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Abstract

Clinical evidence suggests that the midbrain periaqueductal grey (PAG) may play a major role 

in the headache component of migraine. Genetic studies indicate that migraine may be a calcium 

channelopathy, but it is unknown in which parts of the brain the channel dysfunction might 

occur. If affected by a channel dysfunction, such as the P/Q-type abnormalities in familial 

hemiplegic migraine, brainstem or midbrain regions that modulate nociception might be regions 

of dysfunction. Therefore, their study might offer insight into the basic neurobiology of 

migraine.

Using the techniques of in vivo electrophysiology and fas immunohistochemistry in an 

experimental animal model of trigemi no vascular nociception, the studies described in this thesis 

examine:

i. The specific regions of the PAG which functionally modulate trigeminovascular 

nociception

ii. What effect the blockade of P/Q-type calcium channels in the PAG has on trigeminal 

nociceptive activity

iii. Which nuclei in the medulla and pons are involved in PAG modulation of 

trigeminovascular activity

The results demonstrate the ventrolateral region of the PAG (vlPAG) most specifically inhibits 

trigeminal nociception. The structures in the brainstem that comprise the nociceptive 

modulatory circuits and their associated autonomic components are involved to varying degree 

in integrating the modulation of and response to trigeminal nociception by the PAG. P/Q-type 

calcium channel blockade in the PAG facilitates trigeminal nociception. These studies support a 

role for the PAG in migraine headache and suggest a functional mechanism by which it could 

contribute to migraine pathophysiology.
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1. Literature Review

1.1 General introduction

When the 19* century British neurologists Liveing, and then Gowers, described the pathology of 

migraine, they both emphasised a hereditary component and episodic central sensory 

dysfunction as cause for the disease:

“...the fundamental cause... is to be found, not in any irritation o f  the visceral or 
cutaneous periphery, nor in any disorder or irregularity o f  the circulation, but in 
a primary and often hereditary vice or morbid disposition o f  the nervous system 
itself; this consists in a tendency on the part o f  the nervous centres to the irregular 
accumulation and discharge ofnerve-force...” (Liveing, 1873)

“...the primary derangement is o f  the nerve-cells o f  the brain. Their junction from  
time to time is disturbed in a peculiar manner, and the visible vaso-motor 
disturbance is o f  secondary origin... The sensory symptoms must depend on 
deranged action o f  the sensory centres in some part o f  the brain. ” (Gowers, 1888)

In his classic book of 1948, Headache and Other Head Pain (Wolff, 1948), Wolff introduces his 

formulation of the migraine syndrome:

“The migraine syndrome is a pattern o f  dysfunction integrated within the central 
nervous system... The outstanding feature is periodic headache, usually unilateral 
in onset, but which may become generalised... Often other members o f  the 
patient's fam ily have similar headaches.”

Despite his inclusion of the “dysfunction integrated within the central nervous system”, Wolffs 

accompanying experimental investigations promoted the importance of cranial vessel dilation in 

the production of the headache. The ensuing 50 years of migraine research has carried this idea 

to the present day. However, much of this research has drawn the spotlight away from Gowers’ 

primary descriptor of migraine; that of the “deranged action o f the sensory centres in the brain". 

This thesis seeks to introduce studies that attempt to return some focus to the dysfunction of 

central sensory centres in migraine.
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1.2 Trigeminal nociception
The follow ing summary is adapted from recent review s (Light, 1992; W illis, 1999; M esslinger 

and Burstein, 2000).

1.2.1. Trigeminal primary afferents

1.2.1.1. Innervation
Sensory innervation o f  the face, oral cavity and intracranial, extracerebral structures is 

principally through the trigeminal, or fifth cranial nerve. The trigeminal nerve is com posed o f  

three divisions that represent its peripheral distribution. The first, or ophthalmic division (V ,) 

innervates the most superior third o f  the face, including the skin, the cornea, mucosa o f  frontal, 

ethm oid and sphenoid sinuses, the dura mater o f  the superior surface o f  the tentorium cerebelli 

and falx cerebri and som e o f  the territory o f  the dura mater covered by the middle meningeal 

aitery and superior sagittal sinus. The second, or maxillary division (V 2), innervates part o f  the 

oral cavity, cutaneous structures o f  the middle third o f  the face, mucosa o f  nasal cavity, 

maxillary and paranasal sinuses, the dura o f  the middle cranial fossa and som e o f  the territory o f  

the dura mater covered by the middle meningeal artery. The most inferior structures o f  the oral 

cavity are innervated by the mandibular division ( V 3 ) .  V 3  also innervates cutaneous structures o f  

the lateral face overlying the mandible, auricle o f  the ear, external auditory meatus, external 

surface o f  the eardrum and part o f the region o f  dura supplied by the middle meningeal artery. 

Oral-facial sensation is not derived solely  from trigeminal innervation. In addition to the 

trigeminal nerve, cranial nerves VII, IX and X contribute to the oral-facial som atic sensation.

Figure 1. Facial and cranial innervation territories of the trigeminal nerve.
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1.2.1.2. Nociceptors
The nociceptor is a primary sensory neuron that is activated by stimuli capable of causing tissue 

damage. The activation of peripheral nociceptors results in the sensation of pain, whether the 

nociceptors are stimulated by natural forms of noxious stimuli, including strong mechanical, 

thermal and chemical stimuli or by electrical stimulation of their axons. Nociceptive 

transduction is activated through a variety of receptors on nociceptive membranes; the activation 

of these G-protein coupled membrane receptors initiates a cascade of second messenger events 

that may alter the excitability of nociceptor terminals. Second and third messenger cascades are 

also involved in longer-term events in which nociceptors undergo plastic changes in their 

properties. The initiation of nerve impulses in nociceptors is in response to the development of a 

receptor potential; a depolarisation that may exceed threshold for the generation of nerve 

impulses.

Polymodal nociceptors use a greater diversity of signal-transduction mechanisms to detect 

physiological stimuli than do primary sensory neurons in other systems. For example, the TRP- 

channel family members (vanilloid receptors named VRl and VRL-1) detect noxious heat and 

cold temperature as well as menthol. The ENaC/DEG-channel family detect mechanical stimuli. 

Noxious chemicals, such as capsaicin or acid (that is, extracellular protons) may be detected 

through a common transducer (VRl). Inflammatory mediators act on nociceptors, such as 

bradykinin which acts on the BK2 receptor (Julius and Basbaum, 2001).

1.2.1.3. Afferent fibres
Primary afferent nociceptors have either small myelinated AÔ or unmyelinated C axons. By 

contrast, sensitive cutaneous mechanoreceptors are often supplied by large myelinated 

fibres, and muscle stretch receptors are innervated by the largest myelinated group I fibres 

(Willis, 1999). Activation of cutaneous AÔ nociceptors results in a sensation of pricking or sharp 

pain, whereas activation of cutaneous C nociceptors causes burning or dull pain. These are also 

termed ‘first’ or ‘second’ pain, since pricking pain occurs at a shorter latency after a stimulus 

than does burning pain. Activation of the nociceptors that supply muscle or other deep somatic 

structures, such as joints, fascia and bone results in aching or cramping pain.

Three primary afferent sensory fibres of relevance to trigeminal nociception are C-fibres, AÔ- 

fibres and AP-fibres. Their diameter, structure and conduction velocity, as detailed in Table 1, 

below, can classify these fibres. Generally, a single discharge of an individual nocisponsive fibre 

is not perceived as noxious and many nocisponsive fibre units need to be recruited over a period 

of time for ‘pain’ to be experienced. Further, actual pain thresholds are higher in humans than 

the thresholds for activation of individual nociceptors. These observations suggest the existence 

of central mechanisms for both spatial and temporal summation for pain signalling.
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Trigeminal primary afferent nerves are bipolar neurons. Their cell bodies are located outside the 

central nervous system in the trigeminal, or gasserian ganglion. Trigeminal afferents project 

primarily to the ipsilateral trigeminal brainstem nuclear complex and to the contralateral Ci and 

C2 dorsal horn. They also project to other ‘non-trigeminal’ areas, as detailed on page 28. Reports 

conflict over the latéralisation of primary afferent projections, because ipsilateral, contralateral 

and bilateral projections have been demonstrated (Marfurt, 1981).

The dura mater is richly supplied by myelinated (A-) and unmyelinated (C) nerve fibres. Their 

innervation of the superior sagittal sinus is denser toward the caudal extension, near the 

confluence of sinuses (Andres et al., 1987). The tooth pulp is predominantly innervated by C- 

fibres (Dostrovsky et al., 1982). The cornea is composed exclusively of small diameter afferents 

(AÔ- and C-fibres) and the innervation density of comeal epithelium is about 300-600 times that 

of skin and 20-40 times that of tooth pulp (Rozsa and Beuerman, 1982).

Table 1. Partial list of properties of nocisponsive fîbres.

Fibre class 0 AS AP

Diameter (pm) 0 .4 -1 .2 2 - 6 > 10

Conduction 
velocity (m/sec)

0 .5 -2 .0 12 -3 0 3 0 -1 0 0

Myelination Unmyelinated Myelinated, light Myelinated,
heavy

Threshold for 
activation

High High Low

Principal
transmitters

SP, NKA, CGRP, EAA EAA

Receptors
engaged

NKl, NK2, CGRPi, CGRPz, NMDA/AMPA, mGlu AMPA

Lamina of 
termination

l/llo . V , X l/llo , V Hi, III, IV , V

Neuronal types 
targeted

NS, WDR NS, WDR, non- 
NS

Non-NS, WDR

Sensation
mediated
(physiological)

Noxious (pain).

Thermal and/or 
mechanical, chemical 
irritant stimulation.

Dull, slow, burning.

Second phase

Noxious, sharp, 
pricking.

First phase

Innocuous (no 
pain), touch, 
vibration, 
pressure

(Millan, 1999)

1.2.2. Trigeminal Brainstem Nuclear Complex (TBNC)

Trigeminal primary afferents enter the grey matter of the trigeminal brainstem nuclear complex 

(TBNC) and converge onto second order neurons. The TBNC is located dorsolaterally in the
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brain stem and extends from the rostral pons to the cervical spinal cord. The TBNC contains a 

somatotopic representation of the trigeminal dermatome in which the ophthalmic, maxillary and 

mandibular regions are represented in a sequence from ventrolateral to dorsomedial (Strassman 

et al., 1994). Seven nuclei can be distinguished using cytoarchitectonie criteria such as cell size, 

cell shape, cell packing density and texture of neuropil. These nuclei are

i. principal sensory nucleus (Vp);

ii. spinal trigeminal complex;

iii. interstitial nucleus of the spinal trigeminal tract;

iv. trigeminal motor nucleus;

V . intertrigeminal nucleus;

vi. supratrigeminal nucleus;

vii. mesencephalic trigeminal nucleus.

The principal sensory nucleus and spinal trigeminal complex contain second-order cells that 

receive direct synaptic contact from somatic sensory trigeminal primary afferent fibres. The 

trigeminal motor nucleus and the supratrigeminal and intertrigeminal nuclei are more directly 

associated with the motor side of the pathway. The mesencephalic trigeminal nucleus contains 

pseudounipolar primary afferent cell bodies and so, in fact, is not a ‘nucleus’, per se. It contains 

cell bodies of primary afferents innervating muscle spindles of muscles of mastication and 

extrinsic ocular muscles. In general, proprioception and light touch (AP afferent input) are 

relayed in the mesencephalic and principal sensory nucleus and pain and temperature sensations 

(AÔ and C afferent input) are relayed in the spinal trigeminal complex. The following section 

describes the organisation of the spinal trigeminal complex.
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Figure 2. The trigeminal brainstem nuclear complex, from the dorsal aspect.
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1.2.2.1. Cytoarchitectonie organisation
The spinal trigeminal com plex is subdivided into three subnuclei:

i. A rostral subnucleus oralis (Vo);

ii. A  middle subnucleus interpolaris (Vi);

iii. A  caudal subnucleus caudalis (Vc).

Numerous studies have shown that the spinal trigeminal subnuclei are topographically organised 

in a ventrolateral direction. The mandibular oral and perioral regions are mainly represented in 

the dorsomedial part o f  the V c and the more lateral parts o f  the ophthalmic oral-facial region are 

represented in the ventrolateral Vc. The central region o f  the V c, between the ventrolateral and 

dorsomedial sections, com prises neurons with overlapping receptive fields having both perioral 

and lateral face com ponents (Hu et al., 1981). Facial receptive fields o f  nociceptive neurons are 

m ostly ipsilateral to the site o f  Vc termination.
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Figure 3. Somatotopic organisation of the spinal trigeminal nucleus.
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The subnucleus caudalis, also referred to as the trigeminal nucleus caudalis (V c), extends from  

the obex to the cervical spinal cord. It is com posed o f  separate regions or layers similar in 

anatomical appearance to the spinal cord dorsal horn. Organisation o f  the ten-layered schem e is 

depicted in Figure 4 below . Basically, laminae I-VI receive sensory input and constitute the 

dorsal horn. Laminae VII-IX contain motor neurons and com pose the ventral horn, while lamina 

X suiTounds the central canal and receives afferent input similar to laminae I and II.

Lamina I is the outer layer and contains the somata o f  ascending trigeminal projection neurons 

which project to rostral structures in the midbrain, diencephalon, forebrain, more rostral levels 

o f the trigeminal sensory nucleus and descending projection neurons terminating in the spinal 

cord (Ruggiero et al., 1981). It also contains interneurons. Lamina II is analogous to the 

substantia gelatinosa layer o f  the spinal cord and contains excitatory and inhibitory interneurons 

and som e projection neurons. It is subdivided into outer (Ho) and inner (Hi) layers. Lamina HI 

and IV contain intrinsic trigeminal neurons as w ell as a few  thalamic projection neurons and 

intemeurons. Lamina V merges with the medullary reticular formation (Nord and Kyler, 1968). 

Laminas V and VI comprise the neck o f  the medullary dorsal horn and include intemeurons and 

nociceptive projection neurons that distribute to the midbrain, diencephalon and forebrain. 

Trigeminal nociceptive primary afferents project primarily to laminae I and II and partially to 

laminae HI, IV and V. Touch responsive afferents project to laminae IV-VI.
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Figure 4. Lamination of the trigeminal nucleus caudalis.
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1.2.2.2. Functional organisation: convergence
Primary afferent neurons converge onto second-order neurons. T hese second order neurons

exhibit properties by which they are classified. Within the Vc three basic types o f  second-order 

neuron respond to nociceptive input. N ociceptive-specific (N S) neurons are typically silent and 

are activated primarily by high intensity, noxious stimuli mediated by C and AÔ fibres. 

Multireceptorial or w ide-dynam ic range neurons (W D R ) produce a dynam ic response over a 

broad stimulus range, i.e. they manifest an incremental, stim ulus-response relationship from 

innocuous to noxious stimulus intensities. They also show  considerable convergence from 

cutaneous, m uscle and visceral input. W D R  neurons are excited by thermal, mechanical and 

chem ical stimuli mediated via both C and AÔ as well as A(3 fibres. The third class o f  neuron is 

non-nociceptive (non-NS). It is worth noting that the encoding properties o f  neurons in the 

dorsal horn may be more com plex then that accounted for by a sim plistic N S, W DR, non-NS  

classification (D avis and Dostrovsky, 1988).

Second-order neurons in the Vc receive convergent input from all sources o f  trigeminal nerve 

input including cutaneous and intracranial sources and from the glossopharyngeal nerve, 

superior laryngeal nerve and tooth pulp afferents. Som atovisceral convergence onto individual 

dorsal horn neurons provides an anatomical basis for the phenomenon o f  ‘refeired’ pain.
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1.2.2.3. Trigeminovascular system
Studies performed in awake human patients in the 1940’s by Wolff demonstrated the pain-

producing qualities of the intracranial structures (Ray and Wolff, 1940; Wolff, 1948). Amongst 

other details he observed, the main observations of his study were that electrical stimulation or 

distension of intracranial vessels can reproduce the site and quality of migrainous pain. These 

observations are in keeping with the sensory innervation via the trigeminal nerve of the large 

blood vessels within the cranium, including the intracerebral arteries, venous sinuses and 

meninges.

All three divisions of the trigeminal nerve convey nociception from the intracranial structures. 

However the tentorial nerve, which is a part of the ophthalmic branch, relays the majority of this 

innervation from structures above the tentorium, such as the superior sagittal sinus and dura 

mater. Fibres in €% convey information from structures below the tentorium.

Pain arising from cranial blood vessels is analogous to visceral pain. Major intracranial blood 

vessels of the dura and pia receive a predominantly small-afferent innervation from the 

trigeminal ganglion. Stimulation of these blood vessels evokes painful sensations in humans that 

are typically referred to the temporal and orbital region of the trigeminal dermatome. A 

population of neurons in the TBNC and upper cervical spinal cord can be activated by 

stimulation of the major durai blood vessels (the superior sagittal sinus and middle meningeal 

artery). Such dura responsive neurons can also be activated by noxious mechanical stimulation 

within a facial receptive field that typically includes the cornea and periorbital skin. Most of 

these neurons receive what appears to be a dual nociceptive afferent input from both a 

superficial and a deep, intracranial site. In the cat and rat, these neurons are located primarily in 

the rostral two-thirds of the trigeminal nucleus caudalis and the caudal most part of the 

trigeminal nucleus interpolaris, caudal to the obex. Within caudalis, the neurons have been 

identified in the ventrolateral part of the deeper lamina, primarily lamina V, but also in the 

lamina III/IV border and in the white matter ventral to caudalis. Neurons in interpolaris are 

restricted to the ventral half of the nucleus.
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Figure 5. Convergence onto second order neurons in the trigeminal nucleus caudalis.
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1.2.2.4. Connections between subnuclei of the TBNC
The nociceptive information processed in the subnuclei o f  the TBN C  does not sim ply reflect the

primary afferent input. There are connections between the various subnuclei that allow  

information transfer within the trigeminal system . Therefore all subnuclei in the spinal 

trigeminal tract contribute to facial and cranial nociception (M esslinger and Burstein, 2000).

Projections exist from the Vc to more rostral nuclei o f  the T B N C , and retrograde tracing studies 

show  projections from all the caudal subnuclei to the Vp. This intersubnuclear system  may play 

a role in integrating cranial, oral and facial pain. If this system  is excitatoi-y, intratrigeminal 

projections might represent a way in which an afferent input carried by a relatively small 

number o f  primary durai afferents can be amplified by being distributed to a much larger 

population o f  central neurons (Strassman et al., 1994). It has been suggested this system  

contains both facilitatory as w ell as inhibitory connections.

The cells o f  origin o f  the ascending internuclear pathways are distributed in all laminae o f  the 

caudal part o f  the Vc except for lamina II and the caudal regions o f  the pars interpolaris o f  Vi. 

C ells arising from the Vc project to all rostral trigeminal nuclei except the caudal Vi and dorsal 

part o f  the principal trigeminal nucleus (Vp), and neurons o f  the caudal Vi project to the 

dorsomedial and rostrodorsomedial divisions o f  the spinal trigeminal nucleus and the ventral 

part o f  the Vp, although the main fibres from the V c arise from lam inae III-V and project to the 

rostral Vi and Vo. C ells o f  origin o f  the descending internuclear pathways are distributed in all 

trigeminal nuclei, with chain-like connections betw een neighbouring nuclei, w hile the caudal 

regions o f  the Vi and laminae I-II receive very few  descending projections (Nasution and 

Shigenaga, 1987).
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1.2.2.5. Homology with the spinal cord
In this thesis, reference will be made to the properties of nociceptive neurons in non-trigeminal

models of pain. Many of these studies detail nociceptive responses in the spinal cord dorsal 

horn. The notion that the trigeminal system is distinct to other sensory systems processed in the 

spinal cord is important because head pain is functionally different to other types of pain and 

needs to be viewed this way for a thorough understanding of the processes of migraine. It is 

therefore appropriate to mention homology of the trigeminal nucleus caudalis with the spinal 

cord dorsal horn. This is adapted from a recent review (Bereiter et al., 2000).

The Vc consists of an elongated portion that merges without clear boundaries with the cervical 

dorsal horn. Based mainly on studies using comeal stimuli it has been proposed that neurons in 

the ventral Vi/Vc transition region and caudal Vc are interconnected to serve different aspects of 

craniofacial pain associated with ophthalmic structures and display properties different from 

dorsal horn neurons in lower portions of the spinal cord (Bereiter et al., 2000). The ventral 

Vi/Vc transition region and caudal Vc receive a different complement of unmyelinated C-fibres.

A unique feature of trigeminal organization is the dual representation of specialized craniofacial 

tissues supplied by the ophthalmic division of the trigeminal nerve. Cornea, nasal mucosa and 

durai sinuses are represented in a discontinuous fashion at the Vi/Vc transition region and caudal 

Vc. This contrasts with results in spinal cord in which spinal nerves project to a single dominant 

spinal segment (Strassman et al., 1994).

Given the similar properties of isolated peripheral trigeminal and spinal ganglion neurons, it is 

tempting to equate the mechanisms that underlie the initial stages of processing in trigeminal 

and spinal nociception. This homology may hold best for nociceptive inputs from cutaneous 

tissue; however many second-order trigeminal neurons receive convergent input from 

specialised craniofacial structures that may shape their response properties. Given the extensive 

interconnections within the TBNC and the wide variety of specialized craniofacial tissues 

supplied by the trigeminal nerve, some caution must be used when inferring uniform properties 

between processing in the TBNC and the non-trigeminal spinal cord.

1.2.2.6. Trigeminal primary afferents to ‘non-trigeminar areas
The central projections of trigeminal primary afferent neurons to various ‘non-trigeminal’ areas

of the central nervous system have been investigated in the rat (Marfurt and Rajchert, 1991). 

This study showed varying density of primary afferents terminating in the ipsilateral dorsal horn 

of the spinal cord from Ci through to C?. Mandibular primary afferents projected to the 

ipsilateral paratrigeminal nucleus, the nucleus of the solitary tract, the supratrigeminal nucleus 

and the dorsal reticular formation. Also, projections were found to the cuneate, trigeminal 

motor, lateral and superior vestibular nuclei and cerebellum.
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Projections from the ophthalmic and maxillary divisions were directed mainly to the cervical 

spinal cord bilaterally, and to certain areas of the reticular formation. Hu reported that 

antidromic stimulation of the thalamus revealed about 10% of orofacial cutaneous nociceptive 

primary afferents had a direct axonal projection to the contralateral thalamus (Hu et al., 1981). 

The purpose of these apparently ‘non-trigeminal’ projections was suggested to play important 

roles in trigeminospinal reflexes (dorsal horn of spinal cord C 1-C 7 ), fusion of the sensory maps 

of the right and left sides of the head (contralateral projections), trigeminovisceral integration 

(paratrigeminal and solitary), control and integration of oral motor behaviour (supratrigeminal 

and motor V), orofacial reflexes (reticular formation), and the coordination and stabilization of 

head posture and gaze (cuneate, vestibular and cerebellum).

1.3 Brainstem pathways related to trigeminal nociception

1.3.1. Projections from Trigeminal Brainstem Nuclear Complex

The ascending pathways from second-order neurons in the TBNC that are of primary 

importance with respect to central nociceptive processing or the sensation of pain are:

i. The monosynaptic direct projections to the thalamus, the spinothalamic tract (STT);

ii. The direct projections to the reticular and homeostatic control regions of the medulla 

and brainstem, the spinobulbar projections, which is composed of the spinoreticular 

(SRT) and spinomesencephalic (SMT) tracts;

iii. The direct projections to the hypothalamus and ventral forebrain, the

spinohypothalamic tract (SHT).

The three ‘classical’ monosynaptic pathways, the STT, spinoreticular and spinomesencephalic 

tracts, have their projections predominantly contralateral; their projection neurons of origin cross 

the midline within the same segment before ascending to their cerebral targets.

Thus there is a complex, interactive, network of direct and indirect innervation of the thalamus, 

midbrain, limbic system, cortex, reticular formation and other cerebral structures that operates 

via multiple ascending pathways. These supraspinal regions are interlinked and interact with 

mechanisms of descending modulation of nociception. Together they comprise the endogenous 

nociceptive modulating system, which produces both anti- and pro-nociceptive effects. These 

inhibitory and pro-nociceptive effects are discussed on page 37.

The ascending pathways and supraspinal mechanisms in the modulation and experience of pain 

can be divided into two fundamental functional components, processed by distinctive but 

interconnected and interactive circuits:
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i. The sensory-discriminative transmission component, which conducts the perception 

and detection of noxious stimuli per se as concerns their intensity, location, duration, 

temporal pattern and quality

ii. The affective-cognitive and modulation and response component which mediates the 

relationship between pain and mood, the attention to pain and memory of pain, the 

capacity to cope with and tolerate pain and its rationalization (Craig, 1994).

These sensory and affective components are collectively responsible for the overall experience 

of pain, but their distinction has implications for the induction and maintenance of pain.

1.3.1.1. Thalamus
The thalamus receives contralateral input from each of the TBNC subnuclei. The majority of the 

TBNC neurons projecting to the contralateral thalamus come from the Vp, the remainder in the 

Vi and a small component from the Vo and Vc. In cats and monkeys there is also a marked 

ipsilateral projection from Vp that appears to be absent in rodents. Trigeminothalamic 

projections terminate preferentially in the medial subnucleus of the thalamic ventroposterior 

complex (VPM) (Hu et al., 1981; Zagami and Lambert, 1990). Rodent trigeminothalamic axons 

terminate in the corresponding thalamic ventrobasal complex (VB). TBNC projections also 

terminate in the ventral medial nucleus, ventral and central lateral nuclei, the parafascicular 

nucleus and the medial dorsal nucleus of the thalamus. Spinothalamic tract neurons can send 

collaterals toward bulbar and mesencephalic reticular regions.

1.3.1.2. Hypothalamus
In addition to the thalamus, TBNC neurons also project to a number of diencephalic and brain 

stem areas involved in regulation of autonomic, endocrine, affective and motor functions. For 

example, all TBNC subnuclei contain neurons that project directly to the hypothalamus. The 

majority of these neurons are found bilaterally in laminae I, II and V of C | . 2  and Vc, in the 

transition zone between Vc and Vi and in the paratrigeminal nucleus, thus suggesting a role in 

nociception. The nuclei in the hypothalamus involved in nociception include the supraoptic, 

paraventricular and posterior (Malick et al., 2(XX)).

1.3.1.3. Cerebral Cortex
Some primate cortical neurons in the somatosensory region respond to noxious stimuli applied

to the facial skin. Some of these neurons have restricted contralateral facial receptive fields 

(Marfurt and Rajchert, 1991).

1.3.1.4. Spinobulbar
Anatomical evidence indicates that ascending spinobulbar terminations are concentrated in four 

major areas of the brainstem.

i. The periaqueductal grey
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ii. The brainstem reticular formation

iii. The regions containing the brainstem catecholaminergic cell groups, i.e. the 

ventrolateral medulla (Al, Cl, A5), the nucleus of the solitary tract (A2, NTS), the 

locus coeruleus (A6), and the subcoerulear and Kolliker-Fuse regions in the 

dorsolateral pons (A7).

iv. The parabrachial nucleus

Within the Vc these projections arise from the ventrolateral part of lamina V and the adjacent 

part of lamina IV and from the ventral and medial part of Vi. Projections to the medulla are 

bilateral and those to the pons and mesencephalon, although more frequently contralateral, are 

both ipsilateral and bilateral as well (Menetrey et al., 1982; Craig, 1995).

1.3.1.4.1. Periaqueductal grey

There are direct projections from both the trigeminal nucleus and spinal cord to the PAG

(Mantyh, 1982a; Wiberg et al., 1986; Blomqvist and Craig, 1991). The Vc and rostral portion of 

the Vo send dense projections to the lateral and ventrolateral PAG, but not the dorsal PAG. The 

Vp sends sparse projections to the same regions of the PAG. The projections from the Vc 

originate primarily from lamina I and V (Wiberg et al., 1986). These projections are 

predominantly contralateral.

On a gross level, spinal and trigeminal input to the PAG is topographically organised 

rostrocaudally in a trigeminal, cervical, lumbar progression within the lateral PAG but not in the 

ventrolateral PAG. The ventrolateral PAG (vlPAG) also receives bilateral input from cells in the 

intermediate zone and ventral horn of the C ,_2 segments (Blomqvist and Craig, 1991).

1.3.1.4.2. Reticular formation (RF)

Two major components make up the spinoreticular tract (SRT), one terminating in the

bulbopontine zone and another projecting to the mesencephalic level. Numerous anatomical 

studies report the existence of projections from the TBNC to the reticular formation (Stewart 

and King, 1963; Esser et al., 1998; 2^rari-Mailly et al., 2001). The projections from the TBNC 

arise most densely from the more dorsal portions of the trigeminal nucleus and lightly from the 

ventral and intermediate sections. This decreasing dorsoventral density of trigemino-reticular 

projections corresponds to a decreasing influence on the RF from the dorsal mandibular regions 

of the face to the ventral ophthalmic ones. The projections are bilateral and contralateral with an 

ipsilateral dominance. The contralateral fibres generally run parallel across the ipsilateral 

reticular formation then reach the contralateral RF for termination.

1.3.1.4.3. Catecholamine ceil groups

The neural pathways that link the spinal trigeminal nucleus with medullary and pontine

autonomic cell groups centre on the catecholaminergic cell groups (Esser et al., 1998). There are

31



dense direct ipsilateral and some contralateral projections from the dorsal Vc to the lateral 

tegmental field, rostral ventrolateral medulla (RVLM, vasopressor region) and the caudal 

ventrolateral medulla (CVLM, vasodepressor region) and sparse projections to the Cl, A1 and 

A5 cell groups. A6, the locus coeruleus, receives direct trigeminal projections.

These are well known integration sites for cardiorespiratory and homeostatic function, and 

contain pre-autonomic bulbospinal neurons that drive sympathetic outflow as well as 

descending antinociceptive mechanisms (Craig and Dostrovsky, 1999). Pressor changes 

produced by noxious mandibular stimulation are mediated by these structures (Esser et al., 

1998).

1.3.1.4.4. Other subcortical nuclei

Bilateral projections from the TBNC to the parabrachial and Kolliker-Fuse nuclei have been

identified. Neurons in the Vc send axons to the external portion of the lateral parabrachial area. 

A large percentage of the somatosensory neurons in the parabrachial nuclei respond exclusively 

to noxious stimuli. It has been postulated that this projection is part of a 

trigeminopontoamygdaloid pathway that may be involved in the affective, behavioural, and 

autonomic reactions to noxious events (Cechetto et al., 1985; Panneton and Burton, 1985).

Other TBNC projections include those ascending to the superior colliculus, which receives 

projections from all TBNC subnuclei. The Vi projects to the ipsilateral cerebellum, and to the 

contralateral inferior olive. TBNC projections go to the nucleus tractus solitarius (NTS), which 

is suggested to be important in the coordination of somatic and visceral reflexes.

1.3.1.5. Superior Sallvatory Nucleus
The rostral dorsomedial Vc, Vo and Vp send ipsilateral projections to the superior salivatory

nucleus (SSN) (Spencer et al., 1990). Additional to trigeminal projections, the SSN receives 

input from various structures in the medulla, pons and midbrain. These include the nucleus 

tractus solitarius, nucleus reticularis gigantocellularis and magnocellularis, nucleus raphe 

magnus, parabrachial nucleus, locus coeruleus, A5 noradrenergic cell group, pontine blink 

premotor area, vlPAG and the hypothalamus. All of these projections are ipsilateral except for a 

contralateral hypothalamic projection.

The superior salivatory nucleus is located just caudal to the facial nucleus. It was first 

recognised by Jacobsohn (Jacobsohn, 1909; Berman, 1968) as a centre originally recognised for 

‘salivatory secretion’. It contains very large cells (40p,m diameter) that are parasympathetic 

preganglionic neurons, whose axons send their fibres via the intermediate nerve to the 

pterygopalatine ganglion. These axons diverge from the intermediate nerve to become the 

greater superficial petrosal nerve. Sympathetic postganglionic fibres from the superior cervical 

ganglion join this nerve as it changes its name to become the Vidian nerve upon entrance into 

the pterygopalatine fossa. The pterygopalatine ganglion (named so in the human), also called the
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sphenopalatine ganglion in other species, contains parasympathetic neurons that innervate the 

lacrimal gland, the nasal and palatine m ucosa and the cerebral vasculature.

The pterygopalatine ganglion is the major source o f  cholinergic and VIP fibres projecting to the 

anterior cerebral blood vessels (Uddman et al., 1980b; Uddman et al., 1980a). Unilateral 

stimulation o f  the greater superficial petrosal nerve (G PN ) cell group, which is a subgroup o f  the 

SSN , reduces ipsilateral cerebrocortical vascular resistance (Nakai et al., 1993). This vasodilator 

effect o f  the SSN  can be evoked by stimulation o f  the central structures that project to the SSN , 

especially the vlPAG and the locus coeruleus (Nakai and M aeda, 1996).

Figure 6 . Innervation territories o f the superior salivatory nucleus.

S ag itta l v ie w  o f  the head  sh o w in g  the su p erior  sa liv a to ry  n u c le u s  (S S N )  in the p o n s  
and its ou tp u t n eu ron s to  the lacrim al and  nasal g la n d s and  the cereb ro v a scu la tu re . 
A  cro ss  h e m ise c tio n  o f  the m ed u lla  s h o w in g  the lo ca tio n  o f  the S S N  re la tiv e  to  the 
tr igem ina l n u c leu s .
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Figure 7. Structures in the brainstem and cortex with trigeminal connections.

Dorsal aspect. P lacem ent o f  structures is anatom ically  accurate, not all structures involved in 
nociception are included. A R F, an terio r re ticu lar form ation; DRN, dorsal raphe nucleus; KF, Kolliker- 
Fuse nucleus; LC, locus coeru leus; N R M , nucleus raphe m agnus; NTS, nucleus tractus solitarius; 
PAG, periaqueductal grey; PB , pontine blink prem otor area; PBN , parabrachial nucleus; PN, posterior 
nucleus; PV N, p a raven tricu lar nucleus; RF, re ticu lar form ation; SI, som atosensory  region I; SON, 
supraoptic  nucleus; T PV N , thalam ic paraven tricu lar nucleus; Vc, trigem inal nucleus caudalis; Vg, 
trigem inal ganglion ; Vi, trigem inal nucleus interpolaris; Vo, trigem inal nucleus oralis; VLM , 
ventro lateral m edulla; Vp, p rincipal trigem inal nucleus; V PM , ventral posterom edial nucleus.
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Figure 8. Projections ascending from the trigeminal spinal and principal nuclei.

D om inant latéralisation  is ind icated  w here blue projections are contra la tera l and black projections are 
ipsilateral. P rojections o ther than those indicated exist. For structure labels re fer to the preceding 
diagram , F igure 7.

I  Ipsilateral 

Contralateral

1.3.1.6. Trigemino-spinal projections
Projections from the T B N C  have been found in all levels o f  the spinal cord (Ruggiero et al.,

1981). Originating in the V c, the V i/V c overlap area, and in the ventral division o f  Vo, the 

projections descend as far as the lumbosacral cord. Projections from the V c and Vi are primarily 

ipsilateral to all levels o f  the spinal cord. C ells in the V o innervating the cervical cord are 

distributed bilaterally. Projections from the V o to the thoracic and lumbosacral segm ents are 

entirely crossed, sparser and less extensive than those to cervical levels, they originate from  

several loci that strongly overlap the distributions o f  trigeminocerebel 1 ar neurons.

1.3.2. Descending Projections to Trigeminal Brainstem Nuclear 

Complex

The fo llow in g  description is a basic list o f descending projections o f  relevance to the studies 

reported in this thesis, it is by no means exhaustive.
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1.3.2.1. Reticular and raphe
Reticular and raphe descending projections to the TBNC differentiate across the trigeminal

nuclei (Lovick and Wolstencroft, 1983).

Trigeminal nucleus caudaUs

Projections to the Vc derive from the NRM (but not the other midline raphe nuclei obscurus and 

pallidus), and subdivisions of the reticular formation that include the ipsilateral gigantocellular, 

parvocellular, magnocellular and paragigantocellular reticular nuclei. Some of these connections 

are also contralateral. There are no projections from the locus coeruleus. Many projections 

descend from the ipsilateral rostral trigeminal nuclei. However very few Vp neurons project to 

the Vc.

Trigeminal nucleus oralis

Projections to the Vo derive from the NRM, more than to the Vc. Within the reticular formation 

many cells project from the gigantocellular reticular nucleus, some from the parvocellular and 

occasionally from the magnocellular nucleus. The reticular nucleus paragigantocellularis 

projects bilaterally to the Vo. Again, large numbers of neurons project from the ipsilateral 

trigeminal nucleus. The reticular infratrigeminal nucleus projects to the Vo, and some 

contralateral neurons project from the principal sensory and other subdivisions of the spinal 

trigeminal nucleus.

1.3.2.2. PAG
Projections direct from the PAG to the trigeminal nucleus comprise roughly 30% of neurons 

from the PAG targeting the trigeminal nucleus, with the remainder being indirect projections 

(Blomqvist and Craig, 1991). Those PAG neurons that do project directly from the PAG to the 

trigeminal nucleus arise from separate neuronal populations within the PAG to those that project 

from the PAG to the reticular and raphe nuclei in the medulla and pons (Beitz et al., 1983a).

1.3.2.3. Other
Nuclei of the parabrachial area project directly and bilaterally to all subnuclei of the TBNC and 

may constitute a powerful descending antinociceptive system (Chiang et al., 1994). Projections 

from the ventrolateral parabrachial terminate mainly in the ventrolateral TBNC, where 

ophthalmic afferents project. Some cells project from the medial vestibular nucleus bilaterally. 

The contralateral 3a and 4b face area and jaw and oral regions of the somatosensory cortex 

project directly to the Vc and are known to control trigeminal nociceptive responses in a 

predominantly inhibitory manner (Chiang et al., 1990). The paraventricular region of the caudal 

thalamus and the ventroposteromedial region of the thalamus project to the TBNC. The 

dominant projections from the hypothalamus to the Vc derive from the paraventricular 

subregion. The dorsal raphe nucleus sends extensive serotonergic projections to the TBNC.
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Figure 9. Descending projections to the trigeminal spinal and principal nuclei.

1.3.2.4. Descending inhibitory and facilitatory pathways

I.3.2.4.I. Inhibitory

The neuronal network extending from the frontal cortex and the hypothalamus through the PAG  

to the NRM  and reticular formation and then to the medulla and spinal cord is probably the most 

powerful descending nociceptive inhibitory system  (M esslinger and Burstein, 20(X)). Electrical 

stimulation as w ell as injection o f  opioids into these structures reduces the activity o f  trigeminal 

nocisponsive neurons in the dorsal horn (Lovick and W olstencroft, 1979; Chiang et al., 1994). 

