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Restraint training for awake functional brain
scanningof rodents can cause long-lasting changes
in pain and stress responses
Lucie A. Low*, Lucy C. Bauer, Mark H. Pitcher, M. Catherine Bushnell

Abstract
With the increased interest in longitudinal brain imaging of awake rodents, it is important to understand both the short-term and long-
term effects of restraint on sensory and emotional processing in the brain. To understand the effects of repeated restraint on pain
behaviors and stress responses, wemodeled a restraint protocol similar to those used to habituate rodents for magnetic resonance
imaging scanning, and studied sensory sensitivity and stress hormone responses over 5 days. To uncover lasting effects of training,
we also looked at responses to the formalin pain test 2weeks later.We found that while restraint causes acute increases in the stress
hormone corticosterone, it can also cause lasting reductions in nociceptive behavior in the formalin test, coupled with heightened
corticosterone levels and increased activation of the “nociceptive” central nucleus of the amygdala, as seen by Fos protein
expression. These results suggest that short-term repeated restraint, similar to that used to habituate rats for awake functional brain
scanning, could potentially cause long-lasting changes in physiological and brain responses to pain stimuli that are stress-related,
and therefore could potentially confound the functional activation patterns seen in awake rodents in response to pain stimuli.
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1. Introduction

Magnetic resonance imaging (MRI) of rodents is a promising
method for translational studies of pain processing, helping
elucidate rodent brain responses to pain in noninvasive ways that
no other techniques can, and potentially aiding the development
of clinical treatments.66 To gather functional scan data compa-
rable to human data, rats and mice are ideally awake in the
scanner and require restraint to eliminate motion artifact.
Magnetic resonance imaging environment training is often
performed to habituate animals to the scanner environment and
consists of exposure to restraint and scanner noise over a number
of days.2,25,43,46 However, both restraint and noise are stressors
for rodents29,41,56; so pain-related brain activation results could
be confounded by large stress effects. Indeed, it has recently
been shown that restraint stress causes large-scale alterations in
rodent functional brain networks,34 suggesting that training for
awake imaging could qualitatively alter the blood flow and blood
oxygenation level dependent (BOLD) responses that are outcome
measures of functional imaging.

Training techniques vary among laboratories (Table 1), with
some implanting cranial posts into the skulls of rodents to secure the
head,31 and others using ear bars and bite bars for the front incisors
to “clamp” the head into position.2,32,43,44 All techniques consist of
habituating the animals to the scanner environment (or a mock one)
for at least 3 days, some restraining for up to 90 minutes from the
first session,2,3,21,24,26,43 and others increasing in 10- to 15-minute
increments per day.31,45,46,75 King et al.43 investigated the effects of
scanner acclimation on heart and breathing rate, and blood stress
hormone (corticosterone) levels over 8 days and stated that as few
as 3 days of acclimation could reduce physiological and hormonal
stress levels enough to improve signal-to-noise ratio in functional
MRI (fMRI) scans. Reed et al.58 investigated the effects of restraint
training on 22 kHz ultrasonic vocalizations (a suggested index of
negative effect) andbehavioral outcomes and saw that vocalizations
reduced by day 3, but that exploratory behaviors were decreased,
and depressive-like behaviors increased after 5 days of acclimation.
No study has investigated long-term effects of training on stress
hormones, or on pain behaviors, which are highly influenced by
stress (see reviews Refs. 10,37). These measures are important for
scientists to understand, in order to improve the translational
potential of rodent imaging studies.

We aimed to model key features from published training
protocols, all of which involve physical restraint of the head and
body to some extent, and exposure to loud noise, over a number of
days. We investigated the effects of 3 days of restraint training on
pain behaviors and stress responses throughout the restraint-
training period, and also investigated long-term effects of training by
measuringpain responses to a formalin pain challenge2weeks later.

We suggest that repeated exposure to fMRI trainingmay cause
long-lasting alterations in pain and stress responses and may
have the potential to confound the interpretation of imaging data
from studies aimed at isolating pain-related brain activation in the
rodent.
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Table 1

Summary of published training protocols for rodent awake functional MR imaging studies.

Author Species 1 strain
1 n imaged

Length of
training

Time per
day

Setup Ear bars? Bite bar? Trained
in light/
dark?

(Classification of)
stress-related
exclusion criteria

Any stress
measures
taken?

Based on/
cites King
et al.43?

Lahti et al.44 Rat, male, Sprague-

Dawley, 300-350 g,

n 5 4-9

None NA Anesthetized with i.p. chloral hydrate, then the head was

put into a holder with a head coil, and ear bars were

inserted. Teeth were secured over a bite bar, and snout

bar was secured. Head holder was secured to

a mounting unit. Body was then placed into a body

holder and was secured onto a mounting unit. “The

holder was designed to allow for unrestricted respiration

with minimal movement”

Yes Yes, plus

“snout bar”

NA “… no indications of

discomfort or undue

stress as animals did

not vocalize or

struggle to escape”

No NA

Sicard

et al.62
Rat, Sprague-

Dawley, 250-300 g,

n 5 15

None NA Anesthetized for femoral artery catheterization, then put

into an acrylic head and body restrainer. Anesthesia was

reversed, and then imaged. Then isoflurane was

reintroduced and was removed again (so animal awoke

and was reanesthetized multiple times during imaging)

Yes Yes, plus

nose bar

NA None Blood pressure,

heart rate,

respiration rate (for

physiology

outcomes, not

stress)

NA

Brevard

et al.7
Rat, male, Sprague-

Dawley, 200-300 g,

n 5 6?

None NA Anesthetized for femoral artery catheterization, then

put into an acrylic head and body restrainer.

Anesthesia was reversed, and then imaged. Then

isoflurane was reintroduced and was removed again

(so animal awoke and was reanesthetized multiple

times during imaging)

? ? NA None No NA

Duong22 Rat, Sprague-

Dawley, 250-300 g,

n 5 7

None NA See Sicard et al.62 and Brevard et al.7 Yes Yes, plus

nose bar

NA None Blood pressure, heart

rate, respiration rate

(for physiology, not

stress)

Yes

Tenney

et al.65
Rat, male, Sprague-

Dawley, 200-300 g,

n 5 8

None, but rats were

placed into

a restrainer to check

whether stress of

restraint affected

EEG

30 min? Anesthetized with Domitor, fixed with MR-compatible

epidural EEG electrodes, secured into a concentric

Plexiglas head and body holder and the sedative was

reversed with antisedan

? ? NA None No NA

Becerra

et al.2
Rat, Sprague-

Dawley, 250-350 g,

n 5 24

3 d 30 min Anesthetized, then put in a mock scanner cradle and

exposed to loud sounds

? ? ? “Excessive

movement or

vocalization,” or

change in heart rate

during thermal

stimuli. (n 5 5

of 24)

No Yes

(continued on next page)
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Table 1 (continued)

Author Species 1 strain
1 n imaged

Length of
training

Time per
day

Setup Ear bars? Bite bar? Trained
in light/
dark?

