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1 | INTRODUCTION

| Yumie Koshidaka® | Mayumi Adachi® | Keizo Takaol?

Abstract

Background: Fentanyl, a synthetic opioid categorized as a narcotic analgesic, has a
100- to 200-fold stronger effect than most opioids, such as morphine. Fatal acci-
dents due to chronic use and abuse of fentanyl are a worldwide social problem.
One reason for the abuse of fentanyl is its psychostimulant effects that could
induce behavioral changes. The effects of chronic fentanyl administration on behav-
ior, however, are unclear.

Methods: Adult male C57BL/6J mice were chronically administered fentanyl (0.03 or
0.3 mg/kg/d i.p.), and various behaviors were assessed using a behavioral test battery.
Results: Mice chronically administered a high dose of fentanyl (0.3 mg/kg/d) exhib-
ited decreased anxiety-like behavior as assessed by the open field and elevated plus
maze tests. On the other hand, interruption of fentanyl administration led to
increased anxiety-like behavior as observed in the light and dark transition test. The
hot plate test revealed that chronic administration of fentanyl reduced pain sensitiv-
ity. High-dose chronic fentanyl administration reduced the locomotor stimulatory
effects of cocaine. The results, however, failed to reach the threshold for study-
wide statistical significance.

Conclusion: Chronic fentanyl administration induces some behavioral changes in
mice. Although further studies are needed to clarify the underlying mechanisms of
the behavioral effects of chronic fentanyl administration, our findings suggest that

fentanyl is safe under properly controlled conditions.

KEYWORDS
addiction, behavioral test battery, cocaine, fentanyl, opioid

pleasure* Fentanyl can also be mixed with other addictive drugs,

such as cocaine and heroin, to increase its potency at little cost.

Opioids are clinically utilized for the management of severe pain.
Synthetic opioids such as fentanyl, methadone, and oxycodone have
stronger and shorter-lasting effects than morphine and are adaptable
for intraoperative anesthesia and chronic pain management.> In
addition, because they are easy to synthesize and cheap, synthetic

opioids are often used illegally to produce strong feelings of

Chronic use of synthetic opioids, however, carries a high risk of
withdrawal symptoms, addiction, and fatal accidents.® In fact, the
number of deaths due to fentanyl in the United States increased
540% from 2013 to 2016, when United States President Donald
Trump declared the opioid epidemic a national emergency.”® This

situation, called the “Opioid Crisis”, is a critical social problem. The
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number of inappropriate uses and fatal accidents involving fentanyl
has also increased in the United Kingdom and Canada.”° Fentanyl is
classified as a narcotic analgesic with strong effects on the central
nervous system. Opioids induce psychostimulant effects other than
analgesia, such as sedation, delirium, and itching.n*12 Although fen-
tanyl is a useful analgesic, the use of fentanyl during surgery is associ-
ated with a higher incidence of early postoperative negative behavior
such as anxiety.*® Chronic fentanyl treatment affects physical perfor-
mance of rats.}* Such findings indicate that chronic use of fentanyl
may also affect behavior, but the specific behavioral effects of
chronic synthetic opioid use remain unclear. Therefore, in the present
study, C57BL/6J mice chronically treated with fentanyl were assessed
using a comprehensive behavioral test battery to investigate how

chronic use of the synthetic opioid affects various behaviors.

2 | MATERIALS AND METHODS

2.1 | Animals and experimental design for
comprehensive behavioral analysis

The general procedure of the experiments is illustrated in Figure 1.
Thirty-eight naive male C57BL/6J mice were transported from Japan
SLC, Inc. (Shizuoka, Japan) to the University of Toyama at the age of
6 weeks. After their arrival, the mice were group-housed (4/cage) in
a plastic cage (22.7 x 32.3 x 12.7 cm) in a room maintained at
24 + 3°C with a 12-hour light/dark cycle (lights on at 7:00 am) and
ad libitum access to food and water. The mice were randomly
assigned to either the vehicle-treated group (n = 12), the low-dose
(0.03 mg/kg) fentanyl-treated group (n = 13), or the high-dose
(0.3 mg/kg) fentanyl-treated group (n = 13). Fentanyl administration
was started at 7 weeks of age and behaviors were assessed with a

battery of behavioral tests starting at 8 weeks of age (Figure 1).

