathic pain by transcranial magnetic stimulation
(TMS) in patients.

In the present series of studies, we demonstrate that N-methyl-D-aspartate
(NMDA), TRPA1,  and  TRPC4/5 channels in the amygdala contribute to the
development of neuropathic pain and that amygdaloid treatment with antioxidants
can attenuate this pain. Furthermore, we provide evidence that S2 stimulation
suppresses spinal nociception in neuropathic animals with hypersensitivity, but not
in animals without hypersensitivity or in control animals. Medullospinal
serotonergic pathways acting on the spinal 5-HT1A receptor underlie the descending
pain inhibition in neuropathic animals both following treatment of the amygdala
with antioxidants or TRPA1 antagonists and following S2 cortex stimulation.
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POPULAR ABSTRACT IN FINNISH

Hermovauriokipu: mantelitumakkeen hapetusstressi
aiheuttajana ja aivokuoren stimulaatio hoitokeinona

Vaikka kivun fysiologisia mekanismeja on tutkittu runsaasti, niin hermovaurion
aiheuttaman neuropaattisen kivun ja kivulle herkistymisen mekanismit ovat vielä
monilta osin tuntemattomia. Hermovauriokipu on usein kroonista eli pitkäkestoista
ja nykyisin käytössä olevat hoitomuodot tehoavat hermovauriokipuun usein
huonosti. Yleisyytensä ja vaikeahoitoisuutensa vuoksi krooninen hermovauriokipu
on merkittävä hyvinvointia heikentävä tekijä yhteiskunnassa. Siksi onkin tarpeen
saada lisätietoa hermovauriokivun patofysiologisista mekanismeista, joiden
parempi tuntemus voi auttaa kehittämään tehokkaampia hoitomuotoja.

Mantelitumake on keskeinen aivorakenne negatiivisille emootioille kuten pelolle.
Patofysiologisissa tiloissa syntyvien mantelitumakkeen rakenteellisten ja
toiminnallisten muutosten tiedetään myötävaikuttavan kroonisten kiputilojen sekä
niihin liittyvien emotionaalisten häiriötilojen kuten ahdistuksen ja pelon syntyyn.
Mekanismit, joilla mantelitumake voi myötävaikuttaa kivulle herkistymiseen
hermovauriotilanteissa, ovat vielä huonosti tunnettuja. Tässä työsarjassa tutkittiin
mantelitumakkeesta lähtevän ja selkäytimeen laskevan kivun säätelyn mekanismeja
kokeellisessa hermovauriokivun rottamallissa.

Erityisesti tutkimuksen kohteena oli mantelitumakkeen hapetusstressin merkitys
hermovauriokivun kehittymiselle. Hapetusstressiin tyypillisesti kuuluu
hapetusstressituotteiden ylituotanto sekä vähentynyt hajotus.
Hapetusstressituotteet voivat tunnetusti aktivoida hermosolun kalvon TRP-
ionikanavia, joiden toiminta aikaansaa ja voimistaa kipuviestejä. Tässä työsarjassa
selvitettiin, kuinka mantelitumakkeeseen paikallisesti annostellut TRP-ionikanavien
salpaajat tai hapetusstressituotteiden vastavaikuttajat vaikuttivat hermovamman
aiheuttamaan kivulle herkistymiseen ja kivun affektiivisiin vasteeseen.

Tämän lisäksi työsarjassa selvitettiin voiko aivokuorelle annetulla
sähköstimulaatiolla vaimentaa hermovauriokipua. Erityisesti tutkittiin
sekundaarisen (S2) tuntoaivokuoren stimulaation vaikutusta ja mekanismeja, koska
aiemmissa ihmistöissä on S2-aivokuoren transkraniaalisella magneettistimulatiolla
aikaansaatu tehokas kivun lievitys potilailla, jotka ovat kärsineet
hermovauriokivusta, johon tavanomainen lääkehoito on tehonnut huonosti.

Tämän työsarjan tulokset osoittavat, että mantelitumakkeen N-metyyli-D-
aspartaatti reseptorit sekä TRPA1 ja  TRPC4/5 ionikavat myötävaikuttavat
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hermovammaan liittyvän kivulle herkistymistilan kehittymiseen. Myös
mantelitumakkeen hapetusstressi, jonka synnyttämät tuotteet ovat TRP-ionikanavia
aktivoivia tekijöitä, on tulosten mukaan myötävaikuttamassa kivulle herkistymiseen
hermovaurion jälkeen. S2-aivokuoren sähköstimulaatio vaimensi eläinten
kipuviestejä selkäydintasolla, mutta vain jos eläimellä hermovaurio ja siihen liittyvä
herkistyminen kosketusärsykkeille. S2-aivokuoren sähköstimulaation samoin kuin
mantelitumakkeen TRP-kanavien salpauksen ja hapetusstressin eston
hermovauriokipua lievittävä vaikutus välittyi selkäydintasolle ydinjatkoksesta
selkäytimeen laskevien serotonergisten solujen välityksellä, jotka selkäytimen
takasarveen serotoniinia vapauttaessaan aktivoivat 5-HT1A reseptoreita, jotka
vaimentavat kipuviestejä selkäytimen tasolla.
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1 LITERATURE REVIEW

1.1 Introduction

Actual or potential tissue injury results from noxious stimulation and leads to
acquisition of an unpleasant sensory experience, namely pain. Pain serves as an
alarm system that leads to development of acute withdrawal and chronic aversive
behavior for minimization of further encounter with noxious stimulation.
Accordingly, pain raises our chances for a longer and healthier life. Individuals with
a rare congenital insensitivity to pain usually die from severe injuries in early
adulthood. This is when parents are likely to stop monitoring these individuals for
tissue damage and compensating for pain malfunction [28]. At the opposite
extreme are patients who experience pain from innocuous stimulation (i.e.,
allodynia), increased pain from noxious stimulation (i.e., hyperalgesia), or both (i.e.,
hypersensitivity). The lives of such patients is full of limitations and, therefore, can
result in development of depression and, eventually, suicidal behavior. Although
pain is subjective, it is always unpleasant. Therefore, experiences (e.g. pricking),
that comprise only the sensorial aspect of pain, but fail to elicit negative emotions,
are not recognized as pain by the International Association for the Study of Pain
[109]. This is consistent with reports of lobotomized patients, in whom destruction
of the cortex responsible for encoding of pain unpleasantness kept pain sensations
from becoming bothersome [130]. At the same time, experiences, that comprise
only the emotional aspect of pain [42], can be regarded as pain. In fact, such
experiences can lead to development of somatic (e.g. headache) [15,53] or visceral
painful sensations (e.g. chest pain) [34,37,76].

Typically, however, pain arises from activation of pain receptors, or nociceptors.
Pain that results from normal somatosensory system functioning is called
nociceptive, whereas pain that results from abnormal somatosensory functioning is
called neuropathic. Peripheral neuropathic pain develops in the setting of
peripheral nerve injury, which triggers pronociceptive changes in primary afferent
fibers. In addition, pronociceptive changes can take place at the spinal and
supraspinal levels and, in fact, outlast changes in the periphery [20]. In the short
term, central pronociceptive changes are only functional. In the long term, these
changes can lead to structural alterations [137,138]. Neuropathic pain represents
the most severe and drug-resistant form of chronic pain. In the clinic, less than a
half of neuropathic patients receive satisfactory pain treatment. These numbers are
even lower outside the clinic. One of the main reasons for this lies in the necessity
for progressive increase in the drug dosage that unavoidably leads to development
of intolerable side effects. Furthermore, neuropathic pain predicts adverse
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consequences for the patients’ families and a substantial economic burden on
society in the form of healthcare costs and patients’ inability to work [119,120].

Although the processes leading to chronic pain development remain largely
unknown, some of its steps are noteworthy. Patients with chronic pain display an
increase in neuronal sodium channel expression [36] that likely accounts for
development of hyperexcitability and spontaneous firing in nociceptors. Similarly,
animals with experimental persistent pain display greater expression of cation
channels, hyperexcitability of nociceptors, and activation of previously silent
nociceptors [35,73]. Spinal mechanisms for facilitation of nociceptive transmission
involve long-term potentiation (LTP) of synaptic strength between active
nociceptive afferents and target neurons [84]. Spinal LTP requires proinflammatory
activation of microglia, which may also account for a decrease in the inhibitory
potency of a γ-aminobutyric acid (GABA) [26,27]. Furthermore, in the setting of
nerve injury, non-nociceptive afferents can display a nociceptive phenotype [117]
and, together with nociceptive afferents, sprout new branches in the spinal dorsal
horn (SDH) [182] (however, see [7,63]). Altogether, this amplifies nociceptive input
to the brain that, in the long-term, can lead to maladaptive changes, such as a
decrease in descending inhibition and an increase in descending facilitation of
ascending nociceptive transmission (for a review, see [57]).

1.2 Nociceptive pathways

1.2.1 Primary afferent fibers and their spinal targets

In primary afferent nerve fibers, conduction velocity decreases with the diameter of
the fiber and thickness of myelin sheath in the following order: proprioceptive Aα,
mechanosensitive Aβ, thermosensitive Aδ, thermosensitive C (unmyelinated). In
addition, Aδ- and C-fibers can respond to polymodal noxious stimulation and,
therefore, are responsible for nociception (for a review, see [105]). Nociceptive
information from Aδ-fibers is first to arrive at the spinal cord and thus to the brain
for perception of sharp and well-localized pain. Information from C-fibers arrives 1
to 2 seconds later and results in perception of burning and poorly localized pain,
which increases in intensity with repetition of noxious stimulation. Furthermore,
this second pain can outlast noxious stimulation and activation of C-fibers, and,
therefore, likely, plays a greater role in neuropathic pain than Aδ-fibers [127].

Primary afferents project to the SDH, from where they follow separate pathways.
Aδ- and C-fibers form synapses with interneurons as well as with projection
neurons, axons of which cross the midline and ascend through the anterolateral
column to the brain. In addition, non-nociceptive fibers of primary afferents form
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synapses in the SDH, although their major branches ascend to the brain directly
through the ipsilateral dorsal column. In the superficial layers of the SDH, projection
neurons are mostly nociceptive specific, whereas, in deeper layers, they act as
wide-dynamic-range (WDR) neurons, which converge nociceptive and non-
nociceptive inputs [175].

1.2.2 Gate control theory of pain

Although reciprocal principles for encoding of nociceptive and non-nociceptive
information in the spinal cord remain largely unknown, some of them appear to be
consistent  with  the  gate  control  theory  of  pain  [108].  The  theory  rests  on
observations that, although both non-nociceptive and nociceptive afferents excite
projection neurons, they display opposite effects on spontaneous inhibition of
projection neurons by interneurons. In particular, non-nociceptive afferents directly
facilitate inhibitory action of interneurons, whereas nociceptive afferents indirectly
attenuate it (Fig. 1). The theory therefore suggests a circuitry, in which branches of
non-nociceptive afferents can reduce ascending nociceptive transmission by
“closing” the gates to projection neurons.

Interestingly, the gate control theory also indicates that, because non-nociceptive
information is first to arrive at the somatosensory cortex, it likely sets receptivity of
cortical neurons for the following nociceptive input and activates descending
pathways for modulation of the gate control system in the spinal cord. Moreover,
because the somatosensory cortex displays somatotopic arrangement, it likely
triggers descending modulation capable of achieving a high level of spatial
accuracy.

In addition, the gate control theory suggests that, because projection neurons
receive nociceptive information both from visceral and somatic afferents
(viscerosomatic convergence), the former may “open” the gates for the latter and,
thus, refer the sense of pain from the viscera to elsewhere in the body. The theory
therefore explains why myocardial ischemia may lead to pain development, for
instance, in the left shoulder.
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Figure 1. Gate control theory of pain. Projection neurons in the spinal dorsal horn receive main
excitatory input from nociceptive C-fibers and minor excitatory input from non-nociceptive Aβ-
fibers. In addition, C-fibers can excite a chain of two inhibitory interneurons and, thereby,
disinhibit nociceptive transmission through projection neurons. Aβ-fibers, on the other hand, can
impede such disinhibition by exciting the second inhibitory interneuron.
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1.2.3 Ascending nociceptive pathways

In the brain (Fig. 2), projection neurons form the most prominent connections with
the thalamus, to which they ascend directly or via the brainstem reticular formation
[181]. The thalamus, in turn, relays nociceptive information to the somatosensory
cortex, which encodes the sensory-discriminative aspect of pain, and to the
anterior-cingulate [174] and insular cortices [21], which, in contrast, encode the
affective-motivational aspect. Additional projection neurons ascend to the superior
colliculus (SC), which promotes visual identification of noxious stimulation [131], to
the periaqueductal gray (PAG), which acts as the opioidergic center for pain
modulation [124], and to the parabrachial nucleus (PbN), which constitutes a part
of the ascending arousal system [150]. Furthermore, the PbN relays nociceptive
information to the hypothalamus [102,104] for regulation of endocrine responses
and to the central nucleus of the amygdala (CeA) for development of avoidance
behavior [12,90].

1.2.4 Descending nociceptive pathways

Medullary neurons descend to the spinal cord (Fig. 2), where they modulate
nociceptive transmission from primary afferent fibers to projection neurons
[56,93,151,158]. In turn, the rostral ventromedial part of the medulla (RVM)
represents a target for direct modulation by higher brain structures, such as the
locus coeruleus, PbN, PAG, SC, and hypothalamus [19,22,139,157,167,176].
Furthermore, indirect sources of RVM modulation can originate from the CeA,
striatum (Str), primary motor cortex and likely from the S2 [4,9,10,49,59,86,87,171-
173]. Such circuitry forms the neural basis for appropriate adjustment of pain
threshold in a constantly changing environment. Chronic nerve injury, however, can
lead to its dysregulation and, thereby, to development of pain hypersensitivity.
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Figure 2. Ascending (left) and descending (right) nociceptive pathways.
CeA central amygdaloid nucleus
Cg cingulate cortex
CT central thalamus
DMH dorsomedial hypothalamus
DRt dorsal reticular nucleus (caudal)
I insular cortex
LC locus coeruleus
LH lateral hypothalamus
M1 primary motor cortex
MDT medial dorsal thalamus
PAG periaqueductal gray

PbN parabrachial nucleus
PVN paraventricular nucleus
RtF reticular formation
RVM rostral ventromedial medulla
S1 primary somatosensory cortex
S2 secondary somatosensory cortex
SC superior colliculus
Str striatum
VLM ventrolateral medulla (caudal)
VPT ventral posterior thalamus
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1.3 Medullospinal neurons

The RVM projects  to the spinal  cord with axonal  collaterals  terminating along the
rostrocaudal axis in both the spinal ventral horn and SDH [93]. It thereby acts as a
relay for descending modulation of the vasomotor tone and nociception [33].
Originating from the RVM serotonergic (5-hydroxytryptamine; 5-HT) medullospinal
neurons display partial topographic specificity. In particular, neurons that display
co-localization of 5-HT with peptides terminate in the ventral horn and deep layers
of the SDH [61,75,107]. On the other hand, neurons that display co-localization of
5-HT with GABA terminate exclusively in superficial layers of the SDH [24,107].