(Classification of)
stress-related
exclusion criteria

Any stress
measures
taken?

Based on/
cites King
et al.43?

Becerra

et al.3
Rat, male, Sprague-

Dawley, 300-350 g,

n 5 13

3 d 60 min Anesthetized, then put in a mock scanner cradle and

exposed to loud sounds

? ? ? “Excessive

movement or

vocalization,” or

change in heart rate

during scanning.

(n5 2 for movement)

No Yes

Desai et al.21 Mice, C57BL/6,

n 5 2-9

3 d ;60 min Head post implanted before imaging. Then, the animal

was put into an MRI cradle and restrained for;20 min,

with chocolate sprinkles. After 20 min of head restraint

acclimation, cradle was inserted into a scanner. Cradle

was locked to the MRI scanner stage, and SE-EPI

sequence was run for 40 min “The animal was taken out

of the scanner and was given 2 more chocolate sprinkles

before finally being taken out of the body restraint tube

and the head post holder”

No No ? “Little or no

struggling, eye

secretions indicative

of stress in mice, or

excessive

vocalizations or other

signs of stress”

No Yes

Johnson

et al.38
Rat, male, Sprague-

Dawley, 200-225 g,

n 5 12

3 d? ? ? ? ? ? 4 per group excluded

(from original n5 10

per group) for

excessive motion

artifact

No Yes

Brydges

et al.9
Rat, male, Lister

Hooded, 260 6 20

g, n 5 32

3 d, but only trained

on days 1 and 3.

Imaged on day 5

30 min? Anesthetized, then plastic semicircular headpiece with

blunted ear bars was placed over the head. The head

was then put into a cylindrical head holder with canines

secured. Adjustable surface coil built into the head

holder was then pressed firmly on the head and was

locked into place. Body of the animal was placed into

a body restrainer, and headpiece was locked into

a mounting post on the front of the chassis (“This design

isolates all of the body movements from the head

restrainer and minimizes motion artifact”). Rats recover

from isoflurane. Also, body temperature was monitored

by rectal probes

Yes Yes ? None Heart rate was

monitored during

acclimation days for

6 rats

Yes

Harris et al.32 Rat, male, Sprague-

Dawley BDNF1/1
and controls, 300 6
20 g, n 5 27?

3 d, but only trained

on days 1 and 3.

Imaged on day 5

30 min As above Yes Yes ? “Two control rats

were removed from

the analysis due to

excessive

movement”

No Yes

Ferris et al.26 Rats, female,

Sprague-Dawley,

;2-3 mo? n 5 18

“Every other day for

4 d”

90 min Anesthetized then the head was fixed into a headpiece,

body was restrained, then was placed into a black

opaque tube “mock scanner,” with a tape recording of

an MRI pulse sequence

Yes, plus

topical

analgesic

Yes, plus

“snout bar”

? None No No

(continued on next page)
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Table 1 (continued)

Author Species 1 strain
1 n imaged

Length of
training

Time per
day

Setup Ear bars? Bite bar? Trained
in light/
dark?

(Classification of)
stress-related
exclusion criteria

Any stress
measures
taken?

Based on/
cites King
et al.43?

Febo et al.24 Rat, male, Sprague-

Dawley, 300-350 g,

n 5 4?

“3-4 d”? 90 min Anesthetized then the head was fixed into a headpiece,

body was restrained in a “floating” restrainer, then was

placed into a black opaque tube “mock scanner,” with

a tape recording of an MRI pulse sequence

Yes, plus

topical

analgesic

Yes, plus

“snout bar”

? None No Yes

Tsurugizawa

et al.67
Rat, male, Wistar,

300 g, n 5 12

5 d 30 min on first day,

then 90 min on days

2-5

Head post implanted and recovery for .1 wk. Training

days: rats were anesthetized, head post was fixed and

body was restrained in a training apparatus by rubber

bands. Days 4 and 5 in actual scanner

No, but “ear

plugs” for

noise

? ? None Heart rate and

respiration rate–data

not shown. “Within

normal levels”

No

Liang et al.46 Rat, male, Long-

Evans, 250-350 g,

n 5 16

7 d 15 min on 1st day,

up 15 min per day to

60 min on days 4-7

Anesthetized, then put into a Plexiglas stereotactic

head holder, then placed into “black opaque tube

mock scanner with tape-recorded noise”

Yes, plus

topical

analgesic

Yes ? None No Yes

Zhang

et al.75
Rat, male, Long-

Evans, 350-450 g,

n 5 8

8 d 15 min on 1st day,

up 15 min per day to

90 min on days 6-8

Anesthetized, then put into a Plexiglas stereotactic

head holder, then placed into “black opaque tube

mock scanner with tape-recorded noise”

Yes, plus

topical

analgesic

Yes ? None No Yes

Liang et al.45 Rat, male, Long-

Evans, 350-450 g,

n 5 16

8 d 15 mins on 1st day,

up 15 min per day to

90 min on days 6-8

Anesthetized, then put into a Plexiglas stereotactic

head holder, then placed into “black opaque tube

mock scanner with tape-recorded noise”

Yes, plus

topical

analgesic

Yes ? None No Yes

Hagino

et al.31
Rat, male, Wistar,

260 g, n 5 14

7-10 d 10 min increasing up

to 3 hrs

Cranioplastic cap attached to the skull 5-7 d before

training. The heads were then fixed rigidly and ear

bars were inserted; the rats licked glucose water from

a spout as a reward (were also water-deprived)

Yes No ? None No No

Jonckers

et al.39
Mouse, male,

C57BL/6, 23 g, n 5
5

8 d 15 min on 1st day,

up 15 min per day to

90 min on days 6-8

Anesthetized then restrained in a stereotactic frame,

then (presumably) allowed to awaken

Yes, plus

topical

analgesic

? ? None No Yes

Harris et al.32 Mouse, male,

C57BL/6, 34 g, n 5
8

5 or 12 d 5 d (n 5 4): 22 min

on days 1 and 3. 12

d (n5 4): 6, 12, 20,

22, and 22 min on

days 1, 3, 5, 8, and

10, respectively

Anesthetized then placed into a restraint apparatus. All

limbs secured with surgical tapes, trunk of the body was

held in a cylindrical restrainer, plastic shoulder bar was

placed over the body. Mice exposed to pulse sequence

sounds in mock scanner –noise levels increased from

96 dB to 122 dB on final day. Also, body temperature

was monitored by rectal probes

? Yes, plus

foam

“headband”

? None Yes–respiration rate,

heart rate, body

movements, body

weight, and CORT

Yes

Studies investigating training effects not included.