2.2 | Fentanyl treatment

Mice were treated with fentanyl (0.03 or 0.3 mg/kg, ip; Janssen
Pharmaceutical KK, Tokyo, Japan) in saline or saline only (1% of

body weight) once a day. During behavioral testing, fentanyl was

Arrival P

administered once a day after completing the behavioral test of the
day. Fentanyl treatment was initiated when the mice were 7 weeks
of age and continued for 28 days. Fentanyl treatment was then
interrupted for 14 days as a withdrawal period. After that, fentanyl
treatment was resumed and continued for 75 days. The fentanyl
treatment and behavioral test battery schedules are described in
Table 1.

2.3 | Behavioral tests

The mice were subjected to a battery of behavioral tests in the fol-
lowing sequence: general health and neurologic screening (body
weight, body temperature, and grip strength), the light/dark transi-
tion, open field, elevated plus maze, hot plate, social interaction,
three-chamber social approach, rotarod, startle response/prepulse
inhibition, and Porsolt forced swim tests. During the withdrawal per-
iod, the same mice again underwent general health and neurologic
screening, and the light/dark transition, elevated plus maze, and hot
plate tests. Fentanyl treatment was subsequently resumed and addi-
tional behaviors were assessed in the following test sequence: open
field test with acute administration of 0.03 mg/kg fentanyl, Y-maze,
object location test, marble-burying test, open field test with acute
administration of cocaine (5 and 15 mg/kg), and contextual/cued fear
conditioning. All of the vehicle-treated and fentanyl-treated mice
went through the same test battery on the same day so that they
experienced all of the behavioral tests in the same order. After each
test, the floors and walls of the testing apparatuses were cleaned
with 70% ethanol solution or super hypochlorous water to prevent a
bias caused by olfactory cues. The behavioral tests were performed
between 8:30 am and 7:00 pm. Information about each mouse and
the behavioral data collected in this study are available in the
“Mouse Phenotype Database” (http://www.mouse-phenotype.org/).

2.3.1 | Neurological screen and neuromuscular
strength test

The righting, whiskers twitch, and ear twitch reflexes were evalu-

ated. A number of physical features, including the presence of
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FIGURE 1 Schematic diagram of the experimental procedures. Mice were intraperitoneally injected with fentanyl (0.03 or 0.3 mg/kg) or
saline (control) once a day. As fentanyl treatment period 1, we continued fentanyl treatment for 28 days. In the first 7 days, no behavioral
tests were performed as pretreatment. After the first 7 days, the behavioral test battery was performed. The fentanyl administration was
interrupted for 14 days as a withdrawal period, and fentanyl treatment was resumed as treatment period 2
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TABLE 1 Fentanyl treatment schedule and comprehensive test battery of chronical fentanyl-treated mice

Day of fentanyl
treatment during

Order Test Age (w) Fentanyl treatment period periods (day) Table/Figure

1 Neurological screens and neuromuscular strength test 8 Treatment period 1 8-9 Figure 2B-D
(28 days)

2 Light/dark transition test 8-9 11 Table 2

3 Open field test 9 12-13 Figure 3B-G

4 Elevated plus maze test 9-10 14 Figure 4C-E

5 Hot plate test 10 15 Figure 6B

6 Social interaction test 10 18 Table 2

7 Rotarod test 10-11 19-20 Table 2

8 Three-chamber social approach test 10-11 21-22 Table 2

9 Startle response/prepulse inhibition test 11 25 Table 2

10 Porsolt forced swim test 11-12 26-27 Figure 4H

11 Neurological screens and neuromuscular strength test 12-13 Withdrawal period (14 days) - Figure 2E-G

12 Light/dark transition test 13 - Figure 5B-F

13 Elevated plus maze test 13 - Table 2

14 Hot plate test 14 - Figure 6C

15 Open field test (acute fentanyl; 0.03 mg/kg) 14 Treatment period 2 1 Figure 7B-E
(75 days)

16 Y-maze test 14-15 6 Table 2

17 Novel Object Location test 15-16 9-13 Table 2

18 Marble-burying test 16-17 20 Table 2

19 Open field test (acute cocaine; 5 mg/kg) 18 30 Figure 8B-E

20 Open field test (acute cocaine; 15 mg/kg) 20-21 44 Figure 8F-I

21 Contextual and cued fear conditioning test 22-23 62-68 Figure 6 D-I

whiskers or bald hair patches, were also recorded. Body weight and
rectal temperature were measured. Neuromuscular strength was
assessed using the grip strength and wire hang tests. A grip strength
meter (O'Hara & Co., Tokyo, Japan) was used to assess forelimb grip
strength. Mice were lifted and held by their tail so that their fore-
paws grasp a wire grid. The mice were then gently pulled backward
by the tail until they released the grid. The peak force applied by the
forelimbs of the mouse was recorded in Newtons (N). Each mouse
was tested three times, and the largest value was used for statistical

analysis.