GABA acts as an inhibitory neurotransmitter in healthy animals, and, as evident at
the supraspinal level, 5-HT neurons can express GABA receptors [170]. Therefore,
GABA may calibrate the release of 5-HT from medullospinal neurons and its
diffusion to adjacent neurons (i.e., volume transmission [1]) by the means of
autoinhibition in the SDH. At  a  high level  of  volume transmission,  all  neurons can
act as a 5-HT target. Depending on the receptor type they express, however,
activation of a 5-HT receptor can result in either inhibition (e.g. 5-HT1) or facilitation
(e.g. 5-HT2-4) of neuronal activity (for a review, see [41]). Furthermore, whether
such modulation of neuronal activity in the SDH leads to pro- or antinociception
depends on the role 5-HT target neurons play in nociception (transmission,
facilitation, or inhibition).

Activation of GABAA receptors leads to an influx of chloride anions and cell
hyperpolarization. The transmembrane gradient of chloride anions is then restored
by the chloride exporter KCC2. In neuropathic conditions, however, a decrease in
KCC2  expression  leads  to  a  lower  inhibitory  potency  of  GABA.  Such  loss  of  GABA-
mediated inhibition in the SDH contributes to development of chronic pain [27],
whereas in the ventral horn, this loss leads to development of spasticity. In the
latter  case,  however,  a  decrease  in  KCC2  expression  results  from  the  loss  of
descending 5-HT input [18]. It is therefore likely that chronic pain develops (at least
in part) for a similar reason [32,46].

In the RVM, 5-HT neurons display slow and steady discharge that fails to change in
response to noxious stimulation. Such discharge is exclusive to 5-HT neurons and
indicates their role in tonic modulation of pain [106]. For dynamic modulation, on
the other hand, non-5-HT neurons are most likely responsible. Non-5-HT neurons
respond to noxious stimulation with either transient inhibition (OFF cells) or
facilitation (ON cells) of their discharge. In OFF cells, ongoing discharge positively
correlates with antinociception, whereas in ON cells, ongoing discharge positively
correlates with pronociception [56]. The role of non-5-HT neurons that fail to
respond to noxious stimulation, however, remains unclear. Together with 5-HT
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neurons, unresponsive to noxious stimulation non-5-HT neurons constitute the
population of NEUTRAL cells [106].

1.4 Amygdala

1.4.1 Role of the amygdala in Pavlovian conditioning

After pairing with an unpleasant stimulus, a neutral cue can become aversive,
whereas, after pairing with a pleasant stimulus, it can become appetitive. Thus,
depending on the conditions, a neutral cue can acquire either a negative or a
positive emotional value. Such conditioning was first demonstrated more than a
century ago by Ivan Pavlov, who could induce salivation in dogs with a sound of a
bell after pairing it with feeding. Furthermore, replacement of an auditory with a
noxious signal produced the same effect without any signs of pain. A reward of
feeding likely compensated for the unpleasantness of noxious stimulation and, in a
sense, led to the dogs’ comprehension of the phrase “no pain, no gain”. However,
noxious stimulation of a body part, which remained intact during pairing, did result
in unbearable pain [108,122]. In Pavlovian conditioning, pain inhibition therefore
requires a circuitry for precise localization of noxious stimulation and previous
experience. Later studies revealed that this circuitry incorporates a limbic brain
area,  the  amygdala,  which  can  indirectly  (via  the  RVM)  regulate  processing  of
nociception throughout the spinal cord and, thereby, modulate pain threshold at
different body sites [58,59,93]. In addition, the amygdala acts as a junction of
pathways for polymodal sensations and emotions. The amygdala predetermines
whether collision of nociceptive and non-nociceptive signals will lead to the ability
of the latter to elicit negative emotions in the future, such as fear [90]. Pain-related
fear  represents  acute  stress  that  can  raise  the  pain  threshold  and  prepare  the
animal for the fight-or-flight response [58,59]. In chronic stress, however, fear
transitions to anxiety and susceptibility to pain increases [91]. Chronic stress and
anxiety represent major complaints among neuropathic patients (e.g. [129,132])
and imply that the amygdala exerts a role in pain chronification [72,74,94,112,147].

1.4.2 Role of the amygdala in nociception

The amygdala (Fig. 3) consists of a group of nuclei, each having distinct connections
with pain-modulating brain structures (for a review, see [115]). The lateral
amygdaloid nucleus (LA) receives polymodal sensory information from the
thalamocortical network and sends it to the basolateral amygdaloid nucleus (BLA),
which, in turn, relays it to the central amygdaloid nucleus (CeA) and to the medial
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prefrontal  cortex  (mPFC).  The  BLA  projects  to  the  CeA  either  directly  or,  as  the
mPFC, via intercalated mass of inhibitory interneurons (ITC cells) in the amygdala
[71,143]. The CeA, in addition, receives nociceptive-specific information from the
spinal cord via the PbN and pairs it with inhibitory inputs from ITC cells or with
direct modulatory inputs from the BLA [12,102]. The outcome of such pairing is
then transmitted through the PAG to the RVM [59], which, as the CeA, also receives
nociceptive-specific information from the PbN [139]. The RVM compares
information from the PAG with information from the PbN for regulation of
nociceptive processing in the SDH [59].

Figure 3. Role of the amygdala in nociception.
BLA basolateral amygdaloid nucleus
CeA central amygdaloid nucleus
ITC intercalated cell mass
LA lateral amygdaloid nucleus
mPFC medial prefrontal cortex
PAG periaqueductal gray
PbN parabrachial nucleus
RVM rostral ventromedial medulla
SDH spinal dorsal horn
ThCN thalamocortical network

- -> amygdaloid nociceptive circuitry
–> ascending nociceptive pathways
=> descending nociceptive pathways
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1.4.3 Chronic pain-induced neuroplastic changes in the amygdala

Projections of the BLA to the mPFC allow pain to affect cognitive functions, whereas
projections of the mPFC to amygdaloid ITC cells permit cognition to modulate pain.
In chronic pain states, however, the BLA displays hyperactivity that leads to
preferential excitation of inhibitory interneurons rather than of pyramidal cells in
the mPFC. A decrease in capability of the mPFC to excite inhibitory ITC cells in the
amygdala results in disinhibition of the CeA. Taken together, this leads to
impairment of cognitive functions and pain persistence [71]. The reason for
hyperactivity of amygdaloid nuclei, however, does not lie in the consistent afferent
input from chronic injury. Rather, the injury leads to pain maintenance by changing
the strength of amygdaloid synapses. In brain slices of animals with chronic pain,
potentiation  of  synaptic  transmission  from  LA  to  BLA  [71],  from  BLA  to  CeA
[44,116],  as  well  as  from  PbN  to  CeA  [65]  has  been  shown.  Brain  imaging  studies
revealed amygdaloid hyperactivity in arthritic patients [85], whereas neuropathic
patients display a decrease in amygdaloid activity as a result of long- but not short-
term pain relief [47]. GABAergic inhibition of the amygdala in neuropathic animals
leads to attenuation of pain hypersensitivity and affect [123], whereas stimulation
with corticosterone in healthy animals leads to development of behavioral and
spinal hypersensitivity [51,128]. Overall, these findings support the hypothesis that
peripheral nerve injury increases amygdaloid activity, which accounts for
supraspinal pain chronification.

1.4.4 Role of the amygdala in stress

1.4.4.1 General adaptation syndrome

In biology, interchange between damage and defense induces stress, which consists
of three stages. The first stage features activation of the sympathetic nervous
system for execution of defense behavior or, in other words, of the fight-or-flight
response. The second stage involves the synthesis and release of glucocorticoids
into the bloodstream to help to cope with stress. However, if stress continues, the
third stage takes place, in which exhaustion, malfunction, and degradation of the
body are evident. The first and second stages imply a normal general adaptation to
stress agents (stressors), whereas the third stage indicates emergence of the
adaptation disorder. Moreover, our susceptibility to stressors as well as their
combination and specificity of action determine what type of a disorder develops
[148]. In this light, neuropathic pain—a disorder in its own right—represents a
result of abnormal adaptation to nerve injury. Therefore, expanding our
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understanding of the mechanisms of stress maladaptations in the setting of nerve
injury can provide new insights into the basis for neuropathic pain.

1.4.4.2 Hypothalamic-pituitary-adrenocortical axis

Acute stress activates sympathetic system, which enhances brain activity through
elevation of sugar and oxygen blood levels. This allows rapid decision-making on
how to minimize external danger. In addition, stress triggers a slower, yet a longer-
lasting response characterized by a release of corticotropin-releasing factor (CRF)
from the paraventricular nucleus (PVN) of the hypothalamus (for reviews, see
[16,60]). CRF stimulates production of adrenocorticotropic hormone (ACTH) and
beta-endorphin from pro-opiomelanocortin in the pituitary gland [103]. ACTH
promotes production of glucocorticoids in the adrenal cortex, whereas beta-
endorphin suppresses pain. The latter, in part, explains the analgesia evident in
acute stress, during which, however, non-opioid mechanisms also take place [145].

Experimental lesions of the BLA and medial amygdaloid nucleus in rats reveal a
decrease in activation of the hypothalamic-pituitary-adrenocortical (HPA) axis
during acute emotional  stress  [13,29],  whereas lesions of  the CeA fail  to have any
effect [29,126]. On the other hand, lesions of the CeA dampen responses of the
HPA axis to acute inflammatory stress [185] and late activation of the
parasympathetic system in acute pain stress. Furthermore, CeA lesions abolish both
early sympathetic and late parasympathetic responses to stimuli paired with acute
pain stress [140]. Taken together, these studies demonstrate that amygdaloid
nuclei play a pivotal role in stress regulation by initiating stress responses of the
HPA  axis  and  recovery  from  stress-induced  sympathetic  activation,  as  well  as  by
forming and replaying stress memory (i.e., conditioning).

1.4.4.3 Corticotropin-releasing factor

Interestingly, the amygdala represents a major site for expression of CRF and its
receptors outside the hypothalamus, suggesting a leading role of CRF circuitry in
orchestrating stress and pain responses. In particular, the lateral hypothalamus (LH,
through a release of CRF) and PbN (through a release of calcitonin gene-related
peptide) innervate CRF-containing neurons in the CeA. In return, CRF-containing
neurons  in  the  CeA  project  back  to  the  LH  and  PbN.  It  is  likely  that  these  CRF
projections from the CeA regulate ascending nociceptive transmission through the
LH and PbN. In addition, the CeA both directly and indirectly (through the bed
nucleus of the stria terminalis) innervates CRF-containing neurons in the PVN of the
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hypothalamus and, thus, likely regulates stress responses of the HPA axis (for a
review, see [50]).

CRF  in  the  amygdala  acts  on  two  G-protein-coupled  receptors:  an  excitatory  CRF1

receptor and inhibitory CRF2 receptor  [69].  Blocking  CRF1 receptors in the CeA
prevents shock-induced freezing [6], whereas its activation leads to synaptic
facilitation between the CeA and parabrachial terminals and to greater neuronal
output of the CeA [67]. In addition, chronic pain leads to synaptic facilitation
between the CeA and the parabrachial  terminals  as  well  as  between the CeA and
BLA. However, blocking CRF1 receptors can inhibit synaptic facilitation, whereas
blocking CRF2 receptors can facilitate it [45]. CRF1 receptors require lower doses of
CRF  for  CeA  stimulation  than  CRF2 receptors do for CeA inhibition [69]. Together,
amygdaloid CRF1 and  CRF2 receptors are likely to be involved in pro- and
antinociceptive actions driven by the amygdala.

Interestingly, although rats with high stress reactivity display pronociception
mediated by CRF1 receptors [66], activation of CRF1 receptors in normal rats results
in pronociception, independent of the HPA axis [67]. The amygdala therefore likely
regulates pain through CRF circuitry distinct from the HPA axis. Repetitive activation
of the HPA axis, however, can initiate pronociceptive changes in amygdaloid
expression of CRF and its receptors. This is consistent with findings showing that
prolonged exposure of the CeA to glucocorticoids raises CRF expression levels in the
CeA of healthy rats that leads to pain facilitation and, likely through sensitization of
the HPA axis, to development of anxiety [51,149,162]. Neuropathic animals also fail
to display any functional deficiencies in the HPA axis and have higher CRF
expression levels in the CeA [141,166].

1.4.4.4 Reactive oxygen species

Glucocorticoids help maintain high brain activity levels by facilitating glucose
availability through glycogenolysis, gluconeogenesis, and lipolysis. Moreover,
glucocorticoids suppress the immune system that results in even greater availability
of glucose for brain consumption (for reviews, see [125,154,155]). In chronic stress,
however, suppression of immune responses and an increase in brain metabolism
raise the risk of cell damage from uncontrolled ROS production (for a review, see
[152]). Animal models of stress, among which are those driven by noxious
stimulation, reveal a dynamic correlation between brain antioxidative activity and
behavior. Initiation of antioxidative activity in the first week of stress corresponds
to a decrease in exploratory behavior, which most likely indicates development of
fear.  In  the  second  week  of  stress,  antioxidative  activity  reaches  its  peak  and
behavior returns to normal. Beyond this period, however, antioxidative activity fails
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and animals display abnormally high exploratory behavior [52], which may mask
development of anxiety [156]. The amygdala therefore, as an essential brain area
for development of fear and anxiety, is likely to be susceptible to oxidative changes
in long-term stress. Moreover, since nerve injury can represent a form of long-term
stress, similar changes in the amygdala likely take place during transition of pain
from an acute to a chronic state.

Induction of hyperalgesia and comorbid anxiety with peripheral administration of
pain-inducing agents is associated with an increase in amygdaloid levels of ROS,
which not only promotes excitatory transmission from the PbN to the CeA but also
elevates excitability and activity of the CeA [68,101]. Similarly, activation of a
metabotropic glutamate receptor type 5 (mGLUR5) in the amygdala induces
hyperalgesia in healthy rats by promoting ROS production and, thereby, elevating
CeA  activity  [97].  The  table  below  demonstrates  that  mGLUR5  is  likely  the  only
metabotropic glutamate receptor, which CeA neurons express on their cell bodies
(Table 1). In light of this notion and the fact that the CeA acts as a sole nucleus of
the amygdala that projects directly to regions, which either transmit ascending
nociception  or  modulate  it,  mGLUR5  emerges  as  the  main  culprit  for  amygdala-
driven pronociception [3,14,54,95,96,133,134].

Table 1. Glutamate receptors in the amygdala and effect of their activation.

Family Group Type Synapse Localization CeA activity

Metabo-
tropic

I
mGLUR1 ITC*→CeA presynaptic ↑
mGLUR5 BLA→CeA postsynaptic ↑

II mGLUR2,3 ITC*→CeA presynaptic ↓

III
mGLUR4,7,8 PbN→CeA presynaptic ↓
mGLUR7 ITC*→CeA presynaptic ↑
mGLUR8 BLA→CeA presynaptic ↓

Ionotropic NMDA PbN→CeA postsynaptic ↑

BLA basolateral amygdaloid nucleus
CeA central amygdaloid nucleus
ITC intercalated cell mass
PbN parabrachial nucleus

* indirect evidence
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1.4.4.5 Transient receptor potential channels

Transient receptor potential (TRP) channels are non-selective cation channels that
are highly sensitive to cellular redox status. Increase in ROS production leads to
TRP-mediated influx of cations, which can depolarize the cell membrane and act as
second messengers (for a review, see [121]).

