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Abstract

This study was performed to examine whether the brain activities induced by noxious algesic
chemical substances in anesthetized animals could be detected by blood oxygen-level-
dependent functional magnetic resonance imaging (BOLD-fMRI). Multislice gradient echo im-
ages of the primary somatosensory cortex were obtained using a 7.05 T superconducting sys-
tem and a one-turned surface coil centered over the primary somatosensory cortex of the 1.0%-
isoflurane-anesthetized rat. The Z-score t-map of BOLD signals and its time-course analysis re-
vealed that subcutaneous injection of formalin into the left forepaw immediately induced an
early response in the contralateral primary sensory cortex lasting for a few minutes, followed
by a late response until 20 min after stimulation. In contrast, injection of capsaicin into the left
forepaw evoked only the early response. Furthermore, pretreatment with morphine com-
pletely abolished these responses induced by the chemical algesic substances. Thus BOLD-
fMRI is a useful method to analyze the brain activities of painful stimulation in anesthetized
animals.
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Introduction ior of animals, and these signs are quantified by a

score based on the observation”. Recently, from

The assessment of pain in veterinary science
is an important problem. Veterinarians usually
recognize the signs of the pain by very careful ob-
servation of changes in the appearance and behav-

the view point of quality of life (QOL) of animals
and their owners, analgetic treatments are recom-
mended for postoperative animals, and pain-

control is performed according to evaluation of ani-
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mal behavior by the veterinarian®®.

Generally,
two phenotypes of pain, acute and chronic, are
well-known®. The acute pain sensation is elicited
by noxious stimulation of nociceptive receptors
within several seconds after stimulation. In con-
trast, chronic pain, a persistent state of pain, is
known to continue for a long period after surgery,
accidental injuries or inflammation. This chronic
pain sometimes induces a reduction of threshold of
secondary stimulation, termed hyperalgesia, and
is frequently accompanied neuropathic pain such
as allodynia®.

The formalin test, which is based on the
change of behavior in awake animals, is widely
used to evaluate both acute and chronic pain. By
using this conventional test, it was demonstrated
that the early phase response (acute pain) was
caused predominantly by C-fiber activation due to
the peripheral stimulus, while the late phase
(chronic pain) appeared to be dependent on the
combination with an inflammatory reaction in the

122022 - However, from the stand-

peripheral tissue
point of animal welfare, a technique to evaluate
the pain in anesthetized animals is essential. Re-
cently, blood-oxygen-level-dependent functional
magnetic resonance imaging (BOLD-fMRI) is
known to be useful as a noninvasive method to
evaluate the brain’s functional responses, includ-
ing quantification of the brain responses to various
BOLD-fMRI is an imaging

technique employing the difference in the oxygena-

14,16,21)

types of pain

tion level of hemoglobin, which is an endogenetic
contrast agent in anesthetized animals. BOLD re-
sponses reflects alterations in local cerebral blood
flow and volume and is considered to closely relate
to neuronal activation'. Several investigators
have reported the early responses to electrical or
capsaicin stimulation in a-chloralose anesthetized
BOLD-fMRI  tech-

Tuor et al.®® observed an early

animals  using  this

niquel’ 2,5,9-11, 15, 22)‘
phase response to formalin stimulation in o-
chloralose anesthetized rats, but they could not de-
tect a late phase response by BOLD-fMRI. In our
preliminary experiments using o-chloralose anes-

thetized rats, we also observed the early phase re-

sponse by BOLD-fMRI imaging but failed to detect
the late phase response in formalin-stimulated
rats. These results may indicate that o-chloralose
abrogates the formalin-induced late phase re-
sponse but preserves the early phase response, be-
cause early and late phase responses induced by
formalin were reported by observation of nocicep-
tive behavior in the awake rats®. Therefore, the
condition of anesthetization, i.e., anesthetic drug,
anesthetic depth and respiratory condition, is con-
sidered to be important to detect the late phase of
pain.

This study was performed to examine whether
the brain activities induced by noxious algesic
chemicals in anesthetized animals could be de-
tected by using the BOLD-fMRI technique. Since,
with inhaled analgesics, it is relatively easy to con-
trol the depth of anesthesia and BOLD-fMRI imag-
ing of brain activation induced by electrical stimu-
lation of the forepaw has been reported in rats
anesthetized with isoflurane'’, we employed isoflu-
rane anesthetization with artificial ventilation in
this experiment. Herein, we report BOLD-fMRI
visualization of brain activities evoked by two nox-
ious algesic chemical substances, formalin and
capsaicin, in 1.0%-isoflurane-anesthetized rats.