Injection o f  opioids into the amygdala causes antinociception via the PAG -N RM  system . The 

trigeminal-m ediated jaw -opening reflex induced by noxious orofacial input is inhibited by 

stimulation o f  the orofacial region o f  the som atosensory cortex (Chiang et al., 1990). 

Stim ulation o f  hypothalamic regions can produce analgesia and suppresses the responses o f  V c 

neurons (R hodes and Liebeskind, 1978; M esslinger and Burstein, 2000). Electrical stimulation 

o f  the parabrachial area inhibits spontaneous and evoked activity in V c nocisponsive neurons 

(Chiang et al., 1994).

D escending pathways modulate generally by reducing the release o f  neurotransmitters from the 

terminals o f  nocisponsive primary afferents (Fields and Basbaum, 1999). The activation o f
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descending pathways inhibits nocisponsive projection neurons both directly and indirectly, via 

the inhibition of excitatory intemeurons and the excitation of inhibitory intemeurons. These 

actions are postsynaptic.

I.3.2.4.2. Facilitatory

Pain facilitation can arise by anti-analgesic or pro-nociceptive effects. Functionally, pain 

facilitation can involve either a selective attenuation of activity in endogenous descending 

inhibitory circuits without an accompanying shift in basal pain sensitivity (antianalgesia), a 

selective increase in basal pain sensitivity (hyperalgesia), or an attenuation of analgesia 

accompanied by an increase in basal pain sensitivity (both antianalgesia and hyperalgesia) 

(McNally, 1999). The best-characterised facilitatory pathway that produces antianalgesia 

descends from the amygdala via the dorsal raphe nucleus to the NRM and projects to the dorsal 

horn. At the level of the spinal cord, antianalgesia is produced by the inhibition of analgesia 

mechanisms at both the terminals of primary afferent nociceptors and the post-synaptic neuron 

(McNally, 1999).

Descending projections from the PAG can enhance the sensitivity of nociceptive dorsal horn 

neurons (Bederson et al., 1990; Urban et al., 1996). A loss of cerebral GABAergic inhibitory 

tone may result in the disinhibition of descending facilitatory pathways. The anterior pretectal 

area of the brainstem may, via descending facilitatory pathways, exert an excitatory influence on 

noxious-specific neurons in the superficial dorsal horn (Rees et al., 1995).

1.3.2.5. Ascending nociceptive pathways modulate descending pathways
The inactivation of descending inhibition, or activation of descending facilitation may enhance

the onward flow of nociceptive information to the brain. Where dorsal horn mechanisms 

modulating primary afferent fibre activity are concerned, the activation of descending pathways 

by supraspinal nociceptive information completes a complex and extensive circuit. 

Theoretically, primary afferent fibre nociceptive activity might, via the dorsal horn, ascending 

pathways, descending pathways and secondary dorsal horn mechanisms ultimately lead to an 

alteration in their own activity and/or that of other primary afferent fibres.

1.3.3. Interacting structures in the brainstem

Extensive projections exist between the PAG, pons, medulla, trigeminal nuclei and spinal cord. 

Those connections will be explained in more detail in the following sections. The structures 

described are of interest to the studies reported in this thesis, other structures in the medulla and 

pons are excluded.

1.4 Periaqueductal grey
Periaqueductal grey refers to the portion of the ventricular grey matter that surrounds the 

midbrain aqueduct. Rostrally, the PAG is continuous with the periventricular grey matter
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surrounding the third ventricle in the hypothalamus and thalamus. Caudally it is continuous with 

the periventricular grey matter that in the dorsal pons forms the ventral and ventrolateral border 

of the fourth ventricle. Although the oculomotor group of nuclei and the dorsal raphe nucleus 

constitute the major part of the grey matter ventral to the midbrain aqueduct, they are usually 

considered, on functional and anatomical grounds, separable from the PAG.

The major functions of the PAG include the modulation of pain and analgesia, fear and anxiety, 

vocalisation, lordosis and cardiovascular control. The early studies of the PAG concentrated on 

its role in ascending pain transmission. In 1937 Magoun showed the involvement of the PAG in 

pain and vocalisation (Magoun et al., 1937). A further study by Melzack showed that lesion of 

the ventrolateral PAG significantly attenuates the perception of pain (Melzack et al., 1958). 

Since these early studies, the largest body of investigations into the PAG have been directed 

toward its role in descending pain inhibition. The original studies on the analgesic effect of PAG 

stimulation, referred to as stimulus-produced analgesia (SPA), showed that stimulation in almost 

all regions of the PAG produces analgesia (Adams, 1976; Hosobuchi et al., 1977).

1.4.1. Anatomical subunits

The PAG is not a homogenous structure. Anatomical and functional specificity is organised in 

longitudinal neuronal columns that extend for varying distances along the rostrocaudal axis of 

the PAG. These columns are the dorsolateral, dorsomedial, lateral and ventrolateral neuronal 

columns. Studies of a number of different functions (e.g. arterial pressure, regional 

vasoconstrictor tone, respiration/vocalisation, analgesia, defensive behaviour) suggest that the 

functionally distinct longitudinal columns have partially overlapping distributions. Comparative 

studies of the morphology of the PAG in the rat, cat and monkey have shown considerable 

similarities in the types of cells and their distribution within the PAG (Mantyh, 1982b).
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Table 2. Summary of functional differentiation across PAG regions.

Dorsolateral/lateral PAG Ventrolateral PAG

Behaviour Species specific defence Hyporeactive immobility

Autonomic Sympathoexcitatory Sympathoinhibitory

Nociception Non-opioid Opioid

Selective Non-selective

Figure 10. Integrative functions o f the PAG by anatomical substrate.

rostral midbrain

dorsomedial

dorsolateral

lateral

ventrolateral

flight/confrontational defence 
hypertension/tachycardia 

hindlimb vasodilation
non-opioidergic analgesia 

active coping

PAG

quiescence/hyporeactivity 
hypotension/bradycardia 

opioidergic analgesia 
passive coping

caudal midbrain

1.4.1.1. Dorsolateral and dorsomedial column
The dorsal colum n is com prised o f  the dorsolateral and dorsom edial subdivisions. The

dorsolateral colum n extends through the rostral and intermediate thirds o f  the PAG  and 

gradually dim inishes in the caudal third o f  the PAG. Efferents from the dorsolateral colum n  

project strongly to the cuneiform  nucleus and periabducens region. Afferents to the dorsolateral 

colum n project from the nucleus prepositus hypoglossi, cuneiform  nucleus and deep layers o f  

the superior collicu lus. The dorsal subdivision has the low est packing density o f  neurons in the 

entire PAG  (B eitz, 1995).
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The dorsomedial column lies directly above the aqueduct and has its lateral limit defined by the 

dorsolateral column. It is present in equal portion along the entire rostrocaudal extent of the 

PAG. Dorsomedial neurons project to the rostral ventromedial and rostral ventrolateral medulla. 

They receive input from the cortical and subcortical forebrain. Neither the dorsolateral or 

dorsomedial columns receive significant direct spinal dorsal horn or spinal trigeminal input.

1.4.1.2. Lateral column
The lateral column lies immediately lateral to the aqueduct and extends through the rostral and

intermediate two thirds of the PAG. It separates the dorsal PAG from the ventral PAG. 

Projections from the lateral column go to the ventromedial, ventrolateral and dorsal medulla, 

particularly the nucleus tractus solitarius. The rostral portion of the lateral column receives 

significant afferent input from the spinal trigeminal nucleus while the caudal portion of the 

lateral column receives significant input from the cervical enlargement of the spinal cord. The 

intermediate portion of the lateral column receives afferent input from the anterior 

hypothalamic/medial preoptic region, the central nucleus of the amygdala and the anterior 

cingulate cortex. In its caudal extent the lateral column expands to include somatosensory input 

from the lumbar enlargement of the spinal cord.

1.4.1.3. Ventrolateral column
The ventrolateral column extends from the intermediate to caudal extent of the PAG, It sits

ventral to the lateral column but does not include the neurons immediately ventral to the 

aqueduct (this is the dorsal raphe nucleus). The anatomical connections of the ventrolateral 

column are almost identical to the lateral column, i.e. efferents project to the rostral and caudal 

medulla and afferents come from the same forebrain cortical and subcortical areas and lumbar 

and cervical enlargements of the spinal cord and trigeminal nucleus. However, stimulation of the 

ventrolateral column produces the opposite responses to those produced from the lateral column, 

i.e. decreased autonomic (sympathetic) and somatomotor activity. The ventrolateral subdivision 

has the highest packing density of neurons in the entire PAG (Bandler et al., 1991 ; Beitz, 1995).

1.4.2. Modulation of nociception

Investigations into the role of the PAG as an anti-nociceptive centre are widely documented in 

various animal models of pain (Reynolds, 1969; Behbehani, 1995). The first to identify 

brainstem-elicited descending anti-nociception was Reynolds (Reynolds, 1969), who found that 

electrical stimulation of the PAG produced analgesia sufficient for abdominal surgery in the rat. 

Brainstem stimulation produces analgesia directly at the nociceptive neurons in the spinal cord 

(Mayer et al., 1971). Analgesia evoked from the ventrolateral column is opioid-dependent, 

whereas analgesia from the dorsal and lateral column is not. Analgesia evoked from the vlPAG 

has a relatively long time course and is thought to help support recovery and healing during a
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period of immobility following injury. Whereas analgesia evoked from the dorsal and lateral 

PAG is of a short time course.

Of particular importance to trigeminal nociceptive modulation is the ventrolateral subdivision of 

the PAG (vlPAG). It selectively receives input from trigeminovascular afferents (Cliveras et al., 

1974a; Keay and Bandler, 1998; Hoskin et al., 2(X)1). Stimulation of the vlPAG affects the 

trigeminal-mediated nociceptive Jaw-opening reflex in the cat (Cliveras et al., 1974a; 

Dostrovsky et al., 1982). Orofacial noxious stimulation evokes activation of serotonergic 

neurons throughout the PAG (Lang and Li, 1998). PAG stimulation has previously been shown 

to inhibit dura-responsive neurons recorded in the Vc (Strassman et al., 1986). PAG modulation 

of trigeminal nociception has been most thoroughly studied for its inhibitory effects and less so 

for trigeminal pro-nociceptive effects (Behbehani, 1995).

The PAG is a heterogeneous structure, comprised of numerous cell types. Some have been 

characterised primarily by their response properties to noxious stimulation and others by their 

receptor profile. Three classes have been identified in the PAG and NRM with nocisponsive 

properties (Heinricher et al., 1987). They are characterised by their different behaviour before a 

tail flick in the rat model of acute pain: ‘on-cells’ are activated immediately before the reflex; 

‘off-cells’ are inhibited; neutral cells show no change (Fields et al., 1991). The on-cells and off- 

cells have been best characterised in the NRM. Therefore, a model of PAG-NRM nociceptive 

modulation is based on the activity of on- and off-cells in the NRM and projection neurons from 

the PAG to the NRM that target on- and off-cells.

The PAG circuits that, when activated, produce analgesia excite off-cells and inhibit on-cells in 

the NRM. On-cells, which facilitate pain transmission, receive an enkephalinergic input, are 

inhibited by opioids through an action at the p receptor, and project to the dorsal horn. Off-cells, 

which also project to the dorsal horn, are inhibited by on-cells and thus are activated indirectly 

(disinhibited) by opioids and inhibit pain transmission (Heinricher et al., 1994). Opioid 

analgesics induce two opposing processes in pain-modulating circuits: analgesia (inhibition of 

on-cells) and a longer-lasting compensatory hyperalgesia (rebound excitation of on-cells) that 

becomes overt when analgesic action is terminated (Fields, 1997).

A mechanism of disinhibition of PAG neurons by opioids involves an interaction between 

enkephalin and GABAergic neurons. There is anatomical evidence that the GABAergic neurons 

in the PAG are intemeurons that are tonically active (Moreau and Fields, 1986; Behbehani et al., 

1990; Reichling and Basbaum, 1990a, b).

A model of PAG-NRM circuitry based on this evidence of tonically active GABAergic 

intemeurons in the PAG has been developed. It proposes that PAG neurons projecting to the 

NRM have a G A B A a receptor apposed by GABA-releasing inhibitory intemeurons which 

themselves bear |X opioid receptors (hence opioids or G A B A a antagonists disinhibit PAG
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projection neurons). The PAG projection neurons activate opioid intem eurons in the NRM . 

These neurons releases endogenous opioid onto on-cells bearing p. opioid receptors. Therefore 

the on-cell is inhibited. A  subset o f  G A B A ergic on-cells inhibits o ff-cells. So the inhibition o f  

the on-cell disinhibits the off-cell, thereby producing inhibition o f  nociceptive transmission at 

the dorsal horn level (Fields and Basbaum, 1999).

Figure 11. PAG-NRM  circuit affecting trigeminal nociception in the dorsal horn.

B ra in stem  se c t io n s  at the le v e ls  o f  the P A G , N R M  and  V c  sh o w in g  p ro jection  n eu ron s  
an d  in tem eu ro n s  m o d u la tin g  the n o c is p o n s iv e  seco n d -o rd er  n eu ron  in the tr igem ina l 
n u c le u s  ca u d a lis . P A G  ex c ita to ry  p ro jectio n  n eu ron s, d is in h ib ite d  by o p io id s  or 
G A B A a r ecep to r  a n ta g o n ists  a c tin g  on  the G A B A e r g ic  in h ib ito ry  in tem eu ro n , activ a te  

an o p io id  in tem eu ro n  in the n u c leu s  raphe m agn u s. T h is  e n d o g e n o u s  o p io id  in h ib its  p - 
o p io id  recep tor  b earin g  o n -c e lls . T h e  in h ib ition  o f  the o n -c e ll d is in h ib its  the o ff -c e ll  
w h ich  lea d s to  in h ib it io n  o f  n o c ic e p t iv e  tra n sm issio n  at the le v e l o f  the dorsal h o m .
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The majority o f  serotonergic cells in the NRM  are neutral cells (Potrebic et al., 1994). Recent 

studies demonstrate that the original classification o f  neutral cells may have been too

43



generalized by only being demonstrated in the tail-flick model (Ellrich et al., 2001a). For 

example, a recent study showed that although neutral cells did not respond to noxious tail heat, 

all of them responded to pinch stimuli applied to the skin of the ear, the forehead and the nose, 

in an on or off manner (Ellrich et al., 2000). That these responses were trigeminal-specific is 

unlikely to be coincidence. Other studies show that descending inhibitory influences from some 

bulbar reticular nuclei could be obtained with lower stimulation currents for the spinal 

trigeminal nucleus than for the spinal cord (Dostrovsky et al., 1983). This also suggests a 

greater, or at least differential, degree of descending modulation on the trigeminal nucleus than 

on the spinal cord. Recent studies have demonstrated a direct action of the specific anti-migraine 

drug naratriptan, a 5 -H T jb /id  agonist, on these apparently trigeminal-specific on- and off-cells 

(Ellrich et al., 2001b).

Using intra- and extracellular recordings it has been shown that stimulation of the PAG 

preferentially inhibits the response of spinothalamic neurons to C and AÔ stimulation (Zhang et 

al., 1991). McMullan and Lumb recently demonstrated the PAG’s preferential GABAergic 

inhibition of C- over AÔ-fibre responses in the dorsal hom (McMullan and Lumb, 2001).

1.4.3. Behavioural modulation

A  recent study by Keay suggests that whereas pain representation in the spinal cord accurately 

reflects tissue origin, pain representation in the PAG better reflects behavioural significance 

(Keay et al., 2001). The major role of the PAG in behavioural modulation is related to survival 

and emotional coping (Bandler et al., 2000). In experimental animals, stimulation of the dlPAG 

evokes defensive behaviour whereas stimulation of the IPAG and vlPAG evokes quiescence.

Different stressful situations demand different emotional coping strategies, including the 

capacity to initiate adaptive reactions to either escapable or inescapable stressors. Active 

emotional coping strategies which lead to engagement with the environment such as fight or 

flight, are useful if the stress is escapable; this strategy is integrated by the dlPAG and IPAG. 

Stressors that are inescapable, such as injury or visceral pain, evoke passive emotional coping or 

conservation-withdrawal strategies that lead to disengagement from the environment. This 

behaviour is characterised by reduced somatomotor activity, such as quiescence or immobility 

and decreased reactivity to the environment; it is integrated by the vlPAG (Bandler et al., 2000). 

Often, an episode of active coping that has successfully dealt with a stressor is followed by a 

period of passive coping that may help promote recovery (Wall, 1979). It is suggested that the 

dlPAG may be a component of a circuit that triggers active emotional coping in response to 

psychological stress rather than physical stress, whereas the vlPAG may be a component of the 

passive response to environmental stress (Ganteras and Goto, 1999; Bandler et al., 2000).
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In the pre-collicular decerebrate animal preparation the patterned som atom otor and autonomic 

adjustments that are characteristic o f  active and passive em otional coping can still be evoked  

(Carrive, 1991). This suggests the descending projections from the PAG  to the pons and medulla 

provide the essential substrates for PAG-mediated active and passive coping (Bandler et al., 

2000).

Figure 12. PAG circuits modulating nociceptive behaviour.

Adapted from (Bandler et al., 1991; Fields, 1997; F ields and Basbaum, 1999; Bandler et al., 
2000)

The subregions o f the PAG, with their com ponent central circuitry, that m ediate different behaviours 
associated with cutaneous nociception (dIPAG), the threat o f cutaneous nociception (IPAG), or visceral 
nociception (vlPAG). Major influence indicated by heavy arrow . NTS, nucleus tractus solitarius; PAG, 
periaqueductal grey.
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1.4.4. Autonomie modulation

The PAG projects to all medullary regions that control blood pressure and heart rate. Because of 

these connections, the PAG plays a pivotal role in the integration of emotional aspects of 

cardiovascular, and craniovascular, regulation. Stimulation of the dlPAG produces an increase 

in blood pressure in both rats and cats while stimulation of the IPAG and vlPAG produces 

hypotension (Duggan and Morton, 1983; Lovick, 1985a; Carrive and Bandler, 1991). The 

depressor regions of the rat are not as large as those of the cat.

There is a differential gradient along the rostrocaudal axis of the dlPAG, where the hypertension 

it produces is due to a patterned rather than a generalized increase in vascular resistance 

(Carrive, 1991). Specifically, the caudal dlPAG evokes increased blood flow to skeletal muscle 

but decreased blood flow to visceral and extracranial beds, i.e. flight. The rostral dlPAG evokes 

decreased blood flow to skeletal muscle and viscera and increased blood flow to the extracranial 

vasculature, i.e. confrontational defence. There is also a differentiated pattern of defensive 

behaviour and autonomic events produced from the caudal lateral PAG and the intermediate 

lateral PAG.

Carrive observed extracranial blood flow changes after injection of excitatory amino acid into 

various regions of the PAG (Carrive and Bandler, 1991). The extracranial blood flow was 

measured in the common carotid artery after decerebration since most of the intracranial 

vasculature is removed in the decerebrate preparation and the common carotid artery supplies 

almost exclusively the extracranial vasculature of the head. The rostral lateral and dorsolateral 

PAG elicited a rapid vasodilation of the extracranial blood flow and caudal lateral and the 

ventrolateral PAG elicited an increase in vasoconstrictor tone. The extracranial blood flow 

changes produced by the PAG are likely to be elicited via the pterygopalatine ganglion outflow 

(Carrive and Bandler, 1991).

Cerebral vasodilation has been produced by stimulation of the vlPAG (Nakai and Maeda, 1996). 

The vlPAG may elicit an increase in cortical blood flow by utilizing the cortical acetylcholine- 

muscarinic receptor system and the cortical excitatory NMD A systems (Nakai and Maeda,

2000). It is suggested that this cortical blood flow change by the PAG is a component necessary 

for the integrated defensive and aversive reactions controlled by the PAG.

The largest number of afferents to the PAG arise from the hypothalamus. Stimulation of the 

lateral hypothalamus increases the activity of vlPAG neurons. With regard to the role of the 

hypothalamus in co-ordinating cardiovascular responses to noxious stimuli, a focus of noxious 

visceral input into regions of the anterior hypothalamus has been identified from which 

sympathoinhibitory responses can be evoked. Nociceptive inputs from viscera activate 

hypothalamic neurons that project to the ventrolateral PAG. That is, those parts of the PAG 

which co-ordinate passive coping strategies. Various studies indicate that the different columns
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of the PAG may be recruited to mediate the co-ordinated patterns of response evoked from the 

hypothalamus. In particular, they provide evidence that visceral and C-nociceptor inputs drive 

hypothalamic-midbrain pathways that are confined almost exclusively to the ventrolateral sector 

of the PAG. Such circuitry may provide the framework for mediating passive coping strategies 

in response to visceral, diffuse or chronic pain (Lumb and Lovick, 1993; Workman and Lumb, 

1997; Semenenko and Lumb, 1999).

1.4.5. Neurotransmission

Many of the neurotransmitters and receptor populations in the PAG are listed in Table 4,

additional descriptive information on some of these is provided here.

1.4.5.1. Amino Acids
The predominant synaptic transmission in the vlPAG has been broadly characterised (Chiou and 

Chou, 2(X)0). The inhibitory synaptic transmission is mediated by G A B A a, but not GABAg 

receptors. The excitatory synaptic transmission is mediated by glutamate acting on AMPA, 

kainate and NMDA receptors.

1.4.5.1.1. GABA
There is a rich distribution of GABAergic nerve terminals in the PAG, which compose up to 

40% of all synaptic terminals in the vlPAG (Reichling and Basbaum, 1990b; Reichling, 1991; 

Chiou and Chou, 2000). GABA inhibits spontaneous activity in the majority of neurons in the 

PAG both in vivo and in the PAG slice (Behbehani et al., 1990). Consequently, GABA has been

implicated in modulating a majority of PAG functions.

1.4.5.1.2. Glutamate
The PAG contains all types of glutamate receptors (Beitz and Williams, 1991). The greatest 

sources of excitatory amino acid containing input pathways to the PAG include the 

ventromedial and posterior hypothalamus, cingulate cortex, and amygdala. Glutamate injection 

into the PAG alters the baseline activity of NRM neurons and can inhibit dorsal hom 

nociceptive neurons (Behbehani and Fields, 1979).

1.4.5.2. Opiates
Opioid agonists within the PAG interact with both glutaminergic and GABAergic processes via 

Ô, |X, K and ORL-1 opioid receptors (Chieng and Christie, 1994). p,-opioids differentially affect 

inhibitory and excitatory neurotransmission in the vlPAG, which suggests the release 

mechanism of GABA might be different from that of glutamate (Vaughan et al., 1997; Chiou 

and Huang, 1999).
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Table 3. O piate receptor agonists and antagonists.

Receptor 5 K ORL-1

Endogenous
agonist

Endorphin Enkephalin Dynorphln Nociceptin/Orphanin
FQ

Synthetic
agonist

Morphine

DAMGO

DPDPE Enadoline Noclceptin

Antagonist Naloxone

OTAR

Naloxone

Naltrindole

Naloxone

Nor-BNI

Phev|i

Adapted from Tocris Reviews (Corbett et al., 1999).

1.4.5.3. Amines and other neurotransmitters
A rich plexus of serotonergic fibres is found throughout the PAG, and most of these fibres arise

from the ventromedial medulla and the dorsal raphe nucleus and nucleus raphe magnus 

(Clements et al., 1985). Functionally, serotonin in the lateral PAG appears to play a role in the 

control of aversive behaviour mediated primarily by 5-HT,c receptors, whereas its role in the 

vlPAG is toward the modulation of nociception (Schul and Frenk, 1991). S-HTa antagonists 

injected into the PAG block the effects of PAG stimulation, i.e. they block PAG inhibition of 

dorsal hom neurons (Carstens et al., 1981). The pathways mediating this effect include the 

PAG-NRM path, but some other stmctures must also be involved because local anaethetic 

blockade of the NRM does not abolish the descending antinociception produced by PAG 

stimulation (Yezierski et al., 1982).

Noradrenergic fibres arise primarily from the locus coeruleus (A6) and the A l, A2 and A3 

noradrenergic cell groups, whereas adrenergic inputs to the PAG arise predominantly from the 

Cl and C2 cell groups (Herbert and Saper, 1992). Histaminergic fibres arise exclusively from 

the hypothalamus (Watanabe et al., 1984). Cholinergic projections to the thalamus arise from 

the PAG. Acetylcholine has been implicated in flight and defensive reactions elicited from the 

PAG (Carrive et al., 1986).

1.4.5.4. Peptides
The ventral PAG contains the largest number of Substance P-immunoreactive neurons in the 

entire rat. Substance P (SP) injected into the PAG produces analgesia (Malick and Goldstein, 

1978). In vitro studies have shown that SP causes release of enkephalin in PAG slices; therefore 

the effect of SP is possibly mediated through the opioid pathways. CGRP immunoreactive nerve 

fibres of neuronal cells were not seen in the human PAG (Tajti et al., 2001). Injection of 

neurotensin into the PAG produces analgesia that cannot be blocked by naloxone (Behbehani, 

1995). The mechanism by which neurotensin produces its analgesic effects are not entirely clear.
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Table 4. Dom inant topographical distribution o f neurotransm itters and receptor populations in  
PAG.

Rostral

D L VI

Caudal

D L VI

Neurotransmitter 5-HT + + + +

Acetylcholine + +

Adrenaline + +

Endothelin + + + +

ENK + + + + + +

Histamine + +

Neurotensin + +

Nitric Oxide + +

Noradrenaline + +

PACAP + +

Somatostatin + +

SP + +

VIP + +

Receptor GABA ++ + + ++ + +

Glu + + + +

Kainate +

Muscarinic + +

ORL-1 4- +

6 opioid + +

K opioid + + + + + + + +

p opioid + + + + + +

Data from rat, human and cat. + indicates presence is greatest in this area. D, dorsal; L, lateral; 
VI, ventrolateral. ENK, enkephalin; Glu, glutamate; PACAP, Pituitary adenylate cyclase- 
activating polypeptide; SP, substance P; VIP, vasoactive intestinal polypeptide.

1.5 Raphe Nuclei
The only raphe nucleus to project to the Vc and Vo is the nucleus raphe magnus (Lovick and 

Wolstencroft, 1983). The pallidus and pontis nuclei may have motor functions, somatic and/or 

autonomic functions, which could explain why they do not send projections to the purely 

sensory Vc. Both pallidus and obscurus have a function in the control of sympathetic activity.

Afferents from trigeminal nuclei to the NRM have been identified. These afferents were sparse 

compared with other afferents to the NRM. Afferents direct from the spinal cord to the NRM 

have not been identified (Abols and Basbaum, 1981). It is likely that the nociceptive input from
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the spinal cord and trigeminal nucleus caudalis reach the NRM indirectly via the PAG and 

NRGC.

There are afferents from the vestibular nuclei to the NRM. Afferents also arise from the 

cuneiform nucleus, dorsal raphe nucleus and bilaterally in the posterior hypothalamus. Dense 

afferents from other medullary nuclei to the NRM include the NRMC, NRPC, NRPGL, with 

moderate projections from the NRGC, the lateral reticular nucleus and the medial parabrachial 

nucleus.

The densest projections to the NRM derive from the PAG, bilaterally. Although projections 

from the PAG are most dense in the dorsal region, there are also significant projections from the 

lateral and ventral portions of the PAG. The primary role of the nucleus raphe magnus in the 

modulation of nociception is detailed in the section on the PAG, above.

1.6 Reticular Formation
The reticular formation forms a net-like structure of cells and fibres that extends through the 

medulla, pons and mesencephalon of the brain stem. This reticular organisation represents a 

distinct pattern that is characteristic of phylogenetically early and simple forms of neural 

systems in which the neurons lie among and receive input from traversing fibres of multiple 

sources. In contrast to a nuclear or laminar organisation of neurons, the reticular formation 

provides a substrate for massive convergence and integration of multiple afferent inputs with 

minimal structural dominance by any one. Reticular neurons give rise to branching and often 

highly collateralised axons, including long descending and ascending projections that may thus 

exert a wide influence on the spinal cord and brain. The distinct structure of the reticular 

formation thus provides a network for extensive integration of polymodal input and polyvalent 

output, and constitutes the co-ordinating apparatus for sensory-motor functions (Brodai, 1957; 

Jasper, 1957; Jones, 1995).

The reticular formation samples the information carried by most sensory, motor and visceral 

pathways. The reticular formation uses some of this information in various reflexes (e.g., 

circulatory and respiratory reflexes, swallowing, coughing). The outputs to the spinal cord 

mediate some aspects of movement, control the sensitivity of spinal reflexes, and regulate the 

transmission of sensory information (especially pain) into ascending pathways (Vertes et al., 

1986).

At each level of the reticular core, distinct fields of cells can be delineated according to 

differences in cytoarchitecture. The descriptions below detail the structures of relevance to study 

3 of this thesis, and the neighbouring structures of interest or relevance. The naming of reticular 

structures can vary from ‘field’ to ‘nucleus’ according to the author or anatomical atlas. Some 

authors argue that the name ‘nucleus’ is inappropriate for some reticular structures because the
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sectors o f the reticular network have overlapping dendritic and axonal domains. The atlas o f  

Berman uses the term ‘fie ld ’ and was used for anatomical reference o f  cat tissue in this thesis 

(Berman, 1968). H owever, many modern publications use the term inology o f  ‘nucleus’, so 

accordingly, the same term inology is em ployed in this thesis.

The reticular formation com prises the fo llow ing nuclei:

N ucleus Reticularis Gigantocellularis (NRG C)

Nucleus Reticularis M agnocellularis (NRM C)

N ucleus Reticularis Parvocellularis (NRPC)

Nucleus Reticularis Paragigantocellularis Lateralis (NRPG L)

V . Nucleus Reticularis Paragigantocellularis (NRPG C)

vi. Infratrigeminal N ucleus (ITN).

Figure 13. Nuclei of the reticular formation in the medulla and pons.

S u b n u c le i in the reticu lar fo im a tio n  su p er im p o sed  o n to  a s in g le  rep resen ta tiv e  sec tio n  
at the lev e l o f  the p o n tom ed u llary  ju n c t io n . For a b b rev ia tio n s  s e e  tex t a b o v e .

Dorsal

# e 

# # NRPGL

NRPC NRGC

NRMC

Ventral

1.6.1. Nucleus Reticularis Gigantocellularis (NRGC)

Afferents to the nucleus reticularis gigantocellularis arise from the trigeminal nucleus caudalis 

and bilaterally from the spinal trigeminal nucleus oralis. A fferents are predominantly 

contralateral to the NRGC. Afferents from other reticular nuclei to the NRG C com e bilaterally 

from the nucleus reticularis parvocellularis and the contralateral N RG C. There is minimal 

projection to the NRGC from the nucleus reticularis m agnocellularis. There are very few  

afferents from the PAG to the NRGC but those that do project com e from the vlPA G  ipsilateral 

to the NRCX' (A bols and Basbaum, 1981). A fferents also com e from the cuneiform  nucleus 

ipsilateral to the NRGC. Specific to the NRG C are cells in the deep tectum contralateral to the 

NRG C, indicating the involvem ent o f  tectospinal fibres, which conduct via the medial 

longitudinal fasciculus.
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NRGC neurons project to the trigeminal nucleus and spinal cord bilaterally with a weak 

ipsilateral dominance (Newman, 1985) via the MLF.

1.6.2. Nucleus Reticularis Magnoceiiuiaris (NRMC)

Afferents to the NRMC arise from the trigeminal nucleus caudalis, where 90% are contralateral. 

Very few afferents to the NRMC come Vo or the Vp. Afferents from other medullary nuclei to 

the NRMC were identified from the NRM, NRPC, NRPGL and NRGC. Also afferents to the 

NRMC arise from the lateral reticular nucleus and the medial parabrachial nucleus. Abols 

identified afferents from the vestibular nuclei to the NRMC and arising from the cuneiform 

nucleus, dorsal raphe nucleus and bilaterally in the posterior hypothalamus.

The densest projections to the NRMC arise from the PAG, bilaterally. The projection is 

concentrated in the lateral and medial subdivisions of the PAG and 80% of the afferents are 

from the ipsilateral PAG (Abols and Basbaum, 1981).

NRMC neurons project to the trigeminal nucleus and spinal cord bilaterally with a strong 

ipsilateral predominance (Newman, 1985) via the lateral funiculus.

1.6.3. Nucleus Reticularis Parvoceiiuiaris (NRPC)

The NRPC receives afferent inputs from the spinal trigeminal nucleus (Esser et al., 1998). 

Stimulation of neurons in the NRPC of cats evokes activation of facial motoneurons. The NRPC 

acts as an intermediate relay in transmitting descending signals to the facial nucleus (Fanardjian 

and Manvelyan, 1987). Few or no projections direct from the PAG to the nucleus reticularis 

parvocellularis have been found

Neurons in the NRPC also relay trigeminal inputs to neurons of the subnucleus reticularis 

ventralis (SRV). The SRV lies in the medulla, ventral to the Vc, and contains neurons directly 

activated by noxious or non-noxious stimulation of the cornea, tooth pulp or face. SRV neurons 

are suggested to be trigeminal lamina VII neurons (Yokota et al., 1991).

The NRPC in cats affects vasomotor tone, where NRPC stimulation increases intracranial 

pressure, systemic blood pressure and cerebral blood volume. It is suggested that the NRPC is 

important in decreasing cerebral vasomotor tone and that this pathway is intrinsic (i.e. 

unaffected by bilateral superior cervical ganglionectomy) (Nagao et al., 1987).

The axons of NRPC neurons project to the spinal cord and trigeminal nucleus via the MLF but 

exhibit no lateral dominance (Newman, 1985).
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1.6.4. Nucleus Reticularis Paragigantocellularis Lateralis (NRPGL)

NRPGL afferents are found bilaterally in the NRGC, NRPC, NRMC, NRM and in the 

contralateral trigeminal nucleus and NRPGL, Projections are also found in the gracile and 

cuneate nuclei, NTS, vestibular nuclei and parabrachial nuclei.

Afferents to the NRPGL also arise from the ipsilateral PAG, mostly from its dorsal subdivision 

(Lovick, 1985b), Excitatory projections from the PAG to the NRPGL, some of which project to 

the spinal cord, are involved in cardiovascular changes and can elicit antinociception when 

stimulated (Lovick, 1987),

Lovick found that in the NRPGL there are functionally distinct pools of neurons that 

respectively produce antinociception and changes in vasomotor activity. There appear to be two 

parallel systems each of which controls cardiovascular and somatosensory activity. One 

pathway descends indirectly via the NRM and the other directly from NRPGL.

Ongoing activity in both types of neuron is regulated by a tonic inhibitory GABAergic 

influence. In addition, the cardiovascular neurons receive a tonic excitatory cholinergic input 

(Lovick, 1987), Individual neurons in the NRPGL receive convergent afferent inputs from 

several different sources. Of the convergence from the dorsal PAG, parabrachial nucleus (PEN), 

NRM and NTS, the afferents from the PAG and PEN are excitatory and those from the NTS and 

NRM are inhibitory. There is no preferential convergence observed; NRPGL cells that respond 

to stimulation of the PAG are equally likely to receive an input from any of the other sites 

(Lovick, 1988),

NRPGL neurons project to the trigeminal nucleus and spinal cord bilaterally with a weak 

ipsilateral dominance. They project via the MLF, sulcomarginal fasciculus and predominantly 

the lateral funiculus (Newman, 1985),

1.6.5. Nucleus Reticularis Paragigantocellularis (NRPGC)

The nucleus paragigantocellularis (NRPGC), in the ventrolateral medulla, is implicated in 

cardiovascular, pain and analgesic functions. It has a major efferent projection to the locus 

coeruleus. In the rat, projections to the nucleus paragigantocellularis arise from a wide variety of 

nuclei with autonomic, visceral and sensory-related functions. Major input to the NRPGC comes 

from most laminae of the spinal cord, caudal lateral medulla, contralateral NRPGC, NTS, A1 

area, lateral parabrachial, Kolliker-Fuse, PAG, preoculomotor nucleus in the ventral central grey 

supraoculomotor nucleus, Afferents to the most caudal portion of the NRPGC arise from the 

lateral hypothalamus, paraventricular nucleus of the hypothalamus, medial prefrontal cortex. 

Minor afferents include the gigantocellular nucleus (GC), area postrema, caudal raphe groups, 

inferior colliculus, A5 area and the locus coeruleus (Van Eockstaele et al,, 1989),
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1.6.6. Infratrigeminal nucleus

The infratrigeminal nucleus is regarded as an extension of the lateral reticular nucleus and is 

thought to be involved in relaying trigeminal inputs to the cerebellum. Consistent with this idea, 

there are antidromically identified cerebellar-projecting cells in this region that exhibit facial 

receptive fields (Strassman et al., 1994).

1.6.7. Trigeminal-Reticular

1.6.7.1. Trigeminal-reticular projections
Trigeminoreticular projections from the Vc and Vi are the most abundant of the trigeminal

nuclei and have a similar distribution within the RF fields. In the most caudal extent of the 

reticular formation, known as the medullary lateral reticular formation, there are terminals 

scattered throughout and clustered in the lateral and intermediate sections. They are abundant in 

the nucleus reticularis parvocellularis (NPRC) at the level of the pontomedullary junction, with 

the highest density placed caudally at the level of the Vi, in the ventral two-thirds of the NRPC 

and more rostrally, wedged between the motor trigeminal nucleus (VMN) and the lateral part of 

the superior olivary complex (including the A5 cell group). Terminals are also found medial to 

the Vo and dorsal to the facial nucleus or clustered around the fibres of the facial nerve. There is 

a small population of projections from the Vc to the nucleus reticularis magnocellularis 

(NRMC) (Abols and Basbaum, 1981).

In the rostral portion of the reticular formation projections terminate in the NRPC and the 

nucleus reticularis gigantocellularis (NRGC). The Vo sends moderate projections to the RF. In 

general, the distribution of terminations is similar to those of the Vc and Vi, except throughout 

the NRGC, where projections are located more laterally and dorsally. Projections from the Vp 

are sparse but in all the stmctures of the RF (Zerari-Mailly et al., 2001). All the trigeminal nuclei 

project to the portion of reticular formation immediately adjacent to the relevant trigeminal 

nucleus.

There are direct ipsilateral projections from the Vc, rostral Vo and Vp to the facial (VII) and 

hypoglossal (XII) motor nuclei from the TBNC (Lovick, 1986; Pinganaud et al., 1999). 