From the ankyrin subfamily of TRP channels, mammalian cells express only type 1
(TRPA1), which acts as a sensor for irritant chemicals at C-fibers in the skin [77] and
lungs [114]. There, activation of TRPA1 channels by ROS can lead to sensitization of
C-fibers [2,144] and, thus, to development of pain hypersensitivity [31].
Furthermore, in the SDH of the spinal cord, presynaptic TRPA1 channels facilitate
glutamatergic transmission from primary afferents [80] that likely accounts for
development of secondary hypersensitivity, as evident both in patients [83] and
experimental animals [177]. Similarly, presynaptic TRPA1 channels facilitate
glycinergic transmission onto medullary dorsal horn neurons [25]. Considering that
glutamate and glycine act as co-agonists of N-methyl-D-aspartate (NMDA) channels,
this suggests that activation of TRPA1 channels can lead to activation of NMDA
channels. Although NMDA channels in the CeA account for maintenance of
neuropathic pain [3], the contribution of TRPA1 channels to pronociceptive changes
in the CeA remains unknown.

From the canonical subfamily of TRP channels (TRPC), the amygdala expresses type
1,  4,  and  5,  which  unite  to  form  two  heteromeric  complexes:  TRPC1/TRPC4 and
TRPC1/TRPC5.  In  the dorsal  root ganglion of  the sciatic  nerve,  expression of  TRPC4

channels changes bidirectionally, depending on the site of injury and the outcome
(pain  or  regeneration)  [153,183].  In  the  LA,  activation  of  mGLUR1  or  mGLUR5
triggers an intracellular signaling cascade that leads to activation of TRPC4 and
TRPC5 channels responsible for mediating innate but not learned (i.e., pain-related)
fear [38,135,136]. In the CeA of neuropathic animals, however, it remains unknown
whether TRPC4 and  TRPC5 channels are responsible for mediating pain
hypersensitivity and pain affect.

1.5 Somatosensory cortex

As the outer layer of the brain, the cortex provides an opportunity for external
modulation of brain activity with minimum invasion. Since 1991, electrical
stimulation of the primary motor cortex (M1) serves as a safer and more efficacious
method for attenuation of chronic pain in patients than stimulation of the thalamus
[163,164].  Nowadays,  TMS  of  the  M1  provides  a  minimally  invasive  alternative  to
direct electrical stimulation and serves as a method for treatment of two comorbid
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deceases, chronic pain [92,110] and paresis [11,163]. However, TMS of the S2 can
serve as an alternative and efficient method for attenuation of neuropathic pain,
when TMS of the M1 remains inefficacious [99,100,168].

The human primary (S1) and secondary (S2) somatosensory cortices receive
nociceptive and non-nociceptive somatosensory information directly from the
thalamus and process it in parallel [98]. The S2 displays functional topography for
noxious and innocuous stimuli [39]. Furthermore, innocuous stimulation of the
nearby skin can inhibit (i.e., gate) nociceptive activation of the S2, whereas noxious
stimulation cannot [161]. This is consistent with the proposal by Melzack and Wall
[108] that innocuous stimulation may predetermine responses of the S1/S2 to
noxious stimulation and trigger S1/S2-driven modulation of the gate control system
in the spinal cord (see chapter 1.2.2).

In comparison with healthy controls, patients with trigeminal neuralgia [118] or
central post-stroke pain [81] display a smaller volume of the gray matter in the S2,
whereas patients with chronic musculoskeletal pain show greater neural activity in
the S2 during presentation of pain-related words [159]. TMS of the S2 attenuates
acute pain in healthy subjects [100,168] and drug-resistant neuropathic pain in
patients [99]. Importantly, in both cases, the TMS of the S2 produces greater pain
attenuation than TMS of the S1 or M1. In addition, TMS of the S2 attenuates
visceral pain clinically [43], but does not, however, attenuate experimental pain in
interictal migraineurs [165].

In healthy rats, electrical stimulation of the S2 fails to attenuate pain during acute
noxious stimulation, whereas in rats with formalin-induced pain, electrical
stimulation of the S2 produces weak antinociception by itself and strong
antinociception in combination with a neural NO synthase inhibitor at a
subtherapeutic dose [86]. The synergism of the two treatments correlates with c-
Fos expression in the spinal cord and, in part, requires activation of spinal 5-HT
receptors (but not activation of opioid and noradrenergic systems) [87]. Moreover,
following formalin lip injections, S2 stimulation alone can reduce c-Fos expression
in dorsal-horn neurons at the medullary level, suggesting its efficacy against
orofacial pain [49]. Taken together, these findings indicate that S2 stimulation is
capable of attenuating pain through medullospinal 5-HT mechanisms, but only in
the setting of tissue injury.
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2 AIMS

The aim of the current work was to test following hypotheses:

 Neuropathic pain results in part from pronociceptive hyperactivity of the
CeA. Therefore, inhibition of the CeA with intraamygdaloid injections of
lidocaine should attenuate neuropathic pain in rats with peripheral nerve
injury but not nociceptive pain in sham-operated rats (IV). Furthermore,
stimulation of the CeA with intraamygdaloid injections of glutamate should
exacerbate neuropathic pain (I).

 Oxidative changes in the CeA contribute to development of pronociceptive
hyperactivity of the CeA. Therefore, intraamygdaloid injections of
antioxidants should attenuate neuropathic pain in rats with peripheral nerve
injury, but not nociceptive pain in sham-operated rats (IV). Furthermore,
intraamygdaloid injections of a ROS donor should recapitulate neuropathic
pain characteristics (e.g. hypersensitivity) in sham-operated rats (IV).

 TRPC4/5 and TRPA1 channels  in  the  CeA  act  as  receptors  for  ROS  (for  a
review, see [121]). Therefore, intraamygdaloid injections of either a TRPC4/5

antagonist (II) or a TRPA1 antagonist (IV) should attenuate neuropathic pain
in rats with peripheral nerve injury, but not nociceptive pain in sham-
operated rats.

In addition, we set to identify medullospinal mechanisms for hypothesized changes
in spinal nociception induced by intraamygdaloid injections (I, IV). Particularly, we
attempted to prevent hypothesized changes either by inhibiting cell bodies of 5-HT
neurons in the RVM (I) or by blocking 5-HT receptors in the spinal cord (I, IV).

We next investigated whether S2 stimulation (III) attenuates neuropathic pain by
reversing medullospinal mechanisms that the CeA engages for descending
facilitation of spinal nociception (I, IV). We assessed the effect of S2 stimulation on
neuropathic and nociceptive pain and recorded the discharge rate of medullary and
spinal neurons in lightly anesthetized rats. Thereafter, we assessed whether the
same dugs that prevented pain attenuation induced by intraamygdaloid injections
(I, IV) would prevent pain attenuation induced by S2 stimulation (III).
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3 METHODS

3.1 Ethical considerations

All experiments (Table 2) were performed according to the guidelines of European
Communities Council Directive of 22 September 2010 (2010/63/EU). The national
Animal Experiment Board in Finland (ELLA) approved the methods. All efforts were
made  to  limit  distress  and  to  use  only  the  number  of  rats  (RccHan:WIST,  Harlan
Laboratories, Netherlands) necessary to produce reliable scientific data. We
followed the principles of the 3Rs (replacement, reduction, and refinement) in the
design of our experiments [146].

Table 2. Allocation of methods to their corresponding studies.

Study
Surgeries

SNI model I, II, IV
SNL model III
Intracranial cannula implantation I, II, III, IV
Intrathecal catheterization I, IV

Behavioral tests
Mechanical pain I, II, III, IV
Heat pain III
Emotional pain IV

Electrophysiology III

SNI spared nerve injury
SNL spinal nerve ligation
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3.2 Drugs

Glutamate (l-glutamic acid monosodium salt), 8-OH-DPAT (8-hydroxy-2-
(dipropylamino)tetralin, 5-HT1A receptor agonist), MK-801 (NMDA receptor
antagonist), ML-204 (TRPC4/5 channel antagonist), naloxone (opioid receptor
antagonist), ondansetron (5-HT3 receptor antagonist), PBN (phenyl-N-tert-
butylnitrone, antioxidant), raclopride (dopamine D2 receptor antagonist), t-BOOH
(tert-butyl-hydroperoxide, ROS donor), TEMPOL (4-hydroxy-2,2,6,6-
tetramethylpiperidine-1-oxyl, antioxidant), WAY-100635 (5-HT1A receptor
antagonist), and A-967079 (TRPA1 channel antagonist) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Atipamezole (α2-adrenoceptor antagonist), lidocaine
(sodium channel blocker), and pentobarbital (GABAA receptor positive allosteric
modulator) were purchased from OrionPharma (Espoo, Finland). CHEMBRIDGE-
5861528 (TRPA1 channel antagonist) was purchased from ChemBridge (San Diego,
CA, USA). Buprenorphine (μ-receptor partial agonist, κ-receptor antagonist) was
purchased from RB Pharmaceuticals Limited (Slough, UK).

3.3 Surgeries

3.3.1 Anesthesia

All surgeries were performed in rats anesthetized with intraperitoneal injections of
pentobarbital at the dose of 60 mg per kg. Additional injections of pentobarbital
were  given  at  the  dose  of  15-20  mg  per  kg  as  needed  to  maintain  deep  level  of
anesthesia. Following surgery, rats received subcutaneous injections of
buprenorphine at the dose of 0.01-0.03 mg per kg for three consecutive days every
twelve  hours.  Rats  were  allowed  to  recover  for  at  least  one  week  before  the
experiments (Fig. 4).

Figure 4. Time course of studies I-IV.
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3.3.2 Spared nerve injury model

The spared nerve injury (SNI; Fig. 5) model of neuropathic pain derives its name
from sparing the sural nerve while cutting the other two branches of the sciatic
nerve (tibial and common peroneal nerves) [30]. Such partial denervation induces
pain hypersensitivity in the lateral plantar surface of the injured paw for six or more
months.

Figure 5. Spared nerve injury model.
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3.3.3 Spinal nerve ligation model

Unilateral  ligation  of  spinal  nerves  L5  and  L6  served  as  a  second  model  of
neuropathic pain [78]. In contrast to SNI, rats with spinal nerve ligation (SNL; Fig. 6)
develop pain hypersensitivity in the entire plantar surface of the injured paw.
Hypersensitivity in the SNL model, however, lasts for a much shorter duration (up
to two months).

Figure 6. Spinal nerve ligation model.
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3.3.4 Intracranial cannula implantation

Anesthetized rats were secured to a stereotaxic frame and a hole was made in the
skull for the implantation of a chronic guide cannula 2 mm above the desired
injection site. The guide cannula was cemented to screws, which, in turn, were
anchored to the skull. During experiments, injections were made with the use of an
internal cannula protruding 2 mm from the tip of the guide cannula. At the
completion of experimental procedures, the rats were euthanized, and injection
sites were identified in the coronally sectioned brain after fixation in formalin.

3.3.5 Intrathecal catheterization

Anesthetized rats were implanted with an intrathecal catheter for lumbar drug
injections. The implantation was considered successful if a lidocaine injection
through the catheter produced temporal paralysis of hind limbs.

3.4 Behavioral tests

3.4.1 Mechanical pain

Rate of paw withdrawal during mechanical stimulation with ascending series of
calibrated von Frey filaments indicated the level of mechanical pain sensitivity.

3.4.2 Heat pain

Latency of paw withdrawal during heat stimulation with a Peltier thermode
indicated the level of heat pain sensitivity.

3.4.3 Emotional pain

To evaluate the aversive component of pain, an aversive place-conditioning
paradigm was used [89], in which a neuropathic rat resided in a chamber divided
into two halves, one dark and the other illuminated. In the dark half, the injured
paw was stimulated, whereas, in the illuminated half, the healthy paw was
stimulated. As a result, the rat chose the illuminated half over the more naturally
preferable dark half. A drug-induced increase in time the rat spent in the dark half
indicated attenuation of emotional pain.
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3.5 Electrophysiology

The discharge rate of neurons was recorded with an extracellular electrode in
lightly anesthetized rats secured to a stereotaxic frame. In the RVM, neurons giving
excitatory responses to noxious stimulation were considered as pronociceptive ON
cells, whereas those giving inhibitory responses were considered as antinociceptive
OFF cells [56]. In the SDH, neurons giving excitatory responses to both noxious and
innocuous stimulation were considered as pain-relaying WDR cells.
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4 RESULTS AND DISCUSSION

4.1 Medullospinal 5-HT neurons as a relay for bidirectional
modulation of pain hypersensitivity by the amygdala (I, IV)

As a first step in investigating the role of the amygdala in neuropathic pain, we
studied how inhibition of the right CeA with lidocaine influences pain in
neuropathic and non-neuropathic conditions. We chose the right CeA as it plays a
greater role in the development of inflammatory pain than the left CeA,
independent of the location of inflammation [23,70]. Furthermore, the right CeA
was contralateral to the nerve injury. A previous study in similar settings
demonstrates greater pronociceptive changes in the right CeA than in the left one
[65].  In  our  experiments,  lidocaine  injection  (4  %,  0.5  μl)  into  the  CeA  attenuated
pain hypersensitivity in neuropathic rats (SNI model) but not nociceptive pain in
sham-operated rats (Table 3). This indicates that pain hypersensitivity in peripheral
neuropathy develops, at least in part, due to pronociceptive hyperactivity of the
CeA. This is consistent with other studies, which demonstrate positive correlation
of amygdaloid activity with the level of chronic pain [44,47,65,71,85,116].

However, because lidocaine inhibits both neurons that originate from the CeA and
neurons that pass through the CeA, our second step was to investigate how pain
hypersensitivity changes during modulation of synaptic activity in the CeA with
various  doses  of  glutamate.  A  high  dose  of  glutamate  (100  μg)  in  the  CeA
attenuated hypersensitivity, whereas a low dose of glutamate (9 μg) facilitated it.
Furthermore, blocking NMDA receptors in the CeA with MK-801 prevented
facilitation of hypersensitivity induced by a low dose of glutamate but not
attenuation of hypersensitivity induced by a high dose of glutamate. In these
experiments, we pretreated the CeA with MK-801 at a dose that was too low to
influence pain hypersensitivity by itself. However, in another set of experiments,
attenuation of pain hypersensitivity was evident after the dose of MK-801 was
elevated. Taken together, this suggests that, in the CeA of neuropathic animals,
endogenous release of glutamate causes activation of NMDA receptors that
dominates over activation of non-NMDA glutamate receptors. As a result, the CeA
displays pronociceptive hyperactivity in neuropathy. This is consistent with a
previous study that demonstrates contribution of NMDA receptors in the CeA to
development of pain hypersensitivity [3]. On the other hand, there is also evidence
that non-NMDA glutamate receptors in the CeA modulate pain hypersensitivity
bidirectionally, depending on their type and site of expression [54,96,116,134].
However, it was outside the scope of this thesis to identify which non-NMDA
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glutamate receptors in the CeA mediated attenuation of hypersensitivity induced
by a high dose of glutamate.

