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Abstract

Due to the complexity of the pain processing in brain, understanding the
antinociceptive modulation within brain areas raises a need for simultaneously
detecting the spatiotemporal patterns of neuronal activities. In the last decades,
arising consciousness of pain using in vivo imaging techniques have dramatically
increased. Functional magnetic resonance imaging (fMRI) and positron emission
tomography (PET) are the most commonly used techniques providing non-invasive,
in vivo measurement of the cerebral hemodynamics as well as molecular processes.
However, the antinociceptive effect of the autoregulation may shadow the functional
signal under nociception. Among all, dopamine and opioid system are considered to
play significant roles in pain modulation, in which endogenous opioid peptides
potentially act as a positive regulator. This thesis utilizes cerebral blood volume
weighted fMRI and 'F-fluorodeoxyglucose microPET to capture nociception
induced hemodynamic responses and metabolic features in the rodent brain. Stating
from the investigation of the whole brain neuronal activation to the specific cerebral
region with neuronal vascular coupling due to endogenous neurotransmitters, the
intervention of opioids in the signal of functional imaging was interpreted. The study
highlights the awareness of the endogenous neurotransmission and self-regulation

interference in in vivo functional studies of pain.

Keywords: Pain; Opioids; fMRI; PET; pain
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1. Introduction

1.1 Preface

Pain can be extremely painful and debilitating with no time limit, which is defined as “an
unpleasant sensory and emotional experience associated with actual or potential tissue damage, or

described in terms of such damage” — International Association for the Study of Pain (IASP).

According to American Pain Society, 45% of Americans suffer from persistent pain at some
point in their lives. Pain is the most common reason Americans seek for medical care. With
improvement of medical care, reliability requirement for pain manager has become more critical.
Therefore, in order to manage unpleasant feeling caused by pain, the modulation of the pain
inhibition has to be widely investigated. Among all, endogenous opioid peptides play a crucial role

as the most effective autoregulated analgesics.

In recent years, in vivo functional neuroimaging, such as positron emission tomography (PET)
and functional magnetic resonance imaging (fMRI) providing intact whole-brain functional
responses, are frequently used to investigate the antinociception effect in brain. Using these imaging
modalities, it has been proved that peripheral noxious stimulation would increase regional cerebral
blood flow (rCBF) and cerebral metabolic rate of glucose (CMRglc) in the brain. However, the
delicate relationship between pain and endogenous analgesic is still ambiguous, and especially

affects the interpretation of imaging data.



1.2 Outline of brain opioid systems

Opioids are the most widely used and extremely effective analgesic drugs to treat moderate to
severe pain. Endogenous opioid system plays a critical role in modulating a large number of sensory,
motivational, emotional, and cognitive functions. There is an abundance of evidence to suggest the
existence of several families of opioid peptides in the mammalian central nervous system (Zadina et
al., 1997; Darland et al., 1998). The most commonly recognized endogenous opioids are dynorphins,
enkephalins and endorphins, which are all post-transcriptionally generated by their precursors
(Table. 1-1-1). For example, Pro-opiomelanocortin’s (POMC) is the pro-peptide of endorpine.
After the post-translational cleavage of the proenkephalin (PENK), PENK can generate four copy of
methionine-enkephalin (M-Enk) and one copy of leucine-enkephalin (L-Enk) (Hughes et al., 1975).
The analgesic ability of an opioid must works by binding to opioid receptors. Opioid receptors are a
group of G-protein coupled receptors, separating into three main types: 1, ¥ and d. Each of these
receptors is differentially distributed in several neuronal circuits (Table. 1-1-2). The p receptors
(MOR) are widely distributed in the rat brain, and mainly located in amygdala (Amyg),
hippocampus (HIP), ventral dentate gyrus, presubiculum, nucleus accumbens (NAs), caudate
putamen (CPu), thalamus (Th), habenula, interpeduncular nucleus, pars compacta of the substantia
nigra (SN), superior and inferior colliculi, and raphe nuclei. The Kappa binding test showed not
widely spread but densely distributed in the Amyg, olfactory tubercle (OT), NAs, CPu, medial
preoptic area, hypothalamus (HT), median eminence, periventricular thalamus, and interpeduncular
nucleus. Besides, the binding of & was restricted only to few cerebral areas, such as anterior

cingulate cortex (ACC), neocortex, Amyg, OT, NAs, and CPu.

The MOR is activated by endogenous B-endorphin, enkephalins and most known agonist
morphine; the k opioid receptor (KOR) is mainly activated by dynorphin; while, the 6 opioid
receptor (DOR) is also activated by endogenous B-endorphin and enkephalins. With opioids acting

as ligands, receptors will be activated and exert effects on ion channels via direct G protein
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coupling, in most cases leading to the decrease of cAMP concentration in target cells. The
downstream signaling will promote the opening of K* channels and inhibit the opening of voltage

gated Ca ** channels, and then decrease the firing of target cells, mostly GABAergic interneurons.

Although three types of opioid receptors are all considered to involve in analgesia, based on
pharmacological and clinical observation, MOR are generally recognized as the major site of
interaction in clinical analgesics, such as morphine (Appendix 1: the structure of morphine). MOR
mediation of much morphine-induced analgesia often company with reduced blood pressure, nausea,

euphoria, and decreased respiration.



POMC Endorpine

Endormophine-1
Endormophine-2

Met-enkephalin

PENK Leu-enkephalin
Dynorphin A
PDYN Dynorphin B
Pro-Orphanin FQ Orphanin FQ

Table 1-1-1. Endogenous opioid peptides and its precursor



M, mu, MOR B-Endorpine
Endormophine-1
Endormophine-2

Enkephalin
6, delta, DOR B-Endorpine

Enkephalin
K, kappa, KOR Dynorphin A

Dynorphin B

a-Neoendorpine

Table 1-1-2. Types of opioid receptors and its endogenous ligands



1.3 Opioid systems and dopaminergic neuron

As reported by Choi et al., stimulating the dopamine D;/Ds systems causes cerebral
vasodilation, whereas stimulating the D,/Ds systems, in contrast, causes vasoconstriction (Choi et
al., 2006). In another aspect, while opioid exerts its effect directly from the binding of opioid
receptors, still there are numerous secondary interaction thought to be mediated by its target—
GABAergic cells (Johnson and North, 1992). Acting on cerebral dopamine neurotransmitter
systems, opioids are considered to modulate both the nigrostriatal and the mesolimbic dopaminergic
neuronal transmission (Fig. 1-2-1). Several pharmacological studies have shown that selective
agonism of MOR using morphine and methadone increase turnover and metabolism of dopamine in
brain (Clouet and Ratner 1970). After morphine administration, both the concentration of dopamine
precursor DOPA and corresponding metabolites are accumulated (Moleman et al., 1984). Most of
the studies suggested that p-opioid agonists activate dopaminergic neurons via inhibiting the
GABAergic neurons that serve as an inhibitory control in the firing of dopaminergic neurons

(Henry et al., 1992; Johnson and North, 1992).

The opioid-enhanced of dopamine release in the mesolimbic dopaminergic pathway is widely
recognized. Studies conducted by in vivo microdialysis indicate that binding of MOR increases
synaptic dopamine levels in the nucleus accumbens as well as in the prefrontal cortex in animals (D1
Chiara and Imperato, 1988; Spanagel et al., 1990; Devine et al., 1993). Electrophysiological
evidences on local drug injections have shown that peripherally administered p-opioid agonists
generally enhance the firing frequency of dopaminergic neurons in the ventral mesencephalon
(Gysling and Wang, 1983; Hommer and Pert, 1983). Furthermore, the infusion of an enkephalinase
inhibitor thiorphan into the ventral tegmental area (VTA) reinforces dopamine increase in the
nucleus accumbens of the rats, suggesting that endogenous opioids activate dopaminergic neurons

(Dauge et al., 1992).



However, the evidence for opioid-induced dopamine release effect in the nigrostriatal pathway
is not as clear as in the mesolimbic pathway. Some claimed that the application of MOR agonists
evaluated the dopamine release in the CPu (Di Chiara and Imperato, 1988); while, other
experiments contrarily reported that the activation of MOR might have an inhibitory effect on
dopamine release in the CPu (Piepponen et al., 1999). The specific mechanism and regulation is still

not well understood.



Gaudatg-Futaman

Figure 1-2-1. Cerebral dopaminergic neurotransmitter system: (1) The nigrostriatal pathway:
originating from the substantia nigra (SN) to the caudate and putamen (CPu) and (2) The
mesolimbic pathway: originating from the ventral tegmental area (VTA) to the nucleus accumbens

(NAs) and then ascending to the prefrontal cortex.



1.4 Pain and functional imaging

In traditional pain research, scientists often apply electrophysiology such as single-unit
recording and field potential recording to record signals of neuronal activity. It involves
measurements of voltage change or electrical current flow on neurons, and particularly action
potential activity. A major limitation for traditional neuronal signal recording techniques in small
animals is the restricted recording areas, the undetectable depth, and the limited signal sensitivity.
Also, it is not easy to simultaneously obtain the global signals induced by painful stimuli among a
large number of nuclei in different positions. These traditional electrophysiological methods may
have a better temporal resolution but do not have the capability to record the whole brain signals.
Functional images, such as PET and fMRI, can provide intact functional signals by using brain
mapping techniques. These imaging techniques provide non-invasive, in vivo measurement of the
cerebral hemodynamics as well as molecular processes (Phelps, 2000; Logothetis et al., 2001;

Heeger and Ress, 2002; Jacobs et al., 2003; Zanzonico, 2004; Heiss and Herholz, 2006).