?, no information given; BDNF, brain-derived neurotrophic factor; CORT, corticosterone; EEG, electroencephalogram; MR, magnetic resonance; MRI, magnetic resonance imaging; NA, not applicable; SE-EPI, spin-echo echo planar imaging.
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2. Materials and methods

2.1. Animals

Male Long Evans rats (Charles River, 8 weeks of age, 250-300 g;
10-12 per group) arrived at the animal facility and were pair-
housed on a 12:12 hour light:dark cycle, with free access to food
andwater for 2 weeks before experiments began. All experiments
were approved by the National Institute of Neurological Disorders
and Stroke, Animal Care and Use Committee at the National
Institutes of Health. All experiments were performed between 9
AM and 1 PM, during the light phase.

Animals were assigned to either the restrained condition
(REST) or control condition (CON). Treatment groups were
housed in the same room within the animal facility and cohorts
of 6 rats were tested at a time. Pair-housed rats received the
same treatment, and restrained and control cohorts were tested
separately. Although it has been suggested that acclimatizing
rodent in pairs may be helpful,51 we tested the rats one at a time,
as is most commonly done in studies that acclimatize the animals
to the magnetic resonance (MR) environment.

2.2. Treatment groups

2.2.1. Restraint treatment

The restraint treatmentwas designed to replicate themain features
of a number of training procedures used to train rats for awake
imaging within the MRI machine,2,3,43 mainly involving restraint of
the head and body, and exposure to loud scanner noise over
a number of days (Table 1, pages 38-40). Magnetic resonance
imaging restraint cradles, with head coil tubes, were custommade
to the same specifications as the cradles used for small animal
imaging, to accommodate rats from250 to 500 g (National Institute
of Neurological Disorders and Stroke/National Institute of Mental
Health machine shop, National Institutes of Health).

On days 2, 3, and 4, animals arrived individually in the testing
room and were briefly anesthetized (,3 minutes) with 2%
isoflurane in 2 L/min O2 in an induction box while being fitted
snugly into clean fabric restraint devices (Lomir Biomedical Inc,QC,
Canada), which immobilized all limbs and left the head and tail
protruding at each end. While still sedated, rats were placed into
a cleanMRI cradlemock-up (Fig. 1A) and the head placed into the
head coil tube mock-up. Rats were then taped to the bench
surface with duct tape to prevent self-damaging movement and
escape, but not enough to restrict breathing. As animals awoke
from anesthesia while restrained, a timer was started for 30
minutes and a loud recording of an MRI echo planar imaging
sequence began, delivered through large over-ear headphones
(Sony,model #MDR-NC8, Tokyo, Japan). Noise levels were similar
to those within a 7.4T Bruker Pharmascan small animal MRI (;90
dB) in the center of the headphones, where the rats’ heads were
positioned. An experimenter closely observed the animal through-
out the entire testing period tomonitor the animals’ physical safety.
After 30 minutes, tape was removed and restraint devices were
undone; all animals voluntarily freed themselves immediately and
were returned to holding cages before being taken through to
another testing room for sensory testing.

To monitor distress and set ethical experimental endpoints,
behavioral distress scores61 were noted every 5 minutes during
the restraint period. If any animal scored at a level of 5 (“Mild
agitation for about half of the restraint period”) or above for more
than 5 minutes, testing was to be terminated. In addition, any
animal that lost more than 10% of its body weight, or showed
a decrease in body condition score36 over the course of 5 days of

testing, was to be excluded. No animals were excluded from the
analysis for these reasons.

After testing, all the used restraint devices were placed into
a sealed bag. Restraint cradles, earphones, and bench tops were
cleaned with 70% ethanol and wiped to remove traces of
previous animals before the arrival of the next animal.

2.2.2. Control treatment

Control rats were tested on different days to restrained rats.
Similarly, on days 2, 3, and 4, animals arrived individually in the
testing room and were briefly anesthetized (,3 minutes) with 2%
isoflurane in 2 L/min O2 in an induction box. However, rats were
not restrained, but instead awoke from anesthesia in a clean
housing cage together with clean restraint apparatus (fabric
restrainer and MRI cradle, Fig. 1A). Headphones playing the
same MRI echo planar imaging sequence were hung over the
edge of the cage and the sequence was played at;18 dB. Over
the 30-minute period, animals were free to explore the cage and
apparatus. At the end of this period, rats were returned to holding
cages before being taken through to another testing room for
sensory testing.

As with the restrained group, after testing, the restraint device
present in the cage was placed into a sealed bag. Restraint
cradles, earphones, and bench tops were cleaned with 70%
ethanol and wiped to remove traces of previous animals before
the arrival of the next animal. Cages in which the animal had been
exposed to equipment were removed from the room.

2.2.3. Both groups

To simulate pain testing used in previous MRI awake rodent
paradigms,2 on day 4 (third restraint day), 5 minutes before the
end of the exposure period, every animal was removed from the
apparatus (either from the fabric restraint or from the cage
containing the equipment) and restrained in a clean black towel
while thermal heat stimuli were applied through a thermode (43 4
mm) to the plantar surface of the right hind paw (Medoc TSA II;
Medoc, Ramat Yishai, Israel). All rats received four 36-second heat
stimuli (48˚C), with an interstimulus interval of 32 seconds. This
procedure took 2 to 3 minutes. This acute pain stimulus was also
used as a positive control to confirm that acute pain increases
corticosterone (CORT) levels. Afterwards, as on other days, rats
were returned to holding cages before being taken through to
another testing room for sensory hypersensitivity testing.

