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Previous studies showed noxious unilateral forepaw electrical stimulation surprisingly evoked negative
blood-oxygenation-level-dependent (BOLD), cerebral blood flow (CBF), and cerebral blood volume (CBV)
fMRI responses in the bilateral striatum whereas the local neuronal spike and c-Fos activities increased.
These negative responses are associated with vasoconstriction and appeared to override the increased hemo-
dynamic responses that typically accompanied with increased neural activity. The current study aimed to in-
Keywords: vestigate the role of p-opioid system in modulating vasoconstriction in the striatum associated with noxious
CBV stimulation on a 4.7-Tesla MRI scanner. Specifically, we investigated: i) how morphine (a p-opioid receptor

Striatum agonist) affects the vasoconstriction in the bilateral striatum associated with noxious electrical forepaw stim-
Morphine ulation in rats, and ii) how naloxone (an opioid receptor antagonist) and eticlopride (a dopamine D,/Ds re-
Naloxone ceptor antagonist) modulates the morphine effects onwards. Injection of morphine enhanced the negative
g\t/iuczllopride striatal CBV responses to noxious stimulation. Sequential injection of naloxone in the same animals abolished

the stimulus-evoked vasoconstriction. In a separate group of animals, injection of eticlopride following mor-

Vasoconstriction phine also reduced the vasoconstriction. Our findings suggested that noxious stimulation endogenously acti-

vated opioid and dopamine receptors in the striatum and thus leading to vasoconstriction.

Published by Elsevier Inc.

Introduction

Pain-evoked negative blood-oxygenation-level-dependent (BOLD),
cerebral blood flow (CBF) or cerebral blood volume (CBV) responses
in the striatum have been previously shown in conscious rats
(Morrow et al, 1998) and rats under medetomidine (Zhao et al.,
2008) and a-chloralose (Shih et al., 2009; Shih et al,, 2011) anesthesia.
In the noxious forepaw electrical stimulation model, the local neuronal
spike and c-Fos activities were found to increase in the striatum (Shih et
al., 2009). Such negative CBV responses in the striatum may be associat-
ed with neurotransmitter-induced vasoconstriction and were markedly
attenuated by intravenous injection of 1 mg/kg eticlopride, a dopamine
D,/D3 receptor antagonist (Shih et al., 2009), or lesion of a major
dopaminergic afferent pathway in the substantia nigra (SN) by 6-
hydroxydopamine (Chen et al., 2009). These findings were attributed
to the effect of dopamine action which is known to have regional vascu-
lar effect. Stimulating the dopamine D;/Ds receptors causes vasodila-
tion (Chen et al., 2005), whereas stimulating the D,/D3 receptors
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causes vasoconstriction (Choi et al., 2006). These findings suggest that
endogenous dopamine function is associated with noxious stimulation-
induced vasoconstriction, which overrides the positive hemodynamic
fMRI responses typically accompanied with increased neural activity.

Opioid is involved in modulating nociception. Activation of the p-
opioid receptor produces analgesia (Sora et al., 1997). Direct activation
of p-opioid receptors by morphine causes sustained CBV decreases in
the striatum (Liu et al., 2007). The relationship between the opioid
and dopamine system is complex. Opioids modulate dopamine release
in the striatum via hyperpolarization of GABAergic interneurons
(Johnson and North, 1992). Most striatal neurons express both opioid
and dopamine D,/Ds receptors (Choi et al., 2006; Tempel and Zukin,
1987). Opioid-dopamine system has been shown to play an important
role in reward processes and associated with endogenous analgesia,
drug addiction, and the placebo effect (de la Fuente-Fernandez et al.,
2002). It is unknown how endogenous opioid neurotransmission affect
the stimulus-evoked responses in the striatum associated with noxious
stimulation.

The goal of this study was to investigate the role of p-opioid sys-
tem in modulating vasoconstriction in the striatum associated with
noxious stimulation. Specifically, we analyzed: i) how morphine (a
prototypical p-opioid receptor agonist) affects the vasoconstriction
in the bilateral striatum associated with noxious electrical forepaw
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stimulation in rats, ii) how naloxone (an opioid receptor antagonist)
modulates the morphine effects, and iii) how eticlopride (a dopamine
D,/D3 receptor antagonist, same dose as used in (Shih et al., 2009))
modulates the morphine effects. These experiments were done on a
4.7-T MRI scanner using an established blood-pool contrast agent,
superparamagnetic iron oxide nanoparticles (SPIOs), as a measure
of CBV changes (Mandeville et al., 1998). This technique is known
to increase functional contrast. A high dose (30 mg Fe/kg) was used
to reduce potential contamination from BOLD signals (Lu et al.,
2007). We tested the hypothesis that activation of the p-opioid and/
or dopamine D,/Ds receptors is necessary to evoke vasoconstriction
in the striatum during noxious stimulation. These findings could
have strong implications in neuroscience and pain research as well
as the underlying sources of the fMRI signals.