However, the reticular formation is also considered to be a premotor area for the VII and XII 

motor nuclei. Those structures in the reticular formation that receive projections from the 

TBNC, as described above, also project to the VII and XII motor nuclei (Zerari-Mailly et al.,

2001). Such complex motor functions as orofacial eye and eyelid motor behaviours which 

depend on accurately coordinated movements of the tongue, lips, vibrissae, eyes and eyelids, are 

achieved through the activity of these VII and XII motor and TBNC and reticular formation 

neurons.
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1.6.7.2. Trigeminal-reticular functions
The NRPC participates in the control of orofacial motor behaviours (Takatori et al., 1981) but

also in several functional domains such as cardiovascular regulation (Chai et al., 1988), 

respiratory phenomena (Nonaka et al., 1990), paradoxical sleep mechanisms and metabolic 

homeostasis (Bereiter et al., 1981). The caudal most portion of the reticular formation in the 

medulla is engaged in cardiovascular regulation and has an important role in the integration of 

nociceptive input from the trigeminal region (Villanueva et al., 1988).

As mentioned above, the NRGC receives some trigeminal afferent projections, mostly from the 

Vo and the NRGC projects primarily to the spinal cord and to the oculomotor neurons (III, IV, 

VI motor nuclei). Therefore, through this pathway, neurons in the Vo may influence movements 

of eye, neck and trunk. Additionally, Vo is postulated to be involved in tactile modulation of 

vision-evoked eye and head movements (Huerta et al., 1983) and to be a relay of some 

trigemino-neck reflexes (Ruggiero et al., 1981).

1.6.7.3. Pontine biink premotor area (PB)
A specific region in the reticular formation that receives trigeminal projections and sends

projections to the facial nucleus is located in the caudal pons just dorsal to the superior olivary 

nucleus and medial to the trigeminal motor nucleus or fibres of the facial nerve. This reticular 

region corresponds to the “pontine blink premotor” area identified in the cat, which is involved 

in neuronal organization of eye protection mechanisms such as blinking (Holstege et al., 1986b; 

Holstege et al., 1986a). In the cat it comprises the retractor bulbi motoneuronal cell group that 

controls the reflex retraction of the eyeball into the orbit. The blink reflex constitutes both the 

reflex action of the eyeball retracting into the orbit (the nictitating membrane response) and the 

reflex contraction of the orbicularis oculi muscles (the blink) in response to periorbital 

stimulation. The premotor neurons of the orbicularis oculi muscles are in a subgroup of the 

facial nucleus. It is proposed that the reticular area, the pontine blink premotor area, is the 

intermediary between the trigeminal and facial component of the early R1 phase of the blink 

reflex, i.e. a trigemino-reticulo-facial pathway (Holstege, 1990; Zerari-Mailly et al., 2001).

It is assumed that reticular formation premotor intemeurons can be separated into two groups; i) 

one “pontine blink premotor” area receiving trigeminal afferents from ventral (periorbital) 

trigeminal nuclei and targeting the orbicularis oculi group of motoneurons in the facial nucleus 

and ii) a more caudal, lateral medullary group involved in oral and masticatory motor control 

that receives inputs from intermediate and dorsal (maxillary and mandibular) Vc and projects to 

the facial nucleus (Zerari-Mailly et al., 2001).
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Figure 14. Brainstem projections involved in trigeminal nociception and its modulation.

Structures at the level of the pontomedullary junction are superimposed onto one 
section, subsequently the differential rostrocaudal projections are not represented in this 
diagram. Dominant latéralisations are depicted, however some structures additionally 
show bilateral projections. ITN, infratrigeminal nucleus; NRGC, nucleus reticularis 
gigantocellularis; NRM, nucleus raphe magnus; NRMC, nucleus reticularis 
magnocellularis; NRPC, nucleus reticularis parvocellularis; NRPGL, nucleus reticularis 
paragigantocellularis; PAG, periaqueductal grey; PB, pontine blink premotor area; SSN, 
superior salivatory nucleus; Vc, trigeminal nucleus caudalis; VN, trigeminal nucleus.
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Figure 15. The endogenous pain control system- basic schema.

The endogenous pain control system contains both ascending and descending paths 
that modulate nociception to inhibit or facilitate it. The descending pathway from the 
PAG, influenced by the hypothalamus, acts via the nucleus raphe magnus (NRM), to 
directly inhibit, or act via intemeurons, to inhibit nociceptive processing in the 
trigeminal nucleus (Vn). The second-order neurons in the Vn receive input from the 
cranial vessels (SSS). The ascending component transmits to the rostral structures. A 
feedback loop is formed in the reticular formation (RF) and further in the PAG. 
Parasympathetic outflow from the superior salivatory nucleus (SSN) is coupled to 
trigeminal activation and can be activated by the PAG. Trigeminal ganglion, Vg; 
pterygopalatine ganglion, pteryg.
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1.7 Voltage-gated calcium channels
Voltage-gated calcium channels regulate intracellular calcium concentration and therefore 

calcium signalling in a wide variety of cells. Membrane potential is the primary regulator for 

opening voltage-gated calcium channels (VGCC’s). However, various hormones, protein 

kinases, protein phosphatases, toxins and drugs also modulate their opening. Particular sites on 

the VGCC’s interact directly with other proteins, inhibitors and ions.

VGCC’s are either high-voltage-activated (HVA) or low-voltage-activated (LVA). The exact 

subunit composition of LVA calcium channels is unknown. HVA calcium channels are a 

complex of five proteins produced from four genes. The subunits that compose the HVA 

calcium channel are ot|, P, 8 and y.

Most of the features of the HVA calcium channel complex are attributable to the a , subunit. The 

tt] subunit contains the ion conducting pore, the selectivity filter of the pore, the voltage-sensor 

and the interaction sites for the P and (X2Ô subunits, the Py subunits of G proteins, the ryanodine 

receptor (muscle contraction) and proteins necessary for the fusion of neurosecretory vesicles 

within the presynaptic membrane and the calcium channel blockers and activators. Ten 

individual genes have been identified for the ot; subunit, and they belong to the same multigene 

family as voltage-activated sodium and potassium channels. The pore-forming a, subunit has a 

transmembrane topology with four homologous repeats. Alternative splicing within the (X| 

subunit can have drastic effects on the functional properties of the channel.

Through its modulation of the ttj subunit, the P subunit represents a major determinant of 

variability in channel properties. It modulates current amplitude, voltage dependence and 

kinetics of activation and inactivation and membrane trafficking of the tti subunit (Restituito et 

al., 2000). It is likely that the same class of a, A subunit may associate with different P subunits 

(Snutch et al., 1990).

HVA calcium channels have been functionally subdivided into five classes according to 

biophysical and pharmacological criteria:

■ L-type (long-lasting)

■ P-type (Purkinje)

■ N-type (neither L nor T channel)

■ Q-type

■ R-type (remaining)

Although the Nomenclature Committee of the International Union of Pharmacology recently 

approved a new nomenclature for the HVA’s (Ertel et al., 2000) this thesis will continue to use
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the former, functionally linked names. However, to clarify, the new nomenclature identifies the 

channels by their molecular determinants from the subunit nomenclature and groups the 

channels into three categories as in Table 5 below.

Diversity in the regulation of VGCC-mediated neurotransmitter release may be conferred by the 

existence of cooperativity between channel types at single release sites. For example, in rat 

striatal nerve terminals, it has been shown that N- and P-type channels must coexist in the same 

population of terminals, where they act synergistically to regulate dopamine release (Turner et 

al., 1993). Also, in rat hippocampal slices, both glutamate and GAB A release are mediated by 

cooperativity between the P-type and possibly Q-type VGCC (Gaur et al., 1994). Cooperativity 

between VGCC subtypes may be a widespread arrangement in the CNS as a mechanism to 

regulate neurotransmitter release.

1.7.1.1. P-type and Q-type calcium channels
P-type current is mediated by ttjA channels and is blocked by the funnel web spider toxin co-

agatoxin IVA (<10 nM), (o-agatoxin IIIA (< lOnM) and co-conotoxin MVIIC (> lOOnM). Q- 

type current may be mediated by a,A channels and is blocked by co-conotoxin MVIIC (> 

lOOnM) and co-agatoxin IVA (> 10 nM). Because the a,A transcripts are expressed in many 

neurons shown to possess P- and Q-type channels and because the properties of a,A exhibits 

similarities to both of these channels the class A cDNA is referred to as P/Q-type calcium 

channel (Stea et al., 1994).

They are located on cell bodies, axons, dendrites and pre-synaptic terminals with a widespread 

distribution in the central nervous system including nociceptive regions such as the trigeminal 

ganglion, spinal trigeminal nucleus, spinal cord dorsal horn and ventral periaqueductal grey 

(Hillman et al., 1991; Westenbroek et al., 1995; Craig et al., 1998). They are most dense in the 

cerebellum on Purkinje cells, which may account for the high prevalence of cerebellar atrophy 

and ataxia in mice and humans with mutations of the 0C|A subunit.

1.7.1.2. Neurotransmitters affected by P/Q-type calcium channels
The close proximity of calcium channels and neurotransmitter containing vesicles in the

presynaptic terminal is a prerequisite for synaptic transmission. Neurotransmitter secretion is 

linked mainly with N- and P/Q-type channels. Neurotransmitter release is initiated by the influx 

of Ca^  ̂ through voltage-activated N- and P/Q-type calcium channels. In various neuronal 

preparations, P/Q-type calcium channels have been shown to modulate many neurotransmitters, 

including G ABA and glycine, 5-HT, dopamine, catecholamines, EAA’s, CGRP and SP 

(Turner et al., 1992, 1993; Takahashi et al., 1998).
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Table 5. Summary of voltage-gated calcium channel nomenclature and tissue distribution.

Voltage

activation

lUPAC

name
a1

subunit

Full gene 

name

Current

type

Human

chromosome

Primary Tissues Present in PAG 

or spinai cord
Specific blocker

HVA Cav1.1 S GAGNAIS L 1q31-32 Skeletal muscle - DHP

C av1.2 C GAGNAI G L 12p13 .3 Gardiac, brain, 

endocrine

+ DHP

C ay1.3 D GAGNAID L 3p14 .3 Brain, endocrine + DHP

C av1.4 F GAGNAIF L X p11.23 Retina - None

Cav2.1 A GAGNAI A P/Q 19p13 Brain, endocrine + (o-agatoxin IVA

C av2.2 B GAGNAIB N 9q34 Brain, neuronal + (D-conotoxin G VIA

C av2.3 E GAGNAIE R 1q25-31 Brain, cardiac, 

endocrine

+ None

LVA Cay3.1 G GAGNAI G T 17q22 Brain, neuronal + None

C av3.2 H GAGNAI H T 16p13.3 Brain, cardiac, 

kidney, liver

+ None

C av3.3 1 GAGNAI 1 T 2 2 q 1 2 .3 -13 .2 Brain + None

Adapted from Ertel [2000]. DHP, dihydropyridine; HVA, high-voltage activated; LVA, low-voltage activated; PAG, periaqueductal grey.
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1.7.1.3. Transmitters affecting P/Q-type caicium channeis
Particular sites on the VGCC’s interact directly with other proteins, inhibitors and ions and

various hormones, protein kinases, protein phosphatases, toxins and drugs also affect their 

opening. VGCC’s are subject to inhibition by numerous neurotransmitters acting through G- 

protein coupled receptors which change the electrical excitability of neurons and hence the 

probability of opening of various ion channels (Hille, 1994). Those signal transduction 

molecules activated by transmitters reported to affect P/Q-type calcium channel function in 

neurons include |X-opioid receptors, GABAg receptors and 5-HT (Mintz and Bean, 1993; Rusin 

and Moi ses, 1995; Rhee et al., 1996; Kim et al., 1997; Zamponi et al., 1997).

1.7.1.4. VGCC’s  and nociception
To varying extent, N- P/Q- and L-type VGCC blockers have antinociceptive effects in models

of inflammation, based on behavioural and in vivo electrophysiology studies (Malmberg and 

Yaksh, 1994; Sluka, 1998; Vanegas and Schaible, 2000). At the spinal level, inflammation- 

induced enhanced neuronal responses are inhibited by N- and P/Q-type blockers, but not L-type 

channels (Diaz and Dickenson, 1997; Nebe et al., 1999). N-type but not L- or P/Q-type VGCC 

blockade in neuropathic pain models reduces pain-related responses (Chaplan et al., 1994). 

Preliminary studies of P/Q-type and N-type channels blockers applied locally to dura-responsive 

trigeminal nucleus neurons show an inhibitory effect (Storer and Goadsby, personal 

communication). A study which used the P/Q-type blocker, a-eudesmol, showed that 

intravenous administration of P/Q-type channel blockade dose-dependently attenuates 

neurogenic vasodilation in facial skin and decreases durai plasma protein extravasation (Asakura 

et al., 2000).

1.8 Migraine

1.8.1. Clinical features

To be diagnosed with migraine a patient’s report of their symptoms must fulfil the criteria set 

out by the International Headache Society’s diagnostic criteria. It was first published in 1988 

and the first revision is now being undertaken (Olesen, 2001). All headache disorders are 

organised into thirteen major groups, and are classified mostly by patient history, not necessarily 

by genetic or physiological criteria. The headaches are grouped into primary headache and 

secondary headaches, the latter including cranial neuralgias and facial pain, and ‘unclassifiable 

headache’. Formerly named common migraine or hemicrania simplex, migraine without aura is 

the type referred to in this thesis and is the most common form of migraine. Most patients will 

exclusively have attacks without aura.
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Migraine is highly prevalent in all communities studied worldwide. In an example study in the 

USA, the prevalence of migraine was 18.2% among females and 6.5% among males. 

Approximately 23% of households contained at least one member suffering from migraine. 

Migraine prevalence was higher in whites than in blacks and was inversely related to household 

income (Lipton et al., 2001). Migraine is characterised by discrete episodic attacks and 

headache-free intervals. However, the extent and nature of the evolution of the disorder over 

time has not been clearly established. Prevalence varies by age and sex, where roughly two 

thirds of sufferers are women and active cases increase up to 35-40 years, then decline steeply at 

50 years (Stewart et al., 1995). Age of onset is highest in early adulthood, but childhood 

migraine is not uncommon. The disruptive effect of migraine is not confined to the duration of 

the attack. Quality of life between attacks is also reduced. The mean annual number of missed 

workdays due to migraine averages 4.4, but can be considerably more per individual (Von Korff 

et al., 1998). During the attack, it is the headache that is most disabling.

The detailed classification of migraine is contained in Appendix A, however a modified 

diagnostic criteria as specified for migraine without aura is in Table 6 below.

Table 6. Modified diagnostic criteria for migraine.

Migraine is defined as episodic attacks of headache lasting 4 to 72 hours 

With two of the following symptoms:

■ Unilateral pain

■ Throbbing

■ Aggravation on movement

■ Pain of moderate or severe intensity 

And one of the following symptoms:

■ Nausea or vomiting

■ Photophobia and phonophobia

Adapted with permission from Goadsby [2002].

Notable characteristics of migraine that relate to this thesis are:

■ Premonitory symptoms occur hours to a day or two before a migraine attack (with aura 

or without). These premonitory symptoms are categorised as excitatory or inhibitory. 

Excitatory symptoms usually consist of irritability, being “high”, physical 

hyperactivity, being obsessional and witty, repetitive yawning, excessive sleepiness, 

increased sensitivity to light and sound, craving for certain foods, increased bowel and 

bladder activity, and thirst. Inhibitory symptoms include being mentally withdrawn, 

mental slow-down, behavioural sluggishness, feeling tired, difficulty focussing, slurred 

speech, poor concentration, slow thinking, muscle weakness, feelings of cold, anorexia, 

constipation.

62



■ Precipitating or triggering factors induce headache attacks. The trigger factors precede 

the onset of the attack by a relatively short time interval. These include stress, certain 

foods, alcohol, weather changes, menstruation, and sensory stimuli such as bright or 

flashing lights, fatigue.

■ The headache usually resolves slowly, by fading away. Many patients find that sleeping 

will abolish the headache. After the headache has resolved, feelings of physical and 

mental tiredness and reduced appetite are maintained for up to 24 hours.

From the perspective of the researcher, the IHS migraine classification criteria are useful beyond 

a diagnostic tool because they give a good indication of the brain structures or neuronal features 

that need to be considered when constructing a schema for the pathophysiology and neural 

pathways of this disease. For example, the premonitory symptoms and sensory disturbances 

strongly suggest central processes are disrupted. Also, migraine is comorbid with depression, 

epilepsy and stroke and is associated with vertigo, which might indicate some shared 

impairment of serotonergic systems, cortical function, cerebrovascular tone and vestibular or 

sensory function (Tzourio C, 1995; Ottman and Lipton, 1996; Breslau et al., 2000; Neuhauser et 

al., 2001). Indeed, Gowers commented: ''The hypothesis that the derangement is primarily one 

of nerve cells o f the brain enables us better to understand the relation to other neuroses” 

(Gowers, 1888).

Table 7. Clinical features of migraine and their putative biology.

Clinical Feature Putative biological explanation

Unilateral distribution of pain Trigeminal nerve and nucleus recruitment

Throbbing quality of pain Vascular innervation, possibly A3 fibres

Aggravation by movement Neurogenic inflammation, intracranial meninges

Nausea Activation of NTS

Photophobia/phonophobia Signal noise distortion: LC

Episodic nature Calcium channelopathy

Overall defect Aminergic sensory control systems: PAG, DRN, LC

Adapted with permission, from Goadsby and Kaube [2000]. DRN, dorsal raphe nucleus; LC, 
locus coeruleus; NTS, nucleus tractus solitarius; PAG, periaqueductal grey.

1.8.1.1. Episodicity
The periodicity of migraine is an important clinical feature that contributes highly to the level of 

disability of a migraine attack and to choice of treatment. This episodicity is written into the 

diagnostic criteria, which states an attack must return five times to be considered as migraine. 

Beyond the migraine itself, which may be driven in its episodicity by hypothalamic 

mechanisms, is the recurrent nature of the headache of migraine. Contingent negative variation
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studies indicate a periodic component to the neurophysiology of the migraineur (Kropp and 

Gerber, 1995).

1.8.1.2. Headache
Migraine is an acute phasic nociceptive disorder characterised by paroxysms of trigeminal pain. 

This constant susceptibility to head pain even occurs out of the migraine attack. Many patients 

experience sudden jabs of pain in the head, or Idiopathic Stabbing Headache, significantly more 

than controls. This and other evidence suggests that the trigeminal pathways of migraineurs 

become spontaneously activated (Lance, 1993). Of the key clinical features of migraine it is the 

headache that is most disabling (Von Korff et al., 1998). To elucidate possible components of 

headache processes, the focus of the experiments reported in this thesis is toward understanding 

the regulation of trigeminovascular nociceptive processing.

1.8.2. Features indicating a roie for the brainstem in migraine

The first evidence in humans to indicate a central source for the pain of migraine arose from the 

work of Raskin (Raskin et al., 1987), who reported a group of non-migraine patients developing 

migraine-like headache after implantation of a stimulating electrode into the PAG. These 

observations were confirmed in a subsequent report of a larger number of patients (Veloso et al., 

1998). Isolated clinical findings show that lesions in the PAG, such as a plaque of multiple 

sclerosis (Haas et al., 1993) or a cavemoma in the PAG (Goadsby, 2002), can produce migraine

like headache in non-migraineurs. These findings provide evidence that implicates the PAG in 

headache, since lesions or abnormal stimulation of the PAG producing dysfunction can result in 

headache with migrainous characteristics.

However, as an aside, it must be said that migraine-like head pain can be induced by events 

other than PAG disruption. An extensive list of headache secondary to events such as head 

trauma, vascular disorders, cerebrospinal fluid abnormalities and neck disorders can be 

considered (Wolff, 1948).

1.8.2.1. Behaviour
Migraineurs commonly report symptoms of elation, irritability, depression, hunger, thirst, 

drowsiness or feeling ‘out of sorts’ or ‘odd’ in the 24 hours preceding an attack. It is generally 

considered that these mostly behavioural features are probably driven by the hypothalamus. The 

hypothalamus contains the suprachiasmatic nucleus that is one of the primary oscillators driving 

circadian rhythms.

One of the outstanding behavioural features of migraine is the overwhelming desire during the 

attack to lie down and be hypoactive or quiescent. This strongly suggests the involvement of the 

ventrolateral PAG, which elicits this type of behaviour concomitant with pain modulation. 

Associated with the attack there is also a distinct prodromal mood change (Blau, 1980). This
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may be evidence of dysfunction in the serotonergic, dopaminergic and noradrenergic systems in 

the brainstem.

1.8.2.2. Environmental triggers
Another key clinical feature of migraine is its onset during or after stress. That environmental

triggers are so fundamental to migraine indicates a breakdown in the control of sensory- 

response functions in the brain. The brainstem, and especially PAG control of emotional coping, 

is a possible point of dysfunction in the brain of the migraineur (Handler et al., 20(X)). Perhaps 

migraineurs adapt poorly to physiological change and alterations to levels of stress, food, sleep 

and exercise, many of which are regulated by the brainstem.

1.8.2.3. Functional imaging studies
Direct evidence of a functional and active role for the dorsal midbrain in migraineurs was

provided by the results of a positron emission tomography (PET) study in spontaneous attacks 

of migraine without aura (Weiller et al., 1995).

Patients were studied during the migraine attack and increases in regional blood flow were 

observed in the cingulate cortex, and the auditory and visual association cortices. In addition, 

ipsilateral increases in brainstem blood flow were seen. The specific brainstem loci involved 

could not be resolved with PET but the regions activated were the dorsal midbrain, which 

includes the periaqueductal grey and dorsal raphe nucleus, and the dorsolateral pontine 

tegmentum, which covers the locus coeruleus.

Interestingly, in the Weiller MRI study, brainstem activation persisted after headache relief by 

pharmacological intervention, suggesting more than a reactive role for the PAG in the attack 

(Weiller et al., 1995). Activation in these brain stem regions seems specific for migraine given 

that they have not been observed in experimentally induced facial pain (May et al., 1998b) or 

atypical facial pain (Derbyshire et al., 1994), nor have they been observed in acute cluster 

headache (May et al., 1998a), which is a relatively closely related primary neurovascular 

headache (May et al., 1999). There is a report of a very small study (n=4) in which elicited 

peripheral pain (intra cutaneous acid) produced activation in the rostral brainstem, but this study 

is somewhat small (Hsieh et al., 1996). There is, however, a study of non-head pain, induced by 

intradermal forearm capsaicin, which showed activation in the PAG (ladarola et al., 1998). And 

many others that show PAG activation after pain deriving from structures other than the head 

(Rosen et al., 1994; Casey et al., 1996; Petrovic et al., 1999).

In a recent study by Welch (Welch et al., 2001), MR techniques were used to study iron 

homeostasis in the PAG, red nucleus and substantia nigra in episodic migraine and chronic daily 

headache patients. Focussing on the PAG, they found that iron homeostasis in this region was 

selectively, persistently and progressively impaired. They suggest this was caused by repeated 

migraine attacks. They also found that iron levels were elevated in the PAG of subjects. High
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tissue iron levels might suggest that the PAG is abnormally metabolically active in migraine, 

even between attacks, or has a higher density of metabolically active neurons. However, this 

would not explain accumulation of iron in the PAG with duration of illness and, presumably, the 

increasing burden of attacks with age. It also suggests neuronal dysfunction in PAG neurons. 

These data provide what may so far be the most specific evidence of disturbed PAG function in 

patients with migraine. They found no correlation with age in any group, which suggests that 

iron accumulation over time may be caused by repeated headache attacks. Their data raise the 

possibility that tissue iron values were higher than normal at the outset in migraine-susceptible 

individuals, supporting a role of cause as well as consequence for the PAG in the attack. The 

study did not show any correlation between laterality of head pain and laterality of PAG iron 

content.

1.8.2.4. Stimulation-produced analgesia (SPA)
The original studies that pointed toward a role for the PAG in migraine were actually clinical

case reports of the effects of stimulation-produced analgesia in the PAG. There is evidence 

suggesting that electrical or pharmacological activation of PAG neurons can inhibit pain in 

humans (Hosobuchi et al., 1977; Richardson and Akil, 1977; Gybels and Kupers, 1990) and 

nonhuman primates (Pert and Yaksh, 1974; Gerhart et al., 1984; Lin et al., 1994). In humans, 

stimulation produced analgesia has been controversial. Some studies have reported profound 

analgesic effects without any unpleasant side effects by stimulation of the rostral PAG 

(Hosobuchi et al., 1977; Baskin et al., 1986). In these studies, stimulation of the PAG produced 

analgesia that was associated with a feeling of warmth and a sense of well being. On the other 

hand, stimulation of the PAG has also been shown to produce analgesia associated with an 

unpleasant feeling that was not well tolerated. In both locations, the effect of stimulation 

outlasted the duration of the stimulation. This is an interesting correlation with the similar 

finding in the Weiller MRI study, in which brainstem activation outlasted the headache and its 

relief. In the stimulation-produced analgesia studies, patients received pain relief by stimulating 

the PAG four times a day for 20 minutes per stimulation time (Hosobuchi, 1983). Other studies 

however have not confirmed these results and have reported poor analgesic effects (Young et 

al., 1985). The difference in the results of these studies is most likely due to placement of the 

stimulating electrode. Also, differences in patient populations may have contributed to the 

disparity of the various study results.

Although numerous studies appear to indicate a role for the PAG specifically in migraine, it is 

important to note than non-head pain is also associated with the PAG.

1.8.3. Current theories of pathophysioiogy

Included in the IHS classification criteria of migraine without aura is the mention that the 

‘mechanisms of the attack are as yet poorly understood. Regional cerebral blood flow remains
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normal or is perhaps slightly increased during an attack. Changes in blood composition and 

platelet function initiated endogenously or by environmental influences may play a triggering 

role. The pathophysiological process of the attack is presumed to occur in the brain, which via 

trigemino-vascular and other systems interacts with intra- and extracranial vasculature and 

perivascular spaces’.

This complex, but still nebulus description of the pathophysiological processes of migraine 

indicates how little was, and in some ways still is, known of the disease. Nevertheless, it opens a 

window onto the myriad of experimental studies that are performed into the various themes of 

trigeminal nociception and migraine, and that constitute the present day theories of 

pathophysiology. Current opinion is that migraine is a centrally driven neurovascular disorder. 

Although the central processes involved in the initiation of a migraine attack are poorly 

understood, much is known about the factors involved in the processes of head pain. Details of 

these ideas as pathophysiological mechanisms are described below, with emphasis on theories 

pertaining to this thesis.

1.8.3.1. Molecular genetics
The tendency of migraine to have familial aggregation, its early onset, and twin studies has

provided data on genetic susceptibility as the cause for the disease. Concordance rates in 

monozygotic twins suggest that up to 50% of the contribution to migraine is genetically based 

and indicates a multifactorial, genetically complex aetiology (Gardner, 1999). The advent of 

molecular techniques in the 1990’s brought concrete evidence of the genetic component of 

migraine. The present molecular focus in migraine is towards the calcium channelopathy. Aside 

from calcium channel mutations, genetic predispositions to migraine have also been linked to 

the following: dopamine receptors (Peroutka et al., 1997), Notch 3 (Davous, 1998), 

mitochondrial genes (Montagna et al., 1988; Klopstock et al., 1996), endothelin type A receptor 

gene (Tzourio et al., 2(X)1), Xq24-28 linked gene (Nyholt et al., 2(X)1), insulin receptor gene 

(McCarthy et al., 2001) and prothrombotic factors (Iniesta et al., 2001).

1.8.3.1.1. Calcium channelopathy
As summarised in the section on voltage gated calcium channels, theCa^^-selective pore of P/Q-

type Ca^  ̂ channels is formed by the ttiA subunit, which also contain the voltage sensor. The 

human gene CACNAIA on chromosome 19pl3 encodes ttiA- CACNAIA mutations have been 

described which are responsible for at least three different neurological human diseases: episodic 

ataxia type 2 (EA2), spinocerebellar ataxia type 6, and familial hemiplegic migraine (FHM) with 

and without cerebellar ataxia. FHM is a rare autosomal dominant form of migraine with 

prolonged aura, associated with ictal hemi paresis and, in some families, with cerebellar ataxia 

and atrophy. FHM shows genetic heterogeneity involving at least three different loci on 

chromosome 19p (Toumier-Lasserve et al., 1993), chromosome lq21-23 (Ducros et al., 1997), 

and chromosome lq31 (Gardner et al., 1997). Some regular migraine families appear to be
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associated with chrom osom e 19p l3  (M ay et al., 1995; N yholt et al., 1998) and a new locus on 

Xq28 has been proposed for regular migraine with X  dominant inheritance (N yholt et al., 2001). 

FHM is thought to be a genetically sim ple (autosomal dominant) disorder, whereas the variants 

o f  more com m on migraine are likely to be genetically com plex (m ultifactorial polygenetic).

At least thirteen m issense mutations have been identified in fam ilies with FHM  (O phoff et al., 

1996; Ducros et al., 2001). The locations on the Œia subunit o f  these thirteen mutations is 

pictured in Figure 16; they are D 715E, 1181IL, K 1336E , R 583Q , R 192Q , R 195K , R 1668W , 

T 666M , V 1457L , V 714A , V 16961, W 1684R , Y 1385C .

Figure 16. M utations in CACNAIA  linked with hemiplegic migraine.

The voltage gated calcium  channel is com prised  o f 5 subunits: a , ,  « 2, P, y, Ô. The « ia  subunit contains 
four repeated  dom ains, each including six segm ents (S1-S6). The S4 segm ents form  the voltage sensor, 
the S5 and S6 form  the inner pore and the P loops line the pore. The thirteen identified  m utations 
linked w ith hem iplegic m igraine are indicated by a red square and labelled.
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Two independent mechanisms altered by these mutations can affect P/Q-type currents in FHM 

patients: altered expression density and changes in channel gating. Functional expression of 

rabbit «ia subunits containing the FHM mutations D715E, T666M, V714A, 1181IL, R583Q, 

D715E, and V1457L in Xenopus laevis oocytes revealed mutation-induced changes in gating 

kinetics altering the extent to which P/Q-type channels accumulate in inactivation during trains 

of depolarising pulses (Kraus et al., 1998; Kraus et al., 2(XX)). This could alter influx and 

signalling during episodes of high neuronal activity. This in turn might result in a long-term 

activation of neurons within the structure or system of neurons where the mutations manifest 

their phenotypic dysfunction.

Essentially the same changes in gating kinetics were reported by Hans et a l after introduction of 

the T666M, V714A, 1181IL, and R192Q mutations in human aiA followed by heterologous 

expression in human embryonic kidney 293 cells and patch clamp analysis (Hans et al., 1999). 

In addition, they reported mutation-induced changes in single channel kinetics and expression 

density. It is difficult to predict if these changes of expression density also occur in vivo where, 

in addition to the accessory (Xg-Ô and P subunits, ttiA interacts with a number of other 

modulatory subunits such as receptor mediated G proteins, protein kinases, presynaptic proteins 

and synaptic vesicle proteins. Irrespective of changes in expression density, changes in gating 

properties represent an elementary functional alteration underlying P/Q-type Ca^  ̂ channel 

dysfunction in FHM.

In the context of migraine pathophysiology, the neurons in which these varying effects might 

occur remains an open question. To date, research on dysfunctional P/Q-type calcium channels 

and their clinical manifestations has focused on non-headache features. In migraine and familial 

hemiplegic migraine a link between the mutations and features such as cerebellar impairment 

and impairment of neuromuscular transmission was shown (Ambrosini et al., 2001; Sandor et 

al., 2001). In mice, mutations in the gene are found in a variety of mutants named for the 

specific neurological characteristics and motor behaviour produced by the mutation, such as 

tottering, leaner, rocker and rolling mouse (Zwingman et al., 2001). In these, as well as the null 

mutant mouse, a variety of effects have been demonstrated, primarily in cerebellar and 

neuromuscular factors, but not in head pain. However, a raised threshold for activation of 

cortical spreading depression has been demonstrated in the tottering and leaner mouse (Ayata et 

al., 2000).

Whilst an extrapolation between the mouse data and the human phenotype must be viewed with 

caution, altered levels of neurotransmitter release may contribute to the pathophysiological 

consequences of CACNAIA mutations. The phenotypes may also represent compensatory 

mechanisms in response to the physiological consequences of the CACNAIA mutations. This is 

demonstrated in the null mutant mouse, which, although completely lacking in P-type current in
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Purkinje and cerebellar granule cells (amongst other possible and unidentified structural 

deficits), is bom alive, albeit with rapidly progressing neurological deficits characterised by 

dystonia, ataxia and cerebellar involvement (Jun et al., 1999). Although these mice die within 3- 

4 weeks, it is surprising that they don’t exhibit other, more gross and debilitating deficits, since 

the ttiA subunit is present on all neurons throughout the body and is responsible for P/Q-type 

currents in such a wide range of neurons (Hoffman, 2001).

Other channelopathies, such as episodic ataxia and hypokalemic periodic paralysis, exhibit the 

same characteristic episodicity as migraine and FHM. That is, in these disorders patients are 

normal between attacks then have marked clinical problems during attacks. The episodic feature 

of migraine may, in part, indicate a dysfunctional gating mechanism contributed by calcium 

channel dysfunction providing a continuous background of neuronal instability. However, the 

findings of the patch clamp studies, that the functional effect of the mutations on single channels 

was not present in some patches and in some periods of activity, suggests the possibility that 

some unknown factor can precipitate an attack by directly switching the abnormal channel on or 

off.

It has been hypothesised that genetic abnormalities (a calcium channel functional defect for 

example) result in a lowered threshold of response to specific triggers in migraineurs (e.g. 

certain foods, hormones, changes in levels of stress). This hyper-responsivity of migraineur’s 

brains may be a consequence of ion channel dysfunction, dysregulating neuronal excitability 

(Ferrari, 1998).

1.8.3.2. Serotonergic dysfunction
The argument for serotonin playing a fundamental role in migraine pathophysiology came

mostly from studies in the I960’s. These studies showed the main metabolite of serotonin, 5- 

hydroxyindoleacetic acid, measured in the urine was increased in association with migraine 

attacks (Curran et al., 1965). Also, levels of platelet 5-HT were found to rapidly decrease during 

the onset of the migraine attack (Curran et al., 1965). Finally, intravenous injection of 5-HT was 

found to abort either spontaneous headache or reserpine-induced headache (reserpine causes 

mobilisation of 5-HT) (Anthony et al., 1968; Lance et al., 1989). These findings led to the view 

that migraine is a disorder of chronically low serotonin, with attacks triggered by a sudden 

increase in 5-HT release. Since these studies, research into 5-HT and compounds affecting its 

transmission has formed the bulk of efforts in migraine and spawned a class of ‘migraine- 

specific’ drugs that target the 5-HTib/id receptor, the triptans.

In the context of migraine pathophysiology, a background of chronically low availability of 5- 

HT could result in the sensitisation of 5-HT receptors within the CNS. This is a line of argument 

for the effectiveness of 5 -HT2 antagonists as migraine prophylactics. However, there is yet no 

evidence indicating a genetic variation in the 5-HT profile within migraineurs, so the role of this
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transmitter might be a secondary event in migraine pathophysiology. If so, then the effectiveness 

of the triptans may only be a result of targeting the symptom and not the cause. It is possible that 

different 5-HT receptors may be responsible for different components of the attack, where 5- 

HT2 receptors may be involved in inducing the attack and 5-HTi receptors may be required for 

its manifestation and hence a target for its relief (Lance et al., 1989; Hoyer and Martin, 1997). 

However, these proposals derive mostly from pharmacological manipulations with existing 

compounds and not on a known time profile of receptor activation over the course of an attack, 

or interictally.

The dorsal raphe nucleus is a serotonin-rich structure that modulates cranial vascular tone and 

trigeminal activity in the TBNC (Goadsby et al., 1985a, b; Underwood et al., 1992; Li et al., 

1993; Stezhka and Lovick, 1997). Lesions of the dorsal raphe nucleus induce supersensitivity to 

5-HT in isolated cerebral arteries. This could be a mechanism by which the dorsal raphe nucleus 

sensitises 5-HT receptors in the cranial vasculature, and eventually leads to trigeminal 

nociception. Serotonin is a fundamental transmitter in pain modulating structures such as the 

nucleus raphe magnus (NRM) where triptans affect the activity of on- and off- cells (Ellrich et 

al., 2001b). Because NRM neurons exert bi-directional control over pain transmission, a 

deficiency of serotonergic function could have two distinct pronociceptive actions: reducing 

serotonergic inhibition of pain transmission neurons and releasing the pain facilitating on-cells 

from serotonergic inhibition (Fields, 1997).

1.8.3.3. Sensitisation
A key clinical feature of migraine is sensitivity to head movement and a more general cranial 

sensitivity (Drummond, 1987; Headache Classification Committee of the International 

Headache Society, 1988). Sensitisation is described as ‘a leftward shift of the stimulus-response 

function of the relation of magnitude of neural response to stimulus intensity’ (Khan et al., 

1992). Sensitisation may originate in either the central or peripheral component of the trigeminal 

system. Peripheral sensitisation may arise from increasing trigeminal sensory input induced by 

chemical irritation of perivascular trigeminal fibres (Strassman et al., 1996; Burstein et al., 1998) 

or by vasodilation itself (Cumberbatch et al., 1999), while central sensitisation may be driven by 

dysfunction in central anti-nociceptive pathways, with the PAG being a suitable candidate.

Descriptions of central sensitisation are largely based on observations obtained from WDR 

neurons in the deep dorsal horn laminae of rats and primates. In addition to WDR units, 

superficial or deep laminae NS neurons may also be sensitised although to date, direct evidence 

in support of this possibility is limited. Sensitisation is a long-lasting facilitation that can be 

maintained independent of primary afferent inputs. Sensitisation of WDR neurons in the dorsal 

hom is associated with an increase in their spontaneous activity, an expansion in their receptive 

fields, an increased responsiveness to noxious, C fibre-mediated input and the induction of 

responses by low threshold (normally innocuous) AP fibre input (Woolf and King, 1990).
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A potentiation of descending facilitation and attenuation of inhibition, may contribute to 

enhancement in the sensitivity of dorsal hom neurons. Intracellular events triggered in WDR 

neurons by noxious stimulation can lead to a weakening of GABAergic and/or glycinergic 

inhibitory tone in the dorsal hom. Consequently, the component of descending inhibition that is 

mediated via activation of local dorsal hom inhibitory intemeurons is compromised, and 

processes of sensitisation are amplified.