2.3.2 | Light/dark transition test

The light/dark transition test, developed by Crawley et al,*> was
performed as previously described.’® The apparatus comprised a
cage (21 x 42 x 25 cm) divided into two sections of equal size
divided by a partition with a door (O'Hara & Co.). One chamber
was brightly illuminated (390 lux), whereas the other was dark
(2 lux).

allowed to move freely between the two chambers for 10 min-

Mice were placed into the dark chamber and were

utes with the door open. The distance traveled (cm), the total
number of transitions between compartments, latency to first

enter the light chamber (seconds), and time spent in the light
chamber (seconds) were recorded automatically using the Ima-
gelD program.

2.3.3 | Elevated plus maze test

The elevated plus maze test, which is widely used to assess anxiety-
like behavior,>” was performed as previously described.*® The appa-
ratus comprised two arms without walls (open arms, 25 x 5 cm),
two arms of the same size with 15-cm-high transparent walls (closed
arms), and a central square (5 x 5 cm) connecting the arms, which
were at 90° to each other (O'Hara & Co.). The arms and central
square were made of white plastic plates and were elevated to a
height of 55 cm above the floor. The open arms were surrounded
by a raised ledge (3 mm thick and 3 mm high) to prevent mice from
falling off the open arms. Arms of the same type were located oppo-
site to one another. Each mouse was placed in the central square of
the maze facing one of the closed arms. The number of arm entries,
distance traveled (cm), percentage of entries into the open arms, and
percentage of time spent in the open arms were measured during a
10-minute test period. Data acquisition and analysis were performed
automatically using the ImageEP program.
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2.34 | Social interaction test

The social interaction test was conducted to measure social behavior
in a novel environment, as previously described.’® Weight-matched
(within 2 g) mice of the same treatment group that had been housed
in different cages were placed together into an acrylic box
(40 x 40 x 30 cm) and allowed to explore freely for 10 minutes. The
total number of contacts, total duration of contacts (seconds), total
duration of active contacts (seconds), mean duration per contact
(seconds), and total distance traveled (cm) were recorded and ana-
lyzed automatically using the ImageSI program. Active contact was
defined as the two mice contacted each other and one or both mice

moved with a velocity of at least 10 cm/s.

2.3.5 | Three-chamber social approach test

The three-chamber social approach test is a well-designed method
to investigate sociability and preference for social novelty in
mice.’ The apparatus comprised a rectangular, three-chambered
box and a lid with a video camera (O'Hara & Co.). Each chamber
was 20 x 40 x 47 cm, and the dividing walls were made from
clear Plexiglas with a small square opening (5 x 3 cm) allowing
access into each chamber. The tests were performed as previously
described,?® with a slight modification as follows: Subject mice
were placed in the three-chambered box and allowed to explore
for 10 minutes before the sociability test was conducted (habitua-
tion session), and during the session, empty wire cages (9 cm in
diameter, 11 cm in height, with vertical bars 0.5 cm apart) were
located in the corner of each outside compartments. During the
following session, an unfamiliar C57BL/6J male mouse (stranger 1)
that had had no prior contact with the subject mouse was put
into a wire cage located in one of the side chambers. The loca-
tion of the stranger mouse in the left vs right chamber was sys-
tematically alternated between trials. The subject mouse was
placed in the central compartment and allowed to explore the
entire box for 10-minutes to assess sociability (sociability test).
Next, a second stranger male mouse was placed into the wire
cage in the other outside compartment that had been empty dur-
ing the first 10-minute session to evaluate social preference for a
new stranger (social novelty preference test). Thus, the subject
mouse had a choice between the first, already-investigated, now-
familiar mouse (stranger 1) and the novel unfamiliar mouse (stran-
ger 2). The amount of time spent in each chamber and time spent
around each cage were automatically calculated from video images
using the ImageCSl program.

2.3.6 | Rota rod test

Motor coordination and balance were tested with the rotarod
test. The rotarod test, using an accelerating rotarod (UGO Basile
Accelerating Rotarod, Varese, Italy), was performed by placing the
mice on a rotating drum (3 cm diameter), and measuring the time

each animal was able to maintain its balance on the drum. The

speed of the rotarod accelerated from 4 to 40 rpm over a 5-min-

ute period.