Materials and methods
Subjects

A total of 20 adult male Wistar rats (250-300 g; National Labora-
tory Animal Center, Taiwan) were used in the present study. Animals
were housed in the vivarium (12:12-h light-dark cycle, controlled
humidity and temperature) with free access to food and water. All ex-
perimental procedures were approved by the Institute of Animal Care
and Utilization Committee at Academia Sinica, Taipei, Taiwan.

Animal preparation

The animal preparation was similar to that described previously
(Shih et al., 2009). On the experiment day, each rat was initially anes-
thetized with 3% isoflurane. A PE-50 catheter was inserted into the
right femoral vein for subsequent drug administration. Alpha-
chloralose (70 mg/kg, i.v.) was used for anesthesia. The isoflurane
was then discontinued and the rats were allowed to breathe sponta-
neously to keep the physiological autoregulation intact. The rat was
firmly fixed in a custom-designed holder for pain studies with tapes
to restrain the body (Shih et al., 2008; Shih et al., 2007). The body
temperature was maintained by a warm-water blanket at 37 °C
using an automatic feedback control system via a rectal temperature
probe. Although it has been shown that body temperature may be al-
tered by morphine injection (Clark, 1979; Ushijima et al., 1985),
changes in rectal temperature did not exceed 4-0.5 °C in the present
study. The end-tidal CO, concentration was continuously monitored
(Capnomac Ultima, Datex-Ohmeda, Helsinki, Finland). The end-tidal
CO,, concentration during the experiment was 3.0-3.5%. To avoid po-
tential perturbation of animal physiology, arterial pCO, and arterial
blood pressure (BP) were measured in a separate group of animals
(total n=10, n=>5 for each group) under identical experimental con-
dition. The right femoral artery was cannulated with PE50 tubing. BP
was continuously monitored via the arterial line by a small animal
monitoring system using the Acqknowledge software (BIOPAC Sys-
tems Inc., Santa Barbara, CA, USA) and arterial pCO, was measured
by withdrawing 0.1 ml arterial blood sample per measurement
(ABL5, Radiometer America Inc., Westlake, OH, USA). Data are
shown in Table 1. An established CBV fMRI technique was employed
(Mandeville et al., 1998) by using SPIOs (Resovist, Schering, Berlin,

Germany, 30 mg Fe/kg, i.v.). The Resovist is shown to provide stable
CBV fMRI results without substantial signal drifts (Shih et al., 2009).
During neuronal activation, increases in regional CBV would increase
the amount of SPIOs, leading to a lower MR signal intensity and vice
versa.

Forepaw electrical stimulation was then applied to the rat. 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.
Electrical stimulation at 10 mA with a 3-Hz square wave and a 0.5-ms
pulse duration was applied to the rats by a constant-current stimula-
tor (AM system, model 2100, Carlsburg, WA, USA). The 10 mA stimu-
lation is known to induce nociception (Lowe et al., 2007; Shih et al.,
2009; Zhao et al., 2008).

fMRI data acquisition

MR 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). 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, flip angle of 22.5° field of view
of 2.56x2.56 cm?, slice thickness of 1.5 mm, acquisition matrix of
128 x 64 (zero-filled to 128 x128), and temporal resolution of 9.6 s.
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.

Pharmacological MRI

Morphine (5 mg/kg, i.v.) was used to study the effect of p-opioid re-
ceptors in nociception-evoked vasoconstriction, whereas naloxone
(0.7 mg/kg, i.v.) was used to antagonize the residual effect of morphine
after 35 min of morphine treatment (n=5). A dopamine D,/D3 receptor
antagonist, eticlopride (1 mg/kg, i.v.), was given in another group of rats
(n=5) following about 15 min of morphine treatment to determine the
contribution of opioid-dopamine neurotransmission on vasoconstric-
tion (Fig. 1). The dosages of the drugs were chosen based on our previ-
ous studies (Shih et al., 2009; Sun et al., 2006).