CGRP may have a role in dorsal hom neuron sensitisation, probably by facilitating the actions 

of substance P (by directly retarding substance P metabolism) or enhancing the release of 

glutamate and substance P from primary afferent terminals (Schaible, 1996). If substance P is 

involved in central sensitisation in migraine this would support the notion that NKl antagonists 

would work better as prophylactics, or in pre-emptive treatment.

That there is a critical role for Ca^  ̂influx and increases in [Ca^ ĵi levels in the sensitisation of 

dorsal hom neurons draws attention to the role of VGCCs in dorsal hom sensitisation. As 

mentioned in the section on voltage-gated calcium channels, inflammation-induced enhanced 

dorsal hom neuronal responses are inhibited by N- and P/Q-type blockers, but not L-type 

channels (Malmberg and Yaksh, 1994; Diaz and Dickenson, 1997; Nebe et al., 1999).

Trigeminal investigations

A seminal study described by Duncan provides evidence of plastic, adaptive, central modulation 

of trigeminal nociception that might be akin to central sensitisation. In this study monkeys were 

trained to detect noxious heat pulses to their upper lip and to respond by touching a lever in 

response to a visual cue. Neurons in the trigeminal nucleus of these monkeys were recorded and 

increased or decreased their firing rates in response to either the visual cue or the act of pushing 

the lever, before any noxious stimulus was applied. Essentially the cells had acquired the 

property of changing their activity in anticipation of a noxious stimulus. What the study implies 

is that trigeminal nocisponsive neurons are capable of signalling without noxious input, as a 

result of central pathways that modulate pain integratively with attention and leaming (Duncan 

et al., 1987). These pathways have been shown in humans to involve activational changes in the 

PAG. Indeed, in a recent study in humans using functional MRI, PAG activation increased 

during distraction from pain, and the level of PAG activity increased proportionally with the 

pain reduction due to distraction (Tracey et al., 2002; Villemure and Bushnell, 2002).

Clinical support for hyperexcitability of a central pain pathway subserving intracranial sensation 

is given by the observation of cutaneous allodynia in migraine (allodynia is painful sensation 

elicited by non-noxious stimulus) (Selby and Lance, 1960). During attacks, most migraineurs 

experience cutaneous allodynia only in the referred pain area on the ipsilateral head and neck 

area (Burstein et al., 2000a). Some patients also report allodynia in more remote dermatomes. 

This cutaneous allodynia is a feature of the attack, since it is not seen interictally. It is proposed
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that in those patients who experience headache without cutaneous allodynia, there may be no 

central sensitisation but only peripheral sensitisation of meningeal fibres (Burstein et al., 2(XX)a; 

Burstein et al., 2(XX)b). It is suggested that the mechanism mediating this allodynia with 

migraine begins with sensitisation of the peripheral nociceptors and manifests as intracranial 

hypersensitivity, i.e. worsening of head pain when shaking the head or exercising. The barrage 

of impulses from these peripheral nociceptors sensitises second-order TBNC neurons which 

generate the cutaneous allodynia of the trigeminal dermatomes through TBNC intranuclear 

connections. These in turn can eventually sensitise other cutaneous neurons downstream in the 

spinal cord, thus producing allodynia in distant dermatomes if the time course reaches this 

degree of sensitisation. That the allodynia is cutaneous indicates the involvement of WDR 

neurons.

Utilising the elicitation of the blink reflex in migraine patients, clinical experimental studies 

have demonstrated evidence of central sensitisation. The blink reflex model offers a way of 

studying trigeminal function in humans by recording blink reflex responses elicited by electrical 

stimulation or radiant heat stimulation of discrete trigeminal regions around the orbit. The 

resulting signal recorded from surface electrodes placed infraorbitally and at the bridge of the 

nose, represents different components, arbitrarily named Rl, R2 and R3, of the trigeminal reflex 

arc from cutaneous receptor, via trigeminal sensory neuron, to sensory trigeminal nucleus and 

back via the facial nerve (VII) (the ‘blink’). The R2 component consists of A^- and Aô-fibres, 

which can be distinguished from one another by use of a concentric stimulating electrode which 

produces a high current density and low current intensity (Kaube et al., 2000). Therefore, 

depolarisation elicited by the stimulation is limited to the superficial layer of the dermis that 

contains AÔ- and C-fibres, not the A^-fibre containing layers that are deeper. This nociception 

specific blink reflex is highly sensitive to changes in trigeminal nociception. Several studies 

utilising this nociception-specific blink reflex demonstrate evidence for a facilitation of a spinal 

or medullary reflex in the trigeminal nociception arc during the migraine attack (Ellrich, 2000; 

Kaube et al., 2000; De Marinis et al., 2(X)1; Ellrich et al., 2001c; Frese et al., 2001). They 

demonstrate an increase in those parameters which evidence reflex facilitation based on spatial 

summation of afferent inputs onto common reflex neurons. They suggest this facilitated 

transmission in the trigeminal system is a consequence of central sensitisation.

A clinical study in which patients during the migraine attack have decreased pain thresholds and 

increased scalp tenderness, more pronounced on the headache side, which also persists beyond 

the migraine attack for up to four days, provides additional evidence to suggest central 

sensitisation in migraine (Drummond, 1987). It remains unclear whether sensitisation occurs 

primarily in the periphery or centrally in the trigeminal system.

Proposals of migraine pathophysiology as a peripheral sensitisation centre on the inflammation 

of the peripheral nociceptors. How such an inflammation might be triggered, whether such a
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transient inflammation would occur without injury in the meninges or whether such an 

inflammation occurs at all in a primary headache disorder are all questions that are pertinent to 

the theory of peripheral sensitisation. These concepts are fiercely debated and remain 

unanswered. It is perhaps timely to recall Gowers’ description of migraine pathology: “We must 

not ascribe too much significance to throbbing or the increase in the pain by the causes of 

vascular distension; these may be due merely to the over sensitiveness o f the central structures. ” 

(Gowers, 1888)

1.8.3.4. Neurogenic Inflammation, vasodiiation and nitric oxide.
Neurogenic inflammation (NI) is an inflammatory response accompanied by vasodilation and

plasma protein extravasation (PPE) deriving from neuronal origin (Williamson and Hargreaves, 

2001). The model of neurogenic inflammation formed a major avenue of migraine research 

during the 1980’s and 1990’s (Moskowitz and Buzzi, 1991; Moskowitz, 1992,1993).

Although neurogenic inflammation is a general feature of tissue damage, processes of 

neurogenic inflammation in cerebral blood vessels have been specifically implicated in the 

pathophysiology of migraine headache. The theory of ‘sterile NT proposed to be involved in 

migraine induction suggests that cortical spreading depression results in the antidromic 

activation of trigeminal primary afferent terminals (Moskowitz, 1993). This provokes the release 

of proinflammatory (vasodilatory) and pro-nociceptive substances such as Substance P, CGRP 

and excitatory amino acids. This further results in vasorelaxation and inflammation of durai 

blood vessels (Dimitriadou et al., 1991). The triggering of such a neurogenic event is postulated 

to derive from stress or other central mood changes, i.e. ‘stress-induced’ cortical spreading 

depression.

A weakness in the argument for a dependence on neurogenic inflammation-mediated events in 

trigeminal nociception are seen in the clinical trial in migraineurs of neurokinin-l(NKl) 

antagonists as acute treatment (Goldstein et al., 2(X)1). The rationale for NKl antagonists 

working against migraine comes from the fact that substance P is probably the major mediator 

of neurogenic inflammation (NKl receptors mediate the effect of Substance P). The lack of 

significant effect of NKl antagonists in migraineurs at least indicates that the blockade of the 

NKl receptor-mediated component of neurogenic inflammation is not sufficient to interrupt 

migraine attacks. However, there is still potential for an effect via other NK receptors, such as 

NK2 and NK3, or even for compounds that target the CGRP receptor (Brain et al., 2002).

The vascular hypothesis posits that the primary event in migraine is a vasodilation of cerebral 

blood vessels, which secondarily activates trigeminal primary afferents (Williamson and 

Hargreaves, 2001). Many factors may be involved in modulating the tone of cerebral blood 

vessels and in precipitating their vasodilation. These factors include CGRP derived from the 

trigeminal afferents, serotonergic mechanisms, adrenergic mechanisms, endothelin, excitatory 

amino acids, thromboxanes and histamine. The rapidity of the effect of triptans in relieving
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migraine has been incorporated as evidence for the vascular hypothesis of migraine (Ferrari and 

Saxena, 1993).

It has been suggested that nitric oxide acts as an intermediary in the initiation and possibly the 

propagation of a neurogenic cranial vessel inflammatory response, which results in headache. In 

cerebral vessels, local nitric oxide release could lead to excitation and sensitisation of 

perivascular trigeminal afferents because nitric oxide donors activate trigeminovascular fibres to 

cause release of sensory neuropeptides (Wei et al., 1992). There is also evidence for the 

involvement of nitric oxide in the initiation of migraine since the nitric oxide donor, 

nitroglycerin, provokes migraine in migraineurs (Olesen et al., 1993).

1.8.3.5. Autonomic dysfunction
The proposal that migraine may involve a dysfunction of the autonomic nervous system is based

on cardiovascular tests, vasomotor reactions to temperature changes, pharmacological 

interventions and changes in biochemical parameters. A clear dysfunction still remains to be 

proven, and there are contradictory results. Some studies suggest mild parasympathetic 

hypofunction with denervation supersensitivity in migraineurs (Schoenen and Thomsen, 2000). 

Gowers also noted one of the chief theories of migraine pathology “is essentially one o f the 

sympathetic nerves ” (Gowers, 1888).

1.8.4. Drug Therapies

The pharmacological treatment of migraine may be acute (abortive, symptomatic) or 

preventative (prophylactic). Symptomatic treatment attempts to abort a headache once it has 

started. Preventative therapy is given to reduce the frequency and severity of anticipated attacks.

1.8.4.1. Acute
In the 1980’s the development of acute therapies for migraine produced a class of drugs known 

as the ‘triptans’, which are 5 - H T ib/d receptor agonists, some of which also show some 5-HTip 

receptor affinity. The 5 -H T ,B  receptor is located in the vascular termination of the trigeminal 

neuron and the 5-HTid receptor is located in the central termination of the trigeminal neuron. 

Both receptors are negatively coupled to adenylate cyclase via the inhibitory guanine nucleotide- 

binding protein Gj/o (Hamblin and Metcalf, 1991). Effectively, the triptans abort trigeminal 

sensory neuronal activity at both the vascular and central terminations of the trigeminal neuron 

(Goadsby and Hoskin, 1996; Hoskin et al., 1996a). A second route of effect for the triptans 

could be on the descending pathways affecting trigeminal primary afferent activity, such as 

those in the brainstem. The first line of investigation into this idea was made in the nucleus 

raphe magnus, in which cell firing changed in response to naratriptan (Ellrich et al., 2001b), but 

this remains an unexplored area. A third mechanism of action for the triptans could be by 

indirect vascular mechanisms (i.e. vasoconstriction) causing reduction in the orthodromic firing 

of trigeminal afferents.
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Controlled clinical trials have demonstrated that lipophilic triptans, which penetrate the blood- 

brain barrier and consequently may influence the brainstem, may result in less recurrence of 

migraine attacks (Schoenen, 1997). Those structures in the brainstem that could be targeted by 

the triptans include any structure containing 5 - H T ib/ id receptors. 5 - H T ia and 5 - H T |b receptors 

are diffusely distributed throughout the motor and sensory regions of the reticular formation 

(Thor et al., 1992a, b).

Table 8. Acute medication used in migraine.

Class Compound Receptor action

5-HT action Triptans’ 5-HÏ1B, 5-HTio, 5-HTiF agonist

Ergot alkaloid Ergotamine 5-HTia,5-HTib.5-HTid, 
5 -HT2 agonist

Dihydroergotamine D2 agonist

a- and p-adrenoceptor antagonist

Simple analgesic Paracetemol Prostaglandin inhibition

NSAIDs Aspirin, 

Naproxen, 

Diclofenac, 

Ibuprofen, 

Tolfenamic acid

Prostaglandin inhibition

Prokinetic and antiemetic Metoclopramide, Cholinomimetic

Domperidone Dopamine antagonist

(Ferrari and Haan, 1997; Goadsby et al., 2002)

Da, dopamine receptor; NSAID, non-steroidal anti-inflammatory drug.

1.8.4.2. Prophylactic
Prophylactic drug therapy is indicated in patients having three or more severe attacks a month, 

or in whom symptomatic medication alone is not satisfactory. Patients who experience 

contraindications using acute attack medication, or who are at risk of developing medication 

induced headache through frequent use of abortive medications, are encouraged to use 

prophylactic medication. The scientific and clinical advances in acute medications during the 

1990’s have not been matched in migraine prophylactic therapy. The complete mechanism of 

action that produces beneficial effects in the variety of prophylactic medications in use is not 

known, so use of the prophylactics is mostly based on clinical trials. Additionally, many of the 

prophylactic drugs in use act at multiple receptor sites and in more than one CNS effector 

system. Prophylactic treatments in migraine can be classified into agents acting at serotonin 

receptors and those that do not. Originally, the 5-HTi receptor became a candidate for possible 

migraine prophylactic effects because of the pharmacology of known anti-migraine drugs (trial 

and error) and the initiation of migraine-like headache by stimulation of the 5 -HT2 b/2c receptor
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by compounds such as m-chlorophenylpiperazine (Lance and Anthony, 1968, 1970; Brewerton 

et al., 1988).

Table 9. Some prophylactic drugs used in migraine.

Class Compound Receptor action

Antl-5-HT Methysergide 5-HTi and S-HTg antagonist

Pizotifen, 5 -HT2 and histaminei antagonist

Cyproheptadine

Phenelzine MAO-A inhibitor

Tricyclic antidepressants Amitryptyline 5-HT and noradrenaline

Imipramine (reuptake inhibition)

p-blockers Propranolol S-HTgand p-adrenoceptor

Atenolol (selective antagonist)

Metoprolol

Ca^  ̂channel blocker Flunarizine 5-HT, Câ "", Na^ channel

Anticonvulsants Valproate GABA levels increased

K̂ , Na"", Ca^  ̂channels

NSAIDs Aspirin, Inflammation inhibition

Naproxen

(Goadsby, 1997; Silberstein, 1997; Silberstein and Rosenberg, 2000; Goadsby et al., 2002) 
NSAID, non-steroidal anti-inflammatory drug.

1.9 Animal model of headache
Although migraine remains an essentially clinical problem, its constituent parts can be 

investigated to a degree in animal models. To a large extent pharmacological developments have 

driven the design of animal models. Currently used models are constructed primarily around 

pain and therefore predict responses to acute attack therapy and shed light on the 

pathophysiology of the attack.

The model used in the studies described in this thesis employs electrical stimulation of either the 

superior sagittal sinus (SSS) in the cat or of the dura surrounding the middle meningeal artery 

(MMA) in the rat. The central trigeminal terminations in the trigeminal nucleus caudalis are then 

studied for changes in activity. This model has demonstrated robust application to migraine, 

since the trigeminal nucleus caudalis neurons activated by SSS or MMA stimulation are 

inhibited by a range of compounds that are effective in migraine such as aspirin (Kaube et al., 

1993a), dihydroergotamine (Hoskin et al., 1996b), sumatriptan after blood brain barrier 

disruption (Kaube et al., 1993b), naratriptan (Goadsby and Knight, 1997), rizatriptan 

(Cumberbatch et al., 1997) and zolmitriptan (Goadsby and Hoskin, 1996). Also, compounds 

ineffective in acute migraine are not effective in inhibiting Vc neurons in this model, such as 

neurokin-1 antagonists (Goadsby et al., 1998) and anti-plasma protein extravasation compounds
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(Knight et al., 1999). Nor are they effective against CGRP release into the cranial circulation 

after SSS stimulation (Knight et al., 2001). This model allows study of the second-order neurons 

that have an obligate involvement in the pain of migraine. The model can be used to focus on 

individual groups of neurons by using electrophysiological methods to determine temporal and 

dynamic relationships (as in studies 1 and 2  of this thesis), or immunohistochemical methods to 

observe populations of higher order neurons (as in study 3).

Despite the weighty evidence toward migraine deriving from supraspinal structures there is not 

yet an animal model to investigate this. The main reason for this is the difficulty in developing 

such a model. A part of the aim in the studies reported in this thesis was to make the first, basic 

steps toward creating a supraspinal model of trigeminovascular nociceptive modulation or 

activation that could be applied to migraine.

1.10 Summary
In the studies reported here the aim was to investigate aspects of PAG modulation of trigeminal 

neurons encoding trigeminovasculature nociception. Three studies are reported in this thesis that 

describe investigations into brainstem modulation of trigeminal nociception.

Although it is known that the vlPAG selectively receives trigeminovascular input and the PAG 

inhibits dura-responsive neurons in the trigeminal nucleus caudalis, a functional map of the 

rostrocaudal extent of the PAG’s action on dura-responsive nociceptive neurons would be the 

first step toward identifying a specific section of the PAG that modulates trigeminal nociception. 

So in Study I (Chapter 3), in vivo electrophysiology in the cat was used to record from Vc 

neurons activated by stimulation of the superior sagittal sinus. The modulatory effect of 

electrical stimulation across the rostrocaudal extent of the PAG was then observed on these 

neurons and characterised.

If the P/Q-type calcium channels that are dysfunctional in some forms of migraine were to 

manifest this dysfunction in the vlPAG, what would the effect on trigeminal nociceptive neurons 

be? Would this effect be mediated by the GABAergic inhibitory neurons that gate activity in the 

PAG? In study 2 (chapter 4), in vivo electrophysiology was used to record from Vc neurons 

activated by stimulation of the middle meningeal artery in the rat or superior sagittal sinus 

stimulation in the cat. Nocisponsive Vc neurons were observed for the effect of microinjection 

into the vlPAG of compounds blocking P/Q-type calcium channels and G A B A a receptors.

Most of the effect from the vlPAG on nociceptive Vc neurons is mediated by specific structures 

in the medulla and pons. A map of these structures would be the first step to identifying 

specifically trigeminal-responsive structures and those that effect PAG modulation of 

trigeminovascular nociception. In study 3 (chapter 5) the immunohistochemical detection of fos 

was used to map structures in the rostral medulla and caudal pons responding to electrical 

stimulation of the superior sagittal sinus and periaqueductal grey in the cat.
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2. General Materials and Methods

2.1 Animals
Cats and Sprague-Dawley rats were used in these studies. Both male and female cats and only 

male rats were used. The animals met the health requirements and were housed in compliance 

with UK Home Office regulations. They were provided by the Denny Brown Laboratories, 

Institute of Neurology, Queen Square, London, UK. All experiments were carried out under a 

project license issued by the UK Home Office under the Animals (Scientific Procedures) Act 

1986.

2.1.1. Surgical procedures: anaesthesia, maintenance of analgesia

Table 10. Physiological data of animals used in these studies.

Study 1- PAG electrical stimulation. Cats, n=22.

Weight pH PCO2 PO2 BP Temp

kg • kPa kPa mmHg °C

Mean 3.0 7.37 3.43 35.46 91 37.0
SD 0.5 0.03 0.49 2.77 16 0.5

Study 2- Mlcrolnjectlon In the PAG. Rats, n=16; Cats, n= 6.

Weight CO2 BP Temp

Rat 9 mmHg mmHg °C

Mean 329 37.33 111 37.0
SD 45 2.98 27 0.3

Weight pH PCO2 PO2 BP Temp

Cat kg ■ kPa kPa mmHg °C

Mean
SD

3.5
0.3

7.42
0.1

3.07
0.30

36.3
4.2

99 38.0 
8 0.6

Study 3- Fos In the rostral medulla and caudal pons. Cats, n=25.

Weight pH PCO2 PO2 BP Temp

kg ■ kPa kPa mmHg °C

Mean
SD

2.9
0.6

7.40
0.05

3.43
0.87

33.58
6.64

101 38.0 
18 0.7

Cat values for CO2 were measured from blood gas samples. Rat values for CO2 were 
measured from end-expired measurements taken from the ventilator. Values for Study 1 and 
Study 2 were taken immediately prior to or during physiological recording.

2.1.1.1. Cat
Cats were anaesthetized with a-chloralose (60mg/kg intraperitoneal, then by 20mg/kg 

intravenous supplements) (Storer et al., 1997) after induction with gaseous halothane. Halothane 

was administered throughout surgical preparation at 0.3 -  2.0%. Halothane was discontinued at
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the completion of surgery and for the remainder of the experiment. Cardiovascular parameters 

and pupillary reaction to noxious pinching of the forepaw were used to determine the need for 

supplementary anaesthesia. During muscular paralysis, the absence of gross fluctuations of 

blood pressure and heart rate following noxious pinching of the forepaw were used to determine 

the need for supplementary anaesthesia. Body temperature was monitored and maintained at 37- 

39°c using a rectal thermistor probe and heater blanket unit. The cat was then endotracheally 

intubated and ventilated. To provide optimum alveolar ventilation, end-tidal CO2 was 

maintained between 2-4% and inspired oxygen continuously monitored. Femoral arterial and 

venous catheter lines were inserted for continuous measurement of blood pressure and heart rate 

and administration of fluids and drugs. Blood gas parameters were measured at intervals 

throughout the experiment, and along with blood pressure and heart rate, kept within the normal 

physiological range. The animal was then placed in a stereotaxic frame for further surgery. A 

neuromuscular blocker, gallamine triethiodide (6 -2 0 mg/kg, i.v.), was administered during 

stimulation of the superior sagittal sinus to prevent movement and subsequent artefact during in 

vivo electrophysiology recordings. The eyes were covered with an ointment (Lacrilube®) to 

prevent drying of the cornea. Upon completion of the experiment the animal was killed under 

deep anaesthesia by intravenous injection of a lethal dose of pentobarbital, then potassium 

chloride.

2.1.1.2. Rat
Sprague-Dawley rats were initially anaesthetised with pentobarbitone sodium (Sagatal®, 65 

mg/kg i.p.). Anaesthesia was maintained by bolus injections of a-chloralose (15-20mg/kg i.v.) 

through a catheter placed in the femoral vein. During electrophysiological recording the animal 

was paralysed (Pavulon® (pancuronium bromide} 1 mg/kg initially, then 0.4mg/kg 

maintenance). In the unparalysed state, absence of comeal blink reflex and flexor reflex to 

pinching of the forepaw were used to determine the depth of anaesthesia. When paralysed, depth 

of anaesthesia was determined by the absence of gross fluctuations of blood pressure and heart 

rate following noxious pinching of the forepaw. Body temperature was maintained at 37-38°c. 

The trachea and femoral artery and vein were cannulated. Under artificial ventilation the end- 

tidal CO2 was maintained between 3.5-4.5%. The eyes were covered with an ointment to 

prevent drying of the cornea. Upon completion of the experiment the animal was killed under 

deep anaesthesia by intravenous injection of a lethal dose of pentobarbital, then potassium 

chloride.

2.2 Surgery
To stimulate trigeminal primary afferents in the cat, the superior sagittal sinus (SSS) and its 

surrounding dura was exposed and stimulated. In the rat, the middle meningeal artery and its 

surrounding dura was exposed and stimulated.
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2.2.1. Superior sagittal sinus

A  midline incision of the scalp was made then a circular midline craniotomy (2cm diameter) 

was drilled under cooling with saline, A 3-8mm section of the SSS was exposed then isolated on 

three sides from the cortical dura and midline falx, and kept in contact with the anteroposterior 

points of contact with the remaining superior sagittal sinus. A rectangle of polyethylene was 

placed under the sinus and tucked under the outlying dura, then the partially isolated sinus was 

gently lifted onto a pair of platinum hook electrodes for stimulation. A semi-circular plastic dam 

was affixed to the bone surrounding the craniotomy using dental acrylic then filled with clean 

liquid paraffin to prevent dehydration and for electrical insulation against the cortex.

2.2.2. Middle meningeal artery

A  midline incision of the scalp was made. The parietal dura adjacent to the middle meningeal 

artery (MMA) was exposed through a cranial bone window that was thinned using a dental drill 

under liquid cooling until the MMA became clearly visible. Care was taken to prevent injury to 

the dura, which was then covered with warm mineral oil.

2.2.3. Periaqueductal grey

In the cat, the PAG received electrical stimulation or microinjection of drugs. In the rat, the 

PAG received only microinjection of drugs.

2.2.3.I. Cat
In the electrophysiology studies (Study 1 and 2) and in the PAG+SSS stimulation of the fos 

study (Study 3) the existing craniotomy for exposing the SSS allowed access for the PAG 

stimulating electrode. In the PAG stimulation group of the fos study, a burr hole was made over 

the aimed stereotaxic point for PAG access. The burr hole was approximately 5mm diameter 

and the area was cooled with saline while drilling to prevent damage to the underlying cortex.

For steretoaxic reference, the atlas of Berman was used (Berman, 1968). The electrode or 

microinjection unit entered the brain l-2mm lateral to the isolated superior sagittal sinus. For 

sites anterior to the steretoaxic 0.0 midline (A2.5-A0.6) the electrode or microinjection unit was 

inserted from the frontal, dorsal aspect perpendicular to the plane of the cortex (X plane). For 

posterior sites (A0.2-P0.9) the electrode was inserted from the frontal, dorsal aspect 45° to the X 

plane. This allowed sufficient angle to avoid the SSS hook electrodes near the surface and the 

basi-sphenoid bone above the midbrain.

2.2.3 2. Rat
Unlike the cat electrophysiology study, the craniotomy for exposure of the middle meningeal 

artery did not permit stimulation of the PAG. For the multibarrelled microinjection unit to enter 

the brain a burr hole was made in the cranium above the stereotaxic point of the PAG and the 

superior sagittal sinus was pierced to allow penetration. The stereotaxic positioning of the
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multibarrelled microinjection unit was aimed at the following co-ordinates for the ventrolateral 

PAG according to the atlas of Paxinos and Watson (Paxinos and Watson, 1998): 1.36mm rostral 

and 4,2mm dorsal from the interaural point, 0.5-0.7mm left of the midline,

2.2.4. Trigeminal nucleus caudalis

In the cat, electrophysiological recordings of SSS-responsive neurons were made from the 

trigeminal nucleus caudalis at the level of the spinal cord C 1-C2  transition. In the rat, 

electrophysiological recordings of MMA-responsive neurons were made from the trigeminal 

nucleus caudalis at the level of the caudal medulla,

2.2.4.I. Cat: C1-C2 spinal cord
A C1-C2 laminectomy was performed to allow access to the lower C, and upper C2 region of the

spinal cord. To reduce possible artefacts from arterial pulsation and respiration the animal was 

immobilised by neuromuscular blockade, a middle thoracic dorsal vertebral process was 

clamped and suspended from the stereotaxic frame, the C, lateral spinal processes clamped, 

bilateral pneumothoraces created (since variations in the intrathoracic pressure contribute 

significantly to brain movements) and the exposed spinal cord bathed in solid agar during the 

recording procedure. Stability, i,e, lack of any movement between electrode and brain tissue, is 

vital for achieving single unit recording. Brain pulsations can produce movement, so an agar 

solution built into a well around the spinal cord was used to dampen pulsation,

2 2.4.2. Rat: Caudal Medulla
The muscles of the dorsal neck were carefully separated in the midline and the atlanto-occipital

membrane and the dura were incised to expose the brain stem at the level of the caudal medulla. 

The pia was left intact and where possible, covered with warm paraffin oil in a pool made from 

skin flaps,

2.3 Stimulation and Microinjection

2 .3 . 1. Superior sagittal sinus- Electrical Stimulation

To activate trigeminal primary afferents the cat SSS was hooked onto a pair of bipolar 

electrodes and stimulated with a Grass S8 8  stimulator, via a stimulus isolation unit using square 

wave 250ps pulses, every three seconds, 130-150V, This was used as a search stimulus until a 

trigeminal neuron could be reliably recorded from, at which time the stimulus intensity (voltage) 

was adjusted down to just supra-maximal level so as not to over stimulate the neuron and 

generate fatigue.
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2.3.2. Middle meningeal artery- Electrical Stimulation

To activate trigeminal primary afferents the dura mater was stimulated with a Grass S8 8  

stimulator, via a stimulus isolation unit. A pair of bipolar electrodes was placed on the rat dura 

either side of the MMA and electrical square-wave stimuli (0.5-0,6Hz) of 0.5-2ms duration up to 

lOV were applied. Again, this was used as a search stimulus until a trigeminal neuron could be 

reliably recorded from, at which time the stimulus intensity (voltage) was adjusted down to Just 

supra-maximal level.

2.3.3. Periaqueductal Grey

2.3.31. Electrical Stimulation
In the cat electrophysiology study reported in this thesis as study 1 (chapter 3) and the cat fos

study (study 3, chapter 5), the PAG was stimulated electrically. In study 1, After a stable 

recording of a SSS stimulation evoked Vc neuron was made, a bipolar concentric electrode was 

driven into the periaqueductal grey. The PAG was stimulated with a Grass S8 8  stimulator via a 

stimulus isolation unit, a constant current unit and an isolated current monitor: 48ms train, 

lOOfXS pulses, 67 -  333Hz, every 3 seconds, 20-500|LtA current (Oleson et al., 1978; Carstens et 

al., 1979; Light et al., 1986). Trains of stimulation, rather than single pulses, were used because 

more neurons are recruited through mechanisms such as temporal summation (Light et al., 

1986). Spread of stimulation in PAG tissue at the currents used is calculated to spread up to 1- 

1.5mm away (Hentall et al., 1984).

Although otherwise reliant upon accurate stereotaxis, test stimuli were used to assess the 

location of the electrode in the PAG by the blood pressure and pupillary responses to 

stimulation. The test stimulus was used at low currents ranging between 20-100pA and 

frequencies ranging between 67-lOOHz and where possible was performed under minimal 

effects of neuromuscular blockade so that any elicited responses could be clearly observed. If 

stimulation elicited a characteristic increase in blood pressure, considerable pupillary dilation, 

and in some cases an increase in expired CO2 , facial snarling actions and piloerection along the 

back and neck, the electrode was assumed to be in the region of the dorsal or dorsolateral PAG. 

After finding this area, the electrode was then lowered down in a caudal, ventral direction. If 

stimulation produced a decrease or no change in blood pressure and moderate pupillary dilation 

the electrode was categorised to be in the region of the ventral or ventrolateral PAG. To lower 

the electrode a known distance, calculations were made using measurements from the 

stereotaxic manipulator and basic geometry. At the completion of the experiment the location of 

the stimulation site was marked with an electrolytic lesion made with 20mA current for 30s.

2.3 3.2. Mlcrolnjectlon
Microinjection of test drugs into the PAG were performed in both rat and cat models. These 

studies are reported together in Study 2, Chapter 4.
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2.3.3.2.1. Cat

In the cat, the multibarrelled microinjection unit contained a tungsten wire in the central barrel. 

PAG neurons were stimulated either by electrical stimulation through the central tungsten wire 

or by microinjection of D,L-Homocysteic Acid. This multibarrelled electrode had a total tip 

diameter of less than 30p,m, which is considerably smaller than the microinjection unit without 

the central wire (next section) and therefore more difficult to both manufacture and prevent from 

blocking. Drugs were ejected from each barrel by air pressure. A brief description of the 

manufacture of the multibarrelled electrode follows.

An etched tungsten wire with tip diameter of 10-16p,m was inserted in the central barrel of a 

1.2mm diameter multibarrelled blank capillary. The blank was pulled in a Narashige electrode 

pulling unit and re-etched to refine the electrode tip, where each barrel was approximately 5- 

10|Lim in diameter at the tip. After each barrel was filled with drug solution individual Microfil® 

needles were glued into each barrel and connected to a picospritzing unit via luer lock airtight 

connectors. A controlled pressurised inert gas, nitrogen, was injected through the barrel and the 

meniscus of the solution was observed through an operating microscope with graticule scale to 

measure the volume of ejected drug.

At the end of each experiment, for identification of the PAG stimulation site, an electrical lesion 

was made with DC current through the metal electrode (lOpA, 10s) or microinjection of 

Pontamine Sky Blue (500-700nl) was made. The lesions were then identified, the electrode 

tracks reconstructed and the position of the stimulated units was located with respect to 

corresponding anatomical structures.

2.3.3.2.2. Rat

A multibarrelled glass capillary assembly with total tip diameter of no more than lOOfxm was 

used for microinjection of drugs into the ipsilateral PAG. Drugs were pressure injected into the 

PAG over a period of 30-120s for a volume range of 50-600nL. At least 30 minutes prior to 

injection into the PAG each barrel was first tested in the superior colliculus 1mm above the 

dorsal border of the PAG. A unit of Pontamine Sky Blue equal in volume to the test drug was 

injected into the PAG to mark the location of the microinjection unit. For fabrication of 

multibarrelled microinjection unit go to page 175.

Figure 17. Multibarrelled inicroii\jection unit

84



air pressure

meniscus

pontam ine sky blue solution

microinjection 
with electrode microinjection

30pm30pm

2.3.3 3. Histological processing
The brain was removed at the com pletion o f  the experim ent and stored for 24-36 hours in a

staining and fixing solution containing 10% formalin. If the brain had received an electrolytic 

lesion in the PAG the formalin solution contained potassium hexacyanoferrate (III) to stain the 

remaining iron deposit from the electrode. In a cryostat the brain w as frozen and cut into 40pm  

sections. These sections were then mounted onto slides and stained with neutral red or cresyl 

violet to visualise the stained lesion. For staining procedures go to page 174.

2.4 Electrophysiology
The aim o f  extracellular electrophysiological recordings is to isolate the activity o f  a unit -  

either the activity o f  a nerve fibre or that o f  a cell soma. This is done by use o f  a microelectrode 

that detects variation in the voltage change o f  an action potential o f  an active neuron. The 

voltage potential is then amplified and the sam ple analysed.

2.4.1. Electrode

Locally made tungsten in glass electrodes with an exposed tip o f  10-15pm were used for 

electrophysiological recording in these studies. Metal in glass electrodes were used for their
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properties of providing more stable isolation of single units than micropipettes, and the fact that 

they tend to sample from a larger morphological variety of cells and make it easier to localise 

electrode tracks. With tungsten-in-glass electrodes the degree of discrimination is not as high as 

one would achieve with saline filled electrodes of higher impedance. As such, recordings were 

made mostly from a population of neurons and occasionally from a single neuron if it was in 

sufficiently close proximity to the recording electrode.

An important characteristic of these electrodes is their electrical resistance, which is related to 

the exposed tip size. Smaller tips have higher resistances and they restrict the area from which 

potentials can be recorded, thus permitting the isolation of the activity of either a fibre or a cell. 

Large tips and low resistances pick up the activity from a number of neuronal elements and are 

of limited use in efforts to identify the functional properties of a single nerve cell. Tips with very 

high resistances are also of little use since they cannot record the neural activity unless they are 

very close to the neuronal cell membrane or actually inside a cell. Electrodes often have 

significant capacitances due to the thinness of the insulating glass near the tip. The impedance is 

a measure of electrical resistance plus capacitance and is measured by AC current at 50Hz, in 

the best of the electrodes used in these studies it is in the range of 400-800 kOhms.

2.4.2. Electrophysiologica! recording and signal processing

When the electrode is inserted into the tissue, unit activity is encountered under one of four 

conditions 1 ) some neurons are spontaneously active 2 ) the electrode tip may injure a neuron 

and provoke it into firing 3) the neuron may fire in response to natural stimulation, such as 

visual or an acoustic stimulus 4) the neuron may fire due to an artificial stimulus, such as SSS 

stimulation.

It is the frequency of spikes that is of most interest, not the shape of the action potential. 

Therefore, the recordings are done with an AC amplifier, so that most irrelevant signals such as 

DC shifts and high frequency noise can be filtered out. The amplifier has filters to cut off 

frequencies below and above a particular range (band-pass filter), and allows an amplification of 

at least 100,000 times the actual signal. An appropriate range for the filter that optimizes spike 

recording without allowing excessive noise is 300-6000 Hz. To observe spike shape, one needs 

to widen the filter in the low frequency end, or use DC recordings as for intracellular recordings. 

Noise level observed in AC recordings should ideally be below 100p,V. An ideal signal to noise 

ratio is 3:1.

Fibre spikes generally appear as positive potentials, primarily because current flowing either in 

front of, or behind, an action potential is outward current. Soma spikes can first appear as either 

negative or positive waves depending on where the electrode is relative to current sinks and 

sources. When an electrode approaches the soma of a neuron that is undergoing synaptic 

activation the initial wave will be small and positive as current flows into the dendrites. This will
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be followed be a negative wave due to inward current in the soma as it is invaded by the 

depolarisation of an action potential. As the electrode gets closer to the cell surface a rapid 

increase in the amplitude of the positive potential occurs. A difference between fibre and soma 

recordings is the overall duration of the spikes, which is usually much less than 1 ms for fibres 

and could be up to 2 ms or more for cell bodies.

2.4.3. Anaiysis of electrophysiological data

The signal parameter of interest is the spike frequency and its variation with time and with 

respect to the applied stimulus. If the electrode picks up the activity of more than one unit, they 

can still be discriminated by exploiting the fact that these spikes from different neuronal 

elements usually have different heights, however the purpose of the studies presented here was 

not to discriminate only individual responses. Original signals were stored on an analogue (cat 

data) or digital (rat data) tape recorder. To record the time of occurrence of the spikes of a 

certain height and thus the activity of one neuron, the analogue signal from the amplifier was fed 

into a suitable trigger device, i.e. a ‘window discriminator’. A window discriminator produces a 

single pulse of given height and duration (a TTL pulse) for each action potential whose height is 

within a certain window. The output of the window discriminator was connected to an interface 

and an IBM compatible computer. The data is then displayed in various forms. The post

stimulus histogram (PSTH): where the X-axis represents time after an applied stimulus that is 

repeatable. The time is divided into a number of bins of certain duration in ms. The Y-axis 

represents the number of spikes that occur in each of the bins, expressed here as probability of 

firing in the same bin (cat study) or as events (rat study), where both these units measure 

spikes/sec. The peristimulus histogram: in which the firing rate of the spikes in Hz is 

continuously plotted on the Y-axis against time on the X-axis. An average of the action 

potential taken across multiple sweeps or collections can be made. The data produced in the 

studies reported here were made using two versions of software. The cat data was analysed on 

custom-written software (SSVIEW) and the rat data was analysed using commercial software 

(SPIKE 2.01).