Materials and Methods

Animal  preparation : Specific-pathogen-free
Sprague-Dawley (SD) rats (Slc: 30025 g body
weight, 10-11 weeks old, n=30) were obtained from
Japan SLC, Inc. (Hamamatsu, Japan). The rats
were housed in accordance with the Guide for the
Care and Use of Laboratory Animals, Graduate
School of Veterinary Medicine, Hokkaido Univer-
sity. They were acclimated to an air-conditioned
special animal room in the Experimental Animal
Facility, Graduate School of Veterinary Medicine,
Hokkaido University. All rats had ad libitum ac-
cess to food and filtered ion-exchanged water in
sipper bottles. Each animal was initially anesthe-
tized with isoflurane (5% for induction, 2% for sur-
gery) in 30% oxygen and air (1.5 I/min). Catheters
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(PE 50) containing heparinized saline were placed
in a femoral artery and vein cannulated to monitor
mean arterial blood pressure and heart rate and to
use for administering saline or morphine (3 mg/kg,
Tanabeseiyaku, Osaka, Japan), respectively. The
right external jugular vein was cannulated to
achieve muscle relaxation by i.v. injection of gal-
lamine (Sigma-Aldrich, St. Louis, MO). The rats
were tracheotomized and artificially ventilated.
Then gallamine was administered (initial 50 ug/
kg; supplemental 50 pg/kg/h) after the artificial
ventilation (volume: 3.0-4.0 ml, rate: 75/min).
Lidocaine (1%, AstraZeneca, Osaka, Japan) was
administered to all surgical wound sites prior to
closure. For chemical stimulation, plastic cannula
tubing (22gage, TERUMO, Tokyo, Japan) was
placed subcutaneously into the left dorsal forepaw
and secured in position with surgical tape. The
tubing was filled with 50 pl of either saline, buff-
ered formalin (5%), or capsaicin (10 pug). After sur-
gery, rats were placed on a plastic MR holder and
wrapped with a hot-water-circulating blanket that
kept them at 37.5+1.0C throughout the experi-
ment. The rat’s head was held in position using
ear pins and an incisor bar.

fMRI measurements: All functional imaging ex-
periments were carried on a 7.05-Tesla Varian
Unity INOVA system (Varian Inc. Palo Alto, CA).
A DSI-1083 one-turned surface coil (16 mm in di-
ameter, Doty, Columbia, SC) was centered over the
primary somatosensory cortex. After setting up
the MRI experiments, anesthesia was reduced to
0.6, 0.8, 1.0, 1.2, or 2.0 % to investigate the most
appropriate concentration of isoflurane. As for the
appropriate concentration of isoflurane with artifi-
cial ventilation and muscle relaxation, the follow-
ing two conditions were requested; 1) to maintain
stable anesthetization, BOLD signal was under 2%
before stimulation, and 2) to observe the early
phase and the late phase responses following for-
malin stimulation, two phases responses were
clearly observed and each BOLD signal was 2% or
more. Coronal slice shimming at the center of the
coil was performed automatically to obtain half

height linewidths of the water signals of less than
20 Hz for a 5 mm-thick coronal slice. Five sequen-
tial coronal slices 0.6 mm thick centered 0.2 mm
posterior to the bregma' for covering the primary
somatosensory cortex of the forepaw (Fig. 1) were
acquired for fMRI using a T2* weighted gradient
echo sequence (GRE, TR = 375 ms, TE = 25 ms, flip
angle = 50° and a resolution of 64 X 64 in 2.56 X
2.56 cm’ resulting in a voxel size of 0.4 X 0.4 X 0.6
mm®). In each experiment, 8 dummy scans were
used to establish steady-state magnetization be-
fore data acquisition. In the fMRI experiments, a
total of 80 sets of images per rat acquired over 28
min, i.e. 20 sets of images were acquired for 4 min
before stimulation, and then 60 sets of images for
24 min after stimulation. After the fMRI experi-
ment, high-resolution GRE images were acquired
for the same slice positions in the primary somato-
sensory cortex used of fMRI experiments. The fol-
lowing parameters were employed: field of view,
2.56 X 2.56 cm’; slice thickness, 0.6 mm; acquisi-
tion number, 4; image matrix size, 256 X 256; TR,
375 ms; TE, 25 ms. Upon completion of all MRI ex-
periments, rats were euthanized with pentobarbi-
tal (200 mg/kg, 1.v.).