2.3. Experimental timeline

See Figure 1B for the experimental time line. One week after
arriving at the facility, rats were handled and acclimated to
mechanical and thermal withdrawal threshold testing equipment.
On 3 consecutive days before baseline testing, rats were placed
into acrylic chambers, 20 3 10 3 12 cm (IITC Life Science Inc,
Woodland Hills, CA) for 30 minutes and left quietly to acclimate to
testing boxes.

Animals were weighed daily on testing days, except the final day
16. Baseline mechanical and thermal withdrawal thresholds were
taken on day 1. Thermal thresholds were measured using the
Hargreaves apparatus (Ugo Basile, Varese, Italy), where a radiant
heat source shines through a thermo-neutral glass plate onto the
plantar surface of the hind paw—when the rat flinches away from
the heat, the heat source shuts off and the time to flinch (in
seconds) is displayed.Cutoff timewas set at 20seconds toprevent
tissue damage. Mechanical thresholds were measured using
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a dynamic plantar anesthesiometer (Ugo Basile), where a filament
rises throughawiremesh floor and is applied to theplantar surfaceof
the hind paw from underneath. When the animal flinches, the
filament drops, and the force (in grams) that provoked the flinch is
displayed. Maximum force was set to 50 g. Each animal was tested
oneat a time, in the thermal, thenmechanicalwithdrawal equipment,
and equipment was thoroughly cleaned and dried between animals
(70% ethanol followed by 1:10 dilute Windex [SC Johnson, Racine,
WI]). Immediately after sensory threshold testing, 70mL of bloodwas
taken through a;1mm tail nick using an #11 scalpel blade at the tip
of the tail and collected into heparin-coated capillary tubes. Tubes
were immediately spun using a high-speed microcentrifuge
(StatSpin CritSpin; Beckman Coulter Inc, Indianapolis, IN) for 2
minutes and blood plasma were collected and stored at280˚C.

On days 2 to 4, rats were subjected to restraint (restrained,
REST, group) or exposure to restraint apparatus (control, CON,
group). Testing order of animals was rotated between animals
each day so that no animal was tested at the same time every day
to control for the effect of time of day on nociceptive behavioral
testing.14 For all animals, the order of testing was as follows:
(1) All animals in the cohort were removed from the animal facility
in their home cages and placed into a quiet “holding room” for
;30 minutes to settle.

(2) Individual rats were removed from the holding room in a clean
holding cage and were taken to the testing room for treatment
(REST or CON). Nontested animals remained in the holding
room.

(3) Individual animals were restrained, or not, by a female
experimenter in the testing room.

(4) Afterwards, each animal was placed back into their holding
cage and taken to a third room where thermal and mechanical

testing occurred, and blood was taken by a blinded female
experimenter.

(5) After testing, rats were replaced into their holding cage and
removed from the testing room, being kept separate from all
other animals until all testings were complete.

(6) After the final animal was tested, all animals in the cohort were
returned to their home cages and returned to the animal facility.
On day 5, all animals had sensory thresholds taken in the same

manner as the baseline measurements (individually, thermal then
mechanical, then finally blood was taken).

On the 14th day after baseline testing (day 15), rats were
subjected to a final set of sensory threshold testing and blood
collection, tested in the samemanner as for baselinemeasurements.

On the final day, day 16, rats were brought into a testing room
one at a time and received 50 mL of 1% formalin in saline injected
subcutaneously into the plantar surface of the right hind paw.
Animals were immediately placed into Plexiglas observation
boxes (30 3 30 3 30 cm) where an angled mirror displayed the
underside of the animal, for video recording over 60 minutes.
Immediately after the 60-minute recording period, a final blood
draw was taken and rats were anesthetized with 5% isoflurane,
then transcardially perfused with 4% paraformaldehyde. Brain
tissue was extracted, postfixed for 24 hours, and placed into 30%
sucrose for 14 days. Tissue was then blocked and frozen into
Tissue-Tek OCTcryoprotectant (Sakura Finetek USA Inc, Tor-
rance, CA) and stored at 280˚C.

2.4. Sensory sensitivity analysis

Because of large interindividual differences within groups, data
were converted to percentage change from baseline for each

Figure 1. (A) Images of restraint-training procedures. Restrained animals woke up from brief anesthesia in the cradle equipment, being physically firmly restrained
and taped to the bench top to prevent self-injurious behavior (but not restrict breathing). AnMRI EPI sequence was played through headphones for 30minutes, at
a level of 90 dB where the animal’s head rested. For controls, animals awoke from brief anesthesia in a clean cage containing the same restraint cradle and jacket
and heard the same EPI sequence at;18 dB through headphones. Black rubber rat used for illustrative purposes. (B) Experimental time line. MRI EPI, magnetic
resonance imaging echo planar imaging.
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animal. Thermal and mechanical withdrawal thresholds were
analyzed using SPSS v22 (IBM, New York, NY) in a 2-way
repeated-measures mixed-model analysis of variance (ANOVA)
with treatment group, test day and paw as factors. Bonferroni
post hoc tests were carried out as appropriate, if a main effect
was seen.

2.5. Formalin test analysis

Behavioral videos of formalin responses were manually scored in
5-minute time bins up to 60 minutes, using JWatcher software
(http://www.jwatcher.ucla.edu/). Outcome measures scored
were time spent lifting of the injected paw; time spent licking
the injected paw; number of flinches of injected paw; time spent
guarding the injected paw; time spent exploring the test chamber;
and number of rears per time bin. A weighted pain score was
calculated, adapted from Dubuisson and Dennis (1977) accord-
ing to the following equation:

ð½23 seconds  guarding�1 ½33 seconds  licking�Þ
=ðtotal  seconds  in time binÞ

Data were analyzed using SPSS in a repeated-measures
mixed-model 2-way ANOVA, with treatment and time bin as
factors. Bonferroni post hoc tests were carried out as appropri-
ate, if a main effect was seen.