2.3.7 | Hot plate test

The hot plate test was used to evaluate sensitivity to a painful stim-
ulus. The mice were placed on a 55.0 (+0.3) °C hot plate (Columbus
Instruments, Columbus, OH, USA), and the latency to the first hind
paw response was recorded. The hind paw response was defined as

either a foot shake or a paw lick.

2.3.8 | Startle response/prepulse inhibition test

The startle response and prepulse inhibition test were performed
as previously described.?* A startle reflex measurement system
(O'Hara & Co.) was used. The mice were placed in a Plexiglas
cylinder and left undisturbed for 10 minutes. The test comprised
two test trials with the startle stimulus only and four test trials for
prepulse inhibition. White noise (40 ms) was used as the startle
stimulus for all trials. The startle response was recorded for
140 ms (measuring the response every 1 ms) starting with the
onset of the prepulse stimulus. The background noise level in each
chamber was 70 dB. The peak startle amplitude recorded during
the 140-ms sampling window was used as the dependent variable.
The intensity of the startle stimulus was 110 or 120 dB. The pre-
pulse sound was presented 100 ms before the startle stimulus, and
its intensity was 74 or 78 dB. Four combinations of prepulse and
startle stimuli were employed (74-110, 78-110, 74-120, and 78-
120 dB). The mean inter-trial interval was 15 seconds (range 10-

20 seconds).

2.3.9 | Porsolt forced swim test

The Porsolt forced swim test??

was performed to assess depression-
related behavior. Mice were placed into a Plexiglas cylinder (20 cm
height x 10 cm diameter, O'Hara & Co.) filled with water (approxi-
mately 23°C) up to a height of 7.5 cm for 10 minutes per day for 2
consecutive days. The percentage of time spent immobile was
recorded automatically using the ImagePS program. The data of one
mouse from the high-dose group were excluded from statistical anal-
ysis because the mouse died by drowning around 7 minutes on the

first day of the test.

2.3.10 | Y-maze test

Spatial working memory was evaluated based on spontaneous alter-
nation behavior. The Y-maze comprised three arms (labeled A, B, and
C) diverging at 120° from the central point (O'Hara & Co.). Each
mouse was placed at the center of the maze and allowed to move
freely for 10 minutes. An alternation was defined as consecutive
entries into all three arms. For example, sequential entering into the
arms in an ABCBCBCA pattern was counted as two alternations with
the first consecutive ABC and the last consecutive BCA of six
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(A) GHNS 1st GHNS 2nd
Arrival #
v Fentanyl Fentanyl
entany . entany
administration Withdrawal administration
C57BLIES Py T T T T T T T T T 1 >
6 7 8 9 10 11 12 13 14 15 16 17 18 ------- 23
(B) P =0.8599 © P=0.1721 (D) P=0.0132
—_ *
30 - & 38 - _ 0.8 4 *
C o Z I §|
= S5 36 - < 0.6 -
5 20 - & )
o o c
= o 34 - o 0.4 -
> = k7
© 10+ o
@ < 32 2 02 -
o Q
Q
0 @ 30 0
[ controls (n=12) FIGURE 2 General health and
D Fentanyl 0.03 mg/kg (n = 13) neurologic screening in chronic fentanyl-
. Fentanyl 0.3 mg/kg (n = 13) treated mice. We performed neurological
screens and neuromuscular strength test
twice to examine the effect of fentanyl
E = F = G =
(E) P =0.9409 (F) P=0.0712 (G) P O.q074 treatment on the physiologic
—_ * characteristics of the mice both during
30 7 n%_'), 38 - — 0.8 1 T fentanyl administration and withdrawal (A).
o o 36 = Z 0.6 Body weight (B, E), body temperature (C,
E 20 - 2 7 £ 7 F), and grip strength (D, G) are shown. In
.% g a4 E’ 04 both periods, high-dose fentanyl treatment
£ Q g ’ led to weaker forelimb muscle function
-§‘ 10 H 5 32 g_ 0.2 4 compared with the other treatment groups.
3] - (!-5 Data are presented as means + SEM for
0 _8 30 0 the indicated numbers of animals. The P
oM values indicate treatment effect in one-