In 1990, Ogawa proposed the blood-oxygenation-level-dependent (BOLD) fMRI method based
on cerebral hemodynamics (Ogawa et al., 1990). And then in 1992, Kwong applied this theory to
depict the activation of visual and motor cortex (Kwong et al., 1992). Several groups also used the
BOLD theory to illustrate the brain function (Bandettini et al., 1992; Frahm et al., 1992; Ogawa et
al., 1992). Since then it comes a brand-new era of neuroscience in fMRI. The principle of BOLD is
based on the existence of paramagnetic substance, such as deoxy-hemoglobin, which could interfere
with magnetic field and further reduce the intensity of signal. Generally speaking, the local cellular
activity is supported by blood flow, and the consumption of glucose is directly related to synaptic
activity (Schwartz et al., 1979; Fox et al., 1988; Chugani et al., 1991; Sibson et al., 1998). Therefore,
these mechanisms could roughly infer that the blood flow increase is related to the activation of
neurons (Branston, 1995; Cohen et al., 1996). The activation of neurons would further induce

arteriolar vasodilatation and over-compensate the regional cerebral blood flow (CBF) to bring more
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oxygen and glucose. Hence, it causes the ratio of paramagnetic deoxy-hemoglobin in blood to be
reduced when the neural activity increases in brain, so more intensive signal can be obtained in the

activated regions (Hyder et al., 2001; Logothetis et al., 2001; Heeger and Ress, 2002).

PET is another noninvasive imaging technique which is one of the important tools in clinical
diagnosis and research. The image of PET is formed by detecting the distribution of positron emitter.
Positrons are given off during the decay of the nuclei of specific radioisotopes. When a positron
annihilate with an electron, after a succession of collision and deceleration , two gamma rays having
the same 511keV energy, at an angle of 180% 0.25 degree will be produced. The gamma rays leave
the body and are detected by the PET scanner. The information is then reconstructed by a
mathematic algorithm and fed into a computer to be converted into a complex picture of the
activities. Since microPET is designed for small animals which could conduct preclinical studies
and facilitate basic researches, it can eliminate the need of sacrificing animals by enabling
noninvasive, longitudinal, and serial studies. As noted, microPET can be used for serial assessment
of metabolic function of individual, awake rats with a minimal degree of invasiveness, and therefore,
has the potential for use in the study of brain disorders and repair. To conduct the scan, a short-lived
radioactive tracer isotope, which has been chemically incorporated into a metabolically active
molecule, is injected into the living subject. Therefore, the function being studied during a PET scan
determines which radiopharmaceutical is used. Recently, the molecule most commonly used in the
observation of the brain’s glucose metabolism is fluorodeoxyglucose (‘*F-FDG). Since
incorporation of deoxyglucose reflects the metabolic activity of the brain (Sokoloff et al., 1977),
microPET studies permit assessment of brain metabolic activity in conscious animals, followed by

scanning in sedated animals.
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1.5 Objectives

Although nociception studies have widely used in vivo functional imaging to track neuronal
activities, whether the endogenous neurotransmitters would affect the function signals under
nociceptive stimulation is still obscure. It has been commonly known that extracellular dopamine
concentration is regulated by opioids, which are highly implicated in the antinociceptive response.
Also, it has been reported that different dopamine subtypes would cause vascular coupling effect
and affect the functional signal in rat brain. Therefore, it is reasonable to speculate the possibility

that opioids may modulate dopamine systems and affect the imaging signals.

The goal of the present thesis was to map the opioids intervention in functional imaging of pain.
First, microPET is used to examine whole brain metabolic responses as well as antinociceptive
effect of opioids. Further assessments were performed by phMRI to address the effect of opioid
system in the generation of fMRI signals. With the aid of multimodality imaging, the results could

extensively interpret neurovascular modulations under antinoceptive regulation of opioids.

11



2. Whole Brain Imaging of Morphine Antinociception Effect in

Rats using "*F-FDG microPET

The present experiment used high resolution microPET to evaluate brain glucose metabolism
following peripheral noxious stimuli. "*F-FDG was used as a radiotracer and was intravenously
injected following 5% formalin stimuli at the left hindpaw. Animals were then returned to their cage
for 45 min uptake during the conscious state. The results demonstrated that an injection of formalin
into the hindpaw resulted in significant activation (p<0.05) in the bilateral ACC, motor cortex (M),

primary somatorysensory cortex (S1), secondary somatorysensory cortex (S2), insular cortex (IC),
CPu, HIP, periaqueductal gray (PAG), Th, contralateral auditory cortex (AC), visual cortex (VC),

Amyg, and HT. Among the measured areas, clear lateralization (p<0.05) was observed in S1, VC,
and HT. Compared to the formalin group, pretreatment of lidocaine (4 mg/kg, i.v.) significantly
decreased "*F-FDG uptake in bilateral ACC, M, S1, S2, IC, AC, CPu, HIP, PAG, Th, HT, and
ipsilateral Amyg. In addition, pretreatment of morphine (10 mg/kg, i.v.) suppressed '*F-FDG uptake
in bilateral ACC, M, S1, S2, IC, AC, CPu, HIP, PAG, Th, HT, ipsilateral VC, and Amyg. The
present protocol allowed identification of the brain levels involving in pain modulation, and also

provide evidence of each brain area under antinociceptive control of morphine and lidocaine.
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2.1 Introduction

Exploring the nociceptive responses in brain is an important issue. In recent years, new
pain-relief drugs and technologies have been sequentially developed to alleviate human suffering of
pain. These advancements were indispensable to the animal testing stage and thus reinforce the
importance of the pain study in small animals. The mechanisms and circuitries underlying
nociception in the brain are extremely complex, involving not only the sensory responses to noxious
stimuli, but also cognitive and emotional factors (McMahon and Koltzenburg, 2005). This makes it
difficult to conclusively identify the brain areas that specifically process and respond to nociceptive
signals. Imaging approaches such as PET and fMRI can provide intact functional mapping of the
brain and allow measurement of the responses in different brain areas simultaneously (Phelps et al.,
1979; Ogawa et al., 1990).

In the studies of nociception, formalin is one of the most commonly used chemical stimulants
for generating nociceptive responses since it evokes a chemical pain without the influence of other
sensory modalities (Tjolsen et al., 1992). However, during fMRI experiments, anesthesia is usually
needed to achieve animal sedation and reduce motion artefacts. This tackles a very difficult
technical obstacle that is to image nociceptive responses in anesthetized animal. Therefore, the
present study aimed to use high resolution microPET with the aid of MRI to investigate the rat brain
nociceptive response to formalin stimuli. In order to accurately illustrate the brain nociceptive maps,
anesthesia was not applied during the uptake period, thus minimizing the possible confounding
which may influence the induced nociception. Compared to the previous small animal nociceptive
imaging studies, the glucose metabolism instead of indirect hemodynamic compensation was
measured (Morrow et al., 1998; Tuor et al., 2000; Shah et al., 2005; Shih et al., 2008b; Shih et al.,
2008e). In addition, the effect of pain-relief drugs, morphine and lidocaine, were examined under
formalin induced nociception. The present study establishes a non-invasive glucose metabolism

measuring protocol which can be used for illustrating the nociceptive responses in the conscious rat
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brain. Moreover, antinociceptive effects reflected to neuronal activation in each cerebral region

could be acquired for further investigation.

14



2.2 Materials and methods

2.2.1 Subjects

Nineteen adult male Wistar rats (8—10 weeks old; weighing approximately 250-300 g;
National Laboratory Animal Center, Taiwan) were used in the present study. The animals were
housed in a well-controlled environment with a 12:12-hour light:dark cycle and constant humidity
and temperature. Rats were housed in plastic cages at three animals per cage with free access to
food and water. All experimental procedures were approved by the Institutional Animal Care and

Use Committee, National Taiwan University, College of Medicine.

2.2.2 Imaging experiments

Seven rats were used to produce the formalin-induced nociceptive maps. The '*F-FDG was
used as a radiotracer to reveal brain glucose metabolism. Each rat was initially lightly anesthetized
using ether, and 0.5 ml of '*F-FDG with an activity of 1.0-1.2 mCi was administered intravenously
via the tail lateral vein, after which the rat was returned to its cage in a quiet environment for 45
min uptake in the conscious state. Following the uptake, the rat was lightly anesthetized using 1.5%
isoflurane and fixed in a custom-built stereotaxic head holder by two ear bars and an incisor fixer so
as to minimize motion artifacts (Shih et al., 2007). The body temperature was maintained using a
warming lamp whose light field was restricted to avoid additional visual stimulation. MicroPET
imaging (R4, Concorde Microsystems/Siemens, Knoxville, TN, USA) was performed for 30 min,
with the images reconstructed using the MAP algorithm (Qi et al., 1998). After 1 week, 50 ul of 5%
formalin was injected into the left hindpaw prior to '®F-FDG injection. The imaging procedures

were identical to those described above.