2.6. Histology

To gain a measure of brain activation which was not MR-related
and was therefore a reflection of MR training alone, brain blocks
containing the amygdala (21.50 to23.00mm relative to Bregma)
53 were sectioned into 30-mm slices and every seventh slice
(210 mm intervals) stained for Fos protein, a product of the c-fos
immediate early gene and marker of cell activation. Briefly,
endogenous peroxidase activity was inactivated with 0.6%
hydrogen peroxidase, then free-floating sections were incubated
for 48 hours at 4˚C in 0.01 M phosphate-buffered saline (PBS, pH
7.4) containing 1% normal donkey serum (Jackson ImmunoR-
esearch Labs, West Grove, PA), 0.3% Triton X-100 (Sigma, St.
Louis, MO), and rabbit anti-c-fos IgG (1:3000, Cat. # SC-52;
Santa Cruz Biotechnology, Santa Cruz, CA). To visualize the Fos-
positive cells using the avidin–biotin complex method, sections
were incubated in PBS-containing normal donkey serum, Triton-
X, and biotin-SP-AffiniPure donkey anti-rabbit IgG (1:500;
Jackson ImmunoResearch Labs) for 1 hour, then in PBS-
containing avidin-biotinylated horseradish peroxidase complex
(Vectastain elite ABC kit; Vector Lab, Burlingame, CA) for another
hour. Sections were incubated for 6 minutes in 0.05 M Tris buffer
(pH 7.2) containing 0.03% 39,39-diaminobenzidine (Sigma) and
0.0075%hydrogen peroxide (Sigma). All stepswere carried out at
room temperature except when indicated, and each step was
followed by PBS washes. Sections were then rinsed in distilled
water, slide-mounted, dehydrated in ethanol, cleared in xylene,
and finally coverslipped in Permount (Fisher Scientific, Fair
Lawn, NJ).

To quantify, bright field images were taken at35magnification
using a Leica DM5500B microscope. Six to eight sections per
animal were imaged bilaterally. Number of Fos-positive cells was
quantified using NIS Elements software (Nikon Instruments Inc,
Melville, NY), where a region of interest (ROI) was placed over the
basolateral (BLA) (96.2 mm2) and central (CeA) (64.9 mm2) nuclei
of the amygdala, bilaterally, and cell counts were automatically
quantified. Average cell counts per ROI were calculated. Because

of differences in staining intensity between staining batches,
average cell counts per batch were calculated and each animal
normalized to the batchmean. Group differenceswere compared
by one-way ANOVA. All data were graphed in Prism 6 (GraphPad
Software Inc, La Jolla, CA).

3. Results

3.1. Restrained animals gain weight more slowly than
control groups

All animals gained weight over the course of the 15-day testing
period (day F(5,115) 5 20.01, P, 0.0001, Fig. 2). At the final time
point, both groups lie within the normal weight ranges for male
Long Evans rats at 12 weeks of age (350-430 g, according
to http://www.criver.com/products-services/basic-research/find-
a-model/long-evans-rat), but nevertheless, restrained rats gained
less weight overall and weighed significantly less on day 15 than
controls (P 5 0.006).

3.2. Corticosterone stress responses are greater in
restrained animals

Restrained animals showed higher levels of CORT than controls
overall in response to treatment (F(1,102) 5 21.47, P , 0.0001,
Fig. 3A), with clear peaks compared with baseline at day 1,
immediately after the first restraint (P , 0.0001), and day 3, after
acute thermal pain challenge (P , 0.0001). Restrained animals
had significantly higher CORT levels than controls on days 1, 3,
and postrestraint (P , 0.001, P 5 0.011 and P 5 0.005,
respectively).

On day 3, while both groups showed an increase in CORT
responses compared with baseline after the acute thermal pain
stressor (P , 0.0001), REST animals showed the greatest
response (P 5 0.011 vs CON, Fig. 3B).

3.3. Thermal and mechanical withdrawal thresholds are not
affected by restraint but drop after acute thermal
heat challenge

Control and restrained animals did not show deviations from
baseline thermal withdrawal thresholds until the third day, when
both groups showed a significant drop in thermal withdrawal
thresholds after noxious heat challenge (F(1,252) 5 7.46, P ,
0.0001, Fig. 4A). Although only the right paw received thermal

Figure 2. Restrained rats gained less weight over the testing period than
controls (F(5, 115) 5 20.01, P , 0.0001), weighing significantly less than
controls on day 15 (D15, P 5 0.006). **CON vs REST at day 15. n 5 10 per
group. CON, control; REST, restrained.
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stimulation on day 3, the reduced withdrawal threshold occurred
bilaterally, with no difference between left and right paws on any
day (F(1,252) 5 1.04, P 5 0.31). Similar bilateral effects were
observed for mechanical withdrawal thresholds (Paw F(1, 252) 5
0.00, P 5 0.99), with both the restrained and control groups
showing a decrease in mechanical withdrawal threshold after the
noxious thermal challenge on day 3 (Treatment F(2,252) 5 0.39,
P 5 0.53, day 3 P 5 0.009, Fig. 4B).

3.4. Restrained animals show decreased nociceptive
responses to a formalin challenge 2 weeks after
restraint treatment

When the formalin pain test was performed on day 16 (12 days
after the final restraint), previously restrained animals showed
a lower weighted pain score than CON to 1% formalin (F(1,264) 5
17.69, P , 0.0001, Fig. 5A), suggesting a delayed analgesic
effect of restraint training on pain behaviors.

Corticosterone hormonal levels were evaluated immediately
after formalin behavioral testing. Both restrained and control
animals showed increases in stress hormone compared with
their baselines (REST P 5 0.003, CON P 5 0.02, Fig. 5B),
suggesting that formalin was stressful for both groups, despite
the differences in their behavioral reactions to the formalin
injection.

3.5. Restrained animals show a greater amygdalar response
to formalin compared with controls

When Fos-positive cells were quantified in the BLA and CeA,
there were bilateral increases in Fos immunoreactivity (P$ 0.63),
therefore left and right hemisphere ROI counts were pooled.

In the BLA, there were no group differences in Fos
immunoreactivity (P 5 0.27, Fig. 6B). However, in the central,
or “nociceptive” amygdala, there was significantly greater Fos
immunoreactivity, and by extension cell activation, in the CeA of
the restrained rats comparedwith controls, (P, 0.0001,Fig. 6C).
These results suggest that restraint training caused lasting
alterations in the processing of formalin pain in the brain.