[ controls (n=12)
O] Fentanyl 0.03 mglkg (n = 13)
[l Fentanyl 0.3 mg/kg (n=12)

consecutive arm entries (maximum alternation). The percentage of

alternation was calculated as (alternation/maximum alterna-
tion) x 100. Data acquisition and analysis were performed automati-

cally using the ImageYM program.2®

2.3.11 | Contextual and cued fear conditioning test

The fear conditioning test was conducted using an automated
video-analysis system as previously described.?* Mice were placed
in a conditioning chamber (26 x 34 x 29 cm) in a sound-attenu-
ated room and allowed to explore freely for 2 minutes. The ani-
mals were presented with an auditory cue (55 dB white noise)
that served as a conditioned stimulus (CS) for 30 seconds. During
the last 2 seconds of the CS, mice were given a mild footshock
(0.3 mA, 2 seconds) as an unconditioned stimulus (US). Two more
CS-US pairings were presented at 120-seconds intervals. Approxi-
mately 24 hours and 7 days after the conditioning session, a con-
text test was performed in the conditioning chamber. A cued test

way ANOVA. The asterisk indicates a
nominally significant difference for
comparisons between treatment groups
(P < 0.05)

in an altered context was performed after the context test using
a triangular box (35 x 35 x 40 cm) made of white opaque plastic,
which was located in a different sound-attenuated room. In the
cued test, after the initial 3-minutes period of no CS presentation,
the CS was presented during the last 3-minutes period of the
test. Freezing during each minute of the test was measured
automatically using the ImageFZ program in the same manner as
previously described.?* Due to technical problems with the video-
analysis system, we failed to obtain cued test data for one mouse
in the high-dose group 7 days after the conditioning session and
therefore excluded the data for this mouse from the statistical

analysis.

2.3.12 | Open field test

Locomotor activity was measured using an open field test. Each
mouse was placed in the corner of the open field apparatus
(40 x 40 x 30 cm: AccuScan Instruments, Columbus, OH, USA).
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(A) Open field test
Arrival 4
ad;?r:}t\c.s:?aytlion Withdrawal adr:?r:ilsat?ayllion
C57BL/6J '.=| T T T T T T T T T T T >
6 7 8 9 10 1 12 13 14 15 16 117 18 --eeeee 23

(B) P=0.9384 () P=0.4245

o 4000 + 400 -

&) 2

78’ 3000 - = 300 - 4 T

©

§ 2000 4 |!rl m < 200 4 1 T

= [+]

Z 1000 4 £ 100 4

3 g
FIGURE 3 Mice in the high-dose group I9 0 i L 1 1 0
exhibited lower anxiety-like behavior in the 30 60 90 120 30 60 90 120
open field test. We performed the open Time (min) Time (min)
field test during the fentanyl treatment
period 1 (A). Distance traveled (B), vertical (D) P=0.1032 (E) P =0.4591
activity (C), time spent in the center of the =
compartment (D), and stereotypic counts 900+ ’7 -2 4000 ~
(E) every 30 minutes for 120 minutes are £ 400 - ** 3 3000 -
shown. Mice in the high-dose group spent E 300 4 ’T_ 8
significantly more time in the center of the bl ‘s 2000 -+
open field during the 1st and 2nd 30- % 200 %
minutes periods than the other groups. 8 100 1 g 1000 +
Data are presented as means + SEM for 0 ) 0
the indicated numbers of animals. The P 30 60 a0 120 30 60 a0 120
values indicate treatment effect in two- Time (min) Time (min)

way repeated measures ANOVA. The
asterisk indicates a nominally significant
difference for comparisons between
treatment groups (P < 0.05)

The center of the floor was illuminated at 100 lux. Total distance
traveled (cm), vertical activity (rearing measured by counting the
number of photobeam interruptions), time spent in the center area
(20 x 20 cm), and beam-break counts for stereotypic behaviors
were recorded. Data were collected for a period of 120 minutes.
To investigate the effects of acute administration of fentanyl
(0.03 mg/kg) and cocaine (5 and 15 mg/kg), mice in each group
were assessed in the open field test for 1 hour of habituation and
for 2 hours after acute administration of the drugs dissolved in sal-

ine.

2.3.13 | Novel object location test

Each mouse was placed in the corner of the open field apparatus
(40 x 40 x 30 cm). The center of the apparatus was illuminated at
100 lux. On days 1-3, the mice were allowed to explore the chamber
for 10 minutes as habituation. On day 4, two identical objects were
placed centrally 20 cm apart in the chamber and the mice were
allowed to explore the chamber for 15 minutes as a training session.
On day 5, one of the objects was placed in the same location as on
day 4, and the other object was placed in a new location in the open

field apparatus. The mice were allowed to explore the chamber for

D Controls (n =12)
] Fentanyl 0.03 mg/kg (n=13)

I Fentanyl 0.3 mg/kg (n =13)

15 minutes. The time spent exploring the object located in the novel
place and the total time spent exploring both objects were measured
(O'Hara & Co.).