2.4.4. Histological processing

For verification of the trigeminal nucleus caudalis recording site electrical lesions were made via 

the recording electrode at the completion of each experiment. The animal was then killed with a 

lethal dose of pentobarbitone sodium and potassium chloride. Immediately after its removal the 

brain was stored for 2 4 -3 6  hours in a staining and fixing solution containing potassium 

hexacyanoferrate (III) to stain the remaining iron deposit from the electrode. The tissue was then 

frozen and cut into 40|Lim sections and stained with cresyl violet. Although not all Vc lesions 

were found, the depth of recording was noted in all cases so that cell locations could be 

approximated.
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2.4.5. Characterisation of neurons

In the in vivo electrophysiological study in the cat, simple criteria were used to select trigeminal 

nucleus caudalis neurons that responded to superior sagittal sinus stimulation because the aim of 

the study was to determine the distinct regions of the PAG that modulate superior sagittal sinus 

responsive second order neurons. In the rat, the selection criteria of trigeminal nucleus caudalis 

neurons was more specific because the aim of the study was to specifically record the effect of 

ventrolateral PAG modulation on durai middle meningeal artery responsive neurons which also 

had facial receptive fields restricted to the trigeminal ophthalmic division.

2.4.5.1.Cat
Latency of response to SSS stimulation was used to determine the neuron characteristics. Spikes 

in the 0-30ms latency range were considered Aô-fibre. C-fibre spikes were not specifically 

analysed in either cat study.

2.4.5.2. Rat

2.4.5.2.1. Trigeminal nucleus caudalis (Vc)
Trigeminal nucleus caudalis neurons were initially characterised for their cutaneous and deep

receptive fields. The cutaneous facial field, including the cornea, was assessed in all three 

trigeminal innervation territories. The receptive field was mapped by applying non-noxious and 

noxious stimuli. The two dimensional features of the receptive field were transferred to a 1:1 

drawing of the rat’s head. Non-noxious stimuli were applied by gently brushing, softly stroking 

and applying light pressure with a blunt probe. Noxious mechanical stimuli consisted of 

pinching with forceps or applying heavy pressure that was painful when applied to humans. 

According to the cutaneous receptive field properties neurons were classified as low-threshold 

mechanoreceptive neurons (LTM) if they responded only to innocuous stimulation, wide- 

dynamic range (WDR) if they responded to non-noxious and noxious stimuli, and nociceptive- 

specific-neurons (NS) if they responded primarily to noxious input (Hu et al., 1981).

For assessing the baseline responses to durai stimulation trains of 20 or 30 stimuli were 

delivered in 5 min intervals. Responses to electrical stimulation were analysed using post

stimulus histograms (PSTH’s) separated for Aô-fibre and, if present, C-fibre responses 

according to their calculated conduction velocities. Stimulation latencies corresponding to AÔ- 

and C-fibre were 0-30ms and 30-100ms respectively. Spontaneous activity is presented as 

spikes per second (Hz). Spontaneous activity was recorded within 120-180s preceding the durai 

stimulation epoch.

2.4.5.2.2. PAG

Verification of a functional projection between the recorded Vc neuron and the region of PAG 

microinjection was performed by injection of the G A B A a antagonist, bicuculline, into the 

vlPAG. Inhibition of evoked Vc activity after bicuculline injection in the PAG was considered a
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functional connection. Inhibition evoked by bicuculline injection into the PAG is more specific 

than that produced by injection of excitatory amino acids such as D,L-Homocysteic acid 

(Behbehani et al., 1990; Behbehani, 1995). As the site of action of bicuculline in the PAG has 

been well characterised it was the compound of choice in this study and is customarily the 

compound used to determine a functional projection from the PAG to dorsal horn nociceptive 

neurons in the cord.

Baseline collections were performed in triplicate to ensure reproducibility over time of 

responses to MMA stimulation. As agatoxin is an irreversible P/Q-type calcium channel blocker 

(Mintz et al., 1992), only one Vc neuronal response in each animal was tested with the 

application of agatoxin into the PAG.

2.5 Immunohistochemistry

2.5.1. Fos

The technique of immunohistochemical identification of the protein fos was used in the final 

study reported in this thesis. The immediate early gene c-fos is rapidly and transiently expressed 

in neurons in response to stimulation (Morgan and Curran, 1989). Transcriptional activation of 

the gene occurs within minutes of stimulation, with the accumulation of mRNA reaching its 

peak about 30-40 minutes later. The gene encodes for the 55kDa nuclear protein, fos, and levels 

of the protein peak about two hours after induction of gene transcription. Fos forms a 

heterodimeric complex with other nuclear proteins of the Jun family. The Fos-Jun complex 

binds to the AP I DNA site where it acts to regulate the downstream expression of target genes. 

C-fos is therefore involved in the signal transduction cascade that links extracellular events to 

long-term intracellular adaptations.

The AP I transcription factor affects various genes. Fos acts to promote dynorphin (opioid 

peptides) expression in the spinal cord and appears to be involved in the inhibition of heightened 

or prolonged nociception controlled from the spinal cord (Hunter et al., 1995). It also affects 

PENK, the pro-enkephalin gene. Other targets for fos-AP-1 regulation of gene expression are 

neurotransmitter synthesising enzyme genes.

There are a number of different events that induce c-fos expression:

i. neurotropic factors,

ii. neurotransmitters,

iii. depolarisation,

iv. increase of Ca^  ̂ influx and elevation of intracellular/intranuclear calcium (Kovacs, 

1998).
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The fos protein can be visualised using immunocytochemical techniques. Fos is useful for 

making fine-grained delineations concerning the precise areas that are activated by noxious 

stimulation as well as revealing the overall distribution of neuronal populations responding to 

that stimulation. Fos is a useful tool because it is readily analysed quantitatively and is expressed 

in low levels under basal conditions. However, problems with the fos method are that it is not 

dynamic and stimulation must be relatively strong and reasonably prolonged before quantifiable 

levels of fos expression are reached. As such, a criticism of fos is that in many cases the levels 

of stimulation required to produce it are not physiological.
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Figure 18. Extracellular and intracellular events affecting c-fos gene expression.

E xtracellu lar stim uli and in tracellu lar second m essenger system s m odulate c-fos gene expression. 
M em brane perm eant m olecules such as horm ones and neuro transm itters, a lteration  o f  intracellular 
calcium  and activation  o f receptors and G -proteins activate im m ediate early  genes (lE G ) within 
m inutes. The lEG , c-fos, produces the fos protein transcrip tion  factor, w hich form s a com plex w ith the 
ju n  transcrip tion  protein. T he fos-jun com plex binds to the AP-1 DN A site w hich  m odulates the 
function o f  late response genes.
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2.5.2. Immunohistochemical methodology

Detection o f  Fos protein requires:

i. Incubating the tissue with a primary antibody (A b) so that it binds to antigen present in 

the tissue

ii. W ashing the tissue so only the bound antibody remains
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iii. Exposing the tissue with the primary antibody to a second antibody, which recognises 

the first antibody, and is conjugated to an enzym e system , which produces an enzym e 

substrate reaction to convert the colourless chrom agen, D A B , into a coloured, visible 

end product.

A detailed description o f  the method and its pertinent considerations is given on page 170.

Figure 19. Antibody labelling of the fos protein.

Im m u n o c y to c h e m ic a l sta in in g  c o n s is ts  o f  a p p ly in g  a ser ie s  o f  a n tib o d ie s . T h e first  
an tib o d y  (p rim ary) b in d s to  the a n tig en  in the tis su e  and  then can  it s e lf  act as an an tigen  
for  a se c o n d  an tib o d y , ra ised  in an u n related  an im al sp e c ie s  to  the IgG  o f  the sp e c ie s  
p ro v id in g  th e prim ary. In the la b e lled  a v id in  m eth o d  (L A B ) , th e  seco n d a ry  an tib od y  is  
b io tin y la ted  and  the third reagen t is  av id in  la b e lled  w ith  p ero x id a se . B e c a u se  o f  the 
large  n u m b er  o f  b io tin  m o le c u le s  a ttach ed  to  the seco n d a ry  a n tib o d y , m an y  la b e lled  
a v id in  m o le c u le s  m ay  be b ou n d  at the s ite  o f  the prim ary a n tig en -a n tib o d y  reaction . 
D A B  is rea c ted  w ith  the la b e lled  p ero x id a se  to  p ro d u ce  a v is ib le  brow n  precip ita te , 
la b e lle d  as ‘fo s - l ik e  im m u n o r e a c tiv ity ’ .
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2.5.3. Surgical and perfusion procedures

At the com pletion o f  the experiment the brain was perfused and rem oved by the follow ing  

procedure. For transcardiac perfusion the animal was checked for depth o f  anaesthesia then 

removed from the stereotaxic frame and placed in the supine position on the operating table. The 

sternum w as cut through from the xiphoid process to the manubrium then the ribs were 

retracted. The pericardium was accessed and cut away from the heart. 1ml o f  solution containing

0.5m l heparin (1000  K lU /m l) and 0.5m l o f  1% sodium nitrite was injected into the left ventricle 

via the apex. Im mediately follow ing this, the needle o f  the perfusion pump was inserted into the 

left ventricle and clamped into place. The animal was then perfused transcardially with 1.5L o f

0.9% saline fo llow ed by 2L o f  paraformaldehyde 4% in O.IM phosphate buffer (pH 1.2-1 A),  

then IL o f  30% sucrose solution in phosphate buffer. To ensure maximal volum e o f  perfusate 

solution could reach the cranial circulation the descending aorta was clam ped and the legs were 

suspended above the level o f  the head. The superior vena cava was cut at the entry to the right
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atrium to aid drainage. To ensure the tissue was perfused in the normal anatomical shape of the 

animal the neck and head were aligned and the neck tissue massaged occasionally to prevent 

craning of the neck as the tissue stiffened during perfusion.

The experiments were performed during the same time course and period of the day to reduce 

possible effects of diurnal variation, since it has been shown that adrenal steroids affect c-fos 

expression in the trigeminal nucleus (Lu et al., 1993). The experimental protocol is detailed in 

the description of the study (study 3 chapter 5).

2.5.4. Cell counting

Sections were examined under a Zeiss light microscope. Cells were considered fos-positive if 

they stained as dark blue to black, round or ovoid structures with variable degrees of staining 

intensity, although shape was determined by the particular structure. At the light microscope 

level, nickel enhanced nuclei are easily distinguished against the pale brown residue of DAB 

reaction product. Cells were only considered Fos-positive if they conformed to the criteria 

established by Hammond (Hammond et al., 1992), where the cell must be distinguishable from 

the background through the range of 40x, 20x, lOx and 5x objective power under the light 

microscope.

Cells were manually plotted onto enlarged drawings containing photographs of serial interval 

sections through the brainstem from 4.0mm -  10.0mm posterior to the 0.0 stereotaxic midpoint. 

Sections were labelled p4.0, p6.0, p8.0 and plO.O to represent the intervals plotted. P4.0 

included sections from p4.0 to p5.0. p6.0 included sections from p5.0 to p7.0. P8.0 included 

sections from p7.0 to p9.0. PlO.O included sections from p9.0 to plO.8 , thereby including the 

extent of the superior salivatory nucleus only, and not the nucleus ambiguous or lateral reticular 

nucleus which are further caudal. Sections were designated according to landmark structures at 

each level, according to the following atlases: (Winkler and Potter, 1914; Snider and Niemer, 

1961; Berman, 1968) and report: (Lovick and Wolstencroft, 1983). In each animal fifteen 

sections were counted at each level. Across the 4 levels, 60 sections were counted per animal. 

Originally, fos was counted in all structures across the section to make a gross observation of 

structures of interest. These structures of interest are listed below.

The plots were then scanned and the resulting image file aligned with a template illustration of 

the relevant section by use of graphics software (Adobe Illustrator 9.0). Each fos-positive cell in 

the structure of interest was counted as one. A tally of fos-positive counts was made for each 

structure of interest and represented as number of counts. Counts were represented as contra- or 

ipsilateral to the side of stimulation if the PAG was stimulated. As the SSS is a midline 

structure, latéralisation could not be studied in the experiments in which the SSS alone was 

stimulated, or control or sham. The number of cells per nucleus were summed and compared
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across all sections. Counts are reported as both total and median and inter-quartile counts for all 

animals in a group per structure per level.

Positive controls were used, where fos w as seen in the parabrachial nuclei, it was known the 

antibody had worked, since the parabrachial show ed fos in all experimental settings.

2.5.4.1. Identification of structures
Sections selected for plO were characterised by the criteria set out in the fo llow ing description

o f  the superior salivatory nucleus (SSN ). Sections counted at p8 were characterised by the facial 

nucleus, which was com plete and did not include the adjacent rostral extension o f  the inferior 

olive. Sections counted at p6 were characterised by the convoluted and darkly stained superior 

olivary nucleus, the curvature o f  the dorsal surface o f  the tissue, the genu o f  the facial nerve and 

in som e cases the tract o f  the facial nerve. The level p4 was characterised by the less convoluted  

rostral extension o f  the superior olivary nucleus, sm aller trigeminal nucleus and tract and the 

alm ost com plete closure o f the caudal extension o f  the fourth ventricle.

Figure 20. Structures of interest in the rostra! medulla and caudal pons.

Left-sided hem isections from the rostral m edulla through to the caudal pons. Each level is labelled for 
sections o f interest and distance in mm posterior to the stereotaxic m idpoint.

ITN, infratrigem inal nucleus; MLF, m edial longitudinal fasciculus; NRG C, nucleus reticularis 
gigantocellularis; NRM , nucleus raphe m agnus; NRM C, nucleus reticular m agnocellularis; NRPC, 
nucleus reticularis parvocellularis; NRPGL, nucleus reticularis paragigantocellularis lateralis; PPRN, 
param edian pontine reticular nucleus; PB, pontine blink prem otor area; SSN, superior salivatory nucleus; 
VM N, trigem inal m otor nucleus; VN, trigem inal nucleus; VST, trigem inal spinal tract.
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For the purposes o f  this study, in which relatively gross observations o f  fos expression are being 

measured and in which the overall topographical distribution across the pons and medulla is the 

key interest in the study, the trigeminal nucleus w ill be subdivided by more gross anatomical 

differentiation than is known o f  the anatomy o f  this structure. Thus, for quantitative 

measurement, the trigeminal nucleus at the levels studied (p4 -p lO ) w ill be referred to as such, 

whereas across that rostrocaudal extent the trigeminal nucleus changes from the principal 

trigeminal nucleus to the spinal trigeminal nucleus oralis. T hese subdivisions are illustrated in 

Figure 21, below , and are referred to in the discussion.

2.5.4.1.I. Paramedian Pontine Reticular Nucleus (PPRN)

The neurons o f  the paramedian pontine reticular nucleus are o f  a medium size, with cruciform  

shaped dendritic arborisations. They straddle the midline and form bulbous clusters at points 

m idway between the dorsal surface o f  the brainstem and the nucleus raphe magnus. Its ventral 

boundary is the most dorsal tip o f  the nucleus raphe magnus and its dorsal boundary is the dorsal 

surface o f  the brainstem and the medial longitudinal fasciculus, underlying the fourth ventricle. 

The PPRN takes the form o f  an isosceles triangle. It extends through all levels observed in this 

study.

2.5.4.I.2. Nucleus Raphe Magnus (NRM)

- â
p4 p6 p8

The N RM  contains both large and medium sized cells that form a nanow  band in the midline, 

w hose dendritic arborisations appear radially sym metrical. The cells o f  this band are quite 

densely packed mediolaterally and ventral 1 y but are loosely  scattered in the dorsal part o f  the 

nucleus along its rostrocaudal axis. The demarcation o f  the N RM  from the N RM C  is clear. At 

the level pIO, the raphe nucleus changes from the magnus to pallidus. A s only the very tip o f  the 

nucleus raphe pallidus is included at the level plO, in these studies the nucleus raphe at this level 

has been labelled nucleus raphe magnus.
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2.5.4.1.3. Nucleus Reticularis Magnocellularis (NRMC)

The NRM C contains neurons o f  various sizes, including scattered large cells, which although 

larger than most cells found in other reticular structures, are not as large as those in the NRGC. 

The general m orphology o f  NRM C cells is multipolar, coursing horizontally. The overall form 

o f  the NRM C is o f  a trapezoid shape and in these studies is designated at the levels p6, p8 and 

plO. On its ventral border at the levels p6 and p8 is the trapezoid body and at plO, the inferior 

olivary nucleus. The medial border is m ostly comprised o f  the NRM  and the most dorsal end o f  

the medial boundary is the midline. The dorsal boundary at p6 is the N RG C, at p8 is the NRGC  

and at plO are the NRGC and NRPC. The lateral most boundary at p6 is the superior olivary 

nucleus. At p8 the lateral boundary is the facial nucleus and at plO the external arcuate fibres.

2.5.4.I.4. Nucleus Reticularis Paragigantocellularis Lateralis (NRPGL)

A cluster o f  cells o f  small size, with a few  medium sized cells, forms the NRPGL. The general 

m orphology o f  NRPGL cells is fusiform. The NRPGL com prises a band stretching dorsolateral 

to ventromedial in the NRM C at the levels p8 and plO. At p8, the dorsoventral tip is nestled 

between the medial side o f  the facial nucleus and the lateral side o f  the trapezoid body. At plO, 

the dorsoventral tip is nestled between the external arcuate fibres and the lateral side o f  the 

inferior olivary nucleus.

2.5.4.I.5. Nucleus Reticularis Gigantocellularis (NRGC)

The N RG C encom passes an ill-defined region made up o f  neurons o f  various sizes, but 

especially  characterised by very large, isolated neurons that are am ong the largest found in the 

cat brain stem. Generally the neurons o f  the NRGC have a radially sym metric shape. The 

borders o f  this field, which derives its nam e from these scattered ‘giant’ cells, are difficult to 

delineate (Berman, 1968). The boundaries designated in this study were adapted from those 

used in the cat brainstem by Lovick (L ovick, 1986, 1988). The N RG C is generally well
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delineated from the NRM C and NRPC, which were used as a guide against the NRGC boundary 

and vice versa.

2.5.4.1.6. Nucleus Reticularis Parvocellularis (NRPC)

The NRPC is seen at all levels in this study. It occupies a considerable portion o f  the lateral 

tegm entum. This structure contains cells o f  all sizes, but its average cell size is well below  that 

o f  the adjoining NRM C and NRGC. Many NRPC cells  exhibit a pronounced dorsomedial to 

ventrolateral slant. It is fairly well delineated from the NRGC and N RM C , however in general 

its boundaries are ill defined. Cytoarchitectonically the NRPC is not uniform, and the average 

cell size increases from its dorsolateral margin toward its ventromedial boundary. At p4, the 

NRPC extends between the medial longitudinal fasciculus and NRM  at its medial border, to the 

trapezoid body and superior olivary nucleus at its ventral border, to the trigeminal motor nucleus 

and ventral edge o f  the vestibular nucleus at its lateral border, and the dorsal tegmental nucleus 

at its dorsal border.

2 .5.4. 1.7. Superior Salivatory Nucleus (SSN)

The superior salivatory nucleus lies im mediately caudal to the facial nucleus and is made up o f  

predominantly medium sized cells. Although it is not cytoarchitectonically uniform, consistent 

subdivisions are difficult to distinguish; a condensation o f  cells occurs in the ventral part. The 

rostrocaudal extent o f  the SSN  is limited to I-1.5m m  either side o f  plO. A s the more caudal 

nucleus am biguous and lateral reticular nucleus can be mistaken for the SSN , strict criteria for 

selection o f  sections at the level plO were used. The sections containing the superior salivatory 

nucleus, plO, were distinguished from other sections more rostral to this level by the follow ing  

identifying features: small cuneate nucleus, sm aller trigeminal tract, less steep slope on the 

dorsal surface o f  the tissue, small or indistinguishable lateral reticular nucleus positioned dorsal 

to the inferior o lives, reasonably convoluted inferior o lives.
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2.5.4.1.8. Motor Trigeminal Nucleus (VMN)

Q

p4

The motor trigeminal nucleus consists o f  two parts: a dorsal division com posed o f  large, well- 

stained, rather loosely  arranged cells, and a smaller ventral division com posed o f  cells that are 

not quite as large but are more densely packed than the dorsal d ivision . For this study, the motor 

trigeminal nucleus was considered as one unit. The caudal end o f  the V M N  starts at p4 and is a 

circular structure that lies in the medial curve o f  the Vp.

Figure 21. Subdivisions of cat trigeminal nuclei in the rostral pons and caudal medulla.

V or, sp inal tr igem in a l n u c leu s  o ra lis  rostra lis; V o c , sp in a l tr ig em in a l n u c le u s  ora lis  
cau d a lis; V o d m , sp in a l tr igem ina l n u c le u s  o ra lis  d o r so m e d ia lis ;  V p d , principal 
tr igem in a l n u c leu s  d orsa lis; V p v , p rin cip a l tr igem in a l n u c le u s  ven tra lis; V st, sp in a l 
tr igem in a l tract.

Vpd

Vor Vodm
Vpv Vst Vor Vst Vst

Vst p6 p8 p lO  Voc
Vpv Voc

p4

2.5.4.1.9. Principal Sensory Trigeminal Nucleus (Vp)
The Vp begins at p4, and is made up o f  small and m edium -sized rather densely packed cells. Its

medial side arches around the VM N and is encased on its lateral side in the brachium. The Vp is 

subdivided into a nucleus ventralis and a nucleus dorsalis. A s can be seen in Figure 21 the 

ventralis division extends more caudally than the dorsalis division and ends just rostral to the 

rostral pole o f  the facial nucleus at the level p6.

2.5.4.1.10. Spinal Trigeminal Nucleus (Vsp)
The Vsp com prises the oralis division and extends through p6, p8 and plO. It extends from the

caudal tip o f  the facial nucleus (p 9 -p l0 ) to the level a little posterior to the caudal end o f  the 

V M N  (p6) and is thus situated in the region dorsom edial to the Vp. The caudal limit o f  the Vo 

corresponds to the rostral pole o f  the facial nucleus. The V o consists o f  m ostly medium sized  

cells with som e characteristic large multipolar cells that are collected in a roundish cell group. 

At more caudal levels, two regions represent subgroupings, a ventrolateral region (oralis 

caudalis or V oc) and a dorsomedial region (V odm ). The oralis caudalis is com posed o f  oval- or 

spindle-shaped small cells, triangular or fusiform  m edium -sized cells and large multipolar cells 

that are scattered sparsely throughout. The dorsom edial region is com posed mainly o f  sm all.
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com pactly arranged cells and merges with the ventrolateral border o f  the solitary nucleus 

(Shigenaga et al., 1986).

2.5.4.1.11. Spinal Trigeminal tract (Vst)
The spinal trigeminal tract extends throughout p4, p6, p8 and plO at the lateral outermost

portion o f  the brainstem. It is pale and som ewhat striated in appearance and forms a crescent 

shape surrounding the Vp or Vsp. On its lateral side at p i 0 is the 10*̂  nerve root, at p8 and 6 is 

the cochlear nucleus and at p4 are the 7'*’ and 8̂ *’ nerve roots. Dorsal to the V ST at p4 is the 

brachium, at p6 and p8 is the vestibular nucleus and at plO is the cuneate nucleus.

2.5.4.1.12. Infratrigeminal Nucleus (ITN)

The infratrigeminal nucleus is made up o f  densely packed, m edium -sized cells situated ventral 

to the spinal trigeminal tract. It is the ‘subtrigem inal’ part o f  the lateral reticular nucleus 

(Berman, 1968) and is found at the levels p7 to plO in the sections exam ined in this study. Its 

overall shape is a small triangle, with one side juxtaposing the ventral tip o f  the spinal trigeminal 

tract (V ST ).

2.5.4.1.13. Pontine blink premotor area (PB)

p6

At the level p6 is the pontine blink premotor area, which is a small cell group located Just dorsal 

to the superior olivary com plex and abutting the ventromedial side o f  the facial nerve (H olstege  

et al., 1986b). The PB forms a discrete ribbon along the border o f  the facial nerve fibres, against 

which it extends about a quarter o f  the length. The PB stains relatively darkly against the pale 

facial nerve fibres. The medial border o f  the PB is quite w ell delineated from the surrounding 

NRPC.

2.6 Statistics
Statistical analyses were computed on com m ercial software: SPSS version 9.0. The detailed 

analyses are explained in each individual study.
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3. Study 1. Modulation of trigeminal nucleus 
caudaiis activity by electrical stimulation of 

periaqueductal grey in the cat.

3.1 Introduction
Although it is known that the vlPAG selectively receives trigeminovascular input (Oliveras et 

al., 1974b; Keay and Bandler, 1998; Hoskin et al., 2001) and the PAG inhibits dura-responsive 

neurons in the trigeminal nucleus caudaiis (Vc) (Strassman et al., 1986), a functional map of the 

rostrocaudal extent of the PAG’s action on dura-responsive nociceptive neurons would be the 

first step toward identifying a specific section of the PAG that modulates trigeminal nociception. 

Here, in vivo electrophysiology was used to record from Vc neurons activated by stimulation of 

the superior sagittal sinus in the cat. The modulatory effect of electrical stimulation across the 

rostrocaudal extent of the PAG was then observed on these neurons and characterised.

3.2 Methods

3.2.1. Animals

Twenty-two cats weighing 3.0±0.4 kg (meardiSD).

3.2.2. Stimulation

To activate trigeminal primary afferents the SSS was stimulated with a Grass S8 8  stimulator, via 

a stimulus isolation unit using 2 5 0 |lis square wave pulses, every 3 seconds, at an intensity of 

130-150V, 50ms after commencement of PAG stimulation.

3.2.3. Experimental protocol

The sequence of experimental events were:

i. Search for Vc neurons responding to SSS stimulation,

ii. Lower PAG stimulating electrode into PAG,

iii. Stimulate PAG,

iv. Observe response of Vc SSS-responsive neurons
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Figure 22. Experimental set-up for study 1, electrophysiology in the cat.

Superior sagittal sinus (SSS) stim ulation and periaqueductal grey  (PA G ) stim ulation  and recording in 
the trigem inal nucleus caudaiis (Vc).

SSS
stimulation

Vc
recordingPAG

stimulation

3.3 Statistics
Summary data are presented as the m ean lSE M . N eurons were classified as displaying an altered 

discharge rate by means o f  the critical ratio test (Nagler et al., 1973). A  trigeminal neuron 

response to PAG stimulation which reproducibly resulted in change in baseline firing o f  more 

than 30% was considered to be significant.

3.4 Results

3.4.1. Animals and cells

All anim als included in the analysis were successfu lly  maintained within the normal 

physiological limits for the anaesthetised cat. Forty-six cells evoked by superior sagittal sinus 

stim ulation were recorded from the caudal extension o f  the trigeminal nucleus caudaiis in the 

dorsal horn o f  the spinal cord. These cells had an average latency o f  firing after superior sagittal 

sinus stimulation o f  12.06±3.75m s (m ean±SD ), consistent with evoked A ô-flbre nociceptive 

trigeminal neurons. Cell firing data (expressed as probability o f  firing) were reproducible over a 

minimum o f  three control periods with no significant change in either amplitude o f  evoked  

potential or probability o f  firing during collection. One hundred sw eeps were made per 

collection . The average firing rate o f  the ce lls  was 39±4s '.

3.4.2. PAG stimulation: autonomic responses

Stim ulation in the ventrolateral PAG generally produced a characteristic depressor response o f  

I5-20m m H g w hile the dorsolateral PAG produced a similar increase in blood pressure. The 

effect on blood pressure was used to confirm  electrode localisation, after which the trigeminal 

nucleus w as surveyed for SSS-responsive trigeminal units. A s a result, som e trigeminal neurons 

were not affected by PAG stimulation (15/46); the remainder were either inhibited (25 /46), had 

facilitatory (3/46) or mixed effects (3/46) after PAG stimulation.
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3.4.3. PAG stimulation: inhibitory effects

Stimulation of the periaqueductal grey matter produced inhibition in 25 of 46 recorded 

trigeminal neurons. Inhibition ranged from -31% to -96%, mean -61±21%. In most cases PAG 

stimulation produced inhibition immediately, while in some cases a pre-stimulation period of 5- 

7 minutes was required. Pre-stimulation was required for inhibition mostly from the dorsolateral 

PAG region. After PAG stimulation was turned off the evoked trigeminal cells took, on average, 

13.6±8.3 minutes to return. Many cells resumed firing immediately while others took up to 60 

minutes to recover from the inhibitory effects of PAG stimulation. Recovery was incomplete in 

four cases.

3.4.4. PAG stimulation: inhibitory effects, contralateral vs. ipsiiaterai

Of the 46 recorded neurons, 19 had PAG stimulation contralateral to the site of spinal cord 

recording and 27 received ipsiiaterai PAG stimulation. Of the 19 neurons receiving contralateral 

PAG stimulation 14 were inhibited, whereas 11 neurons of the 27 receiving ipsiiaterai PAG 

stimulation were inhibited.

Table 11. Percentage of trigeminal neurons receiving, then inhibited by, contralateral or 
ipsiiaterai PAG stimulation.

Contralateral Ipsiiaterai

(%) (%)

Neurons receiving contralateral vs. ipsiiaterai stimuiation 41 59
Neurons receiving contralateral stimuiation which were inhibited 74 -

Neurons receiving ipsiiaterai stimuiation which were inhibited - 41
Inhibited neurons 56 44

3.4.5. PAG stimulation: localisation of inhibitory effects

The level of stimulus intensity necessary for inhibition of trigeminal neurons varied according to 

the region of the PAG being stimulated. It was found that lower current intensity in the range of 

20-100 pA was required for inhibition from the ventrolateral region of the PAG whereas 100- 

250 pA was often required to elicit inhibition from the lateral and dorsolateral region, 

suggesting a recruitment differential across the PAG. Of the cells inhibited by PAG stimulation 

14 received stimulation from the ventrolateral PAG, 7 from the lateral PAG and 4 from the 

dorsolateral PAG. Stimulation of the more caudal regions of the PAG exerted inhibitory effects 

in 17 of 25 trigeminal neurons, while stimulation of the rostral areas of the PAG were less 

effective. The caudal ventrolateral region of the PAG evoked inhibition reproducibly.
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Table 12. Sites in the PAG producing inhibition of SSS-responsive Vc neurons contralateral or 
ipsiiaterai to the site of PAG stimulation.

R/vl R/l R/dl C/vl C/I C/dl Total

Contra 1 1 2 8 1 1 14

Ipsi 0 3 1 5 2 0 11

Total 1 4 3 13 3 1 25

Rostral (R) sections (n=8) are A1.6 to A2.5 (mm from 0.0 midpoint); caudal (C) sections 
(n=17) are A0.6 to P0.9; vl, ventrolateral; I, lateral; dl, dorsolateral; contra, contralateral 
(n=14); ipsi, ipsiiaterai (n=11).

3.4.6. PAG stimulation: faciiitation or mixed effects

In addition to the inhibitory effects o f  PAG stimulation som e neurons (n=3) were facilitated, and 

still others (n=3) produced a mixed response characterized by an initial short burst o f  excitation  

fo llow ed  by inhibition. Facilitation alone was produced by stimulation in the dorsal PAG while 

the m ixed response was produced by stimulation in the dorsolateral PAG.

3.4.7. Stimuiation outside the PAG

Electrical stimulation outside the PAG had neither an inhibitory nor a facilitatory effect on 
trigeminal nociceptive activity in the Vc. Figure 23. Sites in the PAG producing an effect on Vc 
activity.

In h ib itio n , in d ica ted  by triangle; n o  e ffe c t , c ir c le ; fa c ilita tio n , square, m ix e d  e ffe c t ,  
d ia m o n d . B ra in stem  sec tio n  la b e llin g  in d ica tes  an terior (A ) to  p o ster io r  (P ) d is ta n ce  
in m m  from  stereo ta x ic  co -o rd in a te  0 .0 . S o m e  s ite s  w ere  u sed  to  test m ore than o n e  
V c  n eu ron .

inhibition

no effect

facilitation

mixed effect

dorsal

rostral
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Figure 24. Post-stimulus histograms and evoked potentials of Vc recording.
Effect o f caudal vIPAG stimulation on SSS-Iinked activity in the trigeminal nucleus caudaiis. Post 
stimulus histograms (A-C) and evoked potentials (D-F). Control, (A); during PAG stimulation (B) 
with stimulus artefact marked; recovery after PAG stimulation (C). Stimulation artefacts indicated 
by arrow.
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Evoked potentials: control (D); during PAG stimulation (E); SSS stimulation artefact, no cell (F).
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Figure 25. Inhibitory effect of PAG stimulation.

Group differences of mean and SEM (black line), minimum and maximum (grey 
lines) of percentage of control activity in the trigeminal nucleus caudaiis. Recorded 
during SSS stimulation (baseline), during PAG stimulation (PAG stim) and during 
SSS stimulation after PAG stimulation was turned off (recovery).
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3.5 Discussion
These results demonstrate PAG inhibition of trigeminovascular specific nociception after PAG 

stimulation in an animal model of craniovascular nociception. This property is mapped largely 

to the ventrolateral PAG where stimulation produces reversible, stimulus-locked inhibition of 

trigeminovascular responsive neurons. The data are consistent with previous reports of PAG 

effects on somatic and visceral nociception, as well as the report of inhibition of middle 

meningeal artery-responsive neurons by the PAG in cat (Strassman et al., 1986). These studies 

demonstrate specifically that normal function for the PAG descending pathway includes 

inhibition of second order neurons with trigeminovascular afferent input.

The data points toward the possible dominant involvement of the caudal, ventrolateral PAG in 

craniovascular nociceptive modulation, and is consistent with the finding that spinal trigeminal 

input to the PAG is concentrated in the caudal ventrolateral PAG in cat (Keay and Bandler, 

1998) and monkey (Hoskin et al., 2001). Animal behavioural studies have demonstrated that the 

caudal ventrolateral PAG is responsible for anti-nociception associated specifically with 

aversive, retiring behaviour (Besson et al., 1991). This appears to correlate well with the 

behavioural manifestations of migraine in which patients are inclined to avoidance and retiring 

to a quiet dark room to lie down.
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The contralateral dominance of the PAG inhibition upon trigeminal neurons observed here was 

not entirely expected. 74% of trigeminal neurons receiving contralateral PAG stimulation were 

inhibited, whereas 41% receiving ipsiiaterai PAG stimulation were inhibited. Although this is in 

contradiction with anatomical studies which show projections direct from the PAG to the spinal 

cord dorsal horn to be predominantly ipsiiaterai (Mantyh and Peschanski, 1982). Other animal 

studies that demonstrate PAG inhibition also conflict over the ipsiiaterai versus contralateral 

functional preference (Holstege and Kuypers, 1982; Beitz et al,, 1983b; Levine et al., 1991). It is 

remarkable that clinically both bilateral and unilateral pain can be reported in the same patients, 

even within a single attack, and, if lateralised PAG dysfunction is indeed involved in modulating 

trigeminal nociception, this would seem consistent with our observations of both ipsiiaterai and 

contralateral inhibition from PAG.

Given that the normal function of the PAG in craniovascular nociception is predominantly 

inhibitory, how can clinical observations of headache induced by stimulation produced analgesia 

be interpreted? Considering the data from stimulation produced analgesia (SPA) studies in 

humans, the fact that headache could be induced from those parts of the brain which in our study 

are shown to suppress trigeminal nociception (Raskin et al., 1987; Veloso et al., 1998) suggests 

that the PAG SPA-induced headache may have resulted from depolarisation blockade in the 

PAG and eventually lesion of the tissue surrounding the electrode.

The PAG may have a role in headache recurrence, return of headache after initial successful 

acute attack treatment, which is a major problem of modem acute attack treatments. The data in 

this study showed trigeminal neurons recovering after PAG stimulation within 13.6 minutes, 

while many cells returned immediately and others took up to 60 minutes. Although the disparity 

of recovery time could be a result of the electrical stimulation indiscriminately recruiting sub 

populations or being suprathreshold and eliciting a refractory period, it is possible that a time- 

dependent gating of nociceptive transmission controlled by the PAG is being demonstrated. 

This is interesting in the context of the sustained PAG activation that was seen in the Weiller 

imaging study after headache relief was achieved by sumatriptan injection.

Methodological limitations to this study include the lack of data on the cutaneous receptive field 

properties of the SSS-responsive neurons. Also, that the response characteristics of the neurons 

were not identified, such as WDR or NS, reduces the impact of the data. A recent study 

(McMullan et al., 2001), published after this study was performed, suggests that the PAG 

differentially modulates C-fibre over Aô-fibre responses in the dorsal horn. A comparison with 

C-fibre responses might also improve the inferences from the data, since here only Aô-fibre 

responses of SSS-responsive neurons were investigated. Further, improvement of the data 

would be gained by first characterising the level of spontaneous activity of the Vc neurons, 

before stimulating the PAG, to observe whether a sensitisation or any change in the activity 

profile was produced after PAG+SSS stimulation. Additionally, groups of second-order neurons
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were observed, but very few individual units. Analysis of individual spikes in the group 

potentials might have indicated temporal changes in the individual neuronal properties.

The use of electrical stimulation to activate PAG neurons is now a somewhat unsophisticated 

technique as it limits the specificity of recruited entities. The more precise method of injection 

of bicuculline or homocysteic acid would have improved the localisation of stimulation. With 

electrical stimulation all neuronal elements in the area are activated including fibres of passage 

which transmit action potentials both ortho- and antidromically. Also, electrical stimulation 

activates efferent and afferent projections from the PAG.

In summary, this study shows ipsiiaterai and contralateral inhibitory effects of PAG stimulation 

on trigeminal second order neurons with input from craniovascular nociceptive afferents. The 

caudal vlPAG may be a trigeminal-specific component of the descending PAG nociceptive 

inhibitory system.
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4. Study 2. Modulation of trigeminal nucleus 
caudaiis activity by microinjection of co- 

agatoxin IVA and bicuculiine into the 
periaqueductal grey.

4.1 Introduction
Familial hemiplegic migraineurs carry mis-sense mutations on chromosome 19pl3 in the gene, 

CACNAIA, which encodes the a l  A subunit of the voltage-gated calcium channel (Ophoff et al., 

1996). Normal migraine has also been linked to the same region of chromosome 19, as has a 

rare subtype of migraine with aura (May et al., 1995; Nyholt et al., 1998). It is probable that 

both disorders are calcium channelopathies.

CACNAIA encodes the pore-forming protein of P/Q-type calcium channels. These are a 

heterogeneous class of calcium channel involved in controlling neurotransmitter release 

throughout the mammalian brain, especially GABAergic, but also glutamergic, cholinergic, 

noradrenergic and serotonergic neurons (Dunlap et al., 1995; Craig et al., 1998). They are 

located on cell bodies, dendrites and predominantly pre-synaptic terminals and are widespread 

in the central nervous system, including regions involved in trigeminal nociception such as the 

trigeminal ganglion, spinal trigeminal nucleus, spinal cord dorsal horn, nucleus raphe magnus 

and ventral periaqueductal grey (Hillman et al., 1991; Westenbroek et al., 1995; Craig et al., 

1998). Presynaptic locations in the PAG appose a heterogeneous population of neurons, 

including GABAergic inhibitory intemeurons and descending projection neurons, such as on- 

and off-cells (Reichling and Basbaum, 1990a; Commons et al., 2000). P/Q-type calcium 

channels at the spinal level have been shown to affect nocifensive behaviour and the 

hyperexcitability of nociceptive dorsal horn neurons (Malmberg and Yaksh, 1994; Diaz and 

Dickenson, 1997; Nebe et al., 1999). However, the role of P/Q-type calcium channels in the 

supraspinal modulation of nociception remains unclear.