Data analysis

Images were analyzed using a custom-built image processing
interface (Shih et al., 2007; Shih et al., 2008). In general, time series
MRI data are co-registered by Statistical Parametric Mapping (SPM)
if needed. Correlation coefficient (CC) analysis was performed on a
pixel-by-pixel basis to correlate MR signal changes with electrical
stimulation. These CC maps were then coregistered to a digitized rat
brain atlas to obtain the averaged CC images by spatial averaging,
where the CBV increases were shown blue-purple colors and CBV de-
creases were shown in red-yellow colors. The same transformation

Table 1
Arterial blood pressure and pCO, changes.
Control Morphine Naloxone Eticlopride
Baseline Stimulation Baseline Stimulation Baseline Stimulation Baseline Stimulation
Arterial BP (mm Hg) 99.2+10.7 108.24+10.8* 81.4+12.8% 103.5+8.9* 99.8+17.6 107.5+18.7* 97.7+13.7 107.94+13.3*
Arterial pCO, (mm Hg) 426 +£5.7 415+45 51.7+5.8% 53.2+6.8 454+6.9 4346.5 484 +8.7 42458

*P<0.05, compared with pre-stimulation baseline period.
#P<0.01, compared with baseline (control).
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Fig. 1. (A) fMRI paradigm of morphine-naloxone experiment. The off-on-off paradigm indicates the period of noxious forepaw electrical stimulation, whereas the dashed box rep-
resents the imaging period. (B) fMRI paradigm of morphine-eticlopride experiment. Paradigms in panels A and B correspond to the results in Fig. 3 and Fig. 4, respectively.

was applied to all images in the dataset for coregistration. We did not
observe extreme responses in a particular subject.

The region of interests (ROIs) were defined via a digitized rat brain
atlas using the method proposed previously to avoid bias to a partic-
ular activation map (Shih et al., 2008). The number of pixels with sig-
nal changes that differed significantly from the baseline values was
quantified as the responsive area as described elsewhere (Shih
et al, 2009). In brief, the signals were compared between before
and during electrical stimulation using two-tailed paired t-tests,
with P<0.05 considered indicative of a responsive pixel. Note that
the P value here was not corrected for multiple comparisons, same
as our previous study (Shih et al., 2009). The number of responsive
pixels was only counted within the ROI (~400 pixels in the striatum
and ~180 pixels in the cortex). The AR,* value, which approximately
varies linearly with the CBV change, was calculated as follows:

_ l In Sstim

AR," TE

S pre

where Spre and Sgiim are the signal intensity before and during stimu-
lation, respectively.

Both empirical data and extensive Monte Carlo modeling indicate
an approximately linear relationship between AR,* and CBV fraction
over the range that is physiologically relevant (see Wu et al., 2004
for review). The drug-induced relative basal CBV index was defined
as the average of the MR signals during the “off” period before each
noxious forepaw electrical stimulation epoch (i.e., the first “off” peri-
od after drug injection, see Fig. 1), whereby the signals in the superior
sagittal sinus were used to calibrate the clearance of iron oxide. The
data were normalized to the control group and expressed as the per-
cent change relative to the control data.

For statistical analysis, repeated-measures ANOVA with Bonfer-
roni post-hoc test was used to compare stimulus-evoked changes in
responsive area, AR,* value, and relative basal CBV level modulated
by different drug treatments. Homogeneity of the variances was
assessed by Levene's test and Games-Howell post-hoc test was
employed only if unequal variance. The significance level was set at
P<0.05.

Results

Mean arterial BP and arterial pCO, was measured in a separate
group of five animals under the same experimental conditions
(Table 1). Noxious forepaw stimulation significantly increased arteri-
al BP about 10-20 mm Hg, but has no effect on arterial pCO, under
control, morphine-, and naloxone-pretreatment. Morphine injection

itself decreased arterial BP and increased arterial pCO,, while nalox-
one and eticlopride reversed the morphine effect.

Fig. 2 shows the effects of morphine and the sequential adminis-
tration of naloxone or eticlopride on the relative basal CBV without
forepaw stimulation. Morphine reduced basal CBV in the striatum rel-
ative to control (P<0.01). Naloxone and eticlopride both reversed the
morphine effect on basal CBV, resulting in CBV increases in the stria-
tum (P<0.05). Similar effects were observed in the contralateral pri-
mary somatosensory cortex (cS1).