Data Analysis: Image data processing and analy-
ses of the significance of signal changes were proc-
essed off-line using MEDx (Sensor Systems, Ster-
ling, VA) running on a LINUX workstation. For
the series of multislice images, the parametric un-
paired ¢-test was used and BOLD signal change
(unpaired ¢-test Z-score) maps were semiautomati-
cally created on a pixel-by-pixel basis from the im-
ages in the prestimulation (20 images for 4 min be-
fore stimulation) and poststimulation (60 images
for 24 min after stimulation) periods. To locate the
activation region in the primary somatosensory
cortex (Fig. 1B), each Z-score ¢-map was linearly
superimposed on a 256 X 256 image matrix
anatomic image'”. Activated regions were defined
as pixels that revealed a statistically significant
response at a level of P<0.01 (uncorrected Z-value>
2.34). Data are presented as the mean=SEM. A
two-tailed ¢-test was used to show significant dif-
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ferences between the no-morphine and morphine

pretreatments at each time period (P<0.05).

Systemic blood pressure: Systemic blood pressure
was monitored through the right femoral artery to
a pressure transducer using PowerLab (ADinstru-
ments, Castle Hill, Australia) during fMRI experi-
ments.

Results

Isoflurane concentration

The most appropriate concentration of isoflu-
rane with artificial ventilation and muscle relaxa-
tion was investigated. Figure 2 shows representa-
tive time course of BOLD signal intensity were
plotted for % changes from 5% formalin stimula-
tion onset as a function of poststimulation time
under various isoflurane concentrations (0.6, 0.8,
1.0, 1.2, and 2.0%, respectively). When muscle re-
laxation was administrated in animal, it was im-
possible to monitor stable anesthetization by the
change of animal behavior against pain stimula-
tion. Under 2% isoflurane anesthesia, which con-
centration is usually used for surgery, BOLD sig-
nal was under 2% after saline stimulation into the
left forepaw (data not shown). Therefore, 2% or

Fig. 1. Slice selection for primary somato-
sensory cortex. A. Sagittal slice of gradient
echo image for selection of the coronal slices. a,
b, ¢, d, and e are the slice positions 1.2, 0.7,0.2, -
0.3, -0.8 mm, with plus and minus being ante-
rior and posterior to the bregma'”, respectively.
B. The trapezium is the primary somatosen-
sory cortex of the left forepaw in each slice posi-
tion of coronal slices. a, b, ¢, d, and e are the
slice positions 1.2, 0.7, 0.2, -0.3, -0.8 mm to the

bregma'”.

more BOLD signal were defined as the responses
of pain. In addition, when the change in BOLD
signal before stimulation was under 2%, the isoflu-
rane concentration was regarded as stable anes-
thetization. Moreover, it was important that the
early phase and the late phase responses following
formalin stimulation were clearly observed and
each response was 2% or more. As shown in Fig. 2,
1.0% and 1.2% isoflurane anesthesia satisfied
these conditions, however, under 1.2% anesthesia,
the early phase responses were lower than that
under 1.0%. Thus, we determined that 1.0% isoflu-
rane anesthesia was suitable to observe the early
phase and the late phase responses following for-
malin stimulation.

Formalin stimulation

Figures 3A and 3B show representative
multislice BOLD fMRI activation maps obtained
after 5% formalin (50 ul) stimulation of the left
forepaw after no-morphine (saline) and morphine
(3 mg/kg) administrations, respectively. The red
pixels in Fig. 3A show the regions indicating sig-
nificant formalin-induced increased responses in
the Z-score ¢-map (P<0.01) and were superimposed
Obviously, the
formalin-induced increased responses in BOLD

on anatomical MR images.

signals were found in the left forepaw primary so-
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matosensory area of the right hemisphere (Fig. 3A),
whereas the morphine administration remarkably
reduced the number of red pixels (Fig. 3B). Time
courses of average of signal intensity were plotted
for % changes from stimulation onset as a function
of poststimulation time (Fig. 3C). In the saline-
administered (no-morphine) group, increases of
about 8% in BOLD signals (early phase) were im-
mediately observed lasting for 4 min after stimula-
tion. Furthermore, increases of about 2-3% in
BOLD signals (late phase) were sustained from 4
to 20 min after stimulation (black circles in Fig. 3
C). In the morphine-administered group, no in-
crease in BOLD signals was detected for 24 min
(white circles in Fig. 3C), indicating that the mor-
phine administration completely inhibited the
early phase and the late phase induced by forma-
lin stimulation. Time courses of the changes in the
systemic mean blood pressure are shown in Fig. 3
D. As significant increase (A47.8 8.9 mmHg) was
observed at 30 sec after stimulation, whereas no
increase in the response of the blood pressure was
induced from 4 to 24 min after stimulation (black
circles in Fig. 3D). In the morphine-administered
group, an increase (A24.2+3.2 mmHg) was ob-
served at 30 sec after stimulation but the response
was smaller than that in the saline group (white

circles in Fig. 3D).