To determine if CeA treatment with a high dose of glutamate attenuates
hypersensitivity by exerting its action at the spinal cord level, we attempted to
prevent antinociceptive action of glutamate by blocking spinal receptors, which are
normally associated with antinociception (for a review, see [111]). Blocking 5-HT1A

receptors with WAY-100635 prevented attenuation of hypersensitivity induced by a
high dose of glutamate in the CeA, whereas blocking α2-adrenoceptors (with
atipamezole), or dopamine D2 receptors (with raclopride), or opioid receptors (with
naloxone) failed to do the same. Furthermore, spinal injections by themselves had
no effect on hypersensitivity at the currently used doses. Considering that 5-HT in
the spinal cord originates entirely from supraspinal regions [88], this indicates that
the antihypersensitivity effect induced by a high dose of glutamate in the CeA is
mediated primarily by spinally projecting 5-HT neurons. This is consistent with
other studies, which demonstrate the importance of spinal 5-HT1A receptors in
mediating attenuation of hypersensitivity in neuropathic [179] and other
pathological pain states [48,186].

To determine if spinally projecting 5-HT neurons also mediate facilitation of
hypersensitivity induced by a low dose of glutamate in the CeA, we attempted to
prevent the pronociceptive action of glutamate by blocking the spinal 5-HT3

receptor, which is normally associated with pronociception (for a review, see
[111]). Blocking 5-HT3 receptors with ondansetron, which alone had no effect on
hypersensitivity (i.e., at the currently used dose), prevented facilitation. This
indicates that spinally projecting 5-HT neurons in the medulla can relay both
facilitation and attenuation of hypersensitivity from the CeA. Although this is
consistent with other studies, which demonstrate contribution of spinal 5-HT3

receptors to the development of hypersensitivity, there is also evidence of their
role in mediating antihypersensitivity. Such controversy may result from the fact
that activation of spinal 5-HT3 receptors can lead to the release of spinal GABA [55],
the inhibitory potency of which can disappear at certain stages of chronic pain
development [26,27].

We next investigated whether medullospinal neurons act as sources of 5-HT in the
spinal cord for bidirectional modulation of hypersensitivity by the CeA. We were
particularly interested in the role of the RVM, which accounts for antinociception in
pain-related fear mediated by the amygdala [58,59]. We therefore pretreated the
RVM  with  a  5-HT1A autoreceptor agonist (8-OH-DPAT) in an attempt to
hyperpolarize cell bodies of 5-HT neurons [142]. Although RVM pretreatment with
8-OH-DPAT by itself failed to influence hypersensitivity, 8-OH-DPAT in the RVM
prevented both facilitation of hypersensitivity induced by a low dose of glutamate
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and attenuation of hypersensitivity induced by a high dose of glutamate in the CeA.
This indicates that the CeA regulates activation of spinal 5-HT receptors through a
release of 5-HT from neurons, which descend to the spinal cord from the RVM.
However,  it  remains  unknown  how  the  CeA  exerts  its  bidirectional  action  on
hypersensitivity by activating the same medullospinal 5-HT neurons. It is possible
that the CeA selectively activates either pronociceptive 5-HT3 receptors or
antinociceptive 5-HT1A receptors by activating different subtypes of medullospinal
5-HT neurons. Alternatively, the CeA may regulate the level of net activity of
medullospinal 5-HT neurons and, thereby, titrate the release of 5-HT in the spinal
cord. This notion is supported by the findings that treatment of the RVM with a low
dose of glutamate leads to facilitation of nociceptive pain, whereas treatment with
a  high  dose  results  in  attenuation  [187].  Moreover,  5-HT  neurons  in  the  RVM
account for both weak and strong attenuations of nociceptive pain induced by
treatment of the PAG with low and high doses of morphine, respectively [17].

In conclusion, endogenous release of glutamate predominately leads to activation
of NMDA receptors, which maintain pronociceptive hyperactivity of the CeA. The
CeA, in turn, exerts its pronociceptive hyperactivity by preventing antinociceptive
activation of medullospinal 5-HT neurons.
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Table 3. Medullospinal 5-HT neurons as a relay for bidirectional modulation of pain
hypersensitivity by the amygdala.

CeA injections
LIDO (IV) GLU100 (I) GLU9 (I)

Neuropathic
rats (SNI)

Action in the
CeA

block of
sodium

channels

activation of
non-NMDA receptors

activation of
NMDA receptors

Action in the
RVM

–
activation of

5-HT cell bodies
activation of

5-HT cell bodies

Action in the
SDH

–
activation of

5-HT1A receptors
activation of

5-HT3 receptors

Pain hyper-
sensitivity

↓ ↓ ↑

Pain affect – – –

Sham rats
Nociceptive

pain
0 – –

CeA central amygdaloid nucleus
GLU100 100 μg of glutamate
GLU9 9 μg of glutamate
LIDO lidocaine
RVM rostral ventromedial medulla
SDH spinal dorsal horn
SNI spared nerve injury model

↑ exacerbation
↓ attenuation
0 no effect
– not studied
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4.2 Reactive oxygen species as a culprit for pronociceptive
hyperactivity of the amygdala (II, IV)

In light of recent findings [97] that glutamate in the CeA can exacerbate nociceptive
pain by promoting production of ROS, we addressed the role of ROS in the
development of neuropathic pain. To test this, we first assessed how treatment of
the CeA with antioxidants (TEMPOL and PBN) influences pain in neuropathic and
non-neuropathic conditions. Treatment of the CeA with either of the two
antioxidants attenuated pain hypersensitivity in neuropathic rats (SNI model). In
sham-operated rats, however, neither TEMPOL nor PBN influenced nociceptive pain
(Table 4). Thereafter, we addressed whether attenuation of pain affect
accompanies attenuation of hypersensitivity in neuropathic rats after treatment of
the CeA with antioxidants. We chose TEMPOL from the two antioxidants and
observed that it attenuates pain affect. This suggests that neuropathy induces
oxidative changes in the CeA that may account for its pronociceptive and pain-
affect-inducing hyperactivity. This is consistent with other studies demonstrating
contribution of ROS in the CeA to the development of visceral pain and bee venom-
induced pain [68,101].

Because ROS act as endogenous agonists of TRP channels (for a review, see [121]),
we  next  investigated  if  TRPC4/5 and  TRPA1 channels in the CeA mediate observed
oxidative changes. We therefore assessed how treatment of the CeA with
antagonists of a TRPC4/5 channel  (ML-204)  and of  a  TRPA1 channel (CHEMBRIDGE-
5861528) influences neuropathic pain. Similar to antioxidants, ML-204 and
CHEMBRIDGE-5861528 in the CeA separately attenuated both pain hypersensitivity
and pain affect in neuropathic rats but not nociceptive pain in sham-operated rats.
In addition, attenuation of hypersensitivity was evident after blocking TRPA1

channels with an antagonist structurally different from CHEMBRIDGE-5861528, A-
967079. Taken together, this indicates that, in neuropathy, ROS account for
pronociceptive and pain affect-inducing hyperactivity of the CeA by acting on
TRPC4/5 and TRPA1 channels. This is somewhat contrary to other studies, in which
TRPC4/5 channels in the amygdala failed to play a role in pain-related fear [135,136].
However, this controversy can be explained by the fact that these studies
investigated  the  role  of  TRPC4/5 channels in the LA, whereas we focused on their
role in the CeA. Additionally, these studies [135,136] demonstrate inability of
TRPC4/5 channels to influence pain-related fear in healthy (knockout) animals,
whereas we examined the ability of TRPC4/5 channels to influence pain affect only in
neuropathic animals. Considering, however, that, in our experiments, blocking
TRPC4/5 channels failed to attenuate nociceptive pain in non-neuropathic (sham-
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operated) animals, it is likely that TRPC4/5 channels account for pain affect and pain-
related fear only in the setting of nerve injury.

Since activation of 5-HT1A receptors in the spinal cord accounted for attenuation of
hypersensitivity induced by a high dose of glutamate in the CeA, we next
investigated whether they also account for attenuation of hypersensitivity seen
after blocking TRPA1 channels in the CeA with CHEMBRIDGE-5861528. As expected,
blocking spinal 5-HT1A receptors  with  WAY-100635  at  a  dose  that  alone  failed  to
influence hypersensitivity prevented the antihypersensitivity effect of
CHEMBRIDGE-5861528. Considering that a high dose of glutamate in the CeA
attenuates hypersensitivity by activating medullospinal 5-HT neurons, this suggests
that blocking TRPA1 channels in the CeA leads to a similar activation of
medullospinal 5-HT neurons.

Encouraged by above findings, we attempted to recapitulate hypersensitivity in
sham-operated  rats  by  treating  the  CeA  with  a  ROS  donor,  t-BOOH.  Although,  t-
BOOH in a previous study exacerbated nociceptive pain after administration into
the spinal cord [180], it failed to do so in the current study after administration at
the same dose into the CeA. This indicates that acute administration of ROS alone is
insufficient to induce pronociceptive changes in the CeA and thus suggests that its
chronic administration or presence of comorbid factors (or both) is necessary.

In conclusion, ROS prevent antinociceptive activation of medullospinal 5-HT
neurons by promoting pronociceptive hyperactivity of the CeA.
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Table 4. Reactive oxygen species as a culprit for pronociceptive hyperactivity of the amygdala.

CeA injections
TEMPOL

(IV)
PBN
(IV)

ML-204 (II) CHEM (IV)
t-BOOH

(IV)

Neuropathic
rats (SNI)

Action in the
CeA

anti-
oxidant

anti-
oxidant

block of
TRPC4/5

channels

block of
TRPA1

channels

ROS
donor

Action in the
RVM

– – – – –

Action in the
SDH

– – –
activation
of 5-HT1A

receptors
–

Pain hyper-
sensitivity

↓ ↓ ↓ ↓ –

Pain affect ↓ – ↓ ↓ –

Sham rats
Nociceptive

pain
0 0 0 0 0

CeA central amygdaloid nucleus
CHEM CHEMBRIDGE-5861528
PBN phenyl-N-tert-butylnitrone
ROS reactive oxygen species
RVM rostral ventromedial medulla
SDH spinal dorsal horn
SNI spared nerve injury model
t-BOOH  tert-butyl-hydroperoxide
TEMPOL  4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl

↓ attenuation
0 no effect
– not studied
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4.3 Medullospinal 5-HT neurons as a relay for attenuation of
neuropathic pain by cortical stimulation (III)

TMS of the S2 has proven to be an efficacious method for attenuation of drug-
resistant pain in neuropathic patients [99]. However, because the mechanism of
pain attenuation remains largely unknown, we examined whether descending
pathways, which are activated by S2 stimulation, overlap with those pathways that
are  activated  by  a  high  dose  of  glutamate  in  the  CeA.  We  therefore  investigated
whether medullary 5-HT or non-5-HT neurons contribute to S2 stimulation-induced
pain attenuation in neuropathic rats. To test this, we recorded neurons in the RVM
in parallel with behavioral assessment of pain. In addition, we separately recorded
pain-relay neurons in the SDH. However, because SDH recordings required
irrecoverable surgical preparations (laminectomy), we performed them in lightly
anesthetized rats. Furthermore, to obtain comparable data, assessment of pain
behavior and simultaneous recordings of medullospinal neurons were also
performed in lightly anesthetized rats. However, because light anesthesia
diminishes the withdrawal reflex, we used a piezoelectric movement detector over
the gastrocnemius muscle to assess the reflex mechanomyographically.
Furthermore, we replaced noxious mechanical stimulation with noxious heat
stimulation to eliminate artifacts in the mechanomyogram. This, in turn, required
implementation of the SNL model of neuropathic pain instead of the SNI model to
enlarge the hypersensitive surface of the paw at the expense of the duration of
hypersensitivity: two months in SNL rats versus six (or more) months in SNI rats
[30,78].

Stimulation of the S2, independent of the hemisphere, attenuated heat pain in
nerve-injured rats with mechanical hypersensitivity. Attenuation of heat pain was
evident at the lowest cortical stimulus intensity of 30 μA (0.1-ms pulses at 300 Hz).
The antinociceptive effect failed to increase at higher intensities of 50 and 70 μA.
This suggests that pain attenuation was induced by stimulation of the S2 and not by
a possible spread of electrical current to adjacent regions. Stimulation of the right
S2 (contralateral to the injury), however, failed to attenuate heat pain in sham-
operated rats and in rats that failed to develop mechanical hypersensitivity after
SNL (Table 5). Although it remains unknown whether S2 stimulation in the left
hemisphere attenuates pain in sham-operated and non-hypersensitive neuropathic
rats, this suggests that S2 stimulation, at least in the right hemisphere, is efficacious
only in animals with pathological pain hypersensitivity. This is consistent with
previous findings that S2 stimulation attenuates inflammatory but not nociceptive
pain [64,86].
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Thereafter, we performed recordings in the SDH during stimulation of the right S2
to investigate spinal mechanisms for behavioral attenuation of heat pain in
hypersensitive neuropathic rats. In particular, we recorded wide-dynamic range
(WDR) cells, which accelerated their discharge rate in response to both noxious
heat stimulation and innocuous mechanical stimulation of the injured paw. We
observed  that  S2  stimulation  attenuates  heat  responses  of  WDR  cells  (Fig.  7).  We
observed also that this attenuation can be prevented by blocking spinal 5-HT1A

receptors with WAY-100635 at a dose that alone failed to reduce heat-response
discharge. Considering that, at the current dose, WAY-100635 also failed to reduce
the ongoing discharge rate of WDR cells, this suggests that S2 stimulation
attenuated pain by activating 5-HT1A receptors, which are presynaptic to WDR cells.
However, one must be cautious with this interpretation, since failure of WAY-
100635 to reduce the ongoing discharge rate of WDR cells may have resulted from
the fact that the ongoing discharge rate of WDR cells was originally very low. On the
other hand, a recent whole-cell patch clamp study in spinal cord slices supports our
interpretation of presynaptic localization of 5-HT1A receptors, by demonstrating
that  5-HT  in  the  SDH  inhibits  nociceptive  transmission  via   activation  of  5-HT1A

receptors, which are localized on spinal terminals of primary afferents [160].