Unilateral noxious forepaw stimulation increased CBV in the cS1
and decreased CBV in the bilateral striatum. Saline did not affect the
stimulus-evoked CBV responses (Fig. 3). Morphine, a p-opioid recep-
tor agonist, attenuated the vasodilation in the cS1 and accentuated
the vasoconstriction in the striatum. The responsive area and the
magnitude of vasoconstriction in the striatum were larger after mor-
phine compared to saline injection (P<0.05). The responsive area and
magnitude of vasodilation in the c¢S1 were reduced after morphine
(P<0.05). Negative CBV responses in the ipsilateral primary somato-
sensory cortex (iS1) were also detected (P<0.01).

The effects of morphine on CBV fMRI signal changes decreased
gradually over time, returning close to pre-injection pattern by
30 min after morphine. The time-dependent effects of the morphine
on striatal CBV fMRI responses were significant for both the respon-
sive area (F,12,=7.332, P<0.01) and magnitude (F;,=4.968,
P<0.05).

Naloxone, administered 35 min after the morphine to antagonize its
residual effect, abolished the vasoconstriction in the striatum (P<0.05,

B morphine 0 naloxone M eticlopride
*
60 .
504 "%
40
30 4
204
10 4
0 .
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-20-

—

—
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Striatum cS1

Fig. 2. Comparison of the relative basal CBV (i.e., without forepaw stimulation) in dif-
ferent treatment groups. Ten rats were included in the morphine-treated groups, and
two groups of five rats each were included in the naloxone- and eticlopride-treated
groups, respectively. The basal CBV differences were defined as the average of the
CBV signals during the “off” period before electrical stimulation (see Fig. 1), whereby
the signals in the superior sagittal sinus were used to calibrate the clearance of iron
oxide. All data were normalized and expressed as the percent change relative to con-
trol. *, **Statistically significant levels at P<0.05 and P<0.01 (different from control),
respectively. Error bars are s.e.m. values.
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Fig. 3. Effects of morphine and naloxone on nociception-evoked negative CBV fMRI signals (n=5). (A) A 10-mA electrical stimulation was applied to the rat's right forepaw, and
then CBV fMRI was conducted with data acquired at bregma + 0.7 mm. Images were analyzed using a correlation method with spatial averaging after atlas-based coregistration,
where vasodilation and vasoconstriction are indicated by blue-purple and red-yellow colors, respectively. Note that correlation analysis is not a measure of magnitude changes,
but sensitive to the response pattern. Nociception-induced vasodilation was evident in the cS1. Vasoconstriction was evident in the striatum of both hemispheres, and a mild re-
duction of CBV was observed in the iS1. Preinjecting saline had no effect on images, whereas preinjecting morphine (5 mg/kg, i.v.) enhanced the nociception-induced vasoconstric-
tion. The effect of morphine decreased with time, and the stimulation-evoked response reached close to control levels at 30 min postinjection. Thereafter, preinjecting naloxone
(0.7 mg/kg, i.v.) resulted in a dramatic blockage of the entire vasoconstriction response in the observed brain section. (B) The responsive area and the magnitude CBV changes
evoked by noxious stimulation under different drug treatments. The ROIs (inset) were defined via the anatomy to avoid bias to a particular activation map. The responsive area
was quantified by the number of responsive pixels in the region, and the magnitude CBV changes was quantified by AR,* (s~ ') values. A larger ROI was used for quantifying
the responsive area in the S1. Note that for the responsive area, only vasoconstrictive pixels were counted for the striatum and iS1, and only vasodilative pixels were counted
for the cS1. (C) Corresponding CBV fMRI time-courses. *, **Statistically significant levels at P<0.05 and P<0.01, respectively. Error bars are s.e.m. values.
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compared with that 30 min after morphine) while enhancing the re-
sponsive area and the magnitude of the vasodilation in the cS1
(P<0.01) (Fig. 3). Stimulus-evoked CBV responses increased slightly
(instead of decreased) in the striatum and the iS1 after naloxone
(P<0.01), indicating the endogenous neurotransmission-induced vaso-
constriction overrode activation-induced vasodilation before naloxone.