Capsaicin stimulation

Figures 4A and 4B show representative
multislice BOLD fMRI activation maps obtained
after 10 pg capsaicin (50 pl) stimulation of the left
forepaw after no-morphine (saline) and morphine
(3 mg/kg) administrations, respectively. The func-
tional MRI maps in Figs. 4A and 4B show that sig-
nificant increases in BOLD signals induced by cap-
saicin were detected in the left forepaw primary
somatosensory area of the right hemisphere and
that morphine preadministration remarkably de-
creased the number of red pixels. In the time
course data for the left forepaw somatosensory cor-
tex, as shown in Fig. 4C, the BOLD signals were
immediately increased about 4% after stimulation
and disappeared within 3 min (early phase). How-
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Fig. 2. BOLD-fMRI experiments under various
isoflurane concentrations with 5% formalin
stimulation of the left forepaw. Representative
time course of signal intensity for each 24 sec was
plotted for % changes from stimulation onset as a
function of poststimulation time under each isoflu-
rane concentrations (0.6, 0.8, 1.0, 1.2, and 2.0%, re-
spectively).
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% changes from stimulation onset
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Fig. 3. BOLD-fMRI experiment with 5%
formalin stimulation of the left forepaw. A
and B. The representative multislice BOLD
fMRI activation maps after no-morphine (sa-
line) and morphine (3 mg/kg) administrations,
respectively. Red pixels indicate the regions
showing significant formalin-induced increased
responses for 24 min after stimulation com-
pared to the prestimulation period in the Z-
score t-map (P<0.01, uncorrected Z-value>2.34).
C. Time courses of average signal intensity for
each 24 sec were plotted for % changes from
stimulation onset as a function of poststimula-
tion time. Black and white circles represent the
saline-and morphine-administered groups, re-
spectively.  *P<0.05, saline- vs. morphine-
administered groups in the same period. D.
Time courses of changes in increased systemic
24 blood pressure compared to prestimulation.
Black and white circles represent the saline-

and morphine-administered groups, respec-
tively. *P<0.05, saline- vs. morphine-
administered groups in the same period.
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ever, in contrast to the data obtained from the rats
exposed to formalin, late phase responses were not
observed from 3 to 24 min after capsaicin admini-
stration (black circles in Fig. 4C). The morphine
administration was shown to completely abolish
the early phase response induced by capsaicin
(white circles in Fig. 4C). Stimulation with capsa-
icin also induced a temporary increase (A49.3+7.0
mmHg) of systemic mean blood pressure immedi-
ately (black circles in Fig. 4D) and morphine treat-
ment significantly reduced this capsaicin-induced
response (A18.0+£6.4 mmHg, white circles in Fig. 4
D).

Discussion
It is well-known that BOLD signals are af-

fected by the various conditions of magnetic field
strength of the MRI equipment, position of RF coil

24

and physiological states such as the body tempera-
ture of the patient or animal'®. Furthermore, un-
like in human fMRI experiments, it is necessary to
determine the optimum concentration of anesthe-
sia that does not abolish the BOLD response in-
duced by painful stimulus in animal models. Many
investigators have reported the availability for as-
sessment of acute pain induced by electrical or
capsaicin stimulation in a-chloralose anesthetized
rodents">>*"">*  In our preliminary study of
BOLD-fMRI, we tried to assess the difference be-
tween early and late phase responses to formalin-
induced pain using in a-chloralose anesthetized
rats. However, a response for the acute phase of
formalin was observed but no late phase response
was observed until 1 hr after stimulation (data not
shown), although early and late phase responses
induced by formalin were reported by observation
20)