Figure 7. Example of recordings in the spinal dorsal horn.
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Because both electrical stimulation of the S2 and glutamatergic stimulation of the
CeA attenuate pain in hypersensitive neuropathic rats by activating spinal 5-HT1A

receptors,  it  is  likely  that  they  do  so  through  the  same  mechanism.  To  test  this
hypothesis, we attempted to prevent S2 stimulation-induced pain attenuation by
pretreating  the  RVM  with  an  agonist  of  5-HT1A autoreceptors (8-OH-DPAT), which
prevented pain attenuation induced by a high dose of glutamate in the CeA. In the
S2 experiments,  as  in  the CeA experiments,  we used 8-OH-DPAT at  a  dose,  which
failed to influence pain by itself. In support of our hypothesis, 8-OH-DPAT
prevented S2 stimulation-induced pain attenuation. As in the CeA experiments, we
presume that 8-OH-DPAT acted by inhibiting cell bodies of spinally projecting 5-HT
neurons. This indicates that activation of medullospinal 5-HT neurons is a necessary
step for the S2 stimulation-induced pain attenuation, as it is for pain attenuation
induced by a high dose of glutamate in the CeA. However, it remains unknown
whether S2 stimulation and a high dose of glutamate in the CeA attenuate pain by
recruiting the same subtypes of medullospinal 5-HT neurons or by regulating their
net activity in a similar fashion.

Figure 8. Example of recordings in the rostral ventromedial medulla and parallel assessment of
pain behavior.
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In addition, we recorded heat responses of pain-regulating ON and OFF cells in the
RVM, which are shown to be non-5-HT [106].  Unlike WDR cells  in  the SDH, which
respond to both noxious and innocuous stimulations, ON and OFF cells in the RVM
respond only to noxious stimulation. Furthermore, ON cells respond by accelerating
their discharge rate before withdrawal of the paw, whereas OFF cells respond by
decelerating it. A fast discharge rate of ON cells and a slow discharge rate of OFF
cells predict facilitation of nociception, whereas a slow discharge rate of ON cells
and a fast discharge rate of OFF cells predict inhibition of nociception [56].
However,  in  our  experimental  setup,  we  were  unable  to  record  ON  and  OFF  cells
during S2 stimulation, because the cortical stimulation electrode induced stimulus
artifacts, which masked all neural spikes during stimulation. Therefore, we were
able  to  record  ON  and  OFF  cells  only  after  cessation  of  S2  stimulation  when
attenuation of pain behavior was marginal. Nonetheless, we observed that S2
stimulation shortens duration of heat responses in ON cells and prolongs the
latency of heat responses in OFF cells (Fig. 8). Considering that at least some of the
ON  and  OFF  cells  project  to  the  SDH  [40,169],  this  suggests  that  S2  stimulation
promotes antinociceptive activity of both non-5-HT (i.e., ON and OFF cells) and 5-HT
medullospinal neurons. Therefore, our findings are consistent with a previous study
[87], where unselective inhibition of spinal 5-HT receptors prevented pain
attenuation induced by S2 stimulation. Interestingly, the same study [87]
demonstrates also the insignificance of the opioid and noradrenergic systems in S2
stimulation-induced pain attenuation, which narrows the list of candidates for the
role of (presumably medullospinal) non-5-HT neurons engaged by S2 stimulation in
our study.

In conclusion, S2 stimulation represents a clinically relevant method that has the
potential to recover antinociceptive activity of medullospinal 5-HT neurons, which
is suppressed in neuropathy due to pronociceptive hyperactivity of the CeA.
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Table 5. Medullospinal 5-HT neurons as a relay for attenuation of neuropathic pain by cortical
stimulation.

S2 stimulation (III)

Neuropathic
rats (SNL)

Action in the
CeA

–

Action in the
RVM

activation of 5-HT cell bodies
inhibition of ON cell

activation of OFF cells

Action in the
SDH

inhibition of WDR cells via activation
of 5-HT1A  receptors

Pain hyper-
sensitivity

↓

Pain affect –

Sham rats
Nociceptive

pain
0

CeA central amygdaloid nucleus
RVM rostral ventromedial medulla
SDH spinal dorsal horn
SNL spinal nerve ligation model
S2 secondary somatosensory cortex
WDR wide-dynamic range

↓ attenuation
0 no effect
– not studied
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4.4 General discussion

The present studies suggest that, in neuropathic conditions, endogenous release of
glutamate in the CeA predominantly activates NMDA (rather than non-NMDA)
receptors, which maintain pronociceptive hyperactivity of the CeA (I). However,
activation of non-NMDA glutamate receptors in the CeA can lead to attenuation of
pain hypersensitivity, which is likely due to suppression of pronociceptive
hyperactivity of the CeA. CeA-induced pronociception results from activation of
spinal 5-HT3 receptors, whereas CeA-induced antinociception results from
activation of spinal 5-HT1A receptors. Interestingly, activation of both spinal 5-HT3

and 5-HT1A receptors requires activation of medullospinal 5-HT neurons. This
indicates that the CeA normally promotes antinociceptive activity of medullospinal
5-HT neurons, whereas, in neuropathy, the CeA starts to promote their
pronociceptive activity. It is likely that medullospinal 5-HT neurons have two
distinct subtypes, one of which relays antinociception, whereas the other accounts
for pronociception, similar to medullospinal non-5-HT neurons (antinociceptive OFF
cells and pronociceptive ON cells) [40,56,106,169]. Alternatively or additionally, the
level of net activity of medullospinal 5-HT neurons may determine the final effect
on nociception.

We also provide evidence that ROS in the CeA can promote pronociceptive
hyperactivity of the CeA through activation of TRPA1 and TRPC4/5 channels (II, IV). In
light of these observations, an increase in ROS production and a decrease in ROS
detoxification in the CeA emerge as possible maladaptive changes that account for
the development of neuropathic pain. Furthermore, considering that ROS represent
a product of mitochondrial activity (for a review, see [113]), neuropathic pain can in
part represent a mitochondrial disorder. This is consistent with previous findings
that chemotherapy induces neuropathic pain by promoting accumulation of
atypical mitochondria in peripheral nerves, which is associated with ROS
overproduction and poor ROS detoxification [8,184].

In addition, we established that S2 stimulation attenuates neuropathic pain by
inhibiting spinal transmission of nociceptive information through WDR cells ( III). To
accomplish this, S2 stimulation employs medullospinal 5-HT neurons to activate
spinal 5-HT1A receptors, which are likely presynaptic to WDR cells. Interestingly,
such mechanism for pain attenuation in SNL rats is similar to the one that the CeA
engages in SNI rats. This indicates that malfunction of medullospinal 5-HT neurons
may be an important contributor to the development of chronic pain in peripheral
neuropathies. Furthermore, this suggests that S2 stimulation acts by reversing CeA-
driven pronociceptive activation of medullospinal 5-HT neurons. Other mechanisms
for S2 stimulation-induced pain attenuation include antinociceptive changes in
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activity of (presumably medullospinal) non-5-HT neurons (ON and OFF cells)
[40,56,106,169].
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5 CAVEATS

Although intracranial cannulae targeted the CeA (I, II, IV), the volume of injections
was large enough (0.5 μl) for drugs to spread to adjacent brain structures, including
other amygdaloid nuclei. Therefore, the action of drugs on neurons outside the CeA
may have interfered with our results. On the other hand, the CeA acts as the output
nucleus of the amygdala with regard to pain modulation. Furthermore, injection of
drugs into a control site (internal capsule) failed to produce any alterations in pain
behavior. Taken together, this indicates that changes in pain behavior, most likely,
resulted from the action of drugs on neurons in the CeA.

Caution is necessary in comparing the results collected from the different studies in
this thesis. In amygdaloid studies (I, II, IV), we assessed mechanical pain in freely
moving  SNI  rats.  In  the  cortical  study  (III), we assessed heat pain in lightly
anesthetized SNL rats. Such inconsistency in experimental settings may have
introduced bias to our results, which demonstrate overlap in mechanisms for pain
regulation by the amygdala (i.e., CeA) and the cortex (i.e., S2). Furthermore, not all
aspects of pain were assessed. In studies II and IV, we assessed sensory-
discriminative and affective-motivational aspects of pain, whereas in studies I and
III, we assessed only the former. We also did not assess ongoing pain in any of the
studies, although ongoing pain represents a major complaint among neuropathic
patients.

We inhibited medullospinal 5-HT neurons by activating 5-HT1A autoreceptors on
their  cell  bodies  with  8-OH-DPAT  injections  into  the  RVM  (I, III). We, however,
cannot exclude that activation of 5-HT1A heteroreceptors on other cells (neural
[142] or glial [5]) influenced our results.

Although previous studies demonstrate that at least some of the ON and OFF cells
in the RVM have spinal projections [40,169], we did not verify that the ON and OFF
cells recorded in our study (III) indeed represented medullospinal neurons.
Furthermore, the RVM can comprise ascending projections from the area around
the central canal of the spinal cord [62]. If these ascending projections contribute to
transmission of nociception, then they may resemble electrophysiologically ON or
OFF cells. Collision testing, for example, could have clarified whether recorded in
our study (III) RVM cells were ascending or descending.
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6 FUTURE PROSPECTS

We demonstrated that pain-modulating pathways descending from the S2 (III) and
the CeA (I, IV)  merge in the RVM. It  is  therefore possible that  the S2 and the CeA
modulate pain in tandem. Future studies may address whether S2 stimulation
attenuates neuropathic pain by modulating the activity of the CeA or by modulating
the activity of the PAG, which connects the CeA to the RVM.

We also demonstrated that administration of antioxidants or TRPA1 antagonists
into the CeA attenuates neuropathic pain (IV), which is consistent with previous
findings of their antinociceptive properties in the spinal cord [178,180]. From a
clinical perspective, it is therefore of great interest to see if antioxidants and TRPA1

antagonists can attenuate neuropathic pain, when administered systemically, and
to examine whether their action at the spinal or supraspinal level plays a more
important role in attenuation of neuropathic pain. In addition, it is interesting to
see if systemic administration of antioxidants can potentiate antinociceptive action
of S2 stimulation.

A recent clinical study [99] demonstrated that the S2 is an effective cortical
stimulation site for attenuating neuropathic pain with TMS. In line with this, our
study (III) shows that electrical stimulation of the S2 also attenuates neuropathic
pain in rats and reveals the mechanism for S2 stimulation-induced pain attenuation.
It remains to be studied whether a similar mechanism contribute to pain
attenuation induced by TMS of the S2 in neuropathic patients.

Implementation of antidepressants, such as selective serotonin reuptake inhibitors
(SSRI), has produced controversial results in treatment of neuropathic pain (for a
review, see [82]). This is consistent with our findings, which suggest that
medullospinal 5-HT neurons can account for both attenuation (I, III, IV) and
exacerbation (I) of neuropathic pain. Investigation of how various SSRI influence the
activity of medullospinal 5-HT neurons may lead to improved clinical use.

Since electrical stimulation of the S2 (III) and pharmacological inhibition of the CeA
(I, IV) attenuated neuropathic pain by activating spinal 5-HT1A receptors, it may be
expected that spinal administration of a 5-HT1A agonist also attenuates neuropathic
pain. However, since pain attenuation induced by electrical stimulation of the S2
and by pharmacological inhibition of the CeA can be prevented by activation of 5-
HT1A receptors  in  the RVM (I, III),  systemic administration of  a  5-HT1A agonist may
prove inefficacious. In light of this notion, spinal (but not systemic) administration
of  BUSPIRONE  may  serve  as  a  new  method  for  clinical  treatment  of  neuropathic
pain. BUSPIRONE represents one of the few clinically approved drugs that acts as a
5-HT1A receptor agonist. Currently, BUSPIRONE is used to treat anxiety but not
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neuropathic pain, despite the fact that anxiety represents one of the comorbidities
of neuropathic pain. The reason for this lies in inefficacy of BUSPIRONE to attenuate
pain in neuropathic patients when administered systemically [79]. Our studies (I, III,
IV), however, raise the hypothesis that spinal administration of BUSPIRONE may
prove efficacious.
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7 CONCLUSIONS

In neuropathic conditions:

 NMDA receptors in the CeA maintain its pronociceptive hyperactivity
characterized by activation of spinal 5-HT3 receptors (I).

 Activation of non-NMDA glutamate receptors in the CeA suppresses its
pronociceptive hyperactivity and leads to descending antinociception
mediated by spinal 5-HT1A receptors (I).

 ROS contribute to CeA-driven pain hypersensitivity and pain affect through
activation of TRPA1 and TRPC4/5 channels in the CeA (II, IV).

 Activation of medullospinal 5-HT neurons is necessary for both CeA-induced
facilitation and inhibition of spinal nociception (I, IV).

 S2 stimulation attenuates neuropathic pain by promoting antinociceptive
activity of medullospinal 5-HT neurons and of (presumably medullospinal)
non-5-HT neurons (ON and OFF cells; III).

By summarizing the results of the present studies (I-IV),  the table below (Table 6)
describes the mechanisms of neuropathic pain development and suggests new
approaches to its treatment.
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Table 6. Mechanisms of neuropathic pain development and possible approaches to its treatment.

RVM SDH Pain

CeA
activation of NMDA receptors pronociceptive

activation of
medullospinal 5-HT

neurons

activation of
5-HT3

receptors
↑activation of TRPA1 & TRPC4/5

receptors with ROS

CeA

block of NMDA receptors with
antagonists

antinociceptive
activation of

medullospinal 5-HT
neurons

activation of
5-HT1A

receptors
↓

activation of non-NMDA
glutamate receptors

block of TRPA1 & TRPC4/5

receptors with antagonists
detoxification of ROS with

antioxidants

S2 electrical stimulation

antinociceptive
activation of

medullospinal 5-HT
neurons

activation of
5-HT1A

receptors

↓

inhibition of
WDR cells

antinociceptive
activation of

(likely medullospinal)
non-5-HT neurons
(ON and OFF cells)

–

CeA central amygdaloid nucleus
ROS reactive oxygen species
RVM rostral ventromedial medulla
SDH spinal dorsal horn
S2 secondary somatosensory cortex
WDR wide-dynamic range

↑ exacerbation
↓ attenuation
– not studied



References

50

8 REFERENCES

 [1] Agnati LF, Fuxe K, Zoli M, Ozini I, Toffano G, Ferraguti F. A correlation analysis of
the regional distribution of central enkephalin and beta-endorphin immunoreactive
terminals and of opiate receptors in adult and old male rats. Evidence for the
existence of two main types of communication in the central nervous system: the
volume transmission and the wiring transmission. Acta Physiol Scand 1986;128:201-
207.

 [2] Andersson DA, Gentry C, Moss S, Bevan S. Transient receptor potential A1 is a
sensory receptor for multiple products of oxidative stress. J Neurosci 2008;28:2485-
2494.

 [3]  Ansah  OB,  Bourbia  N,  Goncalves  L,  Almeida  A,  Pertovaara  A.  Influence  of
amygdaloid glutamatergic receptors on sensory and emotional pain-related
behavior in the neuropathic rat. Behav Brain Res 2010;209:174-178.

 [4] Ansah OB, Leite-Almeida H, Wei H, Pertovaara A. Striatal dopamine D2
receptors attenuate neuropathic hypersensitivity in the rat. Exp Neurol
2007;205:536-546.

 [5] Azmitia EC, Gannon PJ, Kheck NM, Whitaker-Azmitia PM. Cellular localization of
the 5-HT1A receptor in primate brain neurons and glial cells.
Neuropsychopharmacology 1996;14:35-46.