4. Discussion

In this study, we modeled previously published training protocols
for fMRI of awake rats and found both short-term and long-term
effects of training. We found that although training led to similar
mechanical and thermal nociceptive responses during the
training days, they caused delayed effects on pain behaviors in
the formalin test 2 weeks later, with associated alterations in brain
processing of pain. Further, despite the absence of nociceptive
behavioral differences on the training days, CORT levels were
elevated, indicating that the restrained rats were physiologically
more stressed than the controls. Additionally, restrained rats

Figure 4. (A) Restrained and control groups showed no differences in thermal withdrawal thresholds (F(1,252) 5 2.29, P 5 0.13) and there were no differences
between left and right hind paw thresholds (F(1,252)5 1.04, P5 0.31), so data from the right hind paw only is shown on graphs. However, there was a significant
effect of day (F(5,252)5 7.46, P, 0.0001) as on day 3, both groups showed a drop in thresholds after acute thermal pain challenge (P, 0.008). **Both groups P5
0.008 day 3 vs baseline. (B) There were no group differences in mechanical pawwithdrawal thresholds (F(1,252)5 0.39, P5 0.53), but there was an overall effect of
time (F(5,252) 5 5.45, P 5 0.005) and both groups showed a drop in thresholds on day 3. **Both groups P 5 0.009 day 3 vs baseline. n 5 12 per group. CON,
control; REST, restrained.

Figure 3. (A) Restrained animals showed the highest levels of CORT overall in response to treatment (F(1,102)5 21.47, P, 0.0001), and there was an overall effect
of treatment day on CORT levels (F(5,102) 5 5.89, P , 0.0001), plus a significant treatment 3 day interaction (F(5,102) 5 2.46, P 5 0.038). On days 1, 3, and
postrestraint, REST animals had significantly higher levels of CORT compared to CON animals (asterisks on graph, post hoc values: D1 P, 0.001, D3 P5 0.011,
post P5 0.005). Diamonds represent each group’s day vs baseline—for REST animals, D1 P, 0.0001, D3 P, 0.0001, post P5 0.007. There was a significant
increase in CORTon day 3 vs baseline for both groups (P, 0.0001), after an acute thermal pain stressor. (B) After the thermal pain stressor on day 3, REST animals
had higher CORT levels than CON animals (P 5 0.011). n 5 10 per group. CON, control; CORT, corticosterone; REST, restrained.
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gained weight at a slower pace than control animals. This reduced
weight gain is in line with literature showing that physical restraint
(acute and chronic) prevents weight gain in rats.23,30,33,55,76 Our
findings of increased CORT and reduced weight gain in response
to training is consistent with studies showing that restraint reliably
activates the hypothalamic-pituitary-adrenal gland axis, and as
such is a stressful procedure.27,40,47,59

Behaviorally, restrained animals showed no differences to
control animals in thermal and mechanical withdrawal thresholds
when tested immediately after restraint. Based on the published
effects of restraint, we expected to see stress-induced changes
in nociceptive behavior, most likely stress-induced analgesia
(SIA). Stress-induced analgesia is a phenomenon where expo-
sure to a stressor causes a reduction in pain behavior. First
described over 4 decades ago, SIA and its underlying neurobi-
ology has been extensively studied (see Ref. 10 for a review) and
has been documented in rodents and other mammals after acute

restraint,11,17,42,59,71 often manifesting in longer withdrawal
responses to tail flick tests (where a rodent flicks its tail to remove
it from painfully hot water) and hot-plate escape latencies. As SIA
has been shown in response to a thermal nociceptive stimulus,
we expected restrained animals to show decreases in thermal
withdrawal thresholds relative to control rats, but did not see
differences. This could partly be due to the fact that MRI training
and scanning not only involves physical restraint but also
exposure to loud (.85 dB), unpredictable noises. Noise is
a stressor for rodents and causes elevated CORT levels,1,35

increased startle responses,19 stress-related analgesia through
endogenous opiate systems18 and has even been used to induce
an animal model of fibromyalgia.29,41 The combination of both
physical restraint and loud noise could affect the stress response
in different ways to a single stressor alone. Indeed, combinations
of stressors including restraint, foot shock, noise, and exposure
to predator odors have been used to create rodent models of

Figure 6. (A)Whole brain image of Fos-stained slide, plus enlargement of regions of interest (ROIs) used for cell quantification. Red dashed lines indicate the central
nucleus (CeA) and basolateral nucleus of the amygdala (BLA), and red and yellow circles indicate ROIs for those regions. (B) In the BLA, there were no differences
between restrained and control animals in Fos-positive cell numbers post-formalin (P5 0.27, one-tailed t test). (C) Restrained animals showed more Fos-positive
cells in the CeA after the formalin test compared with controls. ****P , 0.0001, n 5 11 to 12 per group.

Figure 5. (A) Restrained animals showed decreased behavioral responses (weighted pain scores) to 1% formalin injection in the hind paw compared with control
animals, when tested 2 weeks after restraint (F(1,264)5 17.69, P, 0.0001). *P, 0.05, **P, 0.01, controls vs restrained groups. n5 11 to 12 per group. (B) Both
restrained and control animals showed increases in CORT responses vs baseline after the formalin test (REST P 5 0.003, CON P 5 0.02, 1-tailed Wilcoxon
matched-pairs signed rank test). *P , 0.05 and **P , 0.01 post-restraint vs baseline, n 5 11 to 12 per group. BL, baseline; CORT, corticosterone; Post, post
formalin.
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post-traumatic stress disorder, which can cause enhanced or
reduced pain responses depending on the model used and
nociceptive measurements employed (see Ref. 70 for a review).

An alternative explanation for the lack of expected SIA could be
that, simple reflexive behavioral tests such as the Hargreaves test
may not be sensitive enough to uncover the subtle and complex
cognitive changes induced by fear and stress, and their
interaction. The literature on the effects of physical restraint alone
has documented effects on a variety of cognitive modalities
including anxiety and depressive-like behaviors,16,30,49 spatial
memory formation and recall,6,15 object recognition and mem-
ory,4 fear learning60 and social interaction.72

Twoweeks after MRI training, rats received a formalin pain test.
Previously restrained rats showed a reduction in pain behaviors
relative to controls—possibly a long-lasting form of SIA. In
addition, the CeA showed greater activation in the restrained
group compared with controls, and vs the BLA, suggesting that
MRI restraint training can qualitatively alter central pain process-
ing. The CeA and BLA are both involved in pain proces-
sing50—the BLA acts to integrate polymodal sensory
information and projects to the central nucleus, but the CeA
has been called the “nociceptive” amygdala, where anxiety and
fear-related inputs are integrated, and projections to the forebrain
and periaqueductal gray then influence top-down and descend-
ing modulation of pain-related signals.12,13,69 The increase in cell
activation of theCeA suggests that BOLD and cerebral blood flow
outcomemeasures could also potentially be affected by changes
in pain-related processing after MRI training.