Another two groups containing six rats each were used to evaluate the effects of lidocaine and
morphine. The drugs were given prior to the formalin stimulation, followed by an identical imaging

protocol. Rats were intravenously injected with 4 mg/kg lidocaine in one group and 10 mg/kg
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morphine in the other group.

MRI anatomical images were captured using a 4.7-T Biospec 47/40 spectrometer to define the
brain margin. A 72-mm volume coil was used as the RF transmitter, and a 2-cm quadrature surface
coil placed on the head was used as the receiver. A T,-weighted scout image was taken in the
mid-sagittal plane to localize the anatomical position by identifying the anterior commissure
(bregma —0.8 mm). T>-weighted template images were then acquired using RARE sequence with a
repetition time of 4000 ms, echo time of 80 ms, field of view of 2.56 cm, slice thickness of 1.2 mm,

number of excitation of 2, and an acquisition matrix of 256X 128 (zero-filled to 256X256).

2.2.3 Data analysis

Images were analyzed using PMOD (PMOD._Technologies, Adliswil, Switzerland) and a
custom-built ISPMER system (Shih et al., 2007). MicroPET images were initially coregistered
among the subjects using a mutual-information algorithm and then averaged to generate the
incidence images. A pixel value in incidence images represents the averaged percentage injected
dose per gram (%ID/g) of an experimental group, where a higher pixel value indicates a greater

number of rat responses consistent with the given task (Fig.2-2-1).

The statistical analysis was based on the %ID/g values sampled from different brain structures
of each rat. Repeated-measures ANOVAs were used to examine whether formalin stimulation
induced metabolic changes in the corresponding brain regions in both hemispheres, with the
significance level set at P<0.05. Factorial ANOVAs were used to assess differences in '*F-FDG
uptake among the groups with formalin stimulation alone, formalin stimulation with lidocaine
pretreatment, and formalin stimulation with morphine pretreatment, with P<0.05 again considered

to be significant. Fisher’s post-hoc tests were used to assess differences between groups.
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Fig. 2-2-1. "*F-FDG-microPET and T,-weighted MR images were registered and fused with the rat
atlas by custom-built ISPMER system. These templates provide anatomical alignment and
corresponding ROI. The locations of the three images are (A) bregma +0.7 mm, (B) -1.8 mm, and

(C) -7.8 mm.
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2.3 Results

2.3.1 Formalin-induced nociceptive maps

The present study used '*F-FDG microPET to elucidate the nociception-induced glucose
metabolic changes in the brains of conscious rats. In order to further improve the accuracy with
which anatomical locations were determined, microPET and MRI images were coregistered and
fused with a digital atlas of the rat brain (Paxinos and Watson, 1998). This method allowed regions
of interest to be selected based on clear spatial references (Fig. 2-3-1). Averaged formalin-induced
metabolic maps overlaid on the MRI images are shown in Fig. 2-2-1. The averaged '*F-FDG uptake
in the hindlimb area of the S1 (S1HL) was higher on the contralateral side than on the ipsilateral
side. Statistical comparisons of the '*F-FDG uptake in the control and formalin groups are shown in
Fig. 2-3-2. Repeated-measures ANOVAs with Fisher’s post-hoc tests indicated the presence of
significant activations in the bilateral ACC, M, S1, S$2, IC, VC, CPu, HIP, PAG, Amyg, Th, and HT,
whereas no changes were evident in muscle tissue (Mu). In addition, clear lateralization was only

observed in S1 and HT (Fig. 2-3-2).

2.3.2 Antinociceptive effects of lidocaine and morphine

The effects of antinociceptive drugs are shown in Fig. 2-3-3. These reduced the brain '*F-FDG
uptake, with no clear lateralized differences evident in the sensory cortices. Factorial ANOVAs
with Fisher’s post-hoc tests showed that '*F-FDG uptake in the bilateral ACC, M, S1, S2, IC, VC,
CPu, HIP, PAG, Th, Amyg, and HT was lower for pretreatment with lidocaine and morphine than
for formalin stimulation alone. Among the measured areas, '°F-FDG uptake in the CPu was higher

for morphine treatment than for lidocaine treatment.
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Fig. 2-3-1. Incidence '*F-FDG microPET maps overlaid on the MRI images showing the cerebral
metabolic changes in three groups of rats, quantified as the averaged %ID/g. (A) Averaged response
of seven rats subjected to left hindpaw formalin stimulation alone. (B) Averaged response of six rats
subjected to left hindpaw formalin stimulation with lidocaine pretreatment. (C) Averaged response
of six rats subjected to left hindpaw formalin stimulation with morphine pretreatment. Clear
lateralization is only evident in (A), in which the '*F-FDG uptake is highest in the contralateral S1
and the responsive region match with that of the hindlimb region defined by the rat brain atlas. The

image position was 1.8 mm posterior to the bregma.
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Fig. 2-3-2. Formalin-induced metabolic increases and cerebral laterality.
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Repeated-measures

ANOVAs with Fisher’s post-hoc tests indicated activations in the bilateral ACC, M, S1, S2, IC, VC,

CPu, HIP, PAG, Amyg, Th, and HT. Among the measured areas, clear lateralization was evident in

S1 and HT, with '"*F-FDG uptake being higher in the contralateral S1 than on the ipsilateral side,

and in the ipsilateral HT than on the contralateral side. * denotes P<0.05. Error bars represent SEM

values.
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Fig. 2-3-3. Effects of lidocaine and morphine pretreatments on formalin-induced metabolic changes.
Pretreatment with lidocaine and morphine reduced '*F-FDG uptake by different amounts. Factorial
ANOVAs with Fisher’s post-hoc tests indicated significant decreases in the bilateral ACC, M, S1,
S2, IC, VC, CPu, HIP, PAG, Amyg, Th, and HT compared with the groups subjected to formalin

stimulation alone. * denotes p<0.05. Error bars represent SEM values.
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2.4 Discussion

The present study clearly revealed formalin-induced nociceptive maps, with strong activations
evident in the ACC, M, S1, S2, IC, VC, CPu, HIP, PAG, Amyg, Th, and HT. Although functional
imaging techniques have been used previously to examine pain-related responses in rodent brains,
such as a blood-flow-based autoradiographic method (Morrow et al., 1998) and fMRI (Tuor et al.,
2000; Shah et al., 2005; Shih et al., 2008a; Shih et al., 2008d), the method employed in the current
study provides new information and methodological improvements for preclinical pain research.
First, our findings complement the previous pain studies in animals by revealing the relative
metabolic changes instead of the responses related to blood flow. Second, the '*F-FDG microPET
technique provides an opportunity for in vivo, longitudinal follow-up of the response in the same
animal, whereas the blood-flow-based autoradiographic method can only be applied once in each
animal. Third, fMRI is usually performed under anesthesia, which would alter the representation of
behavior-related brain functions and has been reported to strongly influence neuronal activity
(Lindauer et al., 1993; Matsumura et al., 2003). Fourth, most fMRI studies in rodents have utilized
invasive surgical procedures such as cannulation to control anesthesia, deliver pharmacological
compounds, or monitor physiological parameters. Neuronal activation might be affected by the
associated surgical pain that would activate the responsive brain region prior to stimulation. In other
words, neurovascular coupling around responsive nuclei might already be in a responding state
rather than a baseline state due to the surgical wound. These invasive procedures therefore
inevitably generate confounding pain reactions. Moreover, if the invasive procedures induce
bleeding, the measured hemodynamic responses are very likely to be affected by blood flow
changes resulting from the alteration of blood pressure. It is therefore difficult to determine whether
the observed activation responses are purely caused by the nociceptive stimulus. The current study
avoided these invasive procedures, with the resulting activation responses appearing to be more

distinguishable than in previous fMRI studies (Tuor et al., 2000; Shah et al., 2005; Shih et al.,
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2008a; Shih et al., 2008d). These disadvantages can be overcome by using microPET, which also

shows better homogeneity and fewer artifacts near the air—tissue interface.

Among the measured areas, bilateral activations of the IC and VC as well as S1, S2, Th, and
ACC in the spinothalmic tract are consistent with fMRI data (Tuor et al., 2000; Malisza et al., 2003;
Shah et al., 2005; Shih et al., 2008a; Shih et al., 2008d). Besides, our results indicate that BE_FDG
microPET shows better delineation of the sensory—motor laterality of formalin-induced nociception
than fMRI, since the 'F-FDG uptake was significantly higher in the contralateral S1 than on the
ipsilateral side (Figs2-3-2). A possible explanation of this feature is the lack of anesthesia, and the
use of a glucose analog rather than hemodynamic compensation, which is less sensitive to the
blood-pressure-induced nonspecific activation in fMRI (Tuor et al., 2002). It has also been
suggested that the CPu and M are activated by painful stimuli (Chudler et al., 1993; Lorenz et al.,
2003; Malisza et al., 2003), with bilateral activation in these areas possibly associated with the
representation of mirror pain behavior in animals, where licking of the contralateral untreated paw

was observed following unilateral formalin stimulation (Aloisi et al., 1993).