Relatively little is known of the functional effects produced by the CACNAIA mutations that are 

linked to P/Q-type calcium channel disorders. Several studies have investigated the effects on 

P/Q-type calcium channel properties of some of the a lA  mis-sense mutations by using whole 

cell or single channel patch clamp techniques (Kraus et al., 1998; Pinto et al., 1998; Hans et al., 

1999; Kraus et al., 2000). They observed both a gain and loss of function of P/Q-type calcium 

channels along with changes in channel recovery from inactivation, depending on which single 

mutation was present.

In the context of migraine pathophysiology, the neurons in which these varying effects might 

occur remains an open question. To date, research on dysfunctional P/Q-type calcium channels 

and their clinical manifestations has focused on non-headache features. In migraine and familial 

hemiplegic migraine a link between the mutations and features such as cerebellar impairment
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and impairment of neuromuscular transmission was shown (Elliott et al., 1996; Ambrosini et al., 

2001; Sandor et al., 2(X)1). In mice, mutations in the gene are found in a variety of mutants 

named for the specific neurological characteristics and motor behaviour produced by the 

mutation, such as tottering, leaner, rocker and rolling mouse (Zwingman et al., 2001). In these, 

as well as the null mutant mouse, a variety of effects have been demonstrated, primarily in 

cerebellar and neuromuscular factors, but not in head pain.

It has long been postulated that the brainstem plays a pivotal role in migraine (Lance, 1993). The 

region of the brainstem which has received considerable interest is the periaqueductal grey 

(PAG). Direct evidence of a prominent role for the PAG in migraine was provided by Weiller et 

al who reported a PET study in spontaneous attacks of migraine without aura (Weiller et al., 

1995). They reported an increase in regional blood flow in the dorsal midbrain, which includes 

the PAG. This brainstem activation persisted after drug-induced headache relief, suggesting the 

brainstem plays more than a reactive role in the attack. Subsequent studies have confirmed the 

involvement of the PAG in headache (Welch et al., 2001). Indeed, activation in these brainstem 

regions seems specific for migraine (Bahra et al., 2001) because they have not been observed in 

experimental facial pain (May et al., 1998b) or atypical facial pain (Derbyshire et al., 1994), nor 

have they been observed in acute cluster headache (May et al., 1998a). It is well documented 

that lesions in the PAG can produce migraine-like headache in non-migraineurs (Raskin et al., 

1987; Haas et al., 1993; Veloso et al., 1998). Taken together, these studies indicate a role for the 

PAG in migraine and particularly headache.

The PAG has been shown to modulate nociception in various experimental animal models of 

pain (Reynolds, 1969; Behbehani, 1995). Its projection neurons can modulate nociception 

directly at the dorsal horn neurons (Mayer et al., 1971). Of particular importance to trigeminal 

nociceptive modulation is the ventrolateral subdivision of the PAG (vlPAG). It modulates 

trigeminal nociception in the same model of craniovascular pain as used in this study (refer to 

Study 1, Chapter 3) and selectively receives input from trigeminovascular afferents (Oliveras et 

al., 1974a; Keay and Bandler, 1998; Hoskin et al., 2001). PAG modulation of trigeminal 

nociception has been most thoroughly studied for its inhibitory effects and less so for trigeminal 

pro-nociceptive effects (Behbehani, 1995).

Two PAG projection neurons that modulate nociception include off-cells and on-cells, which 

inhibit and facilitate dorsal horn nociceptive processing, respectively (Heinricher et al., 1987; 

Fields and Basbaum, 1999). Both on- and off-cells are under tonic control by GABAergic 

inhibitory intemeurons in the PAG (Skinner et al., 1997). When the GABAa antagonist, 

bicuculline, is injected into the PAG it effectively acts by blocking the inhibition of inhibitory 

projection neurons, thereby producing indirect inhibition of dorsal horn neurons. Consequently, 

analgesia can be produced by microinjection of bicuculline into the vlPAG (Sandkuhler et al., 

1989).
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An aim in this study was to further characterize vlPAG modulation of trigeminal nociceptive 

transmission and, therefore, to investigate a possible mechanism by which the PAG could 

produce headache. In an attempt to draw together a genetically driven, central attribute for 

migraine pathophysiology with a focus on nociceptive transmission, this study investigated the 

effect of blockade of ventrolateral PAG P/Q-type calcium channels in a model of 

trigeminovascular activation in the rat. Agatoxin IVA, the P/Q-type calcium channel blocker, 

was microinjected into the PAG with or without bicuculline, the GABAa antagonist. Trigeminal 

nociceptive neurons were activated by stimulating the supratentorial parietal dura adjacent to the 

middle meningeal artery. The activity of second order neurons in the trigeminal nucleus caudaiis 

were recorded and their response to microinjection of agatoxin and/or bicuculline in the PAG 

was studied.

4.2 Methods

4.2.1. Animals

In this study, experiments were conducted in both rat (n=20) and cat (n=6 ).

16 male Sprague Dawley rats weighing 329±9g (mean±SD).

6  cats weighing 3.5±0.3kg (mean±SD).

4.2.2. Experimental Protocol

Bicuculline methiodide 0.4mM and cû-agatoxin IVA 0.1 pM were prepared fresh on the day of 

the experiment. A dose of 0.1 pM agatoxin was used to block both P-type and Q-type calcium 

channels.

4.2.2.1. Rat
The sequence of experimental events were as follows:

i. Three baseline collections of MMA-evoked Vc activity

ii. Bicuculline injection into PAG

iii. Collections at 1,5,10, 15, 20 and 25 minutes post bicuculline injection

iv. Three new baseline collections 

V. Agatoxin injection into the PAG

vi. Collections at 5, 10,15, 20, 25, 30,40, 50,60 minutes post agatoxin injection

vii. Bicuculline injection into the PAG, preceded by top-up injection of agatoxin into the 

PAG

viii. Collections at 1, 5,10,15, 20 minutes post bicuculline injection
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Figure 26. Experimental set-up for study 2, microinjection and electrophysiology in the rat.

Middle meningeal artery (MMA) stimulation and trigeminal nucleus caudaiis (Vc) 
recording with microinjection of drugs in the periaqueductal grey (PAG).

PAG
microinjection

Vc
recording

MMA 0; 
stimulation

4.2.2.2. Cat
i. Three baseline collections o f  SSS-evoked V c activity

ii. Electrical stimulation or DLH injection into PAG

iii. V c recording o f  S SS-evoked  activity

iv. Agatoxin injection in the PAG

V . Vc recording o f  S SS-evoked  activity

vi. Electrical stimulation o f  the PAG

vii. V c recording

4.3 Statistics

4.3.1. Rat

Data for A 5- and C-tlbre responses were normalised to 100% o f baseline before statistical 

analysis. Data for spontaneous activity are reported raw and as normalised percentage values 

and w ere analysed raw (H z), except in the saline controls. T w o analyses o f  variance (A N O V A ) 

for repeated measures were used to independently determ ine the tim e course o f  significant 

interventions with bicuculline, agatoxin, and bicuculline with agatoxin, and to determ ine a 

significant difference betw een the effect o f  bicuculline alone compared with bicuculline in the 

presence o f  agatoxin. At the tim e o f  maximal effect, tw o-sam ple Student’s t-test for post-hoc 

analysis were used to evaluate statistical significance o f  bicuculline, agatoxin or saline 

compared to baseline, or bicuculline in the presence o f  agatoxin compared to agatoxin at the last 

3 sam plings. To account for the large scale o f  firing rates across C-fibre sam ples (3 - 810H z, 

where the higher frequencies in this range were all facilitated responses to agatoxin, and 

therefore an increase o f  the baseline frequency which was considerably low er) post drug 

responses were normalised to 100%, pooled and a one-sam ple t-test was applied for bicuculline 

or agatoxin versus baseline and a tw o-sam ple t-test applied for bicuculline versus bicuculline
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with agatoxin. Data are expressed as mean±SEM  for a number {n) o f  observations. Statistical 

significance was set at p<0.05.

4.3.2. Cat

Summary data are presented as the m eanistandard error o f  the mean. A  trigeminal neuron 

response to PA G  stimulation, or to (i)-agatoxin IVA, or both, which reproducibly resulted in 

change in baseline firing o f  more than 30% was considered to be significant (N agler et al., 

1973).

4.4 Results

4.4.1. Rat

Recordings w ere made from 16 neurons (14  W DR/2 N S) responsive to durai stimulation with 

cutaneous receptive fields restricted to the ophthalmic division o f  the trigeminal nerve, including  

the cornea and pericranial m uscles. Neurons were found in the deep layers o f  the dorsal horn o f  

the C j/V c transition zone at a mean depth o f  990)Lim (Figure 27). PAG microinjection sites were 

localised to the ventrolateral PAG, three were in the ventral border o f  the lateral PAG (Figure 

27).

Figure 27. Microii\jection and recording sites in the rat PAG and Vc.

Histological confirm ation  o f PAG m icroinjection sites in the rat ventrolateral PAG (A) and recording 
sites in the deep layers o f  the Vc (D). R epresentative exam ple o f Pontam ine stain in vlPA G , show ing 
volum e spread <0.4m m , at low (C) and high m agnification  (B). A bbreviations: Aq, aqueduct; Vc, 
trigem inal nucleus caudaiis; PAG, periaqueductal grey; vl, ventro lateral. Illustration adapted from  
(M olander and Grant, 1995; Paxinos and W atson, 1998).

0.1m m '

VlPAG

0.5mm
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Figure 28. A typical response with ophthalmic receptive field.

Cell response properties are indicated on the peristimulus histogram of a trigeminal 
nucleus caudaiis second order neuron with cutaneous facial receptive field restricted 
to the ophthalmic division of the trigeminal nerve.
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V I c o r n e a  f r o n ta l i s  V I 
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4.4.1.1. Effect of bicuculline
To identify functional inhibitory projections from the PAG to the V c, bicuculline was injected

into the vlPAG . Injection o f  bicuculline (50-300nL ) into the ventrolateral PAG produced 

inhibition o f  the trigeminal nociceptive response to durai stimulation. In Aô-fibre responses 

maximum inhibition was observed at 5 minutes post bicuculline injection gj, = 8.321; p  = 

O.OOI). A ô-tlbre responses were inhibited by 4I±4%  o f  baseline, ranging from 8 - 67%  

(p<0.0001, n=l6).  Baseline mean spontaneous activity was 55±4 Hz, ranging from 21 - 102 Hz. 

M axim um inhibition o f  mean spontaneous activity (M SA ) was at 5 minutes (F o u ? , = 21.4; 

p< 0 .0001). B icuculline significantly inhibited M SA  to 47±4%  (26±3 Hz), ranging from 4  to 95 

Hz (p<0.0001, u=16). C-fibre inhibition was 50±6%  (/?<0.0001, u = l 1).

4.4.1.2. Effect of agatoxin
Injection o f  400-600nL  o f  agatoxin into the vlPA G  produced a facilitation o f  the trigeminal

nociceptive response to durai stimulation and to spontaneous activity. In Aô-fibre responses 

facilitation becam e significant at 15 minutes post agatoxin injection and was 122±4% (F^ja) = 

7.375; p  = 0 .041). Maximal facilitation o f  AÔ-fibre responses was at 60  minutes post injection 

and ranged from 116 - 216% , mean 143±7% (/?<0.0001, n=l4).  B aseline spontaneous activity 

after bicuculline was 55±3 Hz (range 20 -  90H z), this was the sam e as the initial baseline 

spontaneous activity o f  55±4 Hz. Spontaneous activity facilitation becam e significant at 10 

minutes post agatoxin injection and was 138±10%  (76±7 Hz) (Fqj^) = 16.2; p  = 0 .033). 

M aximal facilitation was at 60  minutes post injection and was 182±20%  (100±4H z, ranging 

from 19 - 209 Hz) (p<0.0001, u=16). C-fibre facilitation was 180±35%  (n=l2,  /n= -2 .277.
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p=0.044). Facilitation compared to baseline was significant 5 minutes after agatoxin injection 

and was 162±25%. Peak facilitation in C-fibres was at 50 minutes post injection.

In many cases a notable characteristic of the increased spontaneous activity after agatoxin 

injection into the vlPAG was that after an initial tonic increase of activity the firing changed to a 

burst-like pattern which lasted throughout the 60 minute observation period.

4.4.1.3. Effect of bicuculline injection with agatoxin
Bicuculline injected into the PAG following agatoxin produced inhibition of trigeminal activity.

In Aô-flbre responses maximum inhibition was observed at 5 minutes post bicuculline injection 

(^(5 .6 ) = 7.406; p<0.0001). Aô-fibre responses were inhibited by 42±5% of baseline, ranging 

from 8 - 77% (p<0.0001, n=15). Maximum inhibition of mean spontaneous activity (MSA) was 

also at 5 minutes = 23.110; p<0.0001). Bicuculline with agatoxin significantly inhibited 

mean spontaneous activity by 48±7% (from 100±4Hz to 48±6 Hz, ranging from 3 to 111 Hz) 

(p<0.0001, n=l 1). C-fibre inhibition was 58±13% (p=0.003, n=8).

There was no significant difference between inhibition produced by bicuculline alone compared 

with bicuculline in the presence of agatoxin in AÔ-fibre responses (F(,j) = 0.014; p=0.917), C- 

fibre responses (p=0.991, n=8) or spontaneous activity (F(U4) = 1.267; p=0.281). After the effect 

of bicuculline had worn off, spontaneous activity began to return to a level similar to that 

induced by agatoxin, where spontaneous activity at 2 0  minutes post bicuculline injection with 

agatoxin was 82±6Hz (82±7%) and AÔ- responses was 90±9%.

Table 13. Effect of bicuculline, agatoxin, or bicuculline with agatoxin in the rat vlPAG on A5- 
Hbre, C-fibre or spontaneous activity responses in the trigeminal nucleus caudaiis.

% Baseline Bicucuiline Agatoxin Bicuculiine and 
agatoxin

Aô-fibre 1 0 0 39±4*** 142±8*** 42±5***
C-fibre 1 0 0 55±8*** 188±41** 58±13*

Hz

Spontaneous 55±4 24±3*** 90±6*** 35±6***

Mean±SEM values. p<0.0001***, p<0.001**, p<0.01*.

4.4.1.4. Control injections inside and outside the viPAG
Four WDR neurons inhibited by bicuculline in the vlPAG were tested for injection of saline at

the same site and observed over 60 minutes. Saline injection in the vlPAG did not significantly 

affect the nociceptive responses of Aô-fibre (p=0.140), C-fibre (p=0.61S) or spontaneous 

activity (p=0.680) compared with baseline. In seven WDR neurons bicuculline or agatoxin 

injected outside the PAG, 0.5 - 1mm dorsal or lateral to the border of the PAG, did not affect

115



trigeminal nociceptive activity in Aô-fibre (^7=0.467), C-fibre (p=0,512) or spontaneous 

responses (p=0.418) compared with baseline.

4.4.1.5. Blood pressure effect
Bicuculline in the vlPAG elicited a characteristic transient decrease in blood pressure (Lovick,

1985a; Waters and Lumb, 1997) of 15-20 mmHg over 60 -100 seconds post injection (Figure 

29). This was not correlated with a change in spontaneous activity and this transient blood 

pressure decrease returned to baseline before the onset of inhibition, which outlasted the 

duration of the blood pressure effect, as reported by others (Sandkuhler et al., 1989). In some 

cases, agatoxin also affected blood pressure by inducing fluctuations over a 30-40mmHg range 

throughout the observation period. An example is given in Figure 29. A correlation between the 

overall change in spontaneous activity and blood pressure fluctuations induced by agatoxin was 

not observed. Bicuculline in the presence of agatoxin in the vlPAG elicited the same transient 

decrease in blood pressure as was seen with bicuculline alone.
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Figure 29. Sample experiment in the rat.

Location of vlPAG microinjection site and Vc recording site (A,B). Histogram showing 
Vc spontaneous activity; inhibitory effect of bicuculline (C) and increase of 
spontaneous activity after agatoxin (D) injection in the PAG, followed by inhibition 
after bicuculline with agatoxin injection; accompanying blood pressure change is shown 
above. Post-stimulus histogram (20 sweeps) of baseline response (E), 5 minutes after 
bicuculline injection in the PAG (F) showing inhibition of 42%, 60 minutes after 
agatoxin injection in the PAG (G) showing facilitation of 144%, 5 minutes after 
bicuculline with agatoxin (H) showing inhibition of 52%. Abbreviations: BP, blood 
pressure; vlPAG, ventrolateral PAG; Vc, trigeminal nucleus caudaiis; VI, trigeminal 
ophthalmic division.
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Figure 30. Effect on rat Vc activity of bicuculline, agatoxin or bicuculline with agatoxin injection 
into the PAG.

R esponse over tim e; Spontaneous activ ity  (A), A ô-fibre activ ity  (B), C -fibre activ ity  (C). Drug 
intervention, filled circle; saline injection, em pty circle. D ata expressed  as m ean±SEM . *p<0.05 and 
**p<0.01 indicate significant differences com pared w ith baseline, or com pared  w ith activ ity  before 
injection in the case o f bicuculline w ith agatoxin. Bic
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4.4.2. Cat

Six cells evoked by superior sagittal sinus stimulation w ere recorded from the C 2 caudal 

extension o f  the trigeminal nucleus caudaiis (V c) in lamina I II o f  the dorsal horn. These cells 

had an average latency o f  firing after superior sagittal sinus stimulation o f  15.5±4.5m s 

(m ean±SD ), consistent with A ô-fibre mediated trigeminal transmission. Cell firing data 

(expressed as probability o f  firing) were reproducible over a minimum o f  three control periods 

with no significant change in either amplitude o f  evoked potential or probability o f  firing during 

collection. C ells were n ocicep tive-sp ecific  (/i=3) or w ide-dynam ic range (/i=3) and had 

receptive fields in the ophthalm ic craniofacial region.

Figure 31. Stimulation and microinjection sites in the cat PAG.

C audal ventrolateral PAG.

Figure 32. Depressor response produced by DLH injection into the cat vl PAG.

Effeci on blood pressure induced by 400nL  D ,L-H om ocysteale injection in the PA G at brainstem  level 
P0.9 for verification o f PA G location during  the experim ent. Site o f injection is m arked by the blue 
circle, blood pressure (BP) m easured  in m mHg.
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4.4.2.1. PAG stimulation: localisation of effects
O f the six recorded neurons, one had PA G  stim ulation/m icroinjection contralateral to the site o f

spinal cord recording and five received ipsiiaterai PAG stim ulation/m icroinjection. The sites o f  

PAG stimulation were caudal ventrolateral (n=5) and caudal lateral (n = l)  (Figure 31). 

Ventrolateral PAG stimulation elicited a characteristic blood pressure depressor response 

(Figure 32).

4.4.2.2. PAG stimulation: inhibitory effects
The PAG  was stimulated either electrically {n=4) or by microinjection o f  DLH (/i=2). Stimulation

o f  the PAG induced inhibition in all six V c cells. Inhibition ranged from -41% to -82% , mean -
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60±17%  (F igu re  33 ). In the cases o f  electrical PAG  stimulation, inhibition o f  SSS-linked Vc cells  

w as im m ediate, w hile DLH microinjection took 5-10 minutes to produce maximal inhibition. 

Stim ulation in brainstem structures outside o f  the PAG did not produce inhibition o f  evoked  

nociceptive responses in Vc neurons.

4.4.2.3. Agatoxin In the PAG: facilitatory effects

Administration o f  90-400nl o f  co-agatoxin IVA into the PAG facilitated SSS-linked V c neurons.

Facilitation ranged from 122% to 178%, mean 144±I4% . (Figure 33) The effect o f  the co- 

agatoxin IVA occurred within 4  minutes after onset o f  injection. Administration o f  co-agatoxin 

IVA outside the periaqueductal grey region o f  the brainstem did not produce an effect on 

trigeminal firing.

4.4.2.4. Agatoxin and stimulation in the PAG: inhibitory effects

The effect o f  co-agatoxin IVA along with PAG  stimulation (electrical, «=3; DLH, n = l)  was

studied. Due to technical reasons these observations were made in only four o f  the six recorded 

cells. V c neuronal firing returned almost to the original level o f  inhibition produced by PAG  

stim ulation alone, i.e. pre-agatoxin. In these cases inhibition ranged from -45% to -71% , mean - 

63±9% .

Figure 33. Effect on Vc activity of stimulation or co-agatoxin IVA in PAG.

M edian w ith 25”’ and 75”' percentile box plots. lO”' and 90”' percentiles are indicated  by the w hiskers. 
O utly ing  data points are indicated by the black dot.
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Figure 34. Poststimulus histograms of Vc activity, effect of PAG stimulation or agatoxin.

R esponses to SSS stim ulation (A), PA G+SSS stim ulation  (B), SSS stim ulation  w ith agatoxin  in the 
PA G (C ), PA G +SSS stim ulation in the presence o f agatoxin.
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4.5 Discussion
T hese results confirm previous data, which show  that bicuculline injection or electrical 

stim ulation in the PAG inhibits trigeminal nociception in the dorsal horn. This study 

dem onstrates that i) agatoxin injection in the PAG  facilitates trigeminal nociception and ii) 

inhibition o f  trigeminal nociception induced by bicuculline injection or electrical stimulation in 

the vlP A G  is unaffected by P/Q-type calcium  channel blockade.

ü)-agatoxin IVA is an irreversible blocker o f  P/Q -type calcium  channels (M intz et al., 1992), but 

in som e cells also has a small effect on T-type channels (Rusin and M oises, 1995), depending on 

the concentration o f  agatoxin at the synapse. B ecause o f  difficulty in accurately controlling toxin 

concentration at all synapses in com plex tissue (Dunlap et al., 1995) the possibility cannot be 

excluded that non-P/Q-type channels were also blocked by agatoxin. The population o f  T-type
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channels in the PAG is only moderate (Craig et al., 1999), but some small effect of the 

facilitation may be attributable to T-type channel blockade.

In the rat, a large range of variance across C-fibre activity was observed. The fluctuations 

observed in gross C-fibre responses, characterised by the jagged curve on Figure 29, have been 

demonstrated in other studies (Woolf and Wall, 1986; Hu et al., 1992; Woolf et al., 1994). This 

may result from the responses within the C-fibre window (30-100ms) being more randomly 

distributed than those in the AÔ-fibre window (0-30ms) as a result of the use of non-specific 

electrical stimulation of the dura, or by variation in stimulation threshold levels required to elicit 

C-fibre responses, i.e. the level of durai stimulation used to elicit neuronal responses was at a 

voltage just submaximal to elicit Aô-fibre responses. As the threshold of stimulation to elicit C- 

fibre activity overlaps at the higher end of the Aô-fibre spectrum, the level of stimulation used 

may not always have elicited a C-fibre response. An alternative, more specific method of C- 

versus Aô-fibre activation might be better achieved by selective activation of C-nociceptors 

using the heat ramp method which differentiates C-fibre responses from AÔ-fibres by their onset 

of activity after slow rate or fast rate of heat stimulation, respectively (Yeomans and Proudfit,

1996). However, the heat ramp method is only usable for cutaneous stimulation and might not 

be appropriate in our model since repeated heating of the dura might damage the afferent 

neurons and heat the underlying cortex.

After agatoxin injection a larger facilitation was observed in C-fibres (188%) than in Aô-fibre 

responses (142%) or spontaneous activity (162%). This is likely to result from the potential 

increase available to C-fibre activity, which, if elicited, was evoked at the lower end of its 

threshold window, therefore allowing for a greater increase than the Aô-fibre activity, which 

was stimulated at the higher end of its threshold window, therefore not allowing for any possible 

greater increase than what was recorded. Alternatively, the larger response and fluctuation in the 

C-fibre activity observed after agatoxin injection may reflect the discriminatory component of 

the PAG, recently characterised by McMullan and Lumb. In these studies it was demonstrated 

that the PAG differentially modulates C-fibre versus Aô-fibre activity (McMullan and Lumb, 

2001).

It is worth noting that the relatively high level of baseline spontaneous activity recorded is likely 

to be due to the type of electrodes used in this study. Other studies investigating the spontaneous 

activity of dural-responsive neurons recorded with carbon or stainless steel electrodes 

(impedance 8-12MQ) reported lower spontaneous activity (0.05-46Hz) as a result of the 

different spatial recruitment characteristics of the electrodes (Burstein et al., 1998; Schepelmann 

et al., 1999). Whereas in this study, electrode impedances were in the range 300- 800kG.

The effect of agatoxin produced a wide range of magnitude of facilitation. The wide range of 

effect may be attributable to the technique of microinjection or to the discriminatory nature of
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descending inhibition from the PAG. Although relatively small volumes of injectate were used, 

the technique of microinjection into the PAG may not be sufficiently focal to influence only 

those neurons projecting to the particular neuron or group of neurons being recorded from the 

trigeminal nucleus. As such, a varied range of inhibition or facilitation would result. It has been 

reported that the PAG selectively modulates C- versus Aô-responses via the GABAergic circuits 

activated by bicuculline (McMullan and Lumb, 2(X)1). This discriminative and differential 

control exerted by the PAG could account for the apparent heterogeneous effect of PAG 

modulation on AÔ-, C-fibre and spontaneous activity that others report. However, since the 

facilitation we observed was in AS-, C-fibre and spontaneous responses it suggests there are no 

selective actions of the neurons on which the P/Q-type calcium channels were blocked.

The facilitation induced by agatoxin lasted the duration of the 60-minute observation. Further 

data could be gained by observing the effect of agatoxin for a longer period. As it is unclear 

from this study by what mechanism PAG P/Q-type calcium channel blockade affects Vc 

neurons it is difficult to attempt to explain the long duration of effect. A likely explanation might 

arise from the complex circuitry subserving the modulation of Vc neurons by the PAG. This 

circuit operates via feed-forward and feedback systems that might be rendered dysfunctional by 

P/Q-type calcium channel blockade. The long duration of effect might reflect this complex 

circuitry or a specific component of the system responsible for extended modulation of 

nociception (Lovick, 1993; Bandler et al., 2000). The agatoxin-induced facilitation observed 

across the AÔ-, C-fibre and spontaneous responses occurred within, on average, 10 minutes of 

agatoxin injection. This is in accordance with findings of in vitro cerebellar and hippocampal 

slice studies in which agatoxin blockade showed a similar time course to take effect on 

postsynaptic Purkinje and pyramidal cells (Poncer et al., 1997; Stephens et al., 2001). That other 

studies report a 10-30 minute delay for the sensitisation of trigeminal neurons to take effect 

(Burstein et al., 1998) may be consistent with the delayed and maintained facilitation that was 

observed, and may reflect the time taken for central plastic cellular mechanisms to manifest.

Nociceptive facilitation can arise by anti-analgesic or pro-nociceptive effects. By injecting 

agatoxin into the PAG, P/Q-type calcium channels were irreversibly blocked in a population of 

heterogeneous neurons. At synaptic terminals, P/Q-type channels are required for coupling 

presynaptic action potentials to the transmitter release process (Dunlap et al., 1995; Sutton et al., 

1999). As such, the channels are in predominantly presynaptic locations. Characterised 

presynaptic locations in the PAG appose GABA inhibitory intemeurons and descending 

projection neurons. Following injection of agatoxin into the PAG a gradual increase in both 

spontaneous activity and evoked AÔ- and C-fibre responses was observed. Therefore, the 

neurons containing the blocked P/Q-type channels were likely to be actively firing prior to 

agatoxin injection. This indicates the blocked P/Q-type channels are on neurons involved in 

tonic modulation of the nociceptive response.
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Subsequent application of bicuculline onto neurons with blocked P/Q-type calcium channels 

produced inhibition of the nociceptive response. This effect was similar in magnitude and 

duration to the response to bicuculline without agatoxin. That bicuculline-induced inhibition 

was maintained in the presence of agatoxin indicates two outcomes: i) P/Q-type calcium channel 

blockade does not affect the site of bicuculline action, i.e. postsynaptic GABAa receptor 

mediated inhibition of inhibitory intemeurons in the PAG, and ii) P/Q-type calcium channel 

blockade does not affect the pre-synaptic GABA release subsequently blocked postsynaptically 

by bicuculline. Based on known sites of action of bicuculline in the PAG, our results suggest 

that P/Q-type calcium channels in the PAG are likely to increase trigeminal nociception not by 

GABAergic disinhibition, but by some other neurotransmitter action.

Studies in other types of neuron show that P/Q-type calcium channels contribute to GABA 

release at both inhibitory and excitatory synapses in hippocampal and Purkinje cell preparations 

(Poncer et al., 1997; Stephens et al., 2001). GABA release in the PAG is regulated by multiple 

neurotransmitters, including 5-HT, opioids and GABA itself (Behbehani, 1995; Commons et al., 

2000; Lovick, 2001). Given that P/Q-type calcium channels are themselves modulated by their 

interaction with signal transduction molecules activated by these neurotransmitters (Mintz and 

Bean, 1993; Rusin and Moises, 1995; Rhee et al., 1996; Kim et al., 1997; Zamponi et al., 1997), 

P/Q-type channels may serve as a component of the mechanism for fine-tuning GABA release 

in the PAG, a role that has been suggested for these channels in Purkinje cells (Mintz and Bean, 

1993; Stephens et al., 2001). In contrast, our results suggest that in the PAG there may not be a 

functional association between P/Q-type channels and GABA release.

Besides GABA, other neurotransmitters in the PAG may mediate nociceptive facilitation 

induced by P/Q-type calcium channel blockade. Nociceptin and neurotensin may play a role in 

pronociceptive mechanisms in the PAG (Heinricher and Roychowdhury, 1997; Morgan et al.,

1997) Given that the PAG concurrently modulates nociception and vasopressor responses 

(Carrive, 1991), and that blood pressure fluctuations after agatoxin injection were observed in 

this study, may indicate the types of neurotransmitter blocked by agatoxin. The vasopressor 

response elicited by the vlPAG is mediated not only by GABA (Hall and Behbehani, 1998), but 

also by p.-opioid receptor agonists (Keay et al., 1997), and other neurotransmitters including 

angiotensin (D'Amico et al., 1999), nitric oxide (Ryu et al., 2001) and endothelin (D'Amico et 

al., 1999). Patch clamp studies in dorsal root ganglion and nodose ganglion neurons (Rusin and 

Moises, 1995, 1998) and, most recently, in dissociated PAG neurons (Cho et al., 2001), have 

shown that P/Q-type channels are negatively coupled with p,-opioid receptors. In the vlPAG, pi- 

opioid receptor agonists differentially affect inhibitory and excitatory neurotransmission and are 

involved in maintaining the tone of dorsal horn activity (Vaughan et al., 1997; Chiou and 

Huang, 1999). It has been suggested that the coupling of |Li-opioid receptors with voltage- 

dependent channels could differentiate to inhibitory or excitatory neurons (Chiou and Huang,
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1999). Li-opioid receptors coupled with P/Q -type channels associated with excitatory neurons 

might produce the facilitation observed after agatoxin injection in this study.

Figure 35. Summary diagram of sites of action in the PAG and Vc.

Periaqueductal grey in tem eurons and neurons projecting  to the ipsilateral trigem inal nucleus 
caudal is, w here second order neurons receive convergent input from  the dura  m ater, m iddle 
meningeal artery  and from  the trigem inal ophthalm ic div ision  cu taneous receptive field. GA BA* 
recepto  s on inhib itory  in tem eurons in the PA G  are targeted  by b icuculline. P /Q -type calcium  
channels in the PA G are unlikely to be pre-synaptic  to the G A B A erg ic  inh ib ito ry  in tem euron, but 
m ay be coupled  to pi-opioid receptors on excitato ry  projection  neurons, or acting  via som e other 
m echanism  in the PAG.

GABAa
M M A

vIPAG
o p h t h a l m i c

d e r m a t o m e

T rigem ina l nucleus  

caudalis

w  S e c o n d - o r d e r  -—  
a s c e n d i n g  p r o j e c t io n  

n e u r o n

Agatoxin was injected into a heterogeneous population o f  neurons and one is unable to know  

whether it acted pre- or postsynaptically or indeed on which type o f  neuron it acted. Further 

investigation into the functional coupling o f  P/Q -type channels with specific neurotransmitters 

on functionally determined and m orphologically characterised neurons would clarify the role o f  

P/Q-type calcium  channels in pain m odulating PAG neurons. This could be done by use o f  in 

vitro studies in dissociated PAG cells, or im m unochem istry colocalized  expression o f  P/Q-type 

calcium channels with neurotransmitters, or by the use o f  knockout m odels. Additionally, 

making recordings from functionally identified PAG neurons that are affected by P/Q-type 

calcium channel blockade, observing any change in their firing properties and then filling these 

neurons with biocytin would enable the identification o f  their m orphological characteristics and 

would assist in identifying the site o f  P/Q -type channels in the PAG.
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Further questions arise that it would be worthwhile investigating in the same model used in this 

study:

i. Do the triptans injected into the vlPAG produce an effect on trigeminal nociception?

ii. Do other VGCC’s in the PAG affect trigeminal nociception? For example, inject other 

calcium channel blockers, such as o>-conotoxin, for N-type calcium channel blockade.

iii. Does agatoxin in the vlPAG still facilitate trigeminal nociception in the presence of a p, 

opioid agonist?

iv. Does the migraine prophylactic, methysergide, have an effect on trigeminal nociception 

when injected in the vlPAG? Do specific 5 -HT2b/2c antagonists have an effect also?

How can these experimental findings be applied to the clinical observations of migraine and its 

pathophysiology? First, this study demonstrates that PAG P/Q-type calcium channels play a role 

in facilitating trigeminal nociception. In migraine, this places them as possible components of 

the headache process. Clinical imaging data strongly suggest dysfunction in the region of the 

PAG in migraineurs. At the neurotransmitter level, a trigeminal-specific part of the PAG has not 

been determined, however it is possible that in migraineurs those PAG descending inhibitory 

neurons which target trigeminal regions of the dorsal horn are abnormally regulated by P/Q-type 

calcium channel dysfunction. In conclusion, the results of this study suggest a possible site for 

the dysfunctional P/Q-type calcium channels in migraine and familial hemiplegic migraine.

4.5.1. Methodological limitations

As our animal model simulates peripheral induced activation of the trigeminal neurons, rather 

than activation from the central terminations, it does not necessarily model the events that would 

cause initiation of migraine. Unless this model of PAG microinjection and trigemi no vascular 

activation is moved into a CACNAIA knockout mouse the central-produced activation of 

trigeminal nociception that we are potentially looking for may not observable. However, since 

the knockout is not targeted specifically to disrupt P/Q-type channels in the PAG alone, it is also 

limited in this context. We are limited in trying to study P/Q-type channels if we want to observe 

gain of function, because there are no pharmacological compounds available which can activate 

the channels. To date, the only compounds that modulate P/Q-type calcium channels are 

blockers.

Bicuculline methiodide was used as a test search stimulus in these experiments, as based on the 

reportings of Behbehani and others (bicuculline is used as a standard search stimulus for 

inhibitory projections in the PAG) (Behbehani et al., 1990). Of course, it is possible and not 

improbable that not all neurons in the PAG and not all efferent functions of the PAG are 

affected by blockade of GABAa receptors. Consequently, bicuculline might not recruit all 

efferents at the injection site (Sandkuhler, 1991).
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There are several GABAa antagonists including bicuculline (competitive), picrotoxin (non

competitive) and gabazine (a G ABA derivative). Bicuculline itself is difficult to use because it is 

unstable at physiological pH (Olsen et al., 1975) and not very soluble in aqueous solutions. As a 

result, quaternary salt derivatives of bicuculline were manufactured in the 1980’s that are 

referred to as bicuculline salts. These include bicuculline methiodide (used in this study), 

bicuculline methbromide, and bicuculline methchloride. Those studies that established the 

understanding of the inhibitory GABAergic network in the PAG were based on the use of 

bicuculline salts. However, recent studies have modified the classical view of the interaction of 

gabazine and bicuculline with the GABAa receptor. It has been suggested that both compounds 

might have a negative allosteric effect (i.e. be inverse agonists) rather than, or in addition to, 

being competitive antagonists (Ueno et al., 1997). Several reports have also shown that 

bicuculline salts also affect other neurotransmitter systems and possible ion channels (Olsen et 

al., 1976; Heyer et al., 1981; Zhang and Feltz, 1991), but many investigators have overlooked 

results from these studies.

In summary, it has been suggested that experimental results obtained with bicuculline salts as 

specific GABAa receptor antagonists, and without using more specific GABAa receptor 

antagonists (e.g. picrotoxin, gabazine) should be taken with consideration of the data against a 

purely GABAa effect of bicuculline methiodide. So an improvement in this study would have 

been to use bicuculline methiodide only in comparison with other GABAa receptor antagonists. 

That would more clearly determine the extent of the GABAa receptor involvement in the 

inhibitory effect that was observed.
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5. Study 3. Structures in the rostral medulla and 
caudal pons expressing fos after superior 

sagittal sinus stimulation: comparison with 
control, periaqueductal grey stimulation and 
superior sagittal sinus with periaqueductal 

grey stimulation.

5.1 Introduction
Given the effects on activity in the trigeminal nucleus caudalis of ventrolateral PAG (vlPAG) 

activation or blockade, as demonstrated in the first two studies, it becomes important to ask the 

broader question of what other sites in the brainstem are affected by output neurons originating 

from the vlPAG and responding to trigeminovascular activation. The number of neurons 

involved, and detail about the functional, cellular substrate of the output functions of the vlPAG 

is somewhat lacking, especially in relation to trigeminovascular activity. Although 

electrophysiological studies provide detailed real time information about the effects of PAG 

stimulation on those neurons effecting the PAG activation, a comprehensive map of activated 

neurons, or neurons involved in the entire response to PAG and trigeminovascular activation 

cannot be provided from such studies.

A map of brain areas activated by PAG stimulation has been made using the [^H]-2- 

deoxyglucose (2-DG) method (Beitz and Buggy, 1981) and other studies have investigated fos 

expression in the brain after electrical stimulation of the PAG (Sandner et al., 1992) or 

bicuculline injection into the PAG (Sandkuhler, 1991). However, these studies did not stimulate 

the caudal vlPAG and did not make detailed fos counts in the pons and medulla, nor were they 

correlated with activation of the trigeminal system.