Current rodent imaging protocols often anesthetize animals to
eliminate movement artifact within the scanner and reduce stress
effects,28,52,64 but anesthesia depresses cortical activity and can
have large effects on the main outcome measures of functional
imaging—blood flow andBOLD responses—in both humans and
rodents.44,48,57,62 Additionally, anesthetics cause loss of con-
sciousness, which is problematic when investigating outcome
measures with a large cognitive component such as emotional
processing, pain, stress, memory, and decision-making tasks.
Therefore sedatives (ie, alpha-chloralose) in combination with
paralytics (ie, pancuronium bromide) have been used to subdue
rodents and remove the possibility of motion artifact.54,63

Although this method retains a good signal-to-noise ratio for
functional imaging,68 alpha-chloralose is unsuitable for recovery
and/or longitudinal studies. Furthermore, animals are still re-
sponsive to external stimuli and, coupled with paralysis, this
raises the possibility that the animals are highly stressed, but
cannot respond behaviorally, potentially confounding cerebral
blood flow and BOLD responses.

Imaging rodents while awake is the best way to gain
translational functional brain imaging data, but rats must be
trained to tolerate the scanner environment—MRI experiences
can be stressful in humans, but rodent imaging is obviously
complicated by the fact that procedures cannot be explained to
rodents, nor can they be expected to stay still. Current training
models employ repeated restraint and exposure to MRI noises
over a number of days,2,25,43,45 but the behavioral effects of
training have not yet been fully validated—CORT levels, breathing
and heart rates drop over 3 days of training but appropriate
baseline comparison measures have not been reported, and the
only behavioral outcome measures noted are physical struggling
and audible vocalizations. These are problematic because neither
outcomes are visible or audible when an animal is within a noisy
scanner bore, and the majority of rodent communication is at
frequencies inaudible to humans ie, alarm calls are emitted at
;22 kHz.8 Reed et al.58 investigated the behavioral effects of

restraint training and found that 22 kHz calls reduce over 5 days,
but immobility in the forced swim test increases, suggesting
a form of learned helplessness in MRI-trained rodents. Here, we
demonstrate that repeated MR training can affect behavioral
responses to the formalin pain test 2 weeks later, which is coupled
with altered cell activation in the amygdala. Together with the
similarity in training protocols to rodent fibromyalgia29,41 and post-
traumatic stress disorder models,70 it is possible that repeated
restraint training causes long-term alterations in an array of
behaviors, which could potentially confound the interpretation of
functional BOLD responses, particularly in the pain field.

Training protocols for awake rodent fMRI are highly variable
(Table 1). However, we have incorporated the most critical
aspects that are known to cause stress—namely, physical
restraint and exposure to loud noise over a number of days.
Training protocols also briefly anesthetize rodents for restraint.
This brief (,5 minutes) repeated anesthesia rapidly influences
CORT levels in female rats,5 and brief isoflurane can cause
biochemical and hormonal changes in both genders.20,73,74

Some laboratories immobilize the head only to allow more free
movement of the body,9,24,26 but these protocols still involve bodily
restraint of some form, which is stressful for predated rodents.
Other laboratories train animals for longer periods up to 10
days,31,32 but chronic exposure to restraint and noise stressors
can also cause changes in pain behaviors.10 Thus, one goal of the
current report is to encourage researchers to verify whether or not
their training protocols affect behavioral outcome measures,
despite finding near normal stress levels. Indeed, King et al.42

showed that CORT levels return to baseline levels by day 3 of
training, but we have shown that despite trained rats’ CORT levels
being indistinguishable from control rats after a pain test 2 weeks
after training, behavior and brain activation patterns were quanti-
tatively different. This suggests that CORT levels alone may not fully
describe the longer-term stress-related effects of MRI training.

In conclusion, we have investigated the long-term behavioral,
hormonal, and cellular effects of MRI restraint training for imaging
of awake rodents and have shown that MRI restraint training can
cause increases in CORT levels and may cause long-lasting
alterations in pain behavior, as shown by reduced responses to
the formalin test 2 weeks later. This restraint stress also altered
cellular activation of the “nociceptive” CeA, showing that restraint
training for awake imaging of rodents may qualitatively alter brain
activation, therefore presenting a potentially serious confound for
interpretation of these studies. We encourage researchers
interested in awake rodent imaging to carefully design their
training protocols and verify that the protocols used cause
minimal effects to behavioral outcome measures at all imaging
time points, to help limit the potential stress-related effects of
training.

Conflict of interest statement

The authors have no conflicts of interest to declare.
This work was funded by the Intramural Research program of

the National Center for Complementary and Integrative Health
(NCCIH) at the National Institutes for Health.

Acknowledgements

The authors thank Latoya Hyson, Imran Rauf, and Farid Tarum for
technical expertise, and Matthew Grossman for data checking.
We also thank Drs Alan Koretsky, Radi Masri, and David
Seminowicz for valuable information and advice during experi-
mental design.

1770 L.A. Low et al.·157 (2016) 1761–1772 PAIN®



Article history:
Received 27 January 2016
Received in revised form 28 March 2016
Accepted 31 March 2016
Available online 7 April 2016

References

[1] Barrett AM, Stockham MA. The effect of housing conditions and simple
experimental procedures upon the corticosterone level in the plasma of
rats. J Endocrinol 1963;26:97–105.

[2] Becerra L, Chang PC, Bishop J, Borsook D. CNS activation maps in
awake rats exposed to thermal stimuli to the dorsum of the hindpaw.
NeuroImage 2011;54:1355–66.

[3] Becerra L, Pendse G, Chang PC, Bishop J, Borsook D. Robust
reproducible resting state networks in the awake rodent brain. PloS
One 2011;6:e25701.

[4] Beck KD, Luine VN. Sex differences in behavioral and neurochemical
profiles after chronic stress: role of housing conditions. Physiol Behav
2002;75:661–73.