In the subcortical regions, the PAG and HT were also activated, both of which are known to be
intimately involved in pain modulation. The PAG is considered a major integration site for
nociception signals and a center of analgesic action for opiates that influences the activity of the
spinal cord dorsal horn through projections from the ventromedial medulla (Mason, 2005). Previous
studies have shown that a nociception signal in the HT can simultaneously excite the central
autonomic nervous system, and that the HT might play a complex role in antinociceptive reactions
(Pinto-Ribeiro et al., 2008). Our findings suggest that the BE.FDG uptake was higher in the
ispilateral HT than on the contralateral side; however, the underlying mechanism remains obscure.
Increased glucose metabolism in the Amyg during activation has been observed in a rat model of
neuropathic pain (Mao et al., 1993). The findings of several studies indicate that the Amyg is

associated with unconscious memorization of nociceptive stimuli and involved in emotional
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processes and automatic functions (Bingel et al., 2002; Alkire and Nathan, 2005; Neugebauer,
2007). As far as the activity in HIP is concerned, an immunohistochemical study showed that a
unilateral injection of formalin induced bilateral c-fos expression in the HIP, suggesting that the
HIP is linked by numerous reciprocal neural connections and further implicating that this area is

involved in the perception of chronic pain (Aloisi et al., 1997).

In addition to formalin-induced nociception, the present study examined the antinociceptive
effects of lidocaine and morphine. In this section, lidocaine is served as positive control of
morphine in analgesia. Fig. 2-3-3 shows that pretreatment with lidocaine and morphine resulted in
different reductions in '*F-FDG uptake in the measured brain areas, indicating that
formalin-induced metabolic changes can be inhibited by these two drugs. Moreover, the inhibition
by lidocaine might also result from the blocking effect of voltage-gated sodium channels, thus
reducing glucose metabolism globally / (Abdi et al., 1998; Gold and Thut, 2001;
Rykaczewska-Czerwinska, 2006), whereas morphine has been widely used for pain alleviation
(Yaksh et al., 1988; Franklin et al., 1990; Lamas et al., 1994; Tuor et al., 2000; Shah et al., 2005)
and also reportedly induces additional anaesthesia, thus attenuating glucose utilization in
widespread brain regions (Cohen et al., 1991; Chudler and Dong, 1995). Although the mechanisms
underlying widespread inhibition in the brain are not fully understood, it cannot be ruled out that the
down-regulation of global metabolic states is initiated by the brain processing of antinociceptive
signals aimed at reducing sensory—motor reactions, and also emotional responses. Furthermore, the
differences in the effects of lidocaine and morphine at the used dosages were largest in the CPu,
which suggests that this region exhibits higher neuronal activities under morphine regulation. In
regard to this unexpected regulation in the CPu, subsequent studies deserve to be continuously

investigated.
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3. Involvement of Opioid Peptides in Negative fMRI Signals
3.1 Introduction

Accumulative evidence suggests that the CPu plays an important role in complex
sensory-motor processing as well as nociception (Chudler and Dong, 1995). Our previous
microPET study showed that the striatal neuronal activities may be modulated by opioid peptides.
However, the involvement of the CPu in nociception was difficult to be observed in traditional
BOLD fMRI studies (Tuor et al., 2000; Lowe et al., 2007). One possibility causing minimal BOLD
signals in this region may be vascular inhibition of the local BOLD response such as
vasoconstriction effects since the modulation of major neurotransmitters in the CPu is known to
mediate vascular activity (Cohen et al., 1996; Cauli et al., 2004; Chen et al., 2005a; Chen et al.,
2005b; Dixon et al., 2005; Peppiatt et al., 2006; Gozzi et al., 2007). Of the various neurotransmitters
and the corresponding receptors in the CPu that may influence the nociceptive responses, dopamine
D, receptor is previously proposed to be an important target for both the diagnosis and treatment of
pain (Hagelberg et al., 2004a). The D,/D3; system are also suggested to strongly alter the
neurovascular coupling in the CPu (Choi et al., 2006). However, the opioid and dopamine system
are often considered to have reciprocally modulation. Studies also indicated that the stimulation of
opioidnergic neuron alters the release of dopamine in the CPu, consequentially affecting the binding
of dopamine receptors. Thus, the present study aimed to use graded electrical stimulation and
CBV-weighted fMRI technique to explore the underlying mechanisms of the pain-induced
neurovascular coupling in the CPu. The findings will be important in revealing the missing role of

the CPu in neurohemodynamics modulation under nociceptive stimuli.
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3.2 Material and methods

3.2.1 Subjects

A total of 52 adult male Wistar rats (8—10 weeks old; weighing approximately 250-300 g;
National Laboratory Animal Center, Taiwan) were used in the present study. The animals were
housed in a well-controlled environment with a 12:12-h light—dark cycle and controlled humidity
and temperature. Rats were triple-housed in plastic cages with free access to food and water. All
experimental procedures were approved by the Institute of Animal Care and Utilization Committee

at Academia Sinica, Taipei, Taiwan.

3.2.2 fMRI experiments: animal preparation

On the experiment day, each rat was initially anesthetized with 3% isoflurane. A PE-50
catheter was inserted into the right femoral vein for administering anesthetic and the contrast agent.
Alpha-chloralose (70 mg/kg) prepared by dissolving in 0.9% saline and 10% polyethylene glycol
was then administered for subsequent anesthesia. The femoral artery was also catheterized to
monitor the arterial blood gas parameters (OPTI CCA Blood Gas Analyzer, Osmetech, Roswell,
GA, USA) and the arterial blood pressure (IX-214, iWorx, Dover, NH, USA). The rats were
allowed to breathe spontaneously on their own so as to avoid the possible influence of tracheotomy
on brain nociceptive processing; this also kept the physiological autoregulation intact whilst
studying nociception without external intervention (Liu et al., 2004; Lowe et al., 2007; Shih et al.,
2008a; Shih et al., 2008d). The rat was fixed in a customized head holder by two ear bars and an
incisor fixer. The body temperature was maintained at 37°C using a warm-water blanket, and the
end-tidal CO, concentration was continuously monitored using a respiration-ventilation monitor
(Capnomac Ultima, Datex-Ohmeda, Helsinki, Finland). The averaged end-tidal CO, concentration

was 3.0-3.5%. The data were acquired when the baseline pCO, was lower than 55 mmHg and pO,
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was higher than 110 mmHg. The mean arterial blood pressure before stimulation was 115-125
mmHg, and this increased during electrical stimulation by 5-25 mmHg; such changes are lower
than the threshold for inducing nonspecific activation (Tuor et al., 2002). For the CBV-weighted
fMRI study, superparamagnetic iron oxide nanoparticles (SPIO; Resovist, Schering, Berlin,
Germany) were administered intravenously to the rat at a dose of 30 mg Fe/kg as a contrast agent.

SPIO nanoparticles are known to have a long blood half-life, of 2.4-3.6 h.

Electrical stimulation was then applied to the rat forepaw. Two needle electrodes were
inserted under the skin of the right forepaw: one between the first and second digits and the other
between the third and fourth digits. These electrodes were then fixed with surgical tape and the
stimulation was confirmed by observing digit twitching. Image acquisition commenced once the rat
had been conditioned as described above. Electrical stimulation with a 3-Hz square wave and a
0.5-ms pulse duration was applied to the rats by a constant-voltage stimulator (Digitimer, Welwyn
Garden City, UK) or a constant-current stimulator (AM system, model 2100, Carlsburg, WA, USA),
with trials separated by at least 10 min to avoid adaptation. The 60-V and the current level at about
10 mA was known to activate Ad and C-fibers and induce nociception (Tuor et al., 2000; Chang and

Shyu, 2001; Liu et al., 2004; Zhao et al., 2008b).

3.2.3 fMRI experiments: pharmacological MRI

A dopamine D,/D; receptor antagonist, eticlopride (Sigma-Aldrich, St Louis, MO, USA), was
first used to study nociception-induced vasoconstriction (as described in 3.3.1) since previous
studies have demonstrated that injection of D,/D3 receptor agonist causes CBV decreases (Choi et
al., 2006) whereas injection of D,/D3 receptor antagonist increases the amphetamine-induced CBV
increases (Chen et al., 2005). Five rats received 60-V right forepaw stimulation followed by
CBV-weighted fMRI. Eticlopride was then administered intravenously at 1 mg/kg. After allowing

10 min for the eticlopride to take effects via the circulation, identical imaging protocols were
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performed with the same stimulation parameters described above. In the following experiments,
morphine was used to activate MOR and test for the involvement of the opioid systems in the
observed vasoconstriction. Five rats received 10-mA right forepaw stimulation followed by
CBV-weighted fMRI. Morphine at 5 mg/kg was then intravenously administered and identical
imaging protocols were performed with the same stimulation parameters. After 30 min of morphine
treatment, naloxone at 0.7 mg/kg was intravenously given to antagonize the residual effect of
morphine. In the last trial of the experiment, five rats received 10-mA right forepaw stimulation
followed by CBV-weighted fMRI. First, morphine at 5 mg/kg was intravenously administered.
Following 10 min of morphine treatment, eticlopride at 1 mg/kg was then administered
intravenously to examine the blockage of D,/Ds; receptors. Identical imaging protocols were
performed with the same stimulation parameters. Also, the resting CBV signal alteration was all

documented following each drug administration.