of nociceptive behavior in the awake rats®. It
seems that estimation of the stable anesthesia
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Fig. 4. BOLD-fMRI experiment by 10 ug
capsaicin stimulation of the left forepaw.
A and B. Representative multislice BOLD
fMRI activation maps after no-morphine (sa-
line) and morphine (3 mg/kg) administrations,
respectively. Red pixels indicate the regions
showing significant capsaicin-induced re-
sponses for 24 min after stimulation compared
to the prestimulation period in the Z-score ¢-
map (P<0.01, uncorrected Z-value>2.34). C.
Time courses of average signal intensity for
each 24 sec were plotted for % changes from
stimulation onset as a function of poststimula-
tion time. Black and white circles represent the
saline- and morphine-administered groups, re-
spectively. *P<0.05, saline- vs morphine-
administered groups in the same period. D.
Time courses of change in increased systemic
24 blood pressure compared to prestimulation.
Black and white circles indicate the saline-and

morphine-administered groups, respectively. *P
<0.05, saline- vs. morphine-administered
groups in the same period.
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level with o-chloralose is very difficult, because
the depth of a-chloralose-anesthetization depends
on the extent of surgical stress and differences be-
tween rat strains. Liu et al."” demonstrated that
isoflurane provided a stable anesthesia level by
BOLD-fMRI, although they used only electrical
stimulation to induce acute pain. Therefore, we
first investigated the most appropriate concentra-
tion of isoflurane (0.6, 0.8, 1.0, 1.2, and 2.0%)
through artificial ventilation and we found that
1.0% isoflurane anesthesia with artificial ventila-
tion was suitable to observe the early phase and
the late phase responses following formalin stimu-
lation (Fig. 2).

In this condition, as shown in Fig. 3, the Z-
score t-map and time course of BOLD signals
showed the two responses in the primary somato-
sensory cortex induced by formalin stimulation
and inhibitory effect of morphine on these
Furthermore ,

formalin-induced responses.

24

capsaicin-induced temporary increases in BOLD
signals were also observed as shown in Fig. 4, and
this response seemed to be an early phase re-
sponse (acute pain), because these BOLD signals
were observed within 2-4 min after stimulation.

Tjolsen et al.*

reported two-phase responses by
observation of nociceptive behavior in the rat, an
early phase response immediately after the forma-
lin injection, lasting for about 5 min, and a late
phase response starting after an early phase. Ca-
terina et al.” reported that paw licking behavior
indicating a painful response was terminated
within 55 sec after capsaicin injection, suggesting
that capsaicin induced the early phase response
but not the long-time persistent response. Our ob-
servations that formalin induced the early and late
phase responses and capsaicin induced only the
early phase response, are similar to those of previ-
ous studies. The BOLD-fMRI method was very

useful to assess the difference of the phenotypes of
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the brain responses to pain in anesthetized ani-
mals.

When early phase responses were induced by
both stimulants, systemic mean blood pressure
was temporally increased as shown in Figs. 3D and
4D. However, during late phase responses induced
by formalin, systemic mean blood pressure was at
the control level. Since the BOLD response was re-
ported to be strongly influenced by circulatory dy-
namics that induced changes of the ratio of oxy-
hemoglobin and deoxy-hemoglobin'®, the present
observations led us to speculate that the early
phase BOLD response was partly associated with
a passive increase of cerebral blood flow followed
by an increase of blood pressure, whereas the late
phase BOLD-response depended on changes of
heme-oxy-dynamics induced by unknown factors
other than blood pressure. However, the accurate
physiological mechanisms for the changes of
BOLD signals evoked by noxious stimuli have not
yet been clarified.

For animal research on pain and analgesics,
various techniques for visualization of neuronal
activity, i.e., immunohistochemistry for c-fos', au-
toradiography with [*C]-2-deoxy-glucose', single
photon emission tomography (SPECT) and posi-

)*® have been

tron emission tomography (PET
widely employed. These techniques are based on
the accumulation of stress marker protein and
metabolic products, or alterations of blood flow and
blood volume. However, for analysis of brain acti-
vation induced by pain stimuli, these methods
have disadvantages such as the need to kill many
animals, difficulty in measuring time course of one
animal and poor spatial resolution. For the detec-
tion of the early phase response and the late phase
response induced by noxious stimulation, a tech-
nique to monitor the time course of local brain ac-
tivity has been desired. As demonstrated here,
BOLD-fMRI experiments revealed not only topo-
logical information but also the time course of
brain activity evoked by chemical algesic sub-
stances. In the future, this BOLD-fMRI technique
may be useful for the assessment of animal pain
and development of new analgesics in clinical vet-

erinary medicine.
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