This study sought to identify those structures that mediate the descending and ascending 

responses to noxious stimulation of the superior sagittal sinus and to PAG stimulation. Since the 

aim is to map the structures that are between the PAG and the trigeminal nucleus caudalis, fos 

protein expression at the levels of the caudal pons and rostral medulla were studied. The levels 

of interest are 4, 6 , 8  and 10mm posterior to the stereotaxic midpoint in the cat brain. The study 

used the same stimulation parameters as in study 1 , so the anatomical pathways would correlate 

with a known function. This study compares fos expression in the pons and medulla after sham, 

SSS stimulation, PAG stimulation and PAG with SSS stimulation in the cat.

5.2 Methods
Immunohistochemical protocol is described in the general methods section and detailed in 

Appendix D.
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5.2.1. Animals

Twenty-five cats weighing 2.9±0.5 kg (meantSD).

5.2.2. Surgical procedures

Following the preparatory surgery, as detailed in the general methods section, a 24 hour rest 

period was imposed during which time the animal was kept in the stereotaxic frame, depth of 

anaesthesia was maintained with a-chloralose, and physiological parameters maintained within 

normal limits. The 24 hour rest period after surgery is optimal for minimizing background levels 

of Fos elicited by preparatory surgery (Hoskin and Goadsby, 1999). Other studies using shorter 

rest periods report higher levels of background fos. As the aim of this study was to identify 

structures in the brainstem responding to noxious stimulation of the cranial vasculature the 24 

hour rest period was implemented.

5.2.3. Stimulation parameters

■ Control: anaesthetised only; n= l.

■ Sham SSS: superior sagittal sinus hooked onto stimulating electrodes, 2hours, no 

electrical stimulation; n=6.

■ SSS stimulation: square wave 250)xs pulses, every 3 seconds, 130-150V, 2 hours; n=6 .

■ vlPAG and SSS stimulation: 48ms train of vlPAG stimulation at lOOps pulses, 67 -  

333Hz, every 3 seconds, lOOpA current, SSS stimulation commencing 2ms after end of 

each PAG train, 250ps pulses, 130-150V, 2 hours total duration; n=6 .

■ vlPAG stimulation, 48ms train at lOOps pulses, 67 -  333Hz, every 3 seconds, lOOpA 

current, 2  hours duration; n=6.
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Figure 36. Experimental set-up for study 3, fos immunohistochemistry in the cat.

SSS stim ulated  by hook electrode. PAG stim ulated  by deep concentric  electrode. C ounts o f  fos labelled 
im m unoreactiv ity  w ere m ade in the rostral m edulla  and caudal pons at the levels p4.0, p6.0, p8.0 and 
p i0 .0 m m  from  the stereotaxic m idpoint in the cat.

p4.0

p6.0

SSS
stimulation

p8.0

PAG
stimulation

plO.O

Vc

5.2.4. Anatomical structures and cell counting

Fos counts were made in the follow ing structures:

ITN Infratrigeminal nucleus

NRGC N ucleus reticularis gigantocellularis

NRM N ucleus raphe magnus

NRM C N ucleus reticular m agnocellularis

NRPC N ucleus reticularis parvocellularis

NRPGL N ucleus Reticularis paragigantocel 1 ularis lateralis

PPRN Paramedian pontine reticular nucleus

PB Pontine blink premotor area

SSN Superior salivatory nucleus

VMM Trigeminal motor nucleus

VN Trigeminal nucleus

V ST Trigeminal spinal tract
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Identification o f  structures and fos-label ling is detailed in the general methods section. 

Templates and photos o f  fos-positive cells are in Appendix B.

5.3 Statistics
All treatments were compared with the Kruskal-W allis test by ranks. If a test show ed  

significance, multiple comparison between groups was made to determ ine which group was 

significantly different (Siegel and Castellan, 1988). P values were corrected (Bonferroni) to 

com pensate for multiple comparisons.

5.4 Resuits
Figure 37. PAG stimulation sites.
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5.4.1. PAG stimulation sites

PAG stimulation sites were localised to the ventrolateral region, with tw o sites on the lateral 

border and one in the mid lateral region.

5.4.2. Animals and cells

Because o f  the long rest period between surgery and stimulation, in this study the total number 

o f labelled cells in any one animal was not large but did vary from animal to animal according 

to the stimulation, so that individual sections contained up to 6 labelled cells, most contained  

less than 3 cells and still others none at all. Therefore, counts are expressed per 15 sections. 

Total counts, per level in each experimental paradigm, are presented in Figure 38.

5.4.3. Fos immunoreactivity

Fos-1 ike expression appeared within the nuclei o f  im m unoreactive neurons as a blue-violet to 

black stain o f  variable intensity ranging from moderate to dark. N uclei often contained  

unstained nucleoli. Photographs in Figure 41 show  intensity o f  fos positive staining across 

various nuclei and in various structures o f  different animals. Consistent staining is visible, 

how ever som e immunoreactive cells stood out starkly from the surrounding background, 

whereas other labelled nuclei in the sam e region show ed slightly less intense im m unostaining. 

Sections in which staining was entirely patchy were not included in the final count. The general 

m oiphology o f  the fos positive nuclei varied according to the m orphology o f  the structure in
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which the cell was located. The table on page 164 shows the counts per 15 sections per level 

across all animals and paradigms. A qualitative description of fos expression per paradigm is 

contained in the following sections.

5.4.4. Control

In control cats (sham-operated, unstimulated animals, n= 6 ), labelling was both sparse and 

highly variable. Although all structures showed at least one fos-positive nucleus this was across 

all 6  animals in each intervention so most sections in control animals showed no fos expression. 

The most labelling was encountered in the infra trigeminal nucleus (total 11 counts) and the 

nucleus reticularis parvocellularis (total 33 counts). Both quantity and distribution of fos 

expression in control animals was similar to that reported in other studies (Bullitt, 1990; 

Gestreau et al., 1997).

5.4.5. Superior sagittal sinus stimulation

Two hours of superior sagittal sinus stimulation produced c-fos immunoreactivity in many sites. 

At the level p4, counts were sparse but in all structures. The two highest counts were made in 

the NRPC at 22 counts, and a cluster of cells was seen in the nucleus raphe magnus, with a total 

count of 9.

At the level p6 , sparse to moderate fos-like expression was seen in all structures, with the 

densest labelling in the pontine blink premotor area (PB), principal sensory trigeminal nucleus 

and nucleus raphe magnus with counts at 34,16 and 11 respectively.

At the level p8 , moderate labelling was seen in all structures, with the most dense in the nucleus 

reticularis paragigantocellularis lateralis, infra trigeminal nucleus, and nucleus raphe magnus 

with counts at 39, 15 and 13 respectively. The activity in the trigeminal nucleus at this level was 

decreased compared with the levels immediately rostral and caudal from it.

At the level plO, all structures showed moderate fos-like immunoreactivity with very dense 

labelling in the superior salivatory nucleus at 50 counts and the nucleus reticularis 

parvocellularis at 44 counts. Dense labelling was observed in the nucleus reticularis 

paragigantocellularis lateralis at 40 counts and the infratrigeminal nucleus at 28 counts.

5.4.6. Periaqueductal grey and superior sagittal sinus stimulation

2 hours of SSS stimulation with trains of PAG stimulation produced fos expression in all 

structures at all levels except the nucleus reticularis magnocellularis at the level p6 .

The level p4 showed moderate labelling and there was no difference between labelling 

ipsilateral or contralateral to the side of PAG stimulation in any structure. Dense labelling was 

observed in the nucleus reticularis parvocellularis with 49 ipsilateral and 50 contralateral counts. 

In the NRPC there was a marked cluster of cells lying in the ventral lateral comer situated

132



ventral to the trigeminal motor nucleus. Moderate counts were observed in the nucleus raphe 

magnus which showed 17 counts both ipsi- and contralateral and the paramedian pontine 

reticular nucleus which showed 14 ipsi- and 17 contralateral counts.

At the level p6 , labelling on the whole was sparse to moderate but for the dense expression that 

was seen in the pontine blink premotor area which showed predominantly ipsilateral counts (40 

of a total 56). The nucleus reticularis parvocellularis showed moderate labelling and a small 

cluster of ipsilateral cells lying immediately ventral and lateral to the abducens nucleus. A 

similar cluster of contralateral cells was seen in the nucleus reticularis gigantocellularis lying 

ventral to the abducens nucleus.

At the level p8 , sparse to moderate labelling was seen in all structures but for the moderate 

labelling in the nucleus reticularis parvocellularis and the dense labelling seen in the nucleus 

raphe magnus and nucleus reticularis paragigantocellularis lateralis. In all structures there was 

no ipsi- or contralateral dominance.

At the level plO, moderate labelling was observed with dense fos expression in the 

infratrigeminal nucleus (29 and 36 counts ipsi- and contralateral), nucleus reticularis 

parvocellularis (56 and 57 counts), nucleus reticularis paragigantocellularis lateralis (27 and 44 

counts) and superior salivatory nucleus (32 and 19 counts). All structures showed similar levels 

of ipsi- and contralateral labelling, but for the NRPGL, which showed a slight contralateral 

dominance, and the SSN, which showed a slight ipsilateral dominance. Within the NRPC there 

was an area of more dense labelling situated along its lateral border lying ventral to the SSN.

5.4.7. Periaqueductal grey stimulation

Of all interventions 2 hours of PAG stimulation produced the most uniform and dense fos 

immunoreactivity across all levels.

At the level p4 there was no lateral dominance and moderate labelling was observed in the 

nucleus raphe magnus. Very dense labelling was seen in the nucleus reticularis parvocellularis 

and the medial longitudinal fasciculus and the counts in these two structures at this level were 

greater than in the other interventions. As in the PAG+SSS intervention there was a marked 

cluster of cells in the NRPC lying in the ventral lateral comer situated ventral to the trigeminal 

motor nucleus.

Moderate labelling was seen in the nucleus raphe magnus at p6 , with a slight contralateral 

dominance. The paramedian pontine reticular nucleus produced very dense labelling (57 counts 

ipsi- and 51 contralateral), which was much greater than in other interventions. The labelling in 

the pontine blink premotor area was sparse compared with the moderate labelling produced after 

SSS stimulation or PAG+SSS stimulation. As in the PAG+SSS stimulation, a cluster of 

ipsilateral cells was seen immediately lateral and ventral to the abducens nucleus in the NRPC
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and a cluster of contralateral cells was seen in the NRGC immediately ventral to the abducens 

nucleus. These clusters were more moderate in the PAG stimulation than the PAG+SSS 

stimulation.

At the level p8  moderate labelling in the nucleus raphe magnus showed a slight ipsilateral 

dominance, while very dense labelling was seen in the PPRN, The labelling in the nucleus 

reticularis paragigantocellularis lateralis was moderate compared to the dense labelling observed 

in the interventions of SSS stimulation and PAG+SSS stimulation.

At the level plO, labelling was moderate but the nucleus reticularis magnocellularis was sparse 

compared with the moderate counts seen after SSS stimulation and PAG+SSS stimulation. 

Dense fos counts were in the infratrigeminal nucleus. Very dense labelling was observed in the 

PPRN and the nucleus reticularis parvocellularis. As in the PAG+SSS intervention there was an 

area of denser labelling situated along the lateral border of the NRPC lying ventral to the SSN, 

This cluster was slightly less dense in the PAG stimulation.

Table 14. Structures showing significant or almost significant fos counts.

Structure Variable Median, 

I.Q. range

p value Comparison

ITN PAG contra 4, 3-7 0,074 ITN in all interventions

NRM Level p8 5, 3-14 0,033 NRM in all levels

NRM PAG+SSS

Ipsi

4, 3-7 0,043 NRM in all interventions

PPRN Level p4 6, 3-12 0,056 PPRN in all levels

SSN SSS stim 2, 0-7 0,020 SSN in all interventions

VN SSS stim 3, 1-4 0,046 Vp/Vsp in all interventions

VN Level p6 2. 2-3 0,084 Vp/Vsp in all levels
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Figure 38. Fos counts in ail interventions at all levels.

Grey dot, fos count. Red dot, fos count contralateral to site of PAG stimulation; yellow dot, fos count ipsilateral to site of PAG stimulation.
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Figure 39. Box plots of total fos counts taken in each structure for each intervention.

M edian w ith 25"' and 75"’ percentile  box plots. lO"' and 90"' percentiles are indicated  by the whiskers. 
O utlying data points are indicated by the black dot.
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Figure 40. Photos of fos-positive cells in the trigeminal nucleus.
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Figure 41. Photos of fos-positive cells in various structures of the medulla and pons.
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5.6 Discussion

5.6.1. Comparison across structures

5.6.1.1. Paramedian pontine reticuiar nucieus (PPRN).
The paramedian pontine reticular nucleus labelled moderately after PAG+SSS stimulation and

very densely after PAG stimulation. Since the PPRN receives considerable inputs from the 

vlPAG the fos expression observed here correlates well with this anatomical connection. Also, 

the PPRN does not receive direct inputs from the trigeminal nucleus but does receive some from 

the nucleus reticularis parvocellularis, which might explain why there was very little fos 

expression in the PPRN after only SSS stimulation. Fos expression in the PPRN at the level p4 

was almost significantly higher than other levels (d.f.=5, p=0.056, Kruskal Wallis). This may 

result from PPRN fibres being activated incidentally from the spreading current produced from 

the PAG stimulating electrode which is in reasonably close proximity to the level p4 (p 0-1 mm), 

however if this were the case other structures in this region at this level might also be expected 

to show high fos expression. A likely explanation for the reduced fos expression after PAG+SSS 

stimulation compared with PAG stimulation is the involvement of inhibitory pathways, since 

study 1 of this thesis showed that PAG+SSS stimulation produces an inhibitory effect.

At the level p6  a cluster of cells was seen in the NRPC around the ventral side of the abducens 

nucleus. This labelling was most pronounced after PAG stimulation, and mirrors the increase in 

PPRN activity seen with PAG stimulation. This cluster has been identified as a collection of 

neurons that project to the PPRN and is thought to be a parallel relay to the direct vlPAG to 

PPRN connection (Remmel et al., 1978). The PPRN contains preoculomotor neurons essential 

for the production of eye movements and reticulospinal neurons that are concerned with head 

movement. The region also plays a role in the onset of REM sleep (Leichnetz et al., 1987). The 

activation of this nucleus with PAG stimulation might reflect head and eye movements 

appropriate to the escape or quiescent behaviour produced by the PAG.

Occasional fos labelling was encountered in the medial longitudinal fasciculus (MLF) in the 

three stimulated groups, most noticeably in the PAG stimulated animals. For nuclei to label in a 

tract suggests intemeurons were being activated in this region. Neurons have been found amidst 

MLF fibres which respond to eye movement and which send their axons rostrally in the 

contralateral MLF to the oculomotor nucleus (Remmel et al., 1978). Other somata have been 

found in the MLF, which comprises projection neurons from the reticular nuclei specifically to 

the trigeminal motor nucleus, spinal trigeminal nucleus, all pontine and medullary reticular 

nuclei and the infratrigeminal nucleus (Woolf and Butcher, 1989; Matsuyama et al., 1993). Any 

of the fos labelled neurons observed in the MLF could be part of these pathways. Since MLF 

input is predominantly from fibres originating in the medullary and pontine reticular formation 

its expression of fos in this study is not unexpected (Remmel et al., 1978; Skinner et al., 1984).
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The cluster of neurons observed in the NRPC were grouped either ipsilateral or contralateral, 

relative to the site of PAG stimulation. This latéralisation appears to match that reported in 

oculomotor neurons projecting rostrally via the MLF and may be the same neurons (Remmel et 

al., 1978).

5.6.1.2. Infratrigeminal Nucieus (ITN)
Fos expression was observed in neurons of the infratrigeminal nucleus in both the sham animals

as well as in all the interventions. The level of expression after all stimulations was greater than 

sham at the level plO, but didn’t appear to be different at the level p8 . ITN activation has been 

reported in sham animals in other fos studies (Hathaway et al., 1995; Gestreau et al., 1997). It 

has been reported to receive projections from neurons in the trigeminal nucleus caudalis and 

contains cerebellar-projecting neurons with facial receptive fields (Strassman et al., 1994), 

perhaps this explains its fos expression greater than sham during SSS stimulation. It also 

receives input from the ipsilateral caudal vlPAG (Roste et al., 1985), which might explain the 

expression observed after PAG+SSS and PAG stimulation, although an ipsilateral dominance 

was not observed. The mean number of contralateral counts after PAG stimulation was almost 

significant compared with other interventions p=0.074, Kruskal Wallis). The ITN’s

main projections are to the cerebellum but it also projects to the PAG, and it receives input from 

the nucleus raphe magnus, amongst other brainstem nuclei (Roste et al., 1985). The fos 

expression in the ITN could additionally be attributable to these projections. Fos expression has 

been reported in the lateral reticular nucleus (of which the ITN is an extension) after dorsal PAG 

stimulation (Sandkuhler, 1991), and evidence has been provided in the cat that the LRN might 

be a relay station for PAG-induced descending nociceptive inhibition (Morton et al., 1984). This 

might also explain the ITN counts observed.

5.6.1.3. Nucieus Reticularis Gigantocellularis (NRGC), Nucieus Reticularis 
Magnoceiiuiaris (NRMC), Nucieus Reticularis Parvocellularis (NRPC) and Nucieus 
Raphe Magnus (NRM)
Since the NR(jC, NRMC, NRPC and NRM all receive and send direct projections from and to 

the vlPAG, the trigeminal nuclei and one another, it is not surprising that all these structures 

showed fos expression in all interventions.

In the NRM, the level p8  was significantly higher than other levels (d.f.=4, p=0.033, Kruskal 

Wallis). Also, fos expression was significantly higher in the ipsilateral PAG+SSS stimulation 

group than other interventions (d.f.=3, p=0.043, Kruskal Wallis).

There was no difference across the interventions in the counts of NRGC, NRMC and NRPC, nor 

in latéralisation within these structures. However some trends were observed. In the NRMC, 

counts were relatively lower in the PAG stimulation compared with SSS stimulation and 

PAG+SSS stimulation groups. In the NRPC, at the level p4, counts were highest in the
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PAG+SSS stimulation and PAG stimulation groups. Also, two peaks of highest activity were 

observed in the NRPC at the levels p4 and plO.

After injection of bicuculline into the dorsal PAG, Sandkuhler observed fos activation in the 

NRGC and NRM bilaterally (Sandkuhler, 1991).

5.6.1.4. Nucleus Reticularis Paragigantocellularis Lateralis (NRPGL)
Activity in the NRPGL was seen after all the interventions. The counts were higher after SSS

stimulation and PAG+SSS stimulation than PAG stimulation. The higher level of activation 

seen after SSS and PAG+SSS stimulation may reflect the large interconnections between the 

trigeminal nucleus and the NRPGL (Lovick and Wolstencroft, 1983; Lovick, 1986). A likely 

reason for lower activity in the NRPGL after PAG stimulation may be due to the connections 

direct from the PAG to the NRPGL being mostly from the dorsal PAG. Whereas this study 

stimulated the ventrolateral PAG so it would not have activated the direct dorsal PAG to 

NRPGL pathways. Also, the NRPGL has many connections with surrounding reticular 

structures so would be additionally affected in all interventions by these inputs.

5.6.1.5. Superior Salivatory Nucleus (SSN)
Dense fos-like expression was observed in the SSN after SSS stimulation, PAG+SSS

stimulation and PAG stimulation. The greatest level was observed after SSS stimulation (Fg  ̂

=3.456, p=0.014, one-way ANOVA with Dunnett’s post-hoc multiple comparison). This might 

be attributable to the strong ascending connections from the trigeminal nucleus caudalis, 

activated by SSS stimulation, to the superior salivatory nucleus (Goadsby et al., 1984). The 

activation observed after both PAG+SSS and PAG stimulation is in keeping with the anatomical 

connections from the vlPAG to the SSN (Spencer et al., 1990). Indeed, in some cases 

lacrimation and increased salivation was observed during PAG stimulation. In two cases of PAG 

stimulation (both caudal, one in the lateral border and the other in the ventrolateral) laser 

Doppler blood flow recordings of cerebral blood flow ipsilateral to the site of PAG stimulation 

were made. Consistent with other studies (Nakai and Maeda, 1996), a transient increase in blood 

flow was observed. These physiological observations confirm the PAG to SSN pathway that 

probably produced fos expression after PAG stimulation in this study.

The only structure in which a potentially lateralised response could be seen was in the SSN. 

PAG+SSS stimulation produced almost significantly more ipsilateral than contralateral fos 

expression (/?=0.071, paired sample t-test).

5.6.1.6. Motor Trigeminal Nucleus (VMN)
The trigeminal motor nucleus showed small levels of fos expression in all the interventions. The

most was seen after PAG+SSS stimulation. It is difficult to find a reason for this dominance, 

albeit from a very small sample, but it may reflect the activation of the trigeminal motor nucleus 

by both the trigeminal-specific pathways and the direct descending PAG projections. The VMN
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receives input from the NRPC, so the higher labelling seen in the VMN after PAG+SSS 

stimulation might correspond in some part with the higher counts in the NRPC after PAG+SSS 

stimulation.

5.6.1.7. Spinal (Vsp) and Principal Sensory Trigeminal Nucleus (Vp)
The pattern of fos expression in both the spinal and principal trigeminal nucleus showed a

variance in both the rostrocaudal and dorsoventral distribution. The expression will be discussed 

here for both structures together. In the trigeminal nuclei fos expression after SSS stimulation 

was greater than all other interventions (d.f.=3, p=0.046, Kruskal Wallis). There was no 

significant difference between the different levels, but fos expression at the level p6  was almost 

significant (d.f.=5, p=0.084, Kruskal Wallis)

Expression at the level p4 was sparsely scattered in the ventral portion of the Vp for all 

interventions and PAG+SSS stimulation produced a small cluster in the most ventral pole of the 

ventral portion. At the level p6 , fos expression in all interventions clustered in the ventral 

portion of the Vp to the exclusion of the rostral end of Vo division, which lies dorsal to the Vp 

portion of the trigeminal nucleus. The expression at the level p8  was sparse in all interventions 

but localised to the ventral subdivision of the Vo. Expression at the level plO was moderate in 

the SSS (9 counts) and PAG+SSS (10 counts) stimulations and larger in the ventral caudal 

subdivision of the Vo.

The pterygopalatine nerve projects to both the caudal Vo and the ventral portion of the caudal 

Vp (Shigenaga et al., 1986). The densest of these projections is to the caudal Vp, which in our 

study showed greatest fos expression after SSS stimulation. This corresponds with the fos count 

in the superior salivatory nucleus (SSN), which was also significant and greatest after SSS 

stimulation (50 counts). That SSS stimulation produced high counts in the ventral Vp, Vo and 

SSN after SSS stimulation may reflect the central recruitment of the cerebrovascular 

parasympathetic pathways conducted through the pterygopalatine ganglion. Stimulation of the 

SSS, which is innervated by extrinsic pathways from the pterygopalatine ganglion, elicits the fos 

seen in the SSN and Vp and Vo. PAG stimulation, which also affects cerebrovascular activity 

via the pterygopalatine, might also explain the fos seen in these structures.

Vp ventral also contains cells of origin of specific trigeminothalamic tracts conducting primarily 

tactile information, i.e. AP-fibre afferents. Fos was seen in Vp in sham, as has been reported by 

others. This is suggested to result from activation of the comeal afferents or surgically induced 

nociceptive inputs (Bullitt, 1990; Hathaway et al., 1995; Gestreau et al., 1997).

Caudal vlPAG neurons projecting to trigeminal nuclei have been reported (Beitz et al., 1983a; 

Beitz et al., 1983b) and some of these neurons send axon collaterals to forebrain structures (Li et 

al., 1993). These neurons project bilaterally but predominantly ipsilaterally to the ventral portion
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of the Vp and some to the Vo. Some of the fos expression observed in the ventral Vp and Vo 

after PAG+SSS and PAG stimulation might be attributable to this pathway.

5.6.1.8. Spinal Trigeminal tract (VST)
Scattered low levels of fos expression were observed in the spinal trigeminal tract at all levels in

all the interventions and an occasional count was observed in the sham. Surprisingly, there was 

no difference between the counts of SSS stimulated animals with other interventions. 

Intemeurons and axonal projections between the spinal or principal sensory trigeminal nucleus, 

infratrigeminal nucleus and the spinal trigeminal tract have been observed (Strassman et al.,

1994) and neurons activated by superior sagittal sinus stimulation have been recorded in the 

VST of cats in the area named the interstitial nucleus (Davis and Dostrovsky, 1988). The fos 

observed in the VST might result from the activation of these intemeurons or interstitial 

neurons.

5.6.1.9. Pontine blink premotor area (PB)
Dense fos expression was observed in the pontine blink premotor area after SSS stimulation and

after PAG+SSS stimulation. Moderate labelling was observed after PAG stimulation. Although 

there was statistically no significant latéralisation, after PAG+SSS stimulation there were more 

counts in the ipsilateral than contralateral PB. It is not entirely surprising that the two 

interventions involving SSS stimulation activated fos expression in the PB, since trigeminal 

projections to the PB derive from the same regions of the ventral TBNC that SSS primary 

afferents project to. However, the moderate expression after PAG stimulation is more curious. 

There exist projections onto the PB from neighbouring reticular stmctures, the nucleus raphe 

magnus, and possibly the PAG, amongst other areas (McCormick et al., 1983; Holstege et al., 

1986b; Karson, 1988; Holstege, 1990; Basso and Evinger, 1996). Activation of any of these 

paths may have caused the fos expression in the PB seen after PAG stimulation. Since in these 

experiments the animals were paralysed during the stimulation procedure, a blink reflex or 

nictitating membrane response would not have been observed.

5.6.2. Limitations

The data suggest that in the rostral medulla and caudal pons different types of neurons produce 

different levels of c-fos protein following noxious stimulation of the dura and/or stimulation of 

the PAG. The small count, accompanied by the long time from surgery to stimulation, is 

consistent with fos counts in other studies, which show small numbers across sections in the 

medulla and pons (Lovick and Wolstencroft, 1983). The absence or very low level of c-fos 

expression in locations in which it might be expected is not to suggest there was no activation of 

these neurons since neuronal depolarisation is not necessarily a sufficient condition to induce 

detectable levels of fos-like protein. Differences between this study and others, where one 

structure shows more or less fos after noxious stimulation, is probably due to differences in the
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sensitivity of the primary antibody used in the various studies. Although the presence of 

neuronal labelling may be interpreted to be indicative of neuronal activation, the absence of such 

labelling cannot be used to exclude the possibility of neuronal excitation. Also, it is possible that 

the fos protein may be degraded less rapidly or produced in higher quantities in some neuronal 

populations than others. Negative results can also indicate that some neurons never express fos, 

no matter what stimulus is applied (Dragunow and Faull, 1989) or that stimulation occurred 

during a refractory period for the induction of fos (Morgan et al., 1987).

It is of note that different stressors may use different neuronal pathways in the central 

organisation of stress. In the context of this study, attempts were made to minimise surgical and 

preparation-induced stressors, and a 24 hour rest period was imposed to minimise background 

fos prior to stimulation. However, certain brainstem structures that show fos under these 

stressful conditions are the same as those in which fos was counted in this study, in response to 

our test intervention (Palkovits et al., 1997). An important consideration is that the stimulation 

used, i.e. stimulation of the SSS and/or PAG, is a stressful stimulus, so that although the animal 

is adequately anaesthetised, the nuclei activated by the stimulus are not differentiable from those 

elicited in response to the noxious stimulation alone. Of relevance to the structures investigated 

in our study, stress-induced fos in the medulla and pons has been found in the NRM and 

reticular nuclei after immobilisation and in the principal sensory trigeminal nucleus after cold 

exposure. Neither of these stressors was induced in this study because i) the animal was 

immobilised with gallamine only while anaesthetised, and presumably the immobilisation stress 

is related to conscious effort to seek release, and ii) the animal was thermally regulated within 

normal physiological limits during the experiment. In other studies, this point of differentiating 

the stress response from the noxious response has been addressed with regard primarily to 

behavioural measures and the PAG (Besson et al., 1991).

Some methodological limitations of the use of fos in this study include:

i. Relatively few animals were examined in this study. Although the number of animals 

tested is standard for fos studies, the statistical power of quantitative analysis is reduced 

by the relatively small sample size. It is unlikely however that the specific patterns of 

fos expression seen occurred by chance.

ii. Fos is not a complete and specific marker for nocisponsive cells, i.e. it may be a

measure of activity not only in nociceptive circuits, but also processes related to 

nociception such as anti-nociceptive autonomic processes, the stress response to pain or 

motor activity to respond to the pain.

iii. The expression of fos protein cannot be used to determine the function of labelled cells,

i.e. the method does not differentiate between activity involved in the relay of
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nociceptive information from activity contributing to pain inhibition, motor or 

autonomic responses, or generalised arousal following stimulation,

iv. Fos can be induced by a variety of stimuli other than those intentionally delivered by 

the investigator. Although this was considered in the design of the control experiment, 

incidental stimuli may contribute to the activation of structures unexpectedly,

V. Variations in anaesthetic depth can affect the level of fos produced in structures related 

to pain and arousal,

vi. Although a comparison across structures was made, this analysis can be limited 

because the number of neurons expressing the c-fos gene product varies across 

structures because of differences in neuronal density within a structure and the time lag 

between induction and expression of c-fos in different neurons. This also means it is 

very difficult to determine which precise events are directly responsible for producing 

the gene and, especially in a complex network of structures as is being investigated in 

this study, in which order the local circuits were activated between the structures.

Further problems with the study design include the stimulation of the PAG. Previous 

investigations in the SSS-stimulation model used in this study found that the optimal stimulation 

time for eliciting c-fos in the Vc, and presumably supraspinal nociceptive pathways, is 2 hours 

(Hoskin and Goadsby, 1999). In accordance with this, PAG+SSS stimulation was for 2 hours, 

and for strict comparison, PAG stimulation alone was for 2 hours. Although 2 hours of 

stimulating the SSS, a peripheral, multi-cell-type and relatively tough structure, is optimal to 

elicit fos, could 2 hours of stimulation in the PAG, at an intensity demonstrated in study 1 to 

inhibit Vc neurons within minutes and in a central neuronal structure, have been too long? 

Could 2 hours of PAG stimulation at this intensity have produced a complete local lesion, rather 

than just activating the local structures? At the commencement of the stimulation the pupil 

dilation response that is characteristic of PAG stimulation was observed, but in some cases the 

pupils returned to the pre-stimulation level of constriction by 1 hour after stimulation. Could this 

indicate the PAG stimulation effect only lasted an hour? If in fact some cases did produce 

complete PAG lesions, the stimulation effect up to the first hour would still have been 

represented in the fos count, since the time course of fos activation generally begins 40 minutes 

after stimulation and reaches a peak at 2 hours. However, this time profile of fos activation is 

from stimulation of directly nocisponsive structures, and fos elicited after central stimulation is 

not as well characterised.

If indeed total, functional PAG lesions were produced, the structures observed with fos 

activation in the medulla and pons might at least reflect those involved in the responses 

exhibited in the patients (Raskin et al,, 1987; Veloso et al,, 1998) who had received electrode 

implants in the PAG for ‘stimulation produced analgesia’ which manifested as migraine-like
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headache. These patients’ PAG’s were stimulated at 3V, 30Hz, 0.2ms pulse duration for 

indeterminate periods of time (Raskin et al., 1987) or 2-7V, 50-60Hz, 0.18-0.33 ms pulse width, 

60s duration of stimulation every 12-20 minutes also for indeterminate periods of time (Veloso 

et al., 1998). Whereas, in the two animal studies that stimulated the dorsal PAG then observed 

fos in various brain structures, the one that used electrical stimulation in the rat stimulated the 

PAG in a continuous train for 15 minutes, 70-90pA, 0.1ms duration, 20ms interpulse intervals 

(Sandner et al., 1992), and the other used microinjection of 50nL of 200 pmoles of bicuculline 

methiodide at pH 2.5 then left the bicuculline in the PAG for 90 minutes before termination 

(Sandkuhler, 1991); unfortunately neither of these two animal studies were stimulating the 

vlPAG. This study used the same stimulation parameters that were effective for inhibition of 

trigeminal nucleus caudalis neurons as characterised in Study 1, i.e. 48ms trains at lOOps pulses, 

67 -  333Hz, every 3 seconds, lOOpA current.

An additional problem with electrical PAG stimulation is that, although the use of electrical 

stimulation limits the specificity of recruited entities because all neuronal elements in the area 

are activated, including fibres of passage, the electrode can also produce stimulation that is too 

focal and does not necessarily encompass all the cells that would descend to the medullary 

structures acting on the trigeminal neurons of interest to migraine or headache.

An additional criticism of our experimental design is that PAG electrode shams were not 

performed, to determine whether a part of the effect of PAG stimulation alone is attributable to 

the electrode placement and penetration. To minimise the number of animals used in the study it 

was felt that a PAG sham group could be excluded, since other studies have demonstrated little 

or no fos in structures in the medulla and pons after brain penetration alone (Sagar et al., 1988). 

What fos they did demonstrate was low level in the reticular formation and more in cortical 

structures.

A problem of fos is that it does not indicate whether the cellular event was inhibitory or 

excitatory. Further immunohistochemical studies with this model would be worthwhile if they 

utilised double-labelling in the specific structures of interest, and if they investigated co

localisation of fos with GABA or glutamate to see if the neurons are inhibitory or excitatory, or 

mediated by other neurotransmitters and receptors. Also, pharmacological intervention during 

stimulation might produce interesting results if, for example, triptans or prophylactics 

administered intravenously produced a change in the expression of fos in the structures in this 

study. In the context of the application of this data to understanding migraine pathophysiology, 

caution must be maintained, since the structures activated following SSS stimulation, a non

natural stimulus that is threshold maximal, may not necessarily be involved to the same extent in 

the human brainstem during migraine.
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Although some of the structures showing fos-activation are not entirely nociceptive-dedicated 

units, it is worthwhile considering their contribution additional to the trigeminal nociceptive 

event. Further investigations into the precise role of these structures and their contribution to the 

non-headache component of migraine would be useful for pharmacological targets. Fos 

represents plastic events and potential adaptive processes. All of the structures in which fos 

expression has been demonstrated could therefore be candidates in the possible sensitisation of 

trigeminal pathways that is likely to manifest as migraine.

5.6.3. A synthesis of structures relatable to migraine

The present study has identified fos-immunoreactive cells in well-defined areas throughout the 

rostral medulla and caudal pons following activation of both nociceptive neurons in the 

trigeminovasculature and neurons in the vlPAG. It provides evidence of the involvement of a 

complex network activated by and responding to both noxious SSS stimulation and PAG 

stimulation. Labelled cells were mainly found in those areas that receive direct and indirect 

input from, and are known to modulate, those parts of the PAG and trigeminal system that are 

involved in nociception, and the autonomic, behavioural and motivational aspects of 

nociception. This study allows the identification of pontine and medullary structures that are 

simultaneously activated during both trigeminovascular activation and PAG activation, and 

therefore may be important in deconstructing those elements of the central modulating pathways 

that are important to the pathophysiology of migraine.

Of note in the context of other models of headache is the activation observed in the pontine 

premotor blink reflex area (PB) after PAG stimulation. In humans, the blink reflex model is 

utilised because it can detect changes in the central processing of trigeminal nociception at the 

level of the pons, particularly in the PB and orbicularis oculi subnucleus of the facial nucleus, 

through which the blink reflex is effected. Several studies utilising a nociception-specific blink 

reflex demonstrate evidence for its facilitation during the migraine attack (Ellrich, 2000; Kaube 

et al., 2000; Ellrich et al., 2001c). It is yet to be demonstrated from which central structures this 

sensitisation of the trigeminal arc is activated, but our results indicate that the PAG is a suitable 

candidate, since PAG stimulation activated fos in the PB area in our model. Other authors 

suggest that as well as the PAG possibly controlling the PB (Karson, 1988), the NRM could also 

directly control the PB (Basso and Evinger, 1996), so perhaps the PAG can affect PB activity 

indirectly via the NRM.

The autonomic features that some migraineurs and other types of headache sufferers experience 

during an attack, including lacrimation and tearing, and the increased salivation preceding an 

attack, is probably attributable to activation of the superior salivatory nucleus (SSN) (Goadsby 

et al., 1984; Goadsby and Edvinsson, 1996). There is an interesting correlation between 

nitroglycerin-induced headache in migraineurs and the vasodilation of the nasal mucosa that is
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produced by the SSN. This is because the vasodilation elicited by the SSN, at least in its vlPAG 

pathway, is nitrergic (Nakai and Maeda, 1996). Fibres originating in the SSN innervate the 

basilar artery in the cat (Keller et al., 1985). It is possible that the autonomic features that some 

patients with secondary headaches present with, such as basilar artery aneurysm (Giffin and 

Goadsby, 2001), accompanied by head pain, are attributable to this pathway.

An additional structure of interest that showed fos activation in all the interventions in this study 

is the infratrigeminal nucleus (ITN), The ITN is an extension of the lateral reticular nucleus, 

which is a known relay station for PAG-induced descending nociceptive inhibition (Morton et 

al., 1984). Of particular interest in the context of migraine is the fact that the ITN receives 

projections from the Vc and ipsilateral vlPAG (as well as other reticular and raphe nuclei) 

(Roste et al., 1985; Strassman et al., 1994), and contains cerebellar-projecting neurons with 

facial receptive fields (Strassman et al., 1994). If P/Q-type calcium channels are dysfunctional in 

the neurons of the ITN or in any of the structures communicating directly with it, such as the 

trigeminal nucleus or vlPAG, it is possible that this could be a functional locus contributing to 

the FHM phenotype. The input the ITN receives from the PAG is ipsilateral, but no 

latéralisation of fos expression in the ITN in either PAG+SSS or PAG stimulation was observed. 

This may reflect the additional, non-PAG input to the ITN that could have activated the fos 

observed, and the possible involvement of other structures in activating the ITN, such as the 

trigeminal nucleus caudalis, which sends ipsilateral projections to the ITN. In FHM patients, the 

ataxia and headache they exhibit is mostly bilateral, but the hemiplegia is obviously lateralised. 

There has been no report in the literature of a correlation between the side of headache and 

hemiplegia in FHM patients, but perhaps it would make an interesting observation in the context 

of the possible central pathways mediating these effects.
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6. General Discussion
The body of evidence in these studies supports a role for the ventrolateral PAG, P/Q-type 

calcium channels in the vlPAG, and distinct structures in the rostral medulla and pons, in 

mediating and modulating trigeminal nociception. The data are consistent with clinical studies 

that support a role for the PAG in migraine.