2.3.14 | Marble-burying test

The marble-burying test assesses anxiety-like/compulsive behavior
based on spontaneous digging behavior.?> Twenty marbles were dis-
tributed equally on top of mouse cage bedding in a 4 x 5 grid pat-
tern (5 cm in depth). After acclimation (30 minutes) in the test room,
each mouse was placed in the cage (25.5 x 41 x 18.5 cm) for
30 minutes. The number of buried marbles and the total distance
traveled were recorded with a video camera. A buried marble was
operationally defined as half or more of the marble covered with
bedding.

2.4 | Data analysis in behavioral tests

Behavioral data were obtained automatically by applications (Ima-
geLD,16 ImageEP,18 ImageSI,” ImageCSI,26 ImagePS,” ImageYM,23
and ImageFZ24) based on the public domain NIH Image program and

ImageJ program, and modified for each test.
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(A) Elevated plus maze test '
l Porsolt forced swim test
Arrival
v
Fentanyl ) Fentanyl
adm?rrl]‘tsizgion Withdrawal adm?;:::a)lion
C5TBLI6) Py T T 1 T T T T T 1 >
6 7 8 9 10 11 12 13 14 15 16 17 18 -oe- 23
(8) (€) (D) (E)
P=0.7818 g P=0.701 P=0.0773 P=0.2224
& 50 ~—2000 - = 50 =1
2 3 = S S
Bl 2 1500 - gu 40 210
+5 30 z EE30 E
5] £ 1000 < §<
5 20 ‘q-; oc 20 o c5
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E 10 § 581 ES
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(=)
(F) P=07576 P=0033 (G) P=05357  P=00168
»
2 5,10 50 =
= c o
SE 8 6240
e < £e
8 GCJ 6 8 E 30 O Controls (n = 12)
g 8. 4 @ 2 20 O Fentanyl 0.03 mgkg (n = 13)
g P 2 g 2 40 W Fentanyl 0.3 mg/kg (n=13)
ZLE 0 Fo 0
0-5min  6-10 min 0-5min  6-10min
+O- Contrals (n=12)
*H) - Fentanyl 0.03 mg/kg (n = 13)
100 Day1 Day2 - Fentanyl 0.3 mg/kg (n = 12)
< 801p,=00148 & = P=0.2466
> 604
g i &5 4 b T
g 40 I *‘_/Q- k- =/ \I 1
£ " 4
= 201
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Blocks of 1 min

FIGURE 4 Mice treated with high-dose fentanyl exhibited reduced anxiety-like behavior. Mice were tested in the elevated plus maze
test and Porsolt forced swim test treatment period 1 (A). The elevated plus maze test: number of arm entries (B), distance traveled (C),
percentage of entries into open arms (D), and percentage of time on open arms (E) are shown. In the whole period, there was no
significant difference among the three groups (B-E). In the first and last half of the test, mice treated with high-dose fentanyl had a
significantly greater number of entries into the open arms (F) and spent more time on the open arms (G) than control mice. Porsolt
forced swim test: The percentage of time spent immobile on days 1 and 2 was recorded (H). Mice in the low-dose fentanyl group had a
significantly lower immobility ratio than the other groups on day 1. Data are presented as means + SEM for the indicated numbers of
animals. The P values indicate a treatment effect in one-way ANOVA or two-way repeated measures ANOVA. In the elevated plus maze
test, the asterisk indicates a nominally significant difference for comparisons between treatment groups (P < 0.05). (F-G). In the Porsolt
forced swim test, the asterisk and number sign indicate a nominally significant difference between the high-dose group and low-dose
group and between the low-dose group and control group (P < 0.05)

. L. . index (P < 0.05) that did not survive FDR correction. The results of
2.5 | Statistical analysis o ) o

the statistical analysis are described in Table 2.

Statistical analyses were performed using StatView (SAS Institute,
Cary, NC, USA). Data were analyzed using one-way or two-way
ANOVA followed by Fisher's LSD test, two-way repeated ANOVA,

or paired t-test where appropriate. Values in graphs are presented as

3 | RESULTS
3.1 | Effects of chronic fentanyl administration on

mean + SEM. For multiple comparisons in the behavioral test bat- .
P P the general health of the mice

tery, we defined study-wide significance as statistical significance
after controlling for the false discovery rate (FDR).?”?® Nominal sig- Body weight did not differ significantly among the three groups of