3.2.4 fMRI experiments: data acquisition

For fMRI experiments, images were captured using a 4.7-T Bruker Biospec 47/40
spectrometer with a 72-mm volume coil used as the RF transmitter and a quadrature surface coil
placed on the head as the receiver. A T,-weighted pilot image was taken in the axial and
mid-sagittal plane to localize the anatomical position by identifying the anterior commissure
(bregma —0.8 mm). Since the rat head was fixed firmly to the stereotaxic frame with two ear bars in
an identified interaural line through the external auditory meatus, the image appeared to be
horizontal. If rotation occurred, the stereotaxic frame in the magnetic bore was adjusted to correct
the angle until the scanned image showed no rotation. After localization, 3 slices with a FLASH
sequence comprising 60 time frames was used for CBV fMRI experiments with a repetition time of
150 ms, echo time of 20 ms, field of view of 2.56x2.56 cmz, slice thickness of 1.5 mm, number of

excitation of 1, acquisition matrix of 128x64 (zero-filled to 128x128), and temporal resolution of
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9.6 s. The centers of the three slices were located at the bregma +0.7 mm, —0.8 mm, and —2.3 mm.
An off—on—off paradigm was used to detect the responses to electrical stimulation, with the first and

last 20 frames categorized as baseline, and the middle 20 frames collected during stimulation.

3.2.5 fMRI experiments: data analysis

Images were analyzed using a custom-built image processing interface (Shih et al., 2007; Shih
et al., 2008c; Shih et al., 2008d; Shih et al., 2008f). Correlation coefficient (CC) analysis was
performed on a pixel-by-pixel basis to correlate MR signal changes and electrical stimulation. Each
time course was calculated with an off-on—off paradigm to generate the correlation maps. These
maps were then spatially transformed into a rat-atlas reference domain to obtain the averaged CC
images by spatial averaging. The averaged CC images presented here represent the averaged
correlation maps of an experimental group, in which higher and lower pixel values indicate larger
and smaller numbers of rat responses consistent with the stimulation, corresponding to CBV

decreases and increases, respectively.

The number of pixels with signal changes that differed significantly from the baseline values
was quantified. The signals were compared between before (time frames 1-20) and during (time
frames 21-40) electrical stimulation using two-tailed paired #-tests, with P< 0.05 considered

indicative of a responsive pixel. The AR,* values were defined as

S,
AR2 —_ L ln stim
TE S,

where S, and S, are the signal intensity before and during stimulation, respectively.

The ROI selection was consistent with a rat brain atlas (Paxinos and Watson, 1998) and the
image located at thebregma +0.7 mm was selected for analysis since both the response of the S1

and the striatum can be clearly demonstrated in this section. A repeated-measures ANOVA was
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used to compare changes in responsive area or AR,* values. Homogeneity of the variances was
assessed by Levene’s test, where the samples with equal variances were followed by Fisher’s or
Bonferroni post-hoc, whereas unequal variances were followed by Games-Howell post-hoc analysis,

respectively. The significance level was set at P < 0.05.

3.2.6 Histological experiments: Fos immunohistochemistry of the CPu

Fos immunostaining was applied to brain tissues from the 60-V, control, and formalin groups
as described above. Fos expression in the CPu was determined by the summed number of Fos-ir
cells from three axial sections (bregma +0.7 mm, —0.8 mm, and —2.3 mm), which covered the CPu
from rostral to caudal. The statistical analysis method was similar to that used to quantify spinal

Fos.

Seven rats prepared in the same way were used for the electrophysiological experiment. The
rats were implanted stereotaxically with pairs of eight microwire electrode arrays (no. 15140/13848,
50 wm in diameter; California Fine Wire, USA) in the bilateral CPu (Fig. 3-3-4C). The coordinates
used were 0.7 mm anterior to the bregma, £2.5 mm lateral to the midline, and 4.5-5.2 mm below
the cortical surface (Paxinos and Watson, 1998). The recording protocol involved 50 s of rest
alternated with 50 s of electrical stimulation (60-V, 3-Hz square wave of 0.5-ms duration).
Neuronal activity was recorded using a 16-channel multichannel neuronal acquisition processor
(Plexon, Dallas, TX, USA). The electrophysiological signals from the headset were fed to an
amplifier and band-pass filtered (spike preamp filter: 0.45-5.00 kHz, gain: 15,000-20,000). Neural
ensemble data were analyzed using NeuroEXplorer (Nex Technologies, Littleton, MA, USA), and
the two-tailed paired z-test was used to examine the change in firing rate in the CPu between before
and during stimulation. After recording, the animals were perfused with 4% paraformaldehyde, and

then debrained. The brain tissues sectioned at 50 wm were stained with 0.1 % cresyl violet to verify
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the location of the implanted electrodes.

3.2.7 Electrophysiological recording*

Seven rats prepared in the same way were used for the electrophysiological experiment. The
rats were implanted stereotaxically with pairs of eight microwire electrode arrays (no. 15140/13848,
50 um in diameter; California Fine Wire, USA) in the bilateral CPu (Fig. 3-3-4C). The coordinates
used were 0.7 mm anterior to the bregma, £2.5 mm lateral to the midline, and 4.5-5.2 mm below
the cortical surface (Paxinos and Watson, 1998). The recording protocol involved 50 s of rest
alternated with 50 s of electrical stimulation (60-V, 3-Hz square wave of 0.5-ms duration).
Neuronal activity was recorded using a 16-channel multichannel neuronal acquisition processor
(Plexon, Dallas, TX, USA). The electrophysiological signals from the headset were fed to an
amplifier and band-pass filtered (spike preamp filter: 0.45-5.00 kHz, gain: 15,000-20,000). Neural
ensemble data were analyzed using NeuroEXplorer (Nex Technologies, Littleton, MA, USA), and
the two-tailed paired #-test was used to examine the change in firing rate in the CPu between before
and during stimulation. After recording, the animals were perfused with 4% paraformaldehyde, and
then debrained. The brain tissues sectioned at 50 wm were stained with 0.1 % cresyl violet to verify

the location of the implanted electrodes.

* The experiment of electrophysiological recording was conducted by Dr. You-Yin Chen.
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3.3 Results

3.3.1 CBV changes during graded electrical stimulation

CBYV changes in the CPu in response to electrical stimulation were assessed by CBV-weighted
fMRI. Fig. 3-3-1 shows the results following CC analysis for 60-V stimulation to the right forepaw.
Three axial 7> -weighted images at bregma +0.7 mm, —0.8 mm, and —2.3 mm were dynamically
acquired to identify changes in CBV. The color-coded regions in Fig. 3-3-1 correspond to areas
with CBV changes whose activation patterns were positively or negatively correlated with the
off-on—off stimulus paradigm, where positive and negative correlations are associated with
vasoconstriction and vasodilation, respectively. The figure indicates that electrical stimulation
induced intense vasoconstriction mainly in the CPu across the three slices, which was accompanied

by vasodilation in the contralateral forelimb area of primary somatosensory cortex (S1FL).

Fig. 3-3-2 presents the CC of the five cases ayeraged on a pixel-by-pixel basis and color-coded,
which shows that the vasodilation response was induced in the S1FL region for all the stimulation
intensities. However, the CPu exhibited differing degrees of vasoconstriction that became more
widespread with increasing stimulation intensity. Fig. 3-3-3A illustrates the signal-to-time curves of
the S1FL and the CPu over the 60 time points (corresponding to an imaging period of about 9.6 min)
at each of the graded intensities. The curves indicated that the MR signals in the CPu increased
immediately during electrical stimulation, reaching a plateau within 1 min, and staying elevated for
the remaining stimulation period. The changes in MR signal intensity at the plateau (defined as the
averaged signal values over a 2-min period beginning 1 min after stimulus initiation) in the
contralateral S1FL for stimulation at 5, 20, and 60V were —-24.86+1.74%, —27.69+3.34%,
and -24.17£3.71% (mean#s.d.), respectively, whereas those in the CPu were 1.38+0.88%,
6.59+0.89%, and 10.15%+1.13%. The CBV response of an area was quantified by the number of

responsive pixels in the region. Responsive pixels were defined as those with significant signal
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changes from baseline as detected by two-tailed paired z-tests with a significance level of P < 0.05.
Note that correlation and incidence maps provide mapping of responses incident to the stimulation,
while the quantification of responsive pixels indicates the level of significant signal changes
induced by the stimulation. Referring to Fig. 4B, repeated-measures ANOVA (n = 5) indicated that
electrical stimulation intensities affect the degree of striatal vasoconstriction (F,g= 86.548, P <
0.0001) despite the absence of differences between the two hemispheres (all P > 0.05). Fisher’s
post-hoc tests revealed that the number of vasoconstrictive pixels in the CPu for forepaw
stimulation was larger at 60 V than at 5V (P < 0.0001) and 20 V (P < 0.0001), and larger at 20 V
than at 5 V (P < 0.01). Fig. 4C shows that the number of vasodilative pixels in the S1FL was lower

for 60-V stimulation than for 5-V stimulation (P < 0.05).