 [6]  Bakshi  VP,  Smith-Roe  S,  Newman  SM,  Grigoriadis  DE,  Kalin  NH.  Reduction  of
stress-induced behavior by antagonism of corticotropin-releasing hormone 2
(CRH2) receptors in lateral septum or CRH1 receptors in amygdala. J Neurosci
2002;22:2926-2935.

 [7]  Bao  L,  Wang  HF,  Cai  HJ,  Tong  YG,  Jin  SX,  Lu  YJ,  Grant  G,  Hokfelt  T,  Zhang  X.
Peripheral axotomy induces only very limited sprouting of coarse myelinated
afferents into inner lamina II of rat spinal cord. Eur J Neurosci 2002;16:175-185.

 [8] Barriere DA, Rieusset J, Chanteranne D, Busserolles J, Chauvin MA, Chapuis L,
Salles J, Dubray C, Morio B. Paclitaxel therapy potentiates cold hyperalgesia in
streptozotocin-induced diabetic rats through enhanced mitochondrial reactive
oxygen species production and TRPA1 sensitization. Pain 2012;153:553-561.

 [9]  Basso  MA,  Evinger  C.  An  explanation  for  reflex  blink  hyperexcitability  in
Parkinson's disease. II. Nucleus raphe magnus. J Neurosci 1996;16:7318-7330.

 [10] Basso MA, Powers AS, Evinger C. An explanation for reflex blink
hyperexcitability in Parkinson's disease. I. Superior colliculus. J Neurosci
1996;16:7308-7317.



References

51

 [11] Belci M, Catley M, Husain M, Frankel HL, Davey NJ. Magnetic brain stimulation
can improve clinical outcome in incomplete spinal cord injured patients. Spinal Cord
2004;42:417-419.

 [12] Bernard JF, Besson JM. The spino(trigemino)pontoamygdaloid pathway:
electrophysiological evidence for an involvement in pain processes. J Neurophysiol
1990;63:473-490.

 [13] Bhatnagar S, Vining C, Denski K. Regulation of chronic stress-induced changes
in hypothalamic-pituitary-adrenal activity by the basolateral amygdala. Ann N Y
Acad Sci 2004;1032:315-319.

 [14]  Bird  GC,  Lash  LL,  Han  JS,  Zou  X,  Willis  WD,  Neugebauer  V.  Protein  kinase  A-
dependent enhanced NMDA receptor function in pain-related synaptic plasticity in
rat amygdala neurones. J Physiol 2005;564:907-921.

 [15] Black AK, Fulwiler JC, Smitherman TA. The role of fear of pain in headache.
Headache 2015;55:669-679.

 [16] Blackburn-Munro G, Blackburn-Munro RE. Chronic pain, chronic stress and
depression: coincidence or consequence? J Neuroendocrinol 2001;13:1009-1023.

 [17] Borszcz GS. Differential contributions of medullary, thalamic, and amygdaloid
serotonin to the antinociceptive action of morphine administered into the
periaqueductal gray: a model of morphine analgesia. Behav Neurosci 1999;113:612-
631.

 [18]  Bos R,  Sadlaoud K,  Boulenguez P,  Buttigieg D,  Liabeuf S,  Brocard C,  Haase G,
Bras H, Vinay L. Activation of 5-HT2A receptors upregulates the function of the
neuronal K-Cl cotransporter KCC2. Proc Natl Acad Sci U S A 2013;110:348-353.

 [19] Braz JM, Enquist LW, Basbaum AI. Inputs to serotonergic neurons revealed by
conditional viral transneuronal tracing. J Comp Neurol 2009;514:145-160.

 [20] Burgess SE, Gardell LR, Ossipov MH, Malan TP,Jr, Vanderah TW, Lai J, Porreca
F. Time-dependent descending facilitation from the rostral ventromedial medulla
maintains, but does not initiate, neuropathic pain. J Neurosci 2002;22:5129-5136.

 [21] Burton H, Jones EG. The posterior thalamic region and its cortical projection in
New World and Old World monkeys. J Comp Neurol 1976;168:249-301.

 [22]  Carlton  SM,  Leichnetz  GR,  Young  EG,  Mayer  DJ.  Supramedullary  afferents  of
the nucleus raphe magnus in the rat: a study using the transcannula HRP gel and
autoradiographic techniques. J Comp Neurol 1983;214:43-58.



References

52

 [23] Carrasquillo Y, Gereau RW 4th. Hemispheric lateralization of a molecular signal
for pain modulation in the amygdala. Mol Pain 2008;4:24.

 [24]  Chen  T,  Wang  XL,  Qu  J,  Wang  W,  Zhang  T,  Yanagawa  Y,  Wu  SX,  Li  YQ.
Neurokinin-1 receptor-expressing neurons that contain serotonin and gamma-
aminobutyric acid in the rat rostroventromedial medulla are involved in pain
processing. J Pain 2013;14:778-792.

 [25]  Cho  JH,  Jeong  MY,  Choi  IS,  Lee  HJ,  Jang  IS.  TRPA1-like  channels  enhance
glycinergic transmission in medullary dorsal horn neurons. J Neurochem
2012;122:691-701.

 [26]  Coull  JA,  Beggs  S,  Boudreau  D,  Boivin  D,  Tsuda  M,  Inoue  K,  Gravel  C,  Salter
MW, De Koninck Y. BDNF from microglia causes the shift in neuronal anion gradient
underlying neuropathic pain. Nature 2005;438:1017-1021.

 [27] Coull JA, Boudreau D, Bachand K, Prescott SA, Nault F, Sik A, De Koninck P, De
Koninck Y. Trans-synaptic shift in anion gradient in spinal lamina I neurons as a
mechanism of neuropathic pain. Nature 2003;424:938-942.

 [28] Cox JJ, Reimann F, Nicholas AK, Thornton G, Roberts E, Springell K, Karbani G,
Jafri H, Mannan J, Raashid Y, Al-Gazali L, Hamamy H, Valente EM, Gorman S,
Williams R, McHale DP, Wood JN, Gribble FM, Woods CG. An SCN9A channelopathy
causes congenital inability to experience pain. Nature 2006;444:894-898.

 [29] Dayas CV, Buller KM, Day TA. Neuroendocrine responses to an emotional
stressor: evidence for involvement of the medial but not the central amygdala. Eur J
Neurosci 1999;11:2312-2322.

 [30] Decosterd I, Woolf CJ. Spared nerve injury: an animal model of persistent
peripheral neuropathic pain. Pain 2000;87:149-158.

 [31]  del  Camino D,  Murphy S,  Heiry  M, Barrett  LB,  Earley TJ,  Cook CA,  Petrus MJ,
Zhao M, D'Amours M, Deering N,  Brenner GJ,  Costigan M, Hayward NJ,  Chong JA,
Fanger  CM,  Woolf  CJ,  Patapoutian  A,  Moran  MM.  TRPA1  contributes  to  cold
hypersensitivity. J Neurosci 2010;30:15165-15174.

 [32] Dupuis A, Wattiez AS, Pinguet J, Richard D, Libert F, Chalus M, Aissouni Y, Sion
B, Ardid D, Marin P, Eschalier A, Courteix C. Increasing spinal 5-HT2A receptor
responsiveness mediates anti-allodynic effect and potentiates fluoxetine efficacy in
neuropathic rats. Evidence for GABA release. Pharmacol Res 2017;118:93-103.

 [33] El Bitar N, Pollin B, Huang G, Mouraux A, Le Bars D. The rostral ventromedial
medulla control of cutaneous vasomotion of paws and tail in the rat: implication for
pain studies. J Neurophysiol 2016;115:773-789.



References

53

 [34] Eliacik K, Kanik A, Bolat N, Mertek H, Guven B, Karadas U, Dogrusoz B, Bakiler
AR. Anxiety, depression, suicidal ideation, and stressful life events in non-cardiac
adolescent chest pain: a comparative study about the hidden part of the iceberg.
Cardiol Young 2016:1-6.

 [35]  Emery  EC,  Luiz  AP,  Sikandar  S,  Magnusdottir  R,  Dong  X,  Wood  JN.  In  vivo
characterization of distinct modality-specific subsets of somatosensory neurons
using GCaMP. Sci Adv 2016;2:e1600990.

 [36] England JD, Happel LT, Kline DG, Gamboni F, Thouron CL, Liu ZP, Levinson SR.
Sodium channel accumulation in humans with painful neuromas. Neurology
1996;47:272-276.

 [37] Eslick GD, Koloski NA, Talley NJ. Sexual, physical, verbal/emotional abuse and
unexplained chest pain. Child Abuse Negl 2011;35:601-605.

 [38] Faber ES, Sedlak P, Vidovic M, Sah P. Synaptic activation of transient receptor
potential channels by metabotropic glutamate receptors in the lateral amygdala.
Neuroscience 2006;137:781-794.

 [39]  Ferretti  A,  Babiloni  C,  Gratta CD,  Caulo M, Tartaro A,  Bonomo L,  Rossini  PM,
Romani GL. Functional topography of the secondary somatosensory cortex for
nonpainful and painful stimuli: an fMRI study. Neuroimage 2003;20:1625-1638.

 [40] Fields HL, Malick A, Burstein R. Dorsal horn projection targets of ON and OFF
cells in the rostral ventromedial medulla. J Neurophysiol 1995;74:1742-1759.

 [41] Fink KB, Gothert M. 5-HT receptor regulation of neurotransmitter release.
Pharmacol Rev 2007;59:360-417.

 [42]  Fisher  HE,  Brown  LL,  Aron  A,  Strong  G,  Mashek  D.  Reward,  addiction,  and
emotion regulation systems associated with rejection in love. J Neurophysiol
2010;104:51-60.

 [43]  Fregni  F,  Potvin  K,  Dasilva  D,  Wang  X,  Lenkinski  RE,  Freedman  SD,  Pascual-
Leone A. Clinical effects and brain metabolic correlates in non-invasive cortical
neuromodulation for visceral pain. Eur J Pain 2011;15:53-60.

 [44] Fu Y, Neugebauer V. Differential mechanisms of CRF1 and CRF2 receptor
functions in the amygdala in pain-related synaptic facilitation and behavior. J
Neurosci 2008;28:3861-3876.

 [45] Fu Y, Neugebauer V. Differential mechanisms of CRF1 and CRF2 receptor
functions in the amygdala in pain-related synaptic facilitation and behavior. J
Neurosci 2008;28:3861-3876.



References

54

 [46]  Gautier  A,  El  Ouaraki  H,  Bazin  N,  Salam  S,  Vodjdani  G,  Bourgoin  S,  Pezet  S,
Bernard JF, Hamon M. Lentiviral vector-driven inhibition of 5-HT synthesis in B3
bulbo-spinal serotonergic projections - Consequences on nociception, inflammatory
and neuropathic pain in rats. Exp Neurol 2017;288:11-24.

 [47]  Geha  PY,  Baliki  MN,  Chialvo  DR,  Harden  RN,  Paice  JA,  Apkarian  AV.  Brain
activity for spontaneous pain of postherpetic neuralgia and its modulation by
lidocaine patch therapy. Pain 2007;128:88-100.

 [48]  Gjerstad  J,  Tjolsen  A,  Hole  K.  The  effect  of  5-HT1A  receptor  stimulation  on
nociceptive dorsal horn neurones in rats. Eur J Pharmacol 1996;318:315-321.

 [49] Gojyo F, Sugiyo S, Kuroda R, Kawabata A, Varathan V, Shigenaga Y, Takemura
M.  Effects  of  somatosensory  cortical  stimulation  on  expression  of  c-Fos  in  rat
medullary dorsal horn in response to formalin-induced noxious stimulation. J
Neurosci Res 2002;68:479-488.

 [50] Gray TS. Amygdaloid CRF pathways. Role in autonomic, neuroendocrine, and
behavioral responses to stress. Ann N Y Acad Sci 1993;697:53-60.

 [51]  Greenwood-Van  Meerveld  B,  Gibson  M,  Gunter  W,  Shepard  J,  Foreman  R,
Myers D. Stereotaxic delivery of corticosterone to the amygdala modulates colonic
sensitivity in rats. Brain Res 2001;893:135-142.

 [52] Guliaeva NV, Levshina IP. Characteristics of free-radical oxidation and
antiradical protection of the brain in adaptation to chronic stress. Biull Eksp Biol
Med 1988;106:153-156.

 [53] Hachinski V. Headache as a presenting symptom. Can Fam Physician
1976;22:55-58.

 [54] Han JS, Bird GC, Neugebauer V. Enhanced group III mGluR-mediated inhibition
of pain-related synaptic plasticity in the amygdala. Neuropharmacology
2004;46:918-926.

 [55] Hayashida K, Kimura M, Yoshizumi M, Hobo S, Obata H, Eisenach JC.
Ondansetron reverses antihypersensitivity from clonidine in rats after peripheral
nerve injury: role of gamma-aminobutyric acid in alpha2-adrenoceptor and 5-HT3
serotonin receptor analgesia. Anesthesiology 2012;117:389-398.

 [56] Heinricher MM, Barbaro NM, Fields HL. Putative nociceptive modulating
neurons in the rostral ventromedial medulla of the rat: firing of on- and off-cells is
related to nociceptive responsiveness. Somatosens Mot Res 1989;6:427-439.

 [57]  Heinricher  MM,  Tavares  I,  Leith  JL,  Lumb  BM.  Descending  control  of
nociception: Specificity, recruitment and plasticity. Brain Res Rev 2009;60:214-225.



References

55

 [58] Helmstetter FJ. Contribution of the amygdala to learning and performance of
conditional fear. Physiol Behav 1992;51:1271-1276.

 [59] Helmstetter FJ, Tershner SA. Lesions of the periaqueductal gray and rostral
ventromedial medulla disrupt antinociceptive but not cardiovascular aversive
conditional responses. J Neurosci 1994;14:7099-7108.

 [60]  Herman  JP,  Cullinan  WE.  Neurocircuitry  of  stress:  central  control  of  the
hypothalamo-pituitary-adrenocortical axis. Trends Neurosci 1997;20:78-84.

 [61] Hokfelt T, Ljungdahl A, Steinbusch H, Verhofstad A, Nilsson G, Brodin E,
Pernow B, Goldstein M. Immunohistochemical evidence of substance P-like
immunoreactivity in some 5-hydroxytryptamine-containing neurons in the rat
central nervous system. Neuroscience 1978;3:517-538.

 [62]  Hossaini  M,  Goos  JA,  Kohli  SK,  Holstege  JC.  Distribution  of  glycine/GABA
neurons in the ventromedial medulla with descending spinal projections and
evidence for an ascending glycine/GABA projection. PLoS One 2012;7:e35293.

 [63]  Hughes  DI,  Scott  DT,  Todd  AJ,  Riddell  JS.  Lack  of  evidence  for  sprouting  of
Abeta afferents into the superficial laminas of the spinal cord dorsal horn after
nerve section. J Neurosci 2003;23:9491-9499.

 [64]  Hunskaar  S,  Hole  K.  The  formalin  test  in  mice:  dissociation  between
inflammatory and non-inflammatory pain. Pain 1987;30:103-114.