nificance was defined as a statistically significant difference in an mice in either the treatment or the withdrawal periods (Figure 2B,
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E). In the withdrawal period, the low-dose group tended to have a
lower body temperature (withdrawal period: treatment effect,
P = 0.0712; controls vs high-dose treatments, P = 0.4153, controls
vs low-dose treatments, P = 0.1402, low-dose treatments vs high-
dose treatments, P = 0.0246; Figure 2F). Neuromuscular strength
was measured by grip strength. Grip strength was significantly
lower in the high-dose group than in the other groups in both the
treatment and withdrawal periods (Treatment period 1: treatment
effect, P =0.0132; controls vs high-dose treatments, P = 0.015,
low-dose treatments vs high-dose treatments, P = 0.0077; with-
drawal period: treatment effect, P = 0.0074; controls vs high-dose
treatments, P = 0.0079, low-dose treatments vs high-dose treat-
ments, P = 0.0047; Figure 2D,G).

3.2 | Mice in the high-dose fentanyl group
exhibited reduced anxiety-like behavior

In the open field test, we measured the total distance traveled, verti-
cal activity, time spent in the center area, and stereotypic counts for
120 minutes to investigate the locomotor activity and anxiety-like
behavior. Mice in the high-dose group spent significantly more time
in the center of the open field than the other groups during the first
and second 30-minutes periods of the test (0-30 minutes: controls
vs high-dose group, P = 0.0036, low-dose group vs high-dose group,
P = 0.0499; 31-60 minutes: controls vs high-dose group, P = 0.016,
low-dose group vs high-dose group, P = 0.0251; Figure 3D). Total
distance traveled (Figure 3B), vertical activity (Figure 3C), and stereo-
typic behaviors (Figure 3E), however, did not differ significantly
among groups.

In the elevated plus maze test, the high-dose group tended to
have a greater percentage of entries into the open arms compared
with the other groups (treatment effect, P = 0.0773; Figure 4D).

REPORTS

Additionally, the high-dose group had significantly more entries into
open arms and spent significantly more time on the open arms com-
pared with the controls during minutes 6-10 of the test (number of
entries into open arms during minutes 6-10: treatment effect,
P = 0.033; controls vs high-dose group, P = 0.0338, low-dose group
vs high-dose group, P = 0.0172; the spent time in open arms: treat-
ment effect, P = 0.0168; controls vs high-dose group, P = 0.1351,
low-dose group vs high-dose group, P = 0.0045; Figure 4F,G). These
results suggest that high-dose fentanyl treatment decreased anxiety-
like behavior in mice. In contrast, during the withdrawal period, there
was no significant difference in distance traveled, percentage of
entries onto open arms, or percentage of time on open arms among
the groups in the elevated plus maze test (Table 2).

In the Porsolt forced swim test, mice in the low-dose group
exhibited an immobile posture for a significantly shorter time than
the other groups (treatment effect, P = 0.0148; controls vs low-dose
group, P = 0.0072, low-dose group vs high-dose group, P = 0.0104;
Figure 4H). The decreased immobility of the low-dose group implies
that fentanyl has an anti-depressive effect.

3.3 | Mice in the high-dose fentanyl group
exhibited increased anxiety-like behavior during the
withdrawal period

To investigate the effect of withdrawal from chronic fentanyl
treatment, we performed a general health and neurologic screen-
ing, as well as light/dark transition, elevated plus maze, and hot
plate tests during the withdrawal period. In the light/dark transi-
tion test, mice in the high-dose group tended to remain in the
light chamber for a shorter period of time than the other groups
(Figure 5C). Mice in the high-dose group spent significantly less
time in the light chamber in the first half of the testing period

Light and dark transition test

(A) Arrlval
adrf]?r?itsezlr-laytlion Wiidieleve! ad;?r?itse;:aytlion
C57BLI6S Py T T T T T T T T T I >
L . 6 8 9 10 11 12 13 14 15 16 17 18 oo 23
FIGURE 5 Mice in the high-dose group
exhibited higher anxiety-like behavior in (B) (©) (D)
the withdrawal period. We performed the
light and dark transition test during the /g 1500 P = 0.9478 g 200 P = 0.1946 50 P =0.507
withdrawal period (A). Distance traveled g 5
(B), time spent in the light chamber (C), % 1000 = 150 g 40
total number of light/dark transitions (D), § - é 100 = 30
and latency to enter the light compartment o 500 3 50 G 20
(E) are shown. There was no significant e $ = 10
difference among groups (B-E). Mice in the % . £ 0 0
high-dose group remained in the light a Light Dark -
chamber for a significantly shorter time (E) (F)
during the first 0-5 minutes (F). Data are P = 06428 > P =00038 P =0.8866
presented as means + SEM for the 2 80 =100
indicated numbers of animals. The P values % 60 =)
indicate the treatment effect in one-way 'g £ [0 Controls (n=12)
ANOVA or two-way repeated measures i 40 g 50 [ Fentanyl0.03mglkg (n=13)
ANOVA. The asterisk indicates a nominally 2 20 < W Fentanyl0.3mgkg(n=12)
significant difference for comparisons % 0 g 0
between treatment groups (P < 0.05) - = 0-5 min  6-10 min
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(treatment effect, P =0.0388; controls vs high-dose group,
P =0.0472, low-dose group vs high-dose group P = 0.0166; Fig-
ure 5F). In the elevated plus maze test during the withdrawal per-
iod, there were no significant differences between groups
(Table 2), although in the fentanyl treatment period, the high-dose
group showed decreased anxiety compared with controls (Fig-
ure 4F). Thus, during the withdrawal period, fentanyl interruption
may increase anxiety-like behavior in mice administered high-dose