3.3.2 Neural activity of the CPu induced by nociceptive electrical stimulation

Fos immunohistochemistry and neural recording were used to identify whether the
vasoconstriction in the CPu was associated with changes in neuronal activity. Photomicrographs of
Fos expression in the CPu for the control, formalin, and 60-V groups are shown in Fig. 3-3-4A. A
two-way ANOVA (n = 15) showed that the treatment exerted a main effect on the amount of Fos
expression in the CPu (F3 ;9 = 33.884, P < 0.0001). Fisher’s post-hoc tests revealed that the level of
Fos expression was higher in the 60-V group than in the control (P < 0.0001) and formalin (P <
0.0001) groups, and higher in the formalin than in the control group (P < 0.05) (Fig. 3-3-4B). The

Fos expression did not differ between the ipsilateral and contralateral CPu (all P > 0.05).

Neural electrophysiological signals were assessed as a second measure of the neural activity in
the CPu induced by noxious electrical stimulation (n = 7). The recording sites are shown in Fig.
3-3-4C. Traces recorded in the two hemispheres of the CPu are depicted in Fig. 3-3-4D. Consistent
with the Fos results, excitatory responses (corresponding to increased firing rates in spikes per

second) were evident in the two hemispheres of the CPu during the stimulation. Two-tailed paired
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t-tests revealed that the averaged firing rate in the CPu was considerably higher than the baseline for
60-V electrical stimulation (P < 0.00001), and that the responses did not differ between the two
hemispheres (Fig. 3-3-4E). Both the Fos immunohistochemistry and electrophysiological
recordings indicated that the 60-V stimulation leading to vasoconstriction in the CPu was associated

with significantly higher neuronal activity in the region.

3.3.3 Effects of dopamine D,/D; antagonist on striatal vasoconstriction

Dopamine D,/Dj3 receptors crucially affect vasoconstriction in the CPu. Consequently, a
dopamine D,/D; receptor antagonist, eticlopride, was used to investigate the possible role of
dopamine D,/Djs receptors in modulating striatal vascular responses to noxious electrical stimulation.
Identical imaging procedures were applied to five rats, with 60-V forepaw stimulation applied
before and after the intravenous administration of 1 mg/kg eticlopride (Fig. 3-3-5A). Fig. 3-3-5B
clearly illustrates the blocking effects of eticlopride. Two-tailed paired r-tests indicated that the
administration of eticlopride significantly decreased the number of responsive pixels showing
vasoconstriction in the bilateral CPu (P < 0.05), but had no significant effect in the contralateral
S1FL. In addition, the use of saline as a vehicle control induced no observable changes (data not
presented). These results suggest that dopamine D,/Ds receptors are important mediators of

vasoconstriction in the CPu induced by noxious electrical stimulation.

3.3.4 The lesion of the substantia nigra (SN) with 6-hydroxydopamine (6-OHDA) diminishes the

striatal vasoconstriction*

The CBV activities were mapped pixelwisely according to the incidence values, which represent the
correlations of the dynamic signals with the off—on—off paradigm of noxious, nociceptive electrical

stimulation. As seen in Figure 3-3-6, the SN lesion abolished the majority of the CBV response in
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the right striatum, with some residual reactions. By contrast, the CBV responses were preserved in

the left striatum.

* The SN lesion animal models were conducted by Dr. Chiao-Chin Chen and et al.

3.3.5 Effects of morphine on striatal vasoconstriction

Stimulation of the unilateral forepaw elicited vasodilation in the contralateral primary
somatosensory cortex (cS1), and meanwhile, yielded salient bilateral vasoconstriction in the
striatum, where preinjection of saline as a vehicle control induced no observable changes in CBV
responses. Morphine (5 mg/kg, i.v.) was then used to activate p-opioid receptors. Pretreatment of
morphine caused profound reduction of CBV in both cortical and striatal areas during forepaw
stimulation (Fig.3-3-7a). Repeated-measures one-way ANOVA (n = 5) with Bonferroni or
Games-Howell post-hoc indicated that the vasoconstrictive area was larger after morphine treatment
in the striatum (P < 0.05). The degree of vasoconstriction was also enhanced in the striatum (P <
0.05) and the ipsilateral primary somatosensory cortex (iS1) (P < 0.01). In addition, the vasodilation
in the cS1 was reduced after morphine treatment (P < 0.05) (Fig.3-3-7b). The effect of morphine
was gradually decreased over time and then the CBV-weighted images reached to a pattern similar
to that of the control response at 30 min. A significant main effect of time on the
morphine-enhanced striatal negative fMRI signals was observed in both responsive area (F;; =

7.332, P <0.01) and the degree of CBV changes (F> ;> = 4.968, P < 0.05).

After 30 min of morphine treatment, naloxone was given to antagonize the residual effect of
morphine. Compared with the response after 30 min of morphine treatment, the striatal
vasoconstriction was reduced after administration of naloxone in both the responsive area (P < 0.05)
and intensity (P < 0.01). The increase of vasodilative area in the cS1 and AR," (CBV changes) in

the bilateral S1 were also significant (all P < 0.01). Naloxone not only reversed the residual
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morphine effect, but predominantly eliminated the entire vasoconstrictive responses and led to
vasodilation in multiple brain regions (all at least P < 0.05 compared with control, except AR, in
the iS1). The CBV responses in the CPu and the iS1 were reversed from decreases to slight
increases; meanwhile, the vasodilation was also heightened in the c¢S1 (P < 0.05) after p-opioid

receptor antagonism (Fig.3-3-7).

3.3.6 The interaction of MOR and D,/Dssystems on striatal vasoconstriction

Identical imaging procedures with 10 mA forepaw stimulation were applied to another group
of rats (n = 5) and a dopamine D,/D5 receptor antagonist, eticlopride (1 mg/kg, i.v.), was given after
10 min of morphine (5 mg/kg, i.v.) treatment. Clear blocking effect of eticlopride was observed
(Fig.3-3-8). Pretreatment of eticlopride reduced morphine-enhanced striatal vasoconstriction in both
the responsive area (P < 0.01) and intensity (P < 0.05). The degree of vasoconstriction in the iS1
was also reduced (P < 0.05). Compared with the control, the degree of vasodilation was decreased
in cS1 and the vasoconstrictive area in the striatum was smaller (P < 0.05) after eticlopride

treatment (Fig.3-3-8b).
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Figure 3-3-1. Nociception-induced vasoconstrictive responses in the CPu. A 60-V electrical
stimulation was applied to the right forepaw of a rat followed by CBV-weighted fMRI with data
acquired at bregma +0.7 mm, —0.8 mm, and —2.3 mm. Data were analyzed using a CC method with
a threshold of r = +£0.4. Positive (vasoconstriction) and negative (vasodilation) correlations are
indicated by hot and cold colors, respectively. The anatomical reference based on the rat brain atlas
and the corresponding ROI positions for subsequent analysis are shown in the lower row. Clear
vasodilation was evident in the contralateral S1FL, whereas strong vasoconstrictive responses were

evident in the bilateral CPu.
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Figure 3-3-2. CBV changes in five rats subjected to 5-, 20-, and 60-V forepaw electrical
stimulation followed by CBV-weighted fMRI. CC data were used to generate the incidence images.
The rat brain atlas was used as a template for spatial normalization, and the correlation maps of
each rat were then averaged on a pixel-by-pixel basis to display the incidence responses, where
higher and lower pixel values indicate more rats showing decreases and increases in regional CBV,
respectively. These images show that the CPu did not respond to 5-V forepaw electrical stimulation,

but that the degree of constriction increased for higher stimulation intensities.
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Figure 3-3-3. MR signal changes and the number of responsive pixels during graded electrical
stimulation. (A) The signal-to-time curves were computed from the MR signals in the CPu and
SIFL, averaged across five rats, and expressed as percentages relative to baseline values. The
yellow shaded regions indicate stimulus epochs. The 60-V stimulation induced the highest MR
signal increase in the CPu, which can be correlated with the vasoconstriction, whereas the
contralateral S1FL showed vasodilation. (B) The number of pixels with significant MR signal
increases (P < 0.05) was quantified in the CPu of both hemispheres. No difference was found
between the ipsilateral and contralateral CPu for all stimulation intensities. The 60-V stimulation
induced the largest number of vasoconstrictive pixels, followed by 20 and 5 V. (C) The number of
pixels with significant MR signal decreases was quantified in the contralateral SIFL. The activation
area was significantly smaller for 60-V stimulation than for 5-V stimulation. *, ** and **%%*
indicate significance levels of P < 0.05, P < 0.01, and P < 0.0001, respectively. Error bars represent

s.e.m. values.
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Figure 3-3-4. Striatal neuronal activity was inyesl_t:igated _-by Fos immunohistochemistry and
electrophysiological recording in respbnsel to noyléious ‘electrical stimulation that produced
vasoconstriction in the region. (A) Photorﬁicrographs (top) of Fos-ir cells and macro schematic
drawings (bottom) of Fos-ir cell distribution from each treatment group. Arrowheads indicate Fos-ir
cells. (B) Stimulation at 60 V induced the highest level of Fos expression, followed by formalin and
control. (C) Recording electrodes implanted into the ipsilateral and contralateral CPu shown in a
Nissl stained brain slice. The tips of the electrodes are indicated by white arrows. (D) Traces of
neural activity in the ipsilateral and contralateral CPu before and during electrical stimulation at 60
V. The duration of the stimulus is indicated by the black bar. (E) The firing rate was significantly
higher during stimulation than at the baseline. Both Fos immunohistochemistry and
electrophysiological recording indicate that noxious electrical stimulation enhanced the neuronal

activity in the CPu. *, *#*** and ***** ipndicate significance levels of P < 0.05, P < 0.0001, and P <