To further investigate the source of the negative CBV fMRI signal, a
dopamine D,/Ds receptor antagonist, eticlopride, was administered
15 min after morphine on a separate group of animals (Fig. 4). Mor-
phine injection attenuated the vasodilation in the cortex and accentuat-
ed the vasoconstriction in the striatum. Eticlopride reduced the
vasoconstriction in the striatum, but did not recover the vasodilation
in the cS1 compared with control. Both the responsive area (P<0.01)
and magnitude (P<0.05) were statistically different between morphine
and eticlopride in the striatum. Note that the morphine-eticlopride
group appeared to have weaker AR,* responses compared with mor-
phine-naloxone group, but independent two-sample t-test revealed
no difference in striatal AR,* responses to noxious stimuli between
two groups (P=0.1139). This animal variation also did not change the
fact that eticlopride markedly reduced stimulus-evoked vasoconstric-
tion after morphine treatment.

Discussion

This study demonstrates the pharmacological modulation of the
striatal negative response under our experimental conditions. Mor-
phine, a p-opioid receptor agonist, markedly enhances vasoconstriction
in the bilateral striatum. Naloxone, an opioid receptor antagonist,

Injection of
morphine
D —

i
\
\

abolishes the vasoconstriction in the striatum after administration of
morphine. Eticlopride, a dopamine D,/D5 receptor antagonist, markedly
reduces the vasoconstriction in the striatum after administration of
morphine. We conclude that noxious stimulation endogenously acti-
vates opioid and dopamine receptors, leading to vasoconstriction and
thus the negative CBV fMRI responses in the striatum. Such endoge-
nously induced vasoconstriction in the striatum appears to override
the positive hemodynamic fMRI responses typically accompanied by in-
creased neural activity. These findings also suggest cautions in inter-
preting hemodynamic-based fMRI signals as these negative CBV
changes may confound fMRI studies of drug addiction and Parkinson's
disease, among others, that involve opioid-dopamine neurotransmis-
sion. These findings corroborate our hypothesis that activation of the
p-opioid and/or dopamine D,/D5 receptors evokes vasoconstriction in
the striatum during noxious stimulation. These results highlight the im-
portance of neurotransmission in modulating fMRI signals (Attwell and
ladecola, 2002; Choi et al., 2006; Shih et al., 2009) and could have impli-
cations in neuroscience and pain imaging research.

The BOLD contribution to iron oxide CBV fMRI signal could be sig-
nificant at higher field and with low iron oxide dose (Lu et al., 2007).
To minimize the BOLD contribution, our study was performed at 4.7 T
and a higher iron oxide dose (30 mg/kg) was used compared to the
10-15 mg/kg used at other 4.7 T CBV fMRI studies (Mandeville et
al., 1998; Shen et al., 2008). Correction of the BOLD contribution
would require repeating the measurement of R, during stimulation
at different levels of blood susceptibility (Kennan et al., 1998). This
was not performed. Nevertheless, our previous study showed that
morphine decreased the positive BOLD signal changes evoked by
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Fig. 4. Morphine-enhanced stimulus-evoked vasoconstriction is mediated by the activation of dopamine D,/D5 receptors (n=5). (A) Morphine (5 mg/kg, i.v.) was given to enhance
stimulus-evoked vasoconstriction. After 15 min of morphine treatment, injection of a dopamine D,/D; receptor antagonist, eticlopride (1 mg/kg, i.v.), reduced the morphine effect.
Vasodilation and vasoconstriction are indicated by blue-purple and red-yellow colors, respectively. (B) The responsive area and the magnitude CBV changes evoked by noxious

stimulation under different drug treatments. (C) Corresponding CBV fMRI time-courses.
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Statistically significant at P<0.05 and P<0.01, respectively. Error bars are s.e.m. values.
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noxious electrical stimulation at the sciatic nerve (Chang and Shyu,
2001), indicating that the morphine-enhanced vasoconstriction in
the present study was unlikely contaminated by BOLD contribution.

Motion may induce false-positive or negative fMRI signal changes.
The fMRI responses in the present study were unlikely attributed to
motion because the rat head was firmly fixed in a custom-designed
head holder and no significant motion was observed under our ani-
mal fMRI setup (Shih et al., 2009). Shift of the brain position usually
causes strong positive/negative correlation at the edges, or spike in
the time-course data. This was not observed in all trials. The en-
hanced vasoconstriction by morphine was also unlikely elicited by
motion because morphine can suppress pain sensation and therefore
reduce motion artifact.