 [65] Ikeda R, Takahashi Y, Inoue K, Kato F. NMDA receptor-independent synaptic
plasticity in the central amygdala in the rat model of neuropathic pain. Pain
2007;127:161-172.

 [66]  Itoga  CA,  Roltsch  Hellard  EA,  Whitaker  AM,  Lu  YL,  Schreiber  AL,  Baynes  BB,
Baiamonte BA, Richardson HN, Gilpin NW. Traumatic stress promotes hyperalgesia
via corticotropin-releasing factor-1 receptor (CRFR1) signaling in central amygdala.
Neuropsychopharmacology 2016;41:2463-2472.

 [67]  Ji  G,  Fu  Y,  Adwanikar  H,  Neugebauer  V.  Non-pain-related  CRF1  activation  in
the amygdala facilitates synaptic transmission and pain responses. Mol Pain
2013;9:2.

 [68] Ji G, Li Z, Neugebauer V. Reactive oxygen species mediate visceral pain-related
amygdala plasticity and behaviors. Pain 2015;156:825-836.

 [69] Ji G, Neugebauer V. Pro- and anti-nociceptive effects of corticotropin-releasing
factor (CRF) in central amygdala neurons are mediated through different receptors.
J Neurophysiol 2008;99:1201-1212.



References

56

 [70] Ji G, Neugebauer V. Hemispheric lateralization of pain processing by amygdala
neurons. J Neurophysiol 2009;102:2253-2264.

 [71]  Ji  G,  Sun  H,  Fu  Y,  Li  Z,  Pais-Vieira  M,  Galhardo  V,  Neugebauer  V.  Cognitive
impairment in pain through amygdala-driven prefrontal cortical deactivation. J
Neurosci 2010;30:5451-5464.

 [72] Ji G, Zhang W, Mahimainathan L, Narasimhan M, Kiritoshi T, Fan X, Wang J,
Green TA, Neugebauer V. 5-HT2C receptor knockdown in the amygdala inhibits
neuropathic-pain-related plasticity and behaviors. J Neurosci 2017;37:1378-1393.

 [73]  Ji  RR,  Samad TA,  Jin  SX,  Schmoll  R,  Woolf  CJ.  p38 MAPK activation by NGF in
primary sensory neurons after inflammation increases TRPV1 levels and maintains
heat hyperalgesia. Neuron 2002;36:57-68.

 [74] Jiang H, Fang D, Kong LY, Jin ZR, Cai J, Kang XJ, Wan Y, Xing GG. Sensitization of
neurons in the central nucleus of the amygdala via the decreased GABAergic
inhibition contributes to the development of neuropathic pain-related anxiety-like
behaviors in rats. Mol Brain 2014;7:72.

 [75] Johansson O, Hokfelt T, Pernow B, Jeffcoate SL, White N, Steinbusch HW,
Verhofstad AA, Emson PC, Spindel E. Immunohistochemical support for three
putative transmitters in one neuron: coexistence of 5-hydroxytryptamine,
substance P- and thyrotropin releasing hormone-like immunoreactivity in medullary
neurons projecting to the spinal cord. Neuroscience 1981;6:1857-1881.

 [76] Keefe FJ, Shelby RA, Somers TJ, Varia I, Blazing M, Waters SJ, McKee D, Silva S,
She L, Blumenthal JA, O'Connor J, Knowles V, Johnson P, Bradley L. Effects of coping
skills training and sertraline in patients with non-cardiac chest pain: a randomized
controlled study. Pain 2011;152:730-741.

 [77]  Kerstein PC,  del  Camino D,  Moran MM, Stucky CL.  Pharmacological  blockade
of TRPA1 inhibits mechanical firing in nociceptors. Mol Pain 2009;5:19.

 [78] Kim SH, Chung JM. An experimental model for peripheral neuropathy
produced by segmental spinal nerve ligation in the rat. Pain 1992;50:355-363.

 [79] Kishore-Kumar R, Schafer SC, Lawlor BA, Murphy DL, Max MB. Single doses of
the serotonin agonists buspirone and m-chlorophenylpiperazine do not relieve
neuropathic pain. Pain 1989;37:223-227.

 [80] Kosugi M, Nakatsuka T, Fujita T, Kuroda Y, Kumamoto E. Activation of TRPA1
channel facilitates excitatory synaptic transmission in substantia gelatinosa neurons
of the adult rat spinal cord. J Neurosci 2007;27:4443-4451.



References

57

 [81]  Krause  T,  Asseyer  S,  Taskin  B,  Floel  A,  Witte  AV,  Mueller  K,  Fiebach  JB,
Villringer K, Villringer A, Jungehulsing GJ. The cortical signature of central
poststroke pain: gray matter decreases in somatosensory, insular, and prefrontal
cortices. Cereb Cortex 2016;26:80-88.

 [82]  Kremer  M,  Salvat  E,  Muller  A,  Yalcin  I,  Barrot  M.  Antidepressants  and
gabapentinoids in neuropathic pain: Mechanistic insights. Neuroscience
2016;338:183-206.

 [83] Kremeyer B, Lopera F, Cox JJ, Momin A, Rugiero F, Marsh S, Woods CG, Jones
NG, Paterson KJ, Fricker FR, Villegas A, Acosta N, Pineda-Trujillo NG, Ramirez JD, Zea
J, Burley MW, Bedoya G, Bennett DL, Wood JN, Ruiz-Linares A. A gain-of-function
mutation in TRPA1 causes familial episodic pain syndrome. Neuron 2010;66:671-
680.

 [84]  Kronschlager  MT,  Drdla-Schutting  R,  Gassner  M,  Honsek  SD,  Teuchmann  HL,
Sandkuhler J. Gliogenic LTP spreads widely in nociceptive pathways. Science
2016;354:1144-1148.

 [85]  Kulkarni  B,  Bentley  DE,  Elliott  R,  Julyan  PJ,  Boger  E,  Watson  A,  Boyle  Y,  El-
Deredy W, Jones AK. Arthritic pain is processed in brain areas concerned with
emotions and fear. Arthritis Rheum 2007;56:1345-1354.

 [86] Kuroda R, Kawabata A, Kawao N, Umeda W, Takemura M, Shigenaga Y.
Somatosensory cortex stimulation-evoked analgesia in rats: potentiation by NO
synthase inhibition. Life Sci 2000;66:PL271-6.

 [87]  Kuroda  R,  Kawao  N,  Yoshimura  H,  Umeda  W,  Takemura  M,  Shigenaga  Y,
Kawabata A. Secondary somatosensory cortex stimulation facilitates the
antinociceptive effect of the NO synthase inhibitor through suppression of spinal
nociceptive neurons in the rat. Brain Res 2001;903:110-116.

 [88] Kwiat GC, Basbaum AI. The origin of brainstem noradrenergic and serotonergic
projections to the spinal cord dorsal horn in the rat. Somatosens Mot Res
1992;9:157-173.

 [89]  LaBuda  CJ,  Fuchs  PN.  A  behavioral  test  paradigm  to  measure  the  aversive
quality of inflammatory and neuropathic pain in rats. Exp Neurol 2000;163:490-494.

 [90]  LeDoux  JE,  Iwata  J,  Cicchetti  P,  Reis  DJ.  Different  projections  of  the  central
amygdaloid nucleus mediate autonomic and behavioral correlates of conditioned
fear. J Neurosci 1988;8:2517-2529.



References

58

 [91] Lee JE, Watson D, Frey-Law LA. Psychological factors predict local and referred
experimental muscle pain: a cluster analysis in healthy adults. Eur J Pain
2013;17:903-915.

 [92] Lefaucheur JP, Drouot X, Nguyen JP. Interventional neurophysiology for pain
control: duration of pain relief following repetitive transcranial magnetic
stimulation of the motor cortex. Neurophysiol Clin 2001;31:247-252.

 [93] Lefler Y, Arzi A, Reiner K, Sukhotinsky I, Devor M. Bulbospinal neurons of the
rat rostromedial medulla are highly collateralized. J Comp Neurol 2008;506:960-
978.

 [94]  Li  MJ,  Liu  LY,  Chen  L,  Cai  J,  Wan  Y,  Xing  GG.  Chronic  stress  exacerbates
neuropathic pain via the integration of stress-affect-related information with
nociceptive information in the central nucleus of the amygdala. Pain 2017;158:717-
739.

 [95]  Li  W,  Neugebauer  V.  Block  of  NMDA  and  non-NMDA  receptor  activation
results in reduced background and evoked activity of central amygdala neurons in a
model of arthritic pain. Pain 2004;110:112-122.

 [96] Li W, Neugebauer V. Differential changes of group II and group III mGluR
function in central amygdala neurons in a model of arthritic pain. J Neurophysiol
2006;96:1803-1815.

 [97] Li Z, Ji G, Neugebauer V. Mitochondrial reactive oxygen species are activated
by  mGluR5  through  IP3  and  activate  ERK  and  PKA  to  increase  excitability  of
amygdala neurons and pain behavior. J Neurosci 2011;31:1114-1127.

 [98] Liang M, Mouraux A, Iannetti GD. Parallel processing of nociceptive and non-
nociceptive somatosensory information in the human primary and secondary
somatosensory cortices: evidence from dynamic causal modeling of functional
magnetic resonance imaging data. J Neurosci 2011;31:8976-8985.

 [99] Lindholm P, Lamusuo S, Taiminen T, Pesonen U, Lahti A, Virtanen A, Forssell H,
Hietala J, Hagelberg N, Pertovaara A, Parkkola R, Jaaskelainen S. Right secondary
somatosensory cortex-a promising novel target for the treatment of drug-resistant
neuropathic orofacial pain with repetitive transcranial magnetic stimulation. Pain
2015;156:1276-1283.

 [100] Lockwood PL, Iannetti GD, Haggard P. Transcranial magnetic stimulation over
human secondary somatosensory cortex disrupts perception of pain intensity.
Cortex 2013;49:2201-2209.



References

59

 [101]  Lu YF,  Neugebauer V,  Chen J,  Li  Z.  Distinct  contributions of  reactive oxygen
species in amygdala to bee venom-induced spontaneous pain-related behaviors.
Neurosci Lett 2016;619:68-72.

 [102] Ma W, Blomqvist A, Berkley KJ. Spino-diencephalic relays through the
parabrachial nucleus in the cat. Brain Res 1989;480:37-50.

 [103] Mains RE, Eipper BA. Coordinate synthesis of corticotropins and endorphins
by mouse pituitary tumor cells. J Biol Chem 1978;253:651-655.

 [104] Malick A, Strassman RM, Burstein R. Trigeminohypothalamic and
reticulohypothalamic tract neurons in the upper cervical spinal cord and caudal
medulla of the rat. J Neurophysiol 2000;84:2078-2112.

 [105]  Manzano  GM,  Giuliano  LM,  Nobrega  JA.  A  brief  historical  note  on  the
classification of nerve fibers. Arq Neuropsiquiatr 2008;66:117-119.

 [106] Mason P. Physiological identification of pontomedullary serotonergic
neurons in the rat. J Neurophysiol 1997;77:1087-1098.

 [107] Maxwell L, Maxwell DJ, Neilson M, Kerr R. A confocal microscopic survey of
serotoninergic axons in the lumbar spinal cord of the rat: co-localization with
glutamate decarboxylase and neuropeptides. Neuroscience 1996;75:471-480.

 [108] Melzack R, Wall PD. Pain mechanisms: a new theory. Science 1965;150:971-
979.

 [109] Merskey H, Bogduk N. Part III:  Pain terms, a current list with definitions and
notes on usage. In: Classification of chronic pain. Second edition (revised). Seattle:
IASP Press, 2011.

 [110] Migita K, Uozumi T, Arita K, Monden S. Transcranial magnetic coil stimulation
of motor cortex in patients with central pain. Neurosurgery 1995;36:1037-9;
discussion 1039-40.

 [111] Millan MJ. Descending control of pain. Prog Neurobiol 2002;66:355-474.

 [112] Missig G, Mei L, Vizzard MA, Braas KM, Waschek JA, Ressler KJ, Hammack SE,
May V. Parabrachial pituitary adenylate cyclase-activating polypeptide activation of
amygdala endosomal extracellular signal-regulated kinase signaling regulates the
emotional component of pain. Biol Psychiatry 2017;81:671-682.

 [113] Murphy MP. How mitochondria produce reactive oxygen species. Biochem J
2009;417:1-13.



References

60

 [114] Nassenstein C, Kwong K, Taylor-Clark T, Kollarik M, Macglashan DM, Braun A,
Undem BJ. Expression and function of the ion channel TRPA1 in vagal afferent
nerves innervating mouse lungs. J Physiol 2008;586:1595-1604.

 [115] Neugebauer V. Amygdala pain mechanisms. Handb Exp Pharmacol
2015;227:261-284.

 [116] Neugebauer V, Li W, Bird GC, Bhave G, Gereau RW,4th. Synaptic plasticity in
the amygdala in a model of arthritic pain: differential roles of metabotropic
glutamate receptors 1 and 5. J Neurosci 2003;23:52-63.

 [117] Nitzan-Luques A, Devor M, Tal M. Genotype-selective phenotypic switch in
primary afferent neurons contributes to neuropathic pain. Pain 2011;152:2413-
2426.

 [118]  Obermann  M,  Rodriguez-Raecke  R,  Naegel  S,  Holle  D,  Mueller  D,  Yoon  MS,
Theysohn N, Blex S, Diener HC, Katsarava Z. Gray matter volume reduction reflects
chronic pain in trigeminal neuralgia. Neuroimage 2013;74:352-358.

 [119] O'Connor AB. Neuropathic pain: quality-of-life impact, costs and cost
effectiveness of therapy. Pharmacoeconomics 2009;27:95-112.

 [120] O'Connor AB, Dworkin RH. Treatment of neuropathic pain: an overview of
recent guidelines. Am J Med 2009;122:S22-32.

 [121] Ogawa N, Kurokawa T, Mori Y. Sensing of redox status by TRP channels. Cell
Calcium 2016;60:115-122.

 [122] Pavlov I. Lectures on conditioned reflexes twenty-five years of objective
study of the higher nervous activity (behaviour) of animals. New York, NY, USA:
International Publishers, 1928.

 [123] Pedersen LH, Scheel-Kruger J, Blackburn-Munro G. Amygdala GABA-A
receptor involvement in mediating sensory-discriminative and affective-
motivational pain responses in a rat model of peripheral nerve injury. Pain
2007;127:17-26.

 [124] Pert A, Yaksh T. Localization of the antinociceptive action of morphine in
primate brain. Pharmacol Biochem Behav 1975;3:133-138.

 [125]  Peters  A,  Schweiger  U,  Pellerin  L,  Hubold  C,  Oltmanns  KM,  Conrad  M,
Schultes B, Born J, Fehm HL. The selfish brain: competition for energy resources.
Neurosci Biobehav Rev 2004;28:143-180.

 [126] Prewitt CM, Herman JP. Hypothalamo-pituitary-adrenocortical regulation
following lesions of the central nucleus of the amygdala. Stress 1997;1:263-280.