0.00001, respectively. Error bars represent s.e.m. values.
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Figure 3-3-5. Effects of eticlopride, a dopamine D,/D; receptor antagonist, on striatal
vasoconstriction. (A) Five rats received 60-V forepaw electrical stimulation followed by
CBV-weighted fMRI at bregma +0.7 mm. CC data were used to generate the incidence maps,
which show that vasoconstriction in the bilateral CPu could be blocked by the intravenous injection
of 1 mg/kg eticlopride. (B) Two-tailed paired #-tests indicate that eticlopride significantly reduced
the number of vasoconstrictive pixels in the CPu, but had no effect in the S1FL. * indicates a

significance level of P < 0.05. Error bars represent s.e.m. values.
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Figure 3-3-6. Nociception elicits CBV responses in the intact striatum, but not in the lesioned side.
The majority of the CBV response was found in the intact striatum of the SN-lesioned rats whereas

merely scattering reactions were seen in the lesioned side.
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Figure 3-3-7. Effects of morphine and naloxone on nociception-induced negative fMRI signals. (a)
A 10 mA electrical stimulation was applied to the right forepaw of the rats followed by
CBV-weighted fMRI with data acquired at bregma +0.7 mm (n = 5). Images were analyzed using a
CC method with spatial averaging after atlas-based coregistration (supplementary method), where
positive (vasoconstriction) and negative (vasodilation) correlations are indicated by hot and cold
colors, respectively. Nociception-induced vasodilation was evident in the c¢S1; meanwhile,
vasoconstriction was evident in the striatum of both hemispheres and a mild reduction of CBV was
observed the iS1. Preinjection of saline showed no effect on images, whereas preinjection of
morphine (5 mg/kg, i.v.) enhanced the nociception-induced vasoconstriction. The effect of
morphine decreased with time and then the stimulation-evoked response approximately reach to the

control responses at 30 min. After that, preinjection of naloxone (0.7 mg/kg, i.v.) showed a dramatic

43



blockage of entire vasoconstriction in the observed brain section. (b) The responsive area was
quantified by the number of responsive pixels in the region (P < 0.05, paired t-tests) and the degree
of CBV changes was indicated by AR2* values (supplementary method). Positive AR2* values
indicate CBV increases, whereas negative AR2* values indicate CBV decreases. Note that for the
responsive area, only vasoconstrictive pixels were counted for striatum and iS1, and only
vasodilative pixels were counted for cS1. * and ** indicate significance levels of P < 0.05 and P <

0.01, respectively. Error bars represent s.e.m. values.
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Figure 3-3-8. Opioid-enhanced vasoconstriction is mediated by dopamine D,/D3; receptor
functioning. (a) Same procedures as used in Fig. 3-3-8. were employed to performed
CBV-weighted fMRI (n = 5), where morphine (5 mg/kg, i.v.) was given to induce opioid-related
vasoconstriction. Pre-injection of a dopamine D,/Dj3 receptor antagonist, eticlopride (1 mg/kg, i.v.),
appeared to immediately reduce morphine effect. (b) The responsive area and the degree of CBV
changes were calculated in control, morphine, and eticlopride pretreatment images. (¢) Comparison
of the resting CBV in different treatment groups. A total of 10 rats were included in control and
morphine treatment, whereas 5 rats were included in naloxone and eticlopride treatment. The
resting CBV changes were defined as the average of the CBV signals during the “off” period before
electrical stimulation, where the signals in the superior sagittal sinus was used to calibrate the
clearance of the iron oxide. The control data are normalized to 100% and the data of each treatment
are expressed as percentage change to the control. * and ** indicate significance levels of P < 0.05

and P < 0.01, respectively. Error bars represent s.e.m. values.
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3.4 Discussion

The present study demonstrates the novel finding that noxious electrical stimulation induces
bilateral CBV decreases in the CPu, which is associated with increased neural activity in the region.
This finding is intriguing because it reveals at least three novel aspects: (1) that endogenous
neurotransmission-related CBV decreases can lead to reduced CBV and hemodynamic responses in
a region, (2) that CBV decreases can be associated with increased neuronal activity, despite some
previous studies suggesting that decreased cerebral blood flow (CBF) is associated with the
inhibition of brain activity (Shmuel et al., 2002; Shmuel et al., 2006), and (3) that striatal CBV
decreases modulated by D2/D3 system is an important (and long overlooked) mechanism that

occurs in neurovascular processing of nociception.

CBYV decreases can be intuitively ascribed to two major effects: (1) a reduction in CBF due to
the suppression of neuronal activity (Shmuel et al., 2006), and (2) a “vascular-steal” effect, whereby
a large amount of the blood is diverted to activated areas, leaving adjacent regions with a lower
blood supply (Harel et al., 2002; Shmuel et al., 2002). The first effect cannot account for the
observed CBV decreases in the present study since both our results (Fig. 3-3-4) and previous data
indicate the occurrence of neuronal activation in the CPu during noxious stimulation (Chudler et al.,
1993; Chudler and Dong, 1995; Chudler, 1998). Nevertheless, the vascular-steal effect is also
unlikely to explain our findings for three reasons: (1) no obvious CBV decreases were observed in
regions neighboring the S1FL, (2) only a small proportion of the arterial blood supply to the sensory
cortices and CPu is shared (Scremin, 1995), and (3) in the graded stimulation study, the level of
vasodilation in the S1FL did not match that of CBV decreases in the CPu (Fig. 3-3-3C), indicating
that the reduction in CBV in the CPu does not simply result from the reallocation of blood resources.
In addition, inflow blood probably had minimal effects on the present results for the following two
reasons: First, all the vessels, including arteries, veins, and capillaries, showed extremely low MR

signals following injection of iron oxide contrast agent, which was due to the SPIOs inducing
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strong dephasing of MR signals (Wu et al., 2004; Bolan et al., 2006). Second, the CBV-weighted
MR images were acquired using a T2*-weighted FLASH sequence, which would minimize the

flow-related enhancement at a small flip angle (Keller et al., 1989).

The CPu of the basal ganglia has been implicated in various aspects of sensory-motor
processing, and involves various types of neurotransmission. Hence, the source of fMRI signals in
this region could be more complex than that in cortical structures. There is evidence that the
modulation of major neurotransmitters in the CPu can mediate vascular activity (Cohen et al., 1996;
Cauli et al., 2004; Chen et al., 2005a; Choi et al., 2006; Peppiatt et al., 2006). Endogenous
neurotransmission-induced fMRI signals are highly dependent on the actions of neurotransmitters
and the cortical regions express lower receptor activity (Choi et al., 2006), which could result in
endogenous neurotransmission inducing weaker fMRI signals in cortical regions. Moreover, our
results first suggest that opioid peptides with D,/D; system mainly act in the basal ganglia. (Chen et

al., 2005a; Choi et al., 2006).

The bilateral CBV decreases in the CPu are intriguing and warrant further investigation. This
response might be mediated by a nociceptive pathway that bifurcates as it ascends from the
periphery to the brain (Willis and Westlund, 1997; Willis, 2007). In the present study, the electrical
stimulation was applied to the right side, which activated the ipsilateral spinal sensory neurons in
the dorsal root ganglia. The projections of the spinal neurons directly or indirectly target central
regions such as the thalamus (Willis and Westlund, 1997; Willis, 2007) and the SN (Chudler and
Dong, 1995). The projections to the thalamus cross the midline whereas those to many other regions
such as the SN bifurcate as they ascend. The CPu is a major target of the SN projections, and hence
bilateral responses were evident in the CBV images. From the unilateral SN 6-OHDA lesion models,
our result indicated that only the SN un-lesion side still shown negative signal (Fig. 3-3-6),
confirming the SN as a downstream negative signal source and highlighting the involvement of

dopamine system.
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Dopamine is the major neurotransmitter associated with cognitive function, motor control,
reward signaling, drug addiction, and many neurological disorders (Nieoullon and Coquerel, 2003).
The role of dopaminergic system has long been investigated in nociceptive processing. There is
evidence that striatal dopaminergic neurotransmission is specifically involved in antagonizing
nociceptive responses (Hagelberg et al., 2004a; Mansikka et al., 2005; Martikainen et al., 2005;
Pelissier et al., 2006), since lesioning striatal dopaminergic neurons increases pain sensitivity,
whereas activating these neurons inhibits pain responses (Lin et al., 1984). Furthermore, Given the
increasing use of fMRI in these fields, the influence of dopamine on fMRI signals becomes
particularly important because it is known to induce opposite effect on cerebral microvasculature
depends on activating different receptor subtypes (Choi et al., 2006). The infusion of dopamine
D,/Ds receptor agonists and antagonists. reduced and augmented nociception, respectively. In
contrast, no changes in pain-related behavior were observed following up-regulation or
down-regulation of dopamine D; receptor activity (Magnusson and Fisher, 2000). These findings
suggest that striatal neurons expressing D, receptors are major players in antinociceptive effects on
pain modulation. Nevertheless, this perspective is probably oversimplified since neuronal cells are

not the sole participants in brain functioning (Park et al., 2003; Iadecola, 2004; Lok et al., 2007).