Morphine has cardiovascular effects (such as decreases blood flow,
BP, heart rate, and respiration rate) that could affect the fMRI signal
changes (Fennessy and Rattray, 1971). Arterial pCO, was increased
after morphine injection, but we found decreased basal CBV in the stri-
atum and some cortical regions, consistent with that reported previous-
ly (Liu et al., 2007). Previous study showed that BOLD signal increased
20 min after the onset of morphine injection (Shah et al., 2005). Our
study showed significant CBV changes at 10 min, this may be due to bet-
ter sensitivity of CBV fMRI compared with BOLD or differences in MRI
sequence (RARE sequence was used for fMRI by Shah et al.). In addition,
Shah et al. used halothane for anesthesia and the present study used o-
chloralose. This is however unlikely the major cause because another
CBV fMRI study showed that morphine significantly decreased striatal
CBV and the responses peaked at 10 min after morphine injection
under halothane anesthesia (Liu et al., 2007). The morphine cardiovas-
cular effects may not enhance the stimulus-evoked striatal vasocon-
striction because a lowered basal CBV level restricts an area showing
further CBV decreases. In addition, noxious forepaw electrical stimuli
were found to increase BP of 10-20 mm Hg. Such changes are lower
than the threshold (>35 mm Hg) for inducing nonspecific changes in
hemodynamic fMRI signals (Tuor et al., 2002) and we did not observe
any nonspecific CBV increase after stimulus onset. Furthermore, activa-
tion of sympathetic nerves by noxious stimuli may reduce CBV. This
does not contribute to the morphine-enhanced striatal vasoconstriction
because the same stimulation intensity was applied for all conditions.
The stimulation model used in the present study has been shown to
produce sustained negative striatal BOLD, CBV, and CBF responses
(Shih et al., 2011). The negative striatal CBV responses can be eliminat-
ed by injection of dopamine D,/D3 antagonist (Shih et al., 2009) or uni-
lateral lesion of dopamine neurons by 6-hydroxydopamine in the SN
(Chen et al., 2009), indicating that the signal origin is highly associated
with neurotransmission but not BP effect. Therefore, the enhanced
stimulus-evoked vasoconstriction in the striatum after morphine treat-
ment was independent of the cardiovascular effects; rather it was asso-
ciated with opioid and dopamine neurotransmission in the brain.

Our findings supported the notion that opioid and dopamine sys-
tems modulate the vascular responses in the striatum. Morphine
markedly enhanced stimulus-evoked vasoconstriction in the bilateral
striatum. A plausible explanation for the enhanced vasoconstriction
following morphine injection is a rapid upregulation of D,/D3 recep-
tors. Morphine administration causes rapid development of super-
sensitive dopamine receptors without affecting the affinity of the
dopamine receptors (Martin and Takemori, 1985). Acute upregula-
tion of D,/Ds, but not D{/Ds receptors was found to occur following
administration of p-opioid receptor agonist (Rooney et al., 1991)
and activation of the D,/D3 receptors causes vasoconstriction (Choi
et al.,, 2006). Positron-emission tomography studies using D,-like
radioligands (!'C-FLB 457 and !'C-raclopride) also support this no-
tion by showing that administration of a p-opioid receptor agonist
significantly increased D,/Ds receptor binding in both the cortical
and the striatal areas (Hagelberg et al., 2004a; Hagelberg et al., 2002).

The morphine-enhanced vasoconstriction in the bilateral striatum
was abolished by naloxone, a competitive antagonist of morphine.

This demonstrates unequivocally that endogenous opioids are in-
volved in the generation of stimulus-evoked vasoconstriction in the
bilateral striatum. Slight stimulus-evoked vasodilation was observed
in both the striatum and the iS1 after naloxone treatment, which
may simply reflect the local neuronal activity changes evoked by nox-
ious stimulation. This provides a means that the neurovascular cou-
pling could be hampered by the vascular actions of endogenous
opioids.