[5] Bekhbat M, Merrill L, Kelly SD, Lee VK, Neigh GN. Brief anesthesia by
isoflurane alters plasma corticosterone levels distinctly in male and female
rats: implications for tissue collection methods. Behav Brain Res 2016;
305:122–5.

[6] Bowman RE, Beck KD, Luine VN. Chronic stress effects on memory: sex
differences in performance and monoaminergic activity. Horm Behav
2003;43:48–59.

[7] Brevard ME, Duong TQ, King JA, Ferris CF. Changes in MRI signal
intensity during hypercapnic challenge under conscious and anesthetized
conditions. Magn Reson Imaging 2003;21:995–1001.

[8] Brudzynski SM. Pharmacological and behavioral characteristics of 22
kHz alarm calls in rats. Neurosci Biobeha Rev 2001;25:611–17.

[9] Brydges NM, Whalley HC, Jansen MA, Merrifield GD, Wood ER, Lawrie
SM, Wynne SM, Day M, Fleetwood-Walker S, Steele D, Marshall I, Hall J,
Holmes MC. Imaging conditioned fear circuitry using awake rodent fMRI.
PLoS One 2013;8:e54197.

[10] Butler RK, Finn DP. Stress-induced analgesia. Prog Neurobiol 2009;88:
184–202.

[11] Calcagnetti DJ, Stafinsky JL, Crisp T. A single restraint stress exposure
potentiates analgesia induced by intrathecally administered DAGO. Brain
Res 1992;592:305–9.

[12] Carrasquillo Y,GereauRW. Activation of the extracellular signal-regulated
kinase in the amygdala modulates pain perception. J Neurosci 2007;27:
1543–51.

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

[14] Chesler EJ, Wilson SG, Lariviere WR, Rodriguez-Zas SL, Mogil JS.
Identification and ranking of genetic and laboratory environment factors
influencing a behavioral trait, thermal nociception, via computational
analysis of a large data archive. Neurosci Biobehav Rev 2002;26:907–23.

[15] Conrad CD, Grote KA, Hobbs RJ, Ferayorni A. Sex differences in spatial
and non-spatial Y-maze performance after chronic stress. Neurobiol
Learn Mem 2003;79:32–40.

[16] Conrad CD, LeDoux JE, Magariños AM, McEwen BS. Repeated restraint
stress facilitates fear conditioning independently of causing hippocampal
CA3 dendritic atrophy. Behav Neurosci 1999;113:902–13.

[17] Costa A, Smeraldi A, Tassorelli C, Greco R, Nappi G. Effects of acute and
chronic restraint stress on nitroglycerin-induced hyperalgesia in rats.
Neurosci Lett 2005;383:7–11.

[18] Cranney J. Analgesia following startle-eliciting stimuli. Psychobiol 1988;
16:67–9.

[19] Davis M. Sensitization of the rat startle response by noise. J CompPhysiol
Psychol 1974;87:571–81.

[20] Deckardt K,Weber I, Kaspers U, Hellwig J, Tennekes H, van Ravenzwaay
B. The effects of inhalation anaesthetics on common clinical pathology
parameters in laboratory rats. Food Chem Toxicol 2007;45:1709–18.

[21] Desai M, Kahn I, Knoblich U, Bernstein J, Atallah H, Yang A, Kopell N,
Buckner RL, Graybiel AM,MooreCI, Boyden ES.Mapping brain networks
in awake mice using combined optical neural control and fMRI.
J Neurophysiol 2011;105:1393–405.

[22] Duong TQ. Cerebral blood flow and BOLD fMRI responses to hypoxia in
awake and anesthetized rats. Brain Res 2007;1135:186–94.

[23] Faraday MM. Rat sex and strain differences in responses to stress.
Physiol Behav 2002;75:507–22.

[24] Febo M, Segarra AC, Tenney JR, Brevard ME, Duong TQ, Ferris CF.
Imaging cocaine-induced changes in the mesocorticolimbic

dopaminergic system of conscious rats. J Neurosci Methods 2004;
139:167–76.

[25] Ferris CF, Febo M, Luo F, Schmidt K, Brevard M, Harder JA, Kulkarni P,
Messenger T, King JA. Functional magnetic resonance imaging in
conscious animals: a new tool in behavioural neuroscience research.
J Neuroendocrinol 2006;18:307–18.

[26] Ferris CF, Kulkarni P, Sullivan JM,Harder JA,Messenger TL, FeboM. Pup
suckling is more rewarding than cocaine: evidence from functional
magnetic resonance imaging and three-dimensional computational
analysis. J Neurosci 2005;25:149–56.

[27] Gameiro GH, Gameiro PH, da Silva Andrade A, Pereira LF, Arthuri MT,
Marcondes FK, de Arruda Veiga MCF. Nociception- and anxiety-like
behavior in rats submitted to different periods of restraint stress. Physiol
Behav 2006;87:643–9.

[28] Grandjean J, Schroeter A, Batata I, Rudin M. Optimization of anesthesia
protocol for resting-state fMRI in mice based on differential effects of
anesthetics on functional connectivity patterns. NeuroImage 2014;102:
838–47.

[29] Green PG, Alvarez P, Gear RW, Mendoza D, Levine JD. Further validation
of a model of fibromyalgia syndrome in the rat. J Pain 2011;12:811–18.

[30] Gregus A, Wintink AJ, Davis AC, Kalynchuk LE. Effect of repeated
corticosterone injections and restraint stress on anxiety and depression-
like behavior in male rats. Behav Brain Res 2005;156:105–14.

[31] Hagino H, Tabuchi E, Kurachi M, Saitoh O, Sun Y, Kondoh T, Ono T, Torii
K. Effects of D2 dopamine receptor agonist and antagonist on brain
activity in the rat assessed by functional magnetic resonance imaging.
Brain Res 1998;813:367–73.

[32] Harris AP, Lennen RJ, Marshall I, Jansen MA, Pernet CR, Brydges NM,
Duguid IC, Holmes MC. Imaging learned fear circuitry in awake mice
using fMRI. Eur J Neurosci 2015;42:2125–34.

[33] Harris RBS, Mitchell TD, Simpson J, Redmann SM, Youngblood BD,
Ryan DH.Weight loss in rats exposed to repeated acute restraint stress is
independent of energy or leptin status. Am J Physiol Regul Integr Comp
Physiol 2002;282:R77–88.

[34] Henckens MJAG, van der Marel K, van der Toorn A, Pillai AG, Fernández
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