Where would the data fit into a construct of migraine pathophysiology? Since migraine is a 

multifaceted disorder, characterised by disruption in nociceptive, autonomic and behavioural 

processes, and the PAG integrates all of these processes, it is possible that the PAG of the 

migraineur is dysfunctional. These studies have demonstrated increased trigeminal nociception 

as a possible outcome of PAG dysfunction.

In the context of the studies described in this thesis, the mechanism of pathophysiology being 

developed is that of the ‘migrainous brain’, which is predisposed to episodic dysfunction of the 

central structures that control and modulate trigeminal nociception and its concomitant events. 

The predisposition probably derives from both genetic and environmental factors, since what a 

migraine sufferer inherits is a tendency to migraine attacks, which may be triggered by a variety 

of sources. This implies that the trigger itself is not crucial to the pathophysiology of migraine, 

rather the person’s neurobiological make up that responds to the trigger or external factors. 

These factors, be they stressors of another form, provoke a cascade of events manifesting in 

trigeminal nociceptive activation.

Dysregulation of input from intracranial pain-producing structures could account for the 

development of non-noxious stimuli, such as arterial pulsation, light, sound and light touch to 

the scalp, transforming into noxious events during the cascade of the attack. The time course of 

the series of events involved in this dysregulatory cascade is likely to start hours to days before 

the head pain commences, as indicated by the marked and characteristic premonitory features of 

a migraine. Inclusive in the cascade of events is the almost binary step from premonitory phase 

to headache phase. This crucial transition may mark a threshold step in activation of trigeminal 

neurons, but once reached may be indicative of an ungated reactivation process whereby 

trigeminal neurons may continuously reactivate themselves. This could be effected by the 

bipolar trigeminal neurons releasing noci-inducive mediators at their intracranial peripheral 

terminals, then further producing vasodilation, peripheral sensitisation and increasing 

nociceptive input at the central synapse. Thus a feedback loop of escalating pain and central 

sensitisation evolves. This proposed mechanism raises many questions. What would initiate this 

event? And why would it take the duration of a migraine attack for the central pain modulating 

structures to inhibit it, as presumably they do interictally?
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What would drive a dysfunction In the PAG?
A dysfunction intrinsic to neurons in the PAG, or a dysfunction in neurons extrinsic to the PAG 

but influencing its activity, could be a mechanism for a breakdown in the PAG’s normal 

regulatory activity. PAG activity is predominantly involved in maintaining GABAergic 

inhibitory tone over nociception. The GABAergic intemeurons that are integral to this 

mechanism are affected by P/Q-type calcium channel blockade and affect dorsal horn 

nociceptive neurons through opioidergic on and off projection cells. PAG dysfunction might 

arise from P/Q-type calcium channel defects. Study 2 of this thesis showed that blocking P/Q- 

type calcium channels within the PAG increases the activity of Vc neurons responsive to 

trigeminal nociception, suggesting that dysfunctional P/Q-type channels in the PAG would have 

a pronociceptive effect. The resulting increase in trigeminal activity may play a key role in the 

headache component of migraine. Intrinsic to channelopathies is their erratic, recurrent and 

triggerable nature. In the case of migraine, spontaneous or triggered dysfunction in P/Q-type 

calcium channels on trigeminal nociceptive modulatory neurons in the PAG could conceivably 

produce recurrent headache.

As an alternative, P/Q-type calcium channel dysfunction could be elsewhere in the CNS, such as 

the cortex, cerebellum, hypothalamus, or even the infratrigeminal nucleus, and the PAG could 

be mediating abnormal input from any of these structures. The hypothalamus provides the 

greatest proportion of input neurons to the PAG. Indeed, the pacemaker neurons of the posterior 

hypothalamus have been implicated in the episodicity of migraine. Certainly, functional imaging 

studies have linked the posterior hypothalamus to other primary headaches, particularly cluster 

headache. Another possible source of abnormal input to the PAG is from the periphery, since the 

PAG receives direct projections from trigeminal primary afferents, P/Q-type channel defects 

here could lead to abnormal trigeminal nociceptive afferent traffic.

How could PAG dysfunction be integrated into a construct of 
migraine pathophysiology?
One current theory of migraine pathogenesis favours a disruption of trigeminal nociception at 

the level of the midbrain and/or brainstem as the probable initiator, with the PAG as a suitable 

candidate. If the PAG is one such structure in the midbrain, and one that modulates nociceptive 

transmission from the entire body, why would its dysfunction be specific to head pain? Evidence 

of a trigeminovascular-specific section of the PAG, the vlPAG, has been demonstrated 

anatomically (Keay and Bandler, 1998; Hoskin et al., 2001) and electrophysiologically (Study 1 

of this thesis). Differential descending inhibition from the PAG to trigeminal nociceptive 

neurons over non-trigeminal nociceptive neurons has been demonstrated (Dostrovsky et al., 

1983). Also, a trigeminal-specific subset of neurons in the NRM with similar properties to PAG 

neurons, and which mediate PAG descending inhibition of trigeminal nociception, has been 

identified that is responsive to triptans (Ellrich et al., 2000). Since the PAG primarily maintains
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tonic descending inhibition of nociceptive neurons, dysfunction in a trigeminal-specific group of 

neurons in the PAG could produce head pain. The clinical cases of PAG lesion or disruption 

causing migraine-like head pain, but not diffuse body pain, support this suggestion.

Essentially the PAG is the primary integrator in the endogenous pain control system. It 

integrates the behavioural and autonomic events which accompany pain transmission and effects 

their activity concomitant with pain modulation via the structures in the medulla and pons that 

were investigated for fos immunoreactivity in Study 3 of this thesis. As a structure which 

modulates pain transmission, the primary question, therefore, is whether the PAG would play a 

headache corrective, causative or contributory role in migraine.

Migraineurs are constantly susceptible to head pain, even out of the migraine attack. Many 

patients experience sudden jabs of pain in the head or Idiopathic Stabbing Headache 

significantly more than controls. This and other evidence suggests such an effect is likely to 

derive from the trigeminal pathways of migraineurs becoming spontaneously activated in 

paroxysms of varying duration (Lance, 1993). Accordingly, a persistent disinhibition of a 

segment of the trigeminal pathway could sufficiently allow the transmission of trigeminal 

activity to the extent of a complete migraine headache. A dysfunction in the regions of the 

endogenous pain control system responsible for the head, i.e. the vlPAG, could account for this. 

That is, the PAG may be failing to successfully inhibit incoming trigeminal pain signals from 

the periphery, a permissive role. Or perhaps, and more possibly, the PAG drives a descending 

facilitation of C-fibre activity in the trigeminal nucleus, which manifests as head pain.

For its causative role, the PAG may be spontaneously generating facilitatory signals to the 

trigeminal nucleus, which activates an efferent loop in the trigeminal periphery, thereby 

returning an ascending head pain signal, which the PAG, in its permissive role, then fails to 

inhibit. Furthermore, could the PAG itself produce activation of the perivascular trigeminal 

terminals? Since the PAG produces cerebral (Nakai and Maeda, 1996) and extracranial 

vasodilation (Carrive and Bandler, 1991), most probably via the pterygopalatine ganglion, could 

this be the source of the proposed vasodilation that triggers activation of perivascular trigeminal 

primary afferents in migraine? As a primary integrator, the PAG may simply play a contributory 

role in migraine. With direct input to the PAG coming from the hypothalamus and trigeminal 

nucleus, the PAG may be correctly integrating nociception responses from dysfunctional 

neurons in its input structures, all of which may be responding to peripheral trigeminal 

nociceptive input. In summary, perhaps in migraine a critical level of nociception from the 

periphery is reached which the PAG fails to regulate.

Unfortunately, these hypotheses are limited. The processes they describe assume a peripheral 

trigeminal input to the central pathways, which in fact is not required for the perception of pain. 

Supraspinal-derived sensitisation of central trigeminal neurons has been demonstrated in the 

monkey (Duncan et al., 1987). In humans there are clinical examples of patients with primary
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headache, such as cluster headache, which persist after trigeminal root section, indicating that 

input from the trigeminal periphery is not required for headache (Matharu and Goadsby, 2002). 

Indeed, central sensitisation was noted by Gowers in his description of migraine pathology: “we 

must not ascribe too much significance to throbbing or the increase in the pain by the causes o f 

vascular distension; these may be due merely to the over sensitiveness o f the central structures" 

(Gowers, 1888). So could the brainstem, and the PAG in particular, be the generator of 

migraine?

It is not a new idea that the endogenous antinociceptive system is the primum agens movens for 

migraine head pain and that development of the headache may depend on a secondary activation 

of trigeminal nociceptors in the dura mater. The blink reflex studies in migraineurs suggest the 

neurons in the spinal trigeminal nucleus that mediate the nociceptive-specific component are 

sensitised at their site in the medulla and pons. In this context of central sensitisation occurring 

in the trigeminal nucleus, and the probable sites of action of the triptans being in the Vc, it 

would be plausible that an inhibitory effect of anti-migraine substances on trigeminal sensory 

fibres in the Vc is sufficient to alleviate migraine pain. However, if the central sensitisation, 

manifesting in the Vc, is driven by descending fibres from the PAG or other brainstem or 

forebrain structure, the triptans should not work as prophylactics, which seems clinically to be 

the case. Indeed, triptans need not target trigeminal afferents to have an effect, as recently 

demonstrated in the case of a migraine patient in whom triptans were still effective even after 

trigeminal root section (Matharu and Goadsby, 2002). Also in this context, recent evidence of 

triptans affecting on- and off-cell activity in the nucleus raphe magnus seems promising (Ellrich 

et al., 2 0 0 1 b).

The PAG is ideally placed to integrate the non-headache features of migraine. These are the 

autonomic and behavioural events that characterise the migraine syndrome and may contribute 

as much as the headache to the disability of the disorder. The reciprocal and intimate 

connections of other brainstem nuclei with an activated PAG, such as the nucleus tractus 

solitarius or locus coeruleus, may account for other non-headache features such as nausea or 

yawning.

A feature of the trigeminal system is the convergence of cutaneous and intracranial meningeal 

and durai afferents onto second-order neurons. This is not seen in the non-trigeminal cutaneous 

and visceral afferents in the spinal cord (Bereiter et al., 2000). This anomaly probably confers 

essential protective behaviours to sensations of pain from the head, but in the context of 

migraine, it draws attention to the impaired alerting function to pain that is exhibited as a 

migraine attack. Acute, cutaneous pain evokes a motor withdrawal and protective response 

intended to discontinue exposure to noxious stimulus, thereby terminating pain. Also, the threat 

of acute pain may elicit a generalised behavioural arousal, endocrine responses and sympathetic 

activation, which together with antinociception improve the performance or behavioural
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repertoires permitting successful disengagement from situations potentially leading to serious 

tissue damage. Deep pain, such as that derived from the intracranial structures, is inescapable. 

Therefore protective behaviour can be less easily engaged in response to the ‘internal threat’, so 

deep pain evokes a reaction of quiescence, disinterest and hyporeactivity. Such temporary 

responses are adaptive because they reduce discomfort, accelerate recovery and limit the risk of 

deleterious encounters (Millan, 1999). These two behavioural events, characterised by the 

source or quality of nociceptive input, are both adaptive mechanisms effected by the PAG. Here 

is where the PAG role in migraine could be substantiated.

Several studies in migraineurs indicate a varying lack of adaptation or a habituation deficit that 

is particularly pronounced immediately prior to the acute attack and only normalises during the 

attack. (Kropp and Gerber, 1995; Wang et al., 1996; Proietti Cecchini et al., 1997; Evers et al., 

1999). It is this timing of the change in habituation from prior, to during the attack, which is a 

crucial indicator for the possible involvement of the PAG. The lack of habituation suggests a 

hyper alert brain prior to the attack. This is correlative with the cutaneous-evoked arousal 

response to pain, or just the threat of pain, mentioned above. The dorsal PAG is integral to the 

arousal response associated with nociception. The vlPAG is integral to the hypoactive response 

associated with antinociception. The hyper-responsive features that precede the migraine attack 

may indicate the alerting behaviour elicited by the dorsal PAG concomitant with the nociception 

that it gradually permits to the point of headache. Here, there is no need for actual cutaneous 

stimulus, just the threat of a painful stimulus, perhaps even the migraineur’s anticipation of the 

attack as they detect the premonitory signs. Since migraine is a primary headache, without 

peripheral injury or inflammation, there appears to be a correlation. Whereas the hyporeactive 

features during the migraine attack may indicate the vlPAG being actively engaged in attempts 

of anti nociception. These processes, being mediated by the PAG, are inextricably linked with 

the response to stress. This may indicate the migrainous brain is mal adapted to stressful input, to 

which it dysregulates the interpretation of the alerting response. As a structure responsible for 

survival, the PAG may effectively be the permitting component of an attempt at escape from 

environmental and endogenous stress; producing the cascade of events that manifest as a 

migraine after sufficient stress related input from elsewhere in the central nervous system. 

Therefore a time line of possible involvement of the PAG in migraine is linked with impaired 

alerting and dysregulated interpretation of cutaneous or intracranial trigeminal input.

If the PAG were to play an integral component in migraine pathophysiology, the evidence 

provided by Welch, of changes in iron levels in the PAG, would be a substantial finding (Welch 

et al., 2001). The significance of this study lays in what it infers about the recurrence and time 

profile of migraine. The highest PAG iron levels were measured in those patients who suffered 

prolonged illness with severe and frequent migraine or daily headache. There was no correlation 

with age in any group, which suggests that iron accumulation over time may be caused by
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repeated headache attacks. This suggests a plastic quality to the processes occurring in the PAG 

in migraineurs and points toward a possible function for the PAG in central sensitising 

processes. Returning to migraine as a calcium channelopathy, this favours an episodic calcium 

channel dysfunction in the PAG. Since aging reduces the relative contribution of P/Q-type 

channels and increases the contribution of other VGCC’s to depolarisation-induced Ca^  ̂influx 

and decreases the number of VGCCs in rat brain cortical synapses (Tanaka and Ando, 2001), 

could it be that the episodicity and changing profile of migraine over a person’s lifetime is 

influenced by the changing contribution and activation profile of P/Q-type calcium channels in 

the PAG?

This idea leads to further questions regarding the CACNAIA mutations. Is there a genetic link 

with the time course and prevalence of migraine over an individual’s lifetime? Is there a 

different time point in the development of the ataxic features as opposed to the migrainous 

features of an FHM sufferer? If so, then is there a link between the various mutations in the a,A 

subunit seen in cerebellar ataxia and migraine and the particular type of P subunit co-expressed, 

such that the P-type properties (as determined by the co-expression of the type of P subunit) are 

seen more in cerebellar ataxia, or Q-type properties seen more in migraine? In support of this 

idea of P/Q-type calcium channel developmental effects with time, is the finding by Giffin of 

children with paroxysmal torticolis and CACNAIA linkage. In these children, the phenotype 

appears to transform with age, from torticolis at infancy to the age of 1 0  years, to ataxia and then 

into migraine in the teenage years (Giffin et al., 2002). These children are relatives of an FHM 

family.

Why not the PAG?
That hyporeactivity and nausea occur during a migraine attack is not unique to head pain. Pain 

from other structures in the body elicits these responses as well. Perhaps they demonstrate only 

the engagement of the PAG in migraine, and not a generator role for it. Against the PAG being a 

primary source of the dysfunction in the brainstem is that feature which also argues for the PAG 

playing a major role in migraine; the PAG as integrator. The PAG plays a supportive role to the 

hypothalamus in the hierarchy of the homeostatic regulating structures of the midbrain. As such, 

more so than initiator and not simply relayer, the PAG plays the role of integrator (Behbehani,

1995). Perhaps the activation of the PAG in the Weiller study demonstrates only the PAG 

transmitting ascending trigeminal signals and integrating responses from dysfunctional 

structures elsewhere in the brain, i.e. only the PAG’s engagement. Perhaps different activation 

patterns would be seen interictally. In this light, perhaps the PAG just maintains the migraine 

that has been initiated somewhere else in the CNS. If the PAG is primarily an inhibitory unit, 

producing anti nociception through its GABAergic tonic descending inhibitory intemeurons, 

would its dysfunction necessarily produce headache? It may be more logical that the possible 

P/Q-type calcium channel mediated episodic dysfunction of PAG neurons produces greater
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antinociception interictally, but that this enhanced gating o f  trigeminal nociception returns to 

normal and allow s ascending trigeminal pain during a triggered attack. H ow ever, there is no 

evidence that P/Q-type calcium  channels should be dysfunctional only in the PAG. Even if the 

concept o f  migraine developing from increasing dysfunction o f  central trigeminal pain control 

pathways is com pelling, this does not necessitate the PAG as a mediator. In support o f  a region 

rostral to the PAG being the mediator, a recent blink reflex study in migraineurs suggested that 

an alteration o f  trigeminal sensory processing has its origins in cerebral regions located more 

rostral 1 y than the brainstem (Frese et al., 2001).

D espite these counter arguments it remains likely that if  there is a role for the PA G  in the 

headache o f  migraine it is likely to be an integral com ponent in a dysfunctional network. 

Perhaps input from another region, such as the hypothalamus, activates the vlPA G , which then 

carries out dysfunctional regulation or simply modulation o f  trigeminal nociception and 

m aintains the non-headache features through its connections with other structures in the 

network. Perhaps the PAG itself generates a misgating o f  trigeminal nociception in response to 

C N S stress, to effect escape behaviour.

Figure 42. Schema of headache processes with a possible role for the PAG.
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Further studies
Further studies are needed to evaluate the possible role of the PAG in both head pain modulation 

and migraine itself. If PAG activation were to be captured with functional imaging techniques at 

different stages in the migraine it might indicate more of the place it has in the cascade of events 

in the headache. Pharmacological studies combined with P/Q-type calcium channel mutant mice 

strains might assist in developing drugs that could act on the central structures involved in 

migraine. Useful studies might also dissect the order of events that enable head pain modulation 

in the endogenous pain control system.

Because the PAG is involved in the behavioural manifestations of opioid withdrawal, PAG 

dysfunction could enhance the susceptibility of patients with migraine to develop drug-induced 

rebound or chronic daily headache. It would therefore be worthwhile, to investigate whether 

there is an effect of 5-HTib/id agonists on opioid mediated on-cells in the PAG. This idea would 

also be interesting to investigate in Welch’s model, to see if increasing exposure to triptans 

affects PAG iron levels. Also, perhaps over exposure to triptans generates tolerance to their 

effect because sensitisation thresholds are altered. The selective inactivation of descending 

facilitatory pathways might offer a strategy for pharmacological intervention, especially in 

prophylactics. S-HTzA, 5 -HT2c or 5 -HT3 receptors localised on PAG projection neurons, 

excitatory intemeurons or the terminal of primary afferent fibres may play a role in mediating 

pronociceptive actions of 5-HT and mechanisms of descending facilitation (Saria et al., 1990; 

Inoue et al,, 1997), and could therefore also offer a worthwhile pharmacological target in the 

PAG.

Conclusion
Theories of migraine pathophysiology generally fall into two groups. One places greatest 

importance on the cranial vessels and their trigeminal innervation as the source of the headache 

and the other on a central neural origin for the disorder. It is beyond the scope of the studies 

reported in this thesis to address the contentious question of whether the first event of a migraine 

is cranial vessel activation or central dysfunction. However, a role for the PAG can be cast in 

either model of migraine pathophysiology. These studies provide evidence of a role for the PAG 

in the complex network of stmctures in the brainstem and midbrain that modulate trigeminal 

nociception. The PAG is likely to play an integral component in migraine pathophysiology.
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7.1 Appendix A- IMS migraine ciassification
From the Classification and diagnostic criteria of headache disorders, cranial neuralgias and 

facial pain, Headache Classification Committee of the International Headache Society, 1988. 

(Headache Classification Committee of the International Headache Society, 1988)

Diagnostic criteria:

At least 5 attacks fulfilling B-D.

Headache attacks lasting 4-72 hours (untreated or unsuccessfully treated)

Headache has at least two of the following characteristics:

A. Unilateral location

B. Pulsating quality

C. Moderate or severe intensity (inhibits or prohibits daily activities)

D. Aggravation by walking stairs or similar routine physical activity

During headache at least one of the following:

1, Nausea and/or vomiting

2. Photophobia and phonophobia

At least one of the following:

1. History, physical- and neurological examinations do not suggest one of the disorders listed in 

the subgroups of Headache associated with head trauma. Headache associated with vascular 

disorders. Headache associated with non-vascular intracranial disorder. Headache associated 

with substances or their withdrawal. Headache associated with non-cephalic infection. Headache 

associated with metabolic disorder. Headache or facial pain associated with disorder of cranium, 

neck, eyes, ears, nose, sinuses, teeth, mouth or other facial or cranial structures.

2. History and/or physical- and/or neurological examinations do suggest such disorder but it is 

ruled out by appropriate investigations.

3. Such disorder is present, but migraine attacks do not occur for the first time in close temporal 

relation to the disorder. Migraine without aura may occur almost exclusively at a particular time 

of the menstrual cycle -  so-called menstrual migraine.
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7.2 Appendix B- Photos.

Figure 43. M edulla  and pons tem plates.
For identification o f structures of interest, photographs of each level were taken at low 
magnification using a light microscope and digital image caption software. The photo was then 
used to create a template outline.
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Figure 44. Photos o f  PAG lesions in the cat.
Aq, aqueduct; 1, lateral PAG; vl, ventrolateral PAG.

Electrophysiology experiment: I PAG stimulation

Fos experiment: vIPAG stimulation
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7.3 Appendix C- Study 3- Raw data of fos counts.

Fos counts from all anim als in each intervention. 15 sections at each level, with 4 levels in each anim al (p4, p6, p8, p lO ). Total counts are given in the shaded  

box for the structure at the level indicated and under the intervention indicated. In the white boxes, the m edian, interquartile, m inimum  and m axim um  of the  

pooled data at each level and each intervention per structure of interest are given. Structures are listed in alphabetical order, for structure labels refer to text. 

I.Q ., inter-quartile; Min, minimum; M ax, m axim um .

Structure Level Sham SSS PAG+SSS PAG+SSS PAG PAG

P (n=6) (n=6) (n=6) (n=6)

(mm)

Ipsi Contra Ipsi Contra

lateral lateral lateral lateral

Per level Per intervention Per intervention Per intervention Per intervention Per intervention Per intervention
(grouped) (grouped) (grouped) (grouped) (grouped) (grouped) (grouped)

M edian, M edian, M edian, M edian, M edian, M edian, M edian,

I.Q. range. I.Q. range. I.Q. range. I.Q. range. I.Q. range. I.Q. range. I.Q . range.

M in-M ax M in-M ax M in-M ax M in-M ax M in-M ax M in-M ax M in-M ax

PB - 5, 2-9 , 6 ,4 -1 4 , 5, 2-6 , 2, 2 -5 , 2 ,1 -3 ,

2 -14 2 -20 1-6 1-5 1-3

6 3, 2-5 , - 34 40 16 8 9

1-20

ITN 2, 1-3, 7, 4-8 , 3, 1-10, 4, 3-10, 4, 3-7 , 4, 3-7 ,

1-3 3-9 1-12 1-14 2 -12 2 -17

1 6 4



8 3, 2 -4  

1-7

5 15 5 15 12 12

10 6, 3 -10 , 

1-17

6 28 29 36 32 34

N R G C 1, 1-2, 

1-2

3, 2-4 , 

1-6

2, 3-4, 

1-5

2, 2 -4 , 

1-5

3, 2-3 , 

1-4

2, 2 -3 , 

1-5

4 2, 1-3, 

1-3

1 3 1 2 3 3

6 3, 2-4 , 

1-5

1 9 11 7 7 14

8 2, 1-2, 

1-6

2 9 3 9 8 5

10 2 ,1 -3 ,  

1-3

3 4 8 5 6 5

N R M 3, 2-4 , 

1-9

4, 3-7 , 

1-28

5, 3-8 , 

2 -28

3, 2-4 , 
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7.4 Appendix D- Immunohistochemlstry protocol
The first layer is the primary antibody raised to the antigen that is to be localised. This is not 

itself labelled, but is detected after binding by a labelled secondary antibody that has been raised 

to the immunoglobulin of the species that donated the first antibody. Thus, antibodies must be 

selected for their specific recognition characteristics. For example, if the primary antibody is 

raised in rabbit (rabbit IgG anti-antigen), then the secondary antibody must be raised against 

rabbit serum in some other animal, typically sheep or goat, i.e. anti-rabbit IgG labelled, in our 

case, with biotin.

The tissue must first be fixed. Fixation causes some morphological changes, especially 

shrinkage of tissue. The main consideration for fixation is to fix as lightly as possible, preserving 

the tissue and making the antigen insoluble, since fixed proteins can retain their antigenicity 

only if the cross-linking does not affect the amino acid sequences that bind to the antibody. 

Whole mounts must be made permeable to the antibody solutions and endogenous enzymes 

must be blocked. This is done by washing the tissue in absolute alcohol then hydrogen peroxide.

The tissue is then washed in normal goat or horse serum. This serum is from the same species in 

which the secondary antibody was produced and is an initial step in blocking non-specific 

binding of the antibody. This is followed by incubation in phosphate buffered serum with Triton 

X-100 (PBH) in the presence of the primary antibody. Triton X-100 is a detergent that acts to 

make the cell membranes permeable. PBH contains both bovine serum albumin and normal 

horse or goat serum. Bovine serum albumin is a protective protein that will attach to any sticky 

sites on the walls of the storage vessel. As mentioned above, normal horse or goat serum is 

necessary for further blocking of non-specific binding. It is best to use the lowest dilution of 

primary antibody possible but still obtain a reaction, in this case 1:500. As the concentration of 

antibody increases, more non-specific binding can occur and false positives can appear.

The primary antibody is allowed to incubate with the tissue for 2-3 days. Then the primary 

antibody is removed by washing the tissue in phosphate buffer. A second incubation in PBH 

follows, after which the secondary antibody (the one which is raised to the serum of the animal 

in which the first antibody was raised) is diluted in, then incubated for 2 hours or overnight. 

Higher concentrations of the secondary antibody may reduce the time for incubation.

A complex composed of avidin, biotin and peroxidase is formed when the biotinylated 

secondary antibody reacts with peroxidase-labelled avidin. This utilises the high affinity of 

avidin for biotin and enables visualisation of the antibody complex when peroxidase converts 

DAB into a coloured substrate. For Extravidin Horseradish Peroxidase (HRP) conjugated 

antibody, the HRP is introduced at optimal dilution, 1:1000, into the PBH. This is followed by 

incubation with diaminobenzidine (DAB) and nickel ammonium sulphate, which intensifies the 

reaction, forming a darker colour.
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A control procedure is to simply omit the primary antibody in the first incubation step. Using a 

tissue known to contain the antigen of interest as a positive control is beneficial to verify the 

technique, particularly if a negative result on the experimental tissue is obtained. Both these 

techniques were used in the study reported here. When purchasing commercially available 

antibodies it is important to ensure that the antigen in the animal in which they were raised is the 

same as that in the experimental tissue (i.e. mammalian). The procedure follows:

7.4.1. Primary Incubation

40 pm sections were cut earlier in the day and stored in 0.1 M phosphate buffer (PB):

1) Strain and wash sections in 50% absolute alcohol for 30 minutes in the same plastic jars the 

sections were collected in.

2) Strain then wash in 3% hydrogen peroxide made up with 50% absolute alcohol for 

30minutes.

3) Wash sections in O.IM PB, pH 7.4, on rotating table for 30 min, rinse sections until the last 

of the froth is removed

4) Wash sections in 10% normal horse serum (NHS), made up with O.IM PB, for 30 min. 

Drain off excess NHS and transfer sections into clean glass vials using a fine sable paint 

brush.

5) Incubate sections in primary antibody (c-fos Autogen Bioclear, U.K. or fos-x from G Evans, 

ICRP, U.K., both of which have been raised in rabbit) 1:500 dilution in phosphate buffer 

horse or goat serum (PBH). Place sections on rotating table at room temp for 30 min then 

transfer to the fridge (4°C) for 2-3 days. These vials are rotated daily for 60 min at room 

temp.

7.4.2. Secondary Incubation

6) Wash sections at room temperature with PB O.IM for three 10 minute washes on the 

rotating table.

7) Incubate sections at room temperature for 2 hours in a 1:200 dilution of biotinylated goat 

anti-rabbit antibody (Vector Laboratories, Peterborough, UK) using PBH as a diluent.

7.4.3. Tertiary Incubation

8) Wash sections at room temperature with PB O.IM for three 10 minute washes on the 

rotating table.

9) Incubate sections for 2.5 hours on a rotating table with Extravidin Horseradish Peroxidase 

(Sigma, U.K.) at a dilution of 1:1000 using PBH as a diluent.
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7.4.4. Chromagenic reaction with 3.3*-Diaminobenzidine 

tetrahydrochioride (DAB)

10) Wash sections at room temperature with PB O.IM for three 10 minute washes on the 

rotating table.

11) Add 20ml of DAB mix and stir on the rotating table for 20 min. Drain sections and replace 

with 20ml of fresh DAB solution to which is added 20p,l of glucose oxidase to initiate the 

chromagenic reaction.

12) After about 20min the sections have become quite dark. Interrupt the reaction by washing 

in PB.

13) The sections are washed at room temperature with PB O.IM for three 5 minute washes on 

the rotating table.

14) Store tissue in the fridge overnight.

7.4.5. Mounting of sections

15) Prior to mounting onto gelatinised slides the sections are washed. Each section is 

individually rinsed in distilled H2O to remove PB.

16) Dehydrate the slides, clear them by dipping in Histoclear twice, then coverslip.

7.4.6. Recipes for soiutions used in immunohistochemistry and 

histoiogy

7.4 6.1. 0.9% normal saline
Sodium chloride 45g

Make to distilled water 5000ml

7.4 6.2. O.IM Phosphate buffer (PB)
Sodium chloride 85g

diSodium hydrogen orthophosphate 11.49g

Sodium dihydrogen orthophosphate dihydrate 2.03g 

Make to distilled water 1000ml

7.4.6.S. Phosphate buffer horse serum (PBH)
For 500ml:

PB 250ml

Bovine serum albumin 0.5g

Normal horse or goat serum 10ml

Triton X-100 1ml

7.4.6.4. 0.4% Ammonium chloride
Ammonium chloride 0.2g

172



Make to distilled water 50ml

7.4.6.5. 20% D-Glucose
D-Glucose lOg

Make to distilled water 50ml

7.4.6.0. 2% Nickel ammonium sulphate
Nickel Ammonium Sulphate 0.4g

Make to distilled water 20ml

7.4.G.7. DAB solution
For 20mL:

PB 10ml

DAB lOmg

0.4% Ammonium chloride 0.2ml

20% D-Glucose 0.2ml

2% Nickel ammonium sulphate 0.1ml

7.4.6.5. 10% formalin
40%w/v Formaldehyde 100ml

Phosphate buffer 900ml

7.4.6.0. Gelatinised slides
Gelatin 3g

Chromium potassium sulphate 0.3g

Make to distilled water 600ml
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7.5 Appendix E- Staining and fixing solution for detection of 
electrolytic lesion in brain or spinal cord tissue

Potassium hexacyanoferrate (III) 500mg

Distilled Water 10ml

40%w/v Formaldehyde or 10%w/v Formalin 10ml 

Make up to 50ml with phosphate buffer
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7.6 Appendix F- Fabrication of muitibarreiied glass capillary 
unit for microlnjectlon

Adapted from the method of Alexander Gourine and David Bulmer, Dept of Physiology, Royal 

Free Hospital, University College London.

7.6.1. Materials

5 X  GC150F glass tubing with internal capillary (1.5mm O.D., 0.86mm I D.)

2 X  5mm long brass collars 

Hot glue

Small Bunsen flame 

20ml syringe

polythene tubing (2.0mm O.D., 1.0mm I D.)

18G needle 

3-way stopcock

7.6.2. Binding the multiple glass capillaries

Assemble glass tubing into a pentameric array. Slip brass collar over each end of the bundle, with 

approximately 1cm of glass protruding from each end. Glue glass tubing into place within brass 

collars using hot glue. Twist tubing within collar while glue is still hot.

7.6.3. Pulling the muitibarreiied unit

Clamp multibarrelled array into electrode pulling unit so that clamp tightens around one of the 

brass collars. Position the heating coil about 2cm from the distal brass collar. When heating coil 

reaches about 6.5 Amp and with the magnet set to zero, twist the multibarrelled array through 

1(X)°. Let the glass cool. Move the heating coil a few millimetres toward the twisted glass. Turn 

the magnet to 3N, heat the coil to 6.5Amp, slowly decrease the magnetic pull as the glass barrels 

pull through the coil.

7.6.4. Refining the tip

The multibarrelled glass array should now have one brass collar and comprise a shaft of 

multibarrelled glass of approximately 3cm tapering to a tip diameter of approximately 60 to 

150p,m. To clean the tip so that it has whole openings without shards or cracks and to ensure it is 

the optimal diameter (30-60^im) cut the glass back using jewellers scissors or break it back by 

grinding the tip against a flat metal or glass block or jab the tip into a lump of plasticine so it 

breaks off. Barrels with cracks or slant openings must be rejected as they are prone to leaking.
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7.6.5. Assembly for injection

Using a small Bunsen flame, heat the 5 protruding glass barrels then turn them away from one 

another so they arch outwards from the centre of the brass collar. Microfil® needles or stretched 

narrow tubing can be used to fill the barrels with drug solutions. It is important to ensure there 

are no bubbles in the barrels as they cause the barrels to block when the air is compressed. Fill 

each barrel with solution as close as possible to the time of injecting in the brain. Leaving the 

exposed tip of filled barrels in air for long periods causes the tips to block as the contents 

crystallize. If a delay is anticipated the filled multibarrelled array can be stored with the tip in 

saline. As saline will be drawn up into the barrels and will cause the dilution of the contents a 

preliminary ejection of solutions needs to be made before starting the experiment. Stretch the 

tip of a length of tubing over the bent end of the glass tubing. The other end of this tubing 

should be stretched to make an airtight seal over an 18G needle. The needle can be attached 

direct to a syringe or via a three-way stopcock. Air pressure produced from the syringe will 

force the solutions out of the barrels. While a barrel is not in use the tubing can be left open to 

maintain ambient air pressure.

To measure the volume of solution ejected from the barrels, the experimenter must observe the 

meniscus as it travels down the barrel. This is done through a light-operating microscope with a 

graticule eyepiece. The following volumetric measurements are a guide for use with a Zeiss 

OPMI99 microscope with a 100 point in 1mm scale eyepiece and the GC150F glass tubing.

Guide:

• 0.86mm I.D.: 1mm is approximately 450nL

• on the OPMI99 at the following magnifications:

xO.6 3 divisions = 1mm 

xl.O 5 divisions = 1mm 

xl.6 8 divisions = 1mm; 1 division = 56nL

7.6.6. Considerations

The speed of ejection, i.e. the ejectable volume, depends on the diameter of the barrel at its 

opening. Small tips will block, large tips will leak.

The spread of volume in tissue:

0.5(xL spreads a sphere of approximately 1.6 -  1.8mm diameter 

1.0|J,L spreads a sphere of approximately 2.8 -  3.4mm diameter
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7.7 Appendix G- Drugs and chemicals used in these studies
For drugs and solutions used in the c-fos immunohistochemistry protocol go to Appendix D. 

Injectable drugs prepared fresh on the day of experiment are marked with an asterix:

Table 15. Drugs and chemicals used In these studies

Drug M anufacturer o r Supplier

*a-chloralose Sigma, U.K.

*bicuculline methiodide Tocris, U.K.

Dental acrylic Dentimex, Holland

Dextrin (2-Hydroxypropyl-p-cyclodextrin) RBI, U.S.A.

D,L-Homocysteic acid Tocris, U.K.

formalin BDH, U.K. and Sigma, U.K.

gallamine triethiodide (Flaxedil®) Concord Pharmaceuticals, U.K.

halothane Rhône-Mérieux, U.K.

heparin sodium (Multiparin®) Holder CP Pharmaecuticals, U.K.

Lacri-lube® (paraffin, mineral oil, lanolin Allergan, Ireland

alcohols)

lidocaine hydrochloride Arnolds, U.K.

*(0 -agatoxin-IVA Scientific Marketing Association, U.K

liquid paraffin BDH, U.K

paraformaldehyde Sigma, U.K.

pancuronium bromide Paulding Pharmaceuticals, U.K.

pentobarbital sodium (Lethabarb®) Fort Dodge Animal Health, U.K.

pentobarbitone sodium (Sagatal®) Rhône-Mérieux, U.K.

pontamine sky blue Sigma, U.K.

potassium chloride Sigma, U.K.

potassium hexacyanoferrate (III) BDH, U.K.

saline Sigma, U.K. and

sodium acetate Ajax, U.K.

sodium nitrite BDH, U.K.
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7.8 Appendix H- Manufacturers of equipment and materials 
used in all studies
Table 16. Manufacturers of equipment and materials used in these studies.

Equipm ent M anufacturer o r Supplier

S88 Electrical Stimulator Grass Medical Instruments, U.S.A.

Rat Carbon Dioxide Analyser CWE, U.S.A.

Axioscop table microscope Zeiss, U.K.

Electrode Impedance Check FHC, US A.

Rat Ventilator Ugo Basile, Italy

Electrode Positioner Kopf, U.S.A.

Stereotaxic Frame Kopf, U.S.A.

A-D Converter (Rat) BioLogic, France

A-D Converter (Cat) Vetter, U.S.A.

Homeothermic Blanket Control Unit Harvard, U.S.A.

Endotracheal tube Portex, U.K.

Ventilator- cat Harvard Pump, Boston, MA, 
U.S.A.

CO2  and O2 monitor- cat Datex, Finland

Femoral arterial and venous catheter lines Portex .U.K

Dental Drill Nakanishi Dental, Japan

Rhodes MCE 100, Bipolar concentric electrode -  
150pm outer diameter, 25pm inner contact 
diameter

Clark Electromedial, U.K.

OPMI99 Light Operating Microscope Zeiss

Microfil needles, #MF28G WPI, U.S.A.

Picospritzing unit General Valve Corporation, 

New Jersey, U.S.A.

Electrode puller Narashige, Japan

SPIKE 2.01 Cambridge Electronic Design, U.K.

Digital (rat data) tape recorder Sony,Japan

Analogue (cat data) tape recorder JVC, Japan

CED Power lAOlplus Cambridge Electronic Design, U.K.
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