References

61

 [127] Price DD, Dubner R. Mechanisms of first and second pain in the peripheral
and central nervous systems. J Invest Dermatol 1977;69:167-171.

 [128] Qin C, Greenwood-Van Meerveld B, Myers DA, Foreman RD. Corticosterone
acts directly at the amygdala to alter spinal neuronal activity in response to
colorectal distension. J Neurophysiol 2003;89:1343-1352.

 [129] Radat F, Margot-Duclot A, Attal N. Psychiatric co-morbidities in patients with
chronic peripheral neuropathic pain: a multicentre cohort study. Eur J Pain
2013;17:1547-1557.

 [130]  Raz  M.  The  painless  brain:  lobotomy,  psychiatry,  and  the  treatment  of
chronic pain and terminal illness. Perspect Biol Med 2009;52:555-565.

 [131]  Redgrave  P,  Simkins  M,  McHaffie  JG,  Stein  BE.  Nociceptive  neurones  in  rat
superior colliculus. II. Effects of lesions to the contralateral descending output
pathway on nocifensive behaviours. Exp Brain Res 1996;109:197-208.

 [132] Reis FJ, Lopes D, Rodrigues J, Gosling AP, Gomes MK. Psychological distress
and quality of life in leprosy patients with neuropathic pain. Lepr Rev 2014;85:186-
193.

 [133] Ren W, Neugebauer V. Pain-related increase of excitatory transmission and
decrease of inhibitory transmission in the central nucleus of the amygdala are
mediated by mGluR1. Mol Pain 2010;6:93.

 [134] Ren W, Palazzo E, Maione S, Neugebauer V. Differential effects of mGluR7
and mGluR8 activation on pain-related synaptic activity in the amygdala.
Neuropharmacology 2011;61:1334-1344.

 [135]  Riccio  A,  Li  Y,  Moon  J,  Kim  KS,  Smith  KS,  Rudolph  U,  Gapon  S,  Yao  GL,
Tsvetkov  E,  Rodig  SJ,  Van't  Veer  A,  Meloni  EG,  Carlezon  WA,Jr,  Bolshakov  VY,
Clapham DE. Essential role for TRPC5 in amygdala function and fear-related
behavior. Cell 2009;137:761-772.

 [136]  Riccio  A,  Li  Y,  Tsvetkov  E,  Gapon  S,  Yao  GL,  Smith  KS,  Engin  E,  Rudolph  U,
Bolshakov VY, Clapham DE. Decreased anxiety-like behavior and Galphaq/11-
dependent responses in the amygdala of mice lacking TRPC4 channels. J Neurosci
2014;34:3653-3667.

 [137] Rodriguez-Raecke R, Niemeier A, Ihle K, Ruether W, May A. Brain gray matter
decrease in chronic pain is the consequence and not the cause of pain. J Neurosci
2009;29:13746-13750.



References

62

 [138]  Rodriguez-Raecke R,  Niemeier  A,  Ihle K,  Ruether W, May A.  Structural  brain
changes in chronic pain reflect probably neither damage nor atrophy. PLoS One
2013;8:e54475.

 [139]  Roeder  Z,  Chen  Q,  Davis  S,  Carlson  JD,  Tupone  D,  Heinricher  MM.
Parabrachial complex links pain transmission to descending pain modulation. Pain
2016;157:2697-2708.

 [140] Roozendaal B, Koolhaas JM, Bohus B. Central amygdala lesions affect
behavioral and autonomic balance during stress in rats. Physiol Behav 1991;50:777-
781.

 [141]  Rouwette  T,  Vanelderen  P,  de  Reus  M,  Loohuis  NO,  Giele  J,  van  Egmond  J,
Scheenen W, Scheffer GJ, Roubos E, Vissers K, Kozicz T. Experimental neuropathy
increases limbic forebrain CRF. Eur J Pain 2012;16:61-71.

 [142] Roychowdhury SM, Heinricher MM. Effects of iontophoretically applied
serotonin on three classes of physiologically characterized putative pain modulating
neurons in the rostral ventromedial medulla of lightly anesthetized rats. Neurosci
Lett 1997;226:136-138.

 [143] Royer S, Martina M, Pare D. An inhibitory interface gates impulse traffic
between the input and output stations of the amygdala. J Neurosci 1999;19:10575-
10583.

 [144]  Ruan T,  Lin YJ,  Hsu TH,  Lu SH,  Jow GM, Kou YR.  Sensitization by pulmonary
reactive  oxygen  species  of  rat  vagal  lung  C-fibers:  the  roles  of  the  TRPV1,  TRPA1,
and P2X receptors. PLoS One 2014;9:e91763.

 [145]  Rubinstein  M,  Mogil  JS,  Japon  M,  Chan  EC,  Allen  RG,  Low  MJ.  Absence  of
opioid stress-induced analgesia in mice lacking beta-endorphin by site-directed
mutagenesis. Proc Natl Acad Sci U S A 1996;93:3995-4000.

 [146] Russell WMS, Burch RL. The principles of humane experimental technique.
England: Universities Federation for Animal Welfare, 1959 (as reprinted 1992).

 [147] Sawada A, Niiyama Y, Ataka K, Nagaishi K, Yamakage M, Fujimiya M.
Suppression of bone marrow-derived microglia in the amygdala improves anxiety-
like behavior induced by chronic partial sciatic nerve ligation in mice. Pain
2014;155:1762-1772.

 [148] Selye H. Stress and the General Adaptation Syndrome. Br Med J 1950;1:1383-
1392.



References

63

 [149] Shepard JD, Barron KW, Myers DA. Corticosterone delivery to the amygdala
increases corticotropin-releasing factor mRNA in the central amygdaloid nucleus
and anxiety-like behavior. Brain Res 2000;861:288-295.

 [150] Smith DA, Flynn JP. Afferent projections related to attack sites in the pontine
tegmentum. Brain Res 1979;164:103-119.

 [151] Sotgiu ML, Valente M, Storchi R, Caramenti G, Mario Biella GE. Contribution
by DRt descending facilitatory pathways to maintenance of spinal neuron
sensitization in rats. Brain Res 2008;1188:69-75.

 [152] Spiers JG, Chen HJ, Sernia C, Lavidis NA. Activation of the hypothalamic-
pituitary-adrenal stress axis induces cellular oxidative stress. Front Neurosci
2015;8:456.

 [153] Staaf S, Oerther S, Lucas G, Mattsson JP, Ernfors P. Differential regulation of
TRP channels in a rat model of neuropathic pain. Pain 2009;144:187-199.

 [154] Straub RH. Insulin resistance, selfish brain, and selfish immune system: an
evolutionarily positively selected program used in chronic inflammatory diseases.
Arthritis Res Ther 2014;16 Suppl 2:S4.

 [155] Straub RH. Systemic disease sequelae in chronic inflammatory diseases and
chronic psychological stress: comparison and pathophysiological model. Ann N Y
Acad Sci 2014;1318:7-17.

 [156]  Strekalova  T,  Spanagel  R,  Dolgov  O,  Bartsch  D.  Stress-induced
hyperlocomotion as a confounding factor in anxiety and depression models in mice.
Behav Pharmacol 2005;16:171-180.

 [157] Tanaka M, Matsumoto Y, Murakami T, Hisa Y, Ibata Y. The origins of
catecholaminergic innervation in the rostral ventromedial medulla oblongata of the
rat. Neurosci Lett 1996;207:53-56.

 [158] Tavares I, Lima D. The caudal ventrolateral medulla as an important
inhibitory modulator of pain transmission in the spinal cord. J Pain 2002;3:337-346.

 [159]  Taylor  AM,  Harris  AD,  Varnava  A,  Phillips  R,  Hughes  O,  Wilkes  AR,  Hall  JE,
Wise RG. Neural responses to a modified Stroop paradigm in patients with complex
chronic musculoskeletal pain compared to matched controls: an experimental
functional magnetic resonance imaging study. BMC Psychol 2016;4:5.

 [160] Tomoyose O, Kodama D, Ono H, Tanabe M. Presynaptic inhibitory effects of
fluvoxamine, a selective serotonin reuptake inhibitor, on nociceptive excitatory
synaptic transmission in spinal superficial dorsal horn neurons of adult mice. J
Pharmacol Sci 2014;126:136-145.



References

64

 [161]  Torquati  K,  Pizzella  V,  Della  Penna  S,  Franciotti  R,  Babiloni  C,  Romani  GL,
Rossini PM. "Gating" effects of simultaneous peripheral electrical stimulations on
human secondary somatosensory cortex: a whole-head MEG study. Neuroimage
2003;20:1704-1713.

 [162] Tran L, Greenwood-Van Meerveld B. Altered expression of glucocorticoid
receptor and corticotropin-releasing factor in the central amygdala in response to
elevated corticosterone. Behav Brain Res 2012;234:380-385.

 [163] Tsubokawa T, Katayama Y, Yamamoto T, Hirayama T, Koyama S. Chronic
motor cortex stimulation for the treatment of central pain. Acta Neurochir Suppl
(Wien) 1991;52:137-139.

 [164] Tsubokawa T, Katayama Y, Yamamoto T, Hirayama T, Koyama S. Chronic
motor cortex stimulation in patients with thalamic pain. J Neurosurg 1993;78:393-
401.

 [165] Uglem M, Omland PM, Engstrom M, Gravdahl GB, Linde M, Hagen K, Sand T.
Non-invasive cortical modulation of experimental pain in migraine. Clin
Neurophysiol 2016;127:2362-2369.

 [166]  Ulrich-Lai  YM, Xie W, Meij  JT,  Dolgas CM, Yu L,  Herman JP.  Limbic  and HPA
axis function in an animal model of chronic neuropathic pain. Physiol Behav
2006;88:67-76.

 [167] Urban MO, Smith DJ. Nuclei within the rostral ventromedial medulla
mediating morphine antinociception from the periaqueductal gray. Brain Res
1994;652:9-16.

 [168] Valmunen T, Pertovaara A, Taiminen T, Virtanen A, Parkkola R, Jaaskelainen
SK. Modulation of facial sensitivity by navigated rTMS in healthy subjects. Pain
2009;142:149-158.

 [169] Vanegas H, Barbaro NM, Fields HL. Tail-flick related activity in medullospinal
neurons. Brain Res 1984;321:135-141.

 [170]  Varga V,  Sik  A,  Freund TF,  Kocsis  B.  GABA(B)  receptors  in  the median raphe
nucleus: distribution and role in the serotonergic control of hippocampal activity.
Neuroscience 2002;109:119-132.

 [171] Viisanen H, Ansah OB, Pertovaara A. The role of the dopamine D2 receptor in
descending control of pain induced by motor cortex stimulation in the neuropathic
rat. Brain Res Bull 2012;89:133-143.



References

65

 [172] Viisanen H, Pertovaara A. Antinociception by motor cortex stimulation in the
neuropathic rat: does the locus coeruleus play a role? Exp Brain Res 2010;201:283-
296.

 [173] Viisanen H, Pertovaara A. Roles of the rostroventromedial medulla and the
spinal 5-HT(1A) receptor in descending antinociception induced by motor cortex
stimulation in the neuropathic rat. Neurosci Lett 2010;476:133-137.

 [174] Vogt BA, Rosene DL, Pandya DN. Thalamic and cortical afferents differentiate
anterior from posterior cingulate cortex in the monkey. Science 1979;204:205-207.

 [175]  Wagman  IH,  Price  DD.  Responses  of  dorsal  horn  cells  of  M.  mulatta  to
cutaneous and sural nerve A and C fiber stimuli. J Neurophysiol 1969;32:803-817.

 [176]  Wagner KM, Roeder Z,  Desrochers K,  Buhler  AV,  Heinricher MM, Cleary DR.
The dorsomedial hypothalamus mediates stress-induced hyperalgesia and is the
source of the pronociceptive peptide cholecystokinin in the rostral ventromedial
medulla. Neuroscience 2013;238:29-38.

 [177] Wei H, Chapman H, Saarnilehto M, Kuokkanen K, Koivisto A, Pertovaara A.
Roles of cutaneous versus spinal TRPA1 channels in mechanical hypersensitivity in
the diabetic or mustard oil-treated non-diabetic rat. Neuropharmacology
2010;58:578-584.

 [178] Wei H, Koivisto A, Saarnilehto M, Chapman H, Kuokkanen K, Hao B, Huang JL,
Wang YX, Pertovaara A. Spinal transient receptor potential ankyrin 1 channel
contributes to central pain hypersensitivity in various pathophysiological conditions
in the rat. Pain 2011;152:582-591.

 [179] Wei H, Pertovaara A. 5-HT(1A) receptors in endogenous regulation of
neuropathic hypersensitivity in the rat. Eur J Pharmacol 2006;535:157-165.

 [180]  Wei  H,  Huang J,  Hao B,  Wang Y,  Nian G,  Ma A,  Li  X,  Wang Y,  Pertovaara A.
Intrathecal administration of antioxidants attenuates mechanical pain
hypersensitivity induced by REM sleep deprivation in the rat. Scand J Pain
2011;2:64-69.

 [181] Willis WD, Kenshalo DR,Jr, Leonard RB. The cells of origin of the primate
spinothalamic tract. J Comp Neurol 1979;188:543-573.

 [182] Woolf CJ, Shortland P, Coggeshall RE. Peripheral nerve injury triggers central
sprouting of myelinated afferents. Nature 1992;355:75-78.

 [183] Wu D, Huang W, Richardson PM, Priestley JV, Liu M. TRPC4 in rat dorsal root
ganglion neurons is increased after nerve injury and is necessary for neurite
outgrowth. J Biol Chem 2008;283:416-426.



References

66

 [184] Xiao WH, Bennett GJ. Effects of mitochondrial poisons on the neuropathic
pain produced by the chemotherapeutic agents, paclitaxel and oxaliplatin. Pain
2012;153:704-709.

 [185] Xu Y, Day TA, Buller KM. The central amygdala modulates hypothalamic-
pituitary-adrenal axis responses to systemic interleukin-1beta administration.
Neuroscience 1999;94:175-183.

 [186] You HJ, Colpaert FC, Arendt-Nielsen L. The novel analgesic and high-efficacy
5-HT1A receptor agonist F 13640 inhibits nociceptive responses, wind-up, and after-
discharges in spinal neurons and withdrawal reflexes. Exp Neurol 2005;191:174-
183.

 [187] Zhuo M, Gebhart GF. Biphasic modulation of spinal nociceptive transmission
from the medullary raphe nuclei in the rat. J Neurophysiol 1997;78:746-758.


	NEUROPATHIC PAIN: AMYGDALOID STRESS AS CULPRIT AND CORTICAL STIMULATION AS TREATMENT
	CONTENTS
	ABBREVIATIONS
	EPIGRAPH
	ABSTRACT
	POPULAR ABSTRACT IN FINNISH
	LIST OF ORIGINAL PUBLICATIONS
	1 LITERATURE REVIEW
	2 AIMS
	3 METHODS
	4 RESULTS AND DISCUSSION
	5 CAVEATS
	6 FUTURE PROSPECTS
	7 CONCLUSIONS
	8 REFERENCES