The morphine-enhanced vasoconstriction in the bilateral striatum
was reduced by eticlopride, a dopamine D,/D3; receptor antagonist.
Eticlopride was injected 15 min after morphine treatment. This time
point was selected in order to verify the involvement of dopamine
D,/Ds receptor system in morphine-enhanced vasoconstriction. Our
data suggested that the opioid and dopamine D,/D3 receptors both
contribute to the striatal vasoconstriction in noxious stimulation.
The effect of morphine is closely associated with the function of dopa-
mine D, receptors. Dopamine D, receptor-knockout mice exhibit no
rewarding effects of morphine (Elmer et al., 2002; Maldonado et al.,
1997). These are also in good agreement with that morphine induced
rapid upregulation of D,/D5 receptors and may lead to enhanced va-
soconstriction in the striatum.

Nigrostriatal pathway has been implicated in pain modulation. SN
has direct projections to the striatum and electrical stimulation of the
SN reduces pain-associated behavior (Chudler and Dong, 1995). Nox-
ious forepaw stimulation in rats with unilateral lesion of dopamine
neurons by 6-hydroxydopamine in the SN (an animal model of Par-
kinson disease) showed significant reduction of the vasoconstriction
in the ipsilateral striatum (Chen et al., 2009). Patients with Parkinson
disease — a disease characterized by a deficiency in the formation or
action of dopamine — show reduced threshold of pain sensation
(Chudler and Dong, 1995; Hagelberg et al., 2004b). Animal models
of Parkinson disease also showed reduced threshold of pain sensation
(Lin et al., 1984). In addition, activation of dopamine D,/D3 receptors,
but not D{/Ds receptors, alleviates pain, whereas micro-injection of
eticlopride, a dopamine D,/Ds receptor antagonist, into the striatum
enhances pain-associated behavior (Magnusson and Fisher, 2000). It
has been shown that noxious forepaw electrical stimulation (50 mA,
0.5 ms, 5 Hz) induced significant increase of D, receptor binding po-
tential in the contralateral striatum/nucleus accumbens in cats
using ''C-raclopride PET (Inoue et al., 2004). No significant change
in D, receptor binding potential was observed during innocuous elec-
trical stimulation in cats and humans (Thobois et al., 2004). Our pre-
vious CBV fMRI study also demonstrated that bilateral striatal
vasoconstriction was only evoked by noxious electrical stimulation,
but not by innocuous stimulation (Shih et al, 2009; Shih et al.,
2011) and those vasoconstriction responses can be blocked by D,/
D3 receptor antagonist (Shih et al., 2009). Taken together, these find-
ings support the important role of dopaminergic neurotransmission
in the striatal vasoconstriction, which, we speculate, may play a role
in the suppression of pain-related excitability.

Striatal responses to noxious stimuli in human studies are contro-
versial, with some studies reporting strong (Bingel et al., 2004) and
others reporting no significant responses (Casey, 1999). Nonetheless,
no pain-induced negative BOLD fMRI response in the striatum has
been reported in conscious humans to our knowledge, although the
nucleus accumbens, which also have dense expression of dopamine
D,/Ds receptors, showed negative BOLD response to noxious stimuli
in humans (Becerra et al., 2001; Borras et al., 2004). This discrepancy
in pain-induced negative striatal fMRI responses between humans
and animals could be due to anesthesia confound in animal studies.
This is however unlikely because stimulus-evoked striatal negative
BOLD response has been detected in lightly-sedated rats using fMRI
(Pawela et al.,, 2010; Zhao et al., 2008) and pain-related striatal CBF
decrease has been observed in conscious rats using autoradiography
(Morrow et al., 1998). Other possible reasons for such discrepancy
could be due to differences in pain stimuli and/or species. Further
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studies are needed to resolve the apparent discrepancy in striatal
fMRI responses between humans and rats.

In summary, the present study demonstrates that endogenously in-
duced opioid-dopamine neurotransmission associated with noxious
forepaw stimulation is responsible for the negative CBV fMRI signal
changes in the striatum. These negative CBV changes apparently
counteract the conventional positive fMRI responses associated
with increased neural activity. We speculate that the striatal vaso-
constriction in noxious stimulation may be associated with suppres-
sion of pain-related excitability. In addition, these findings suggest
cautions in interpreting hemodynamic-based fMRI signals as they
may confound fMRI studies of cognitive function, motor control, re-
ward signaling, drug addiction, and neurological disorders (such as
Parkinson's disease) that involve opioid-dopamine neurotransmis-
sion. Future studies will attempt to dissect the effects of different
opioid receptor subtypes on striatal fMRI responses and the effects
of morphine on fMRI signals in Parkinsonian animal model.
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