To reveal its vasoconstrictive aspect endogenously, our evidence has demonstrated that the
negative fMRI signals in the striatum can be reduced by intravenously injecting dopamine D,/Ds
receptor antagonist (Fig. 3-3-5) or lesion of the SN with 6-OHDA (Fig. 3-3-6). Nevertheless, to
detail the complex interplay of the dopaminergic neurotransmission-induced negative fMRI signals,
an important issue warrant further elucidation. That is, since the striatal vasoconstriction is evoked
by noxious stimulation (Zhao et al., 2008a; Shih et al., 2009), and the function of dopaminergic
neuron is known to be regulated by MOR (Johnson and North, 1992), clarifying the role of

endogenous opioids on fMRI signals is undoubtedly essential.
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Pretreatment of morphine causing profound reduction of CBV in both cortical and striatal
areas during forepaw stimulation (Fig. 3-3-7a) indicated that the vasoconstrictive area was larger
after morphine treatment in the CPu. After naloxone antagonized effect, the striatal vasoconstriction
was reduced in both the responsive area and intensity. Interestingly, naloxone not only reversed the
residual morphine effect, but predominantly eliminated the entire vasoconstrictive responses and led
to vasodilation in multiple brain regions, indicating the endogenous opioid peptides unequivocally
involves in the generation of negative fMRI signals. The morphine-enhanced vasoconstriction is
independent of the general physiological autoregulation since noxious stimulation is known to
increase the heart rate, arterial blood pressure, and decrease the pCO, level, while each of the
factors should increase the blood flow. In addition, the response after naloxone injection is also
unlikely resulted from the nonspecific perfusion-enhancement by drug because the CBV was
increased with the noxious stimulus in spite of the heightened resting CBV levels (Fig. 3-3-8c¢),

suggesting this vasodilation occurred at a physiological state that against further CBV increases.

These findings also lead to two important issues: (1) that the striatal CBV decreases may
implicate endogenous pain management and (2) that the striatal negative fMRI signals may be
regulated by opioid-dopamine interactions. The assumption regarding endogenous pain
management is based on the fact that the striatal negative fMRI signals are reduced by
pain-enhancing treatments, such as preinjection of dopamine D,/D3 receptor antagonist(Shih et al.,
2009) and lesion of SN with 6-OHDA (Chen et al., 2009). Although the actual role of the
vasoconstrictive feature in the striatal pain processing remains obscure, it cannot be excluded that
the vasoconstriction would lead to a general quiescence of blood delivery and may interfere with

local neurovascular intervention in the striatum.

Consequently, the results suggest that opioid-dopamine interactions, specifically for D,/D3
system, may contribute to the generation of negative fMRI signals since the signal pattern are

mediated by either MOR or dopamine D,/Ds receptor specific ligands (Shih et al., 2009). The
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relationship of these two systems was connected by the result of pretreatment of eticlopride reduced
morphine-enhanced striatal vasoconstriction, indicating that the nociception-induced negative fMRI
signals in the brain are driven by opioid-dopamine interactions and the negative signals cannot be

profoundly presented with the absence of each neurotransmission.

Although nociception are known to be regulated by MOR (Sora et al., 1997; Casey et al., 2000)
and activation of MOR on GABAergic neurons has been implicated to modulate dopamine
release(Johnson and North, 1992) (Fig. 3-4-2), the interactions of opioid and dopamine systems are
fairly complex and still incompletely understood. Our results overwhelmingly favor that
endogenous opioids control the striatal dopamine release and induce negative fMRI signals through
subsequent activating the dopamine D,/Dj receptors (Fig. 3-4-2). A plausible explanation for this is
a rapid upregulation of D,/Ds receptors that has been shown to occur after acute agonism of
opioids(Martin and Takemori, 1985, 1987; Rooney et al., 1991). In addition, studies using positron
emission tomography with D»-like radioligands also support this view, demonstrating a significant
increase of striatal and cortical dopamine D,/Dj3 receptor bindings following administration of
p-opioid receptor agonist (Hagelberg et al., 2002; Hagelberg et al., 2004b). Furthermore, the
mechanism driving D,/Ds receptors exhibits higher affinity for dopamine may be its close
association with pain modulation; by contrast, D;/Ds receptors have no effect on pain (Fig. 3-4-1)

(Magnusson and Fisher, 2000; Hagelberg et al., 2004a).

Accumulating evidence suggested that opioid-dopamine interactions, specifically for D,
system, play an important role in the reward processes, endogenous analgesia, and placebo effect(de
la Fuente-Fernandez et al., 2002). It appears that the dopamine D, receptor knockout mice show no
reward from morphine(Maldonado et al., 1997; Elmer et al., 2002), whereas the striatal D,/D3
receptor binding in mice lacking MOR was significantly higher than that of the wild type (Tien et

al., 2003). The intricate reciprocal control of opioids and dopamine in brain highlights the
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importance of considering their accompanying vasoconstrictive nature in the fMRI studies of pain,

reward processes, and opioid-dopamine-related disorders.

In conclusion, the present study demonstrates that negative fMRI signals are concomitantly
presented with sequential activation of opioid-dopamine D,/D3 receptors. These negative changes
may counteract the hemodynamic responses driven by neuronal activations; therefore making
interpretation of fMRI or other hemodynamic-based imaging techniques to incorporate careful
consideration. In another aspect, the nociception-induced striatal negative fMRI signals may serve
as a marker for assessing the nigrostriatal pathway integrity as well as opioid-dopamine reward

processes.
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Figure 3-4-1. Striatal negative fMRI signals may associate with endogenous pain management.
Previous study has shown that noxious electrical stimulation of the rat forepaw increases Fos
expression in the ipsilateral dorsal horn of the cervical spine. The projections of the spinal neurons
target the S1 through the thalamus, which is a widely known pathway expressing the somatic
sensation (kelholz) (Willis and Westlund, 1997; Willis, 2007). As the stimulation increases to elicit
nociception, it has been suggested that the spinal signals bifurcate to the CPu through the SN
(Chudler and Dong, 1995). Our studies reinforced that SN is an important relay of the negative
fMRI signals in the striatum since significant side-to-side difference was observed in rats with
unilateral lesion of SN, where no lateralization was observed in normal rats. In addition, these
negative signals occurred with the increase of neuronal activity, indicating the fMRI signals
unambiguously reflect local neuronal responses. Also, morphine was used to examine whether a
pain-relief drug modulates striatal negative fMRI signals. The results showing that both the
responsive area and the degree of vasoconstriction are increased after the treatment, whereas the

signals are eliminated by pretreatment of naloxone, a specific competitive antagonist of morphine.

52



Meanwhile, activation of dopamine D,/Ds receptors, but not D/Ds receptors, is known to induce
pain alleviation (Magnusson and Fisher, 2000; Hagelberg et al., 2004a). Several studies have also
shown that the nociception are increased in patients or animals with Parkinson disease. Interestingly,
along with these findings, the striatal negative fMRI signals are enhanced by morphine, blocked by
pretreatment of naloxone and eticlopride, and reduced in Hemiparkinsonian animals, we therefore
suspected that the occurrence of striatal negative fMRI signals may associate with endogenous

inihibition of pain.
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Figure 3-4-2. Schematic diagram of a possible neurotllransmission pathway generating striatal
negative fMRI signals. MOR plays a critical role in the endogenous modulation of a peripheral
noxious input (Sora et al., 1997; Casey et al., 2000), while activation of MOR can further regulate
dopamine release through hyperpolarizing GABAergic neurons (Johnson and North, 1992). The
released dopamine has been shown to induce vasoconstriction by activating dopamine D,/Ds
receptors, which may be due to an upregulation of D,/D3 receptors following endogenous activation
of p-opioid receptors (Martin and Takemori, 1985, 1987; Rooney et al., 1991). Consequently, the
decrease of CBV resulted from (1) stimulation of D, autoreceptors and subsequently reduced the
vasodilation caused by D;/Ds neurotransmission, and (2) direct vasoconstriction through

arachidonic acid by activating D3 receptors on astrocytes.
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Abbreviation

BE_FDG 18F—ﬂuorodeoxyglucose

AC auditory cortex

ACC anterior cingulate cortex

Amyg amygdala

BOLD blood oxygenation level-dependent
CBF cerebral blood flow

CBV cerebral blood volume

CMRO, cerebral metabolic rate of oxygen
CPu caudate-putamen

DOR d opioid receptor

fMRI functional magnetic resonance imaging
FOV field of view

FP field potential

HIP hippocampus

HT hypothalamus

IC insular cortex

KOR K opioid receptor

M motor cortex
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microPET  |micro-positron emission tomography

MOR u opioid receptor

MT medial thalamus

NASs nucleus accumbens

OoT olfactory tubercle

PAG periaqueductal gray

PET positron emission tomography

phMRI pharmacologic magnetic resonance imaging

ROI region of interest

S1 primary somatosensory cortex

S1FL primary somatosensory cortex of the forelimb region
S1HL primary somatosensory cortex of the hindlimb region
S2 secondary somatosensory cortex

SN substantia nigra

TE echo time

Th thalamus

VC visual cortex

VTA ventral tegmental area
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Appendix 1. The structure of morphine.
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