fentanyl.

3.4 | Mice treated chronically with fentanyl exhibit
abnormal pain sensitivity

We performed the hot plate test to assess pain sensitivity in mice
with chronic fentanyl treatment. The latency to the first hind paw

response on the hot plate (preheated to 55°C) was significantly

longer in both the low- and high-dose fentanyl treatment groups
than in controls (treatment effect, P = 0.0294; controls vs low-
dose group, P = 0.0364, controls vs high-dose group, P = 0.0126;
Figure 6B), suggesting that fentanyl inhibited sensitivity to painful
stimuli. The hot plate test was also performed during the with-
drawal period (Figure 6A). The latency to the first hind paw
response was not significantly different among the three groups
(Figure 6C). After the withdrawal period, we resumed fentanyl
treatment and performed the contextual and cued fear condition-
ing test to assess fear memory (Figure 6A). The freezing ratio dur-
ing the context and cued tests was not significantly different
among the groups (Figure 6D-H). The distance traveled by the
high-dose group after the third footshock, however, was greater
than that of the controls (treatment effect, P = 0.0395; treat-
ment x time, P = 0.0029; controls vs low-dose group, P = 0.3075,
controls vs high-dose group, P =0.019; Figure 6l). This finding

(A) Fear conditioning test
Hot plate test 1st Hot plate test 2nd
Arrival ¢ ¢ A
v Fentanyl 3 Fentanyl
. administration |W|thdrawa| | administration o
Co7BLI6S oy T T T T T T T T T 1 >
6 7 8 9 10 1 12 13 14 15 16 17 18 -eee 23
(B) P=00294 (D) Conditioning (E) Context (F) Cued
141 . 100 P=07553 100 P =0.6889 100~ P = 0.407 P=0.9234 FIGURE 6 Fentanyl-treated mice
12+ : 80 8 80 exhibited abnormal pain sensitivity and
o 104 F 3 T 1 cognitive function. The hot plate test was
3 81 o; 601 v ¥ v 607 60+ performed two times, once during fentanyl
% 6 § 40 404 404 trc.eatment peric.>d 1 anc? once. during the
- 44 thj withdrawal period. To investigate the
24 20 20 20 effect of chronic fentanyl treatment on
0- 0 0 0 cognitive function, the fear conditioning
O Controls (n = 12) 1 2':'34',5 7I é 1I é :'3 4'1 5I 123456 test was performed during the fentanyl
E o e Time (min) Time (min) Time (min) treatment period 2 (A). The hot plate test:
©) () Context (H) Cued The latency to the first hind paw response
P=0.2763 after 7 days after 7 days on the hot plate at 55°C was recorded (B-
g 100+ P =02246 400 =0922 P=0.7056 C). During fentanyl treatment, the fentanyl-
12_ — o .
treated groups exhibited lower pain
» 107 = 801 801 sensitivity than the control group. Fear
X s .
§ 81 5, 601 604 conditioning test: The percentage of time
2 64 S 20 freezing in the conditioning (D), context
= 44 @ 1 407 testing (E, G), and cued testing with altered
L -
2- 20- 204 i E:::;:';;"O’;m”g/kg(nﬂa) context (F, H) conditions. Distance traveled
0- 0 0 —ll- Fentanyl0.3 mg/kg (n = 12) (n = 11; Cued after 7days) during exposure to the three footshocks
ntrols (n = Trrrrr - . . - ape N
E g:n:ar:y“o_o;ri’g/kg(n:13) 12345 1234258 administered in the conditioning phase was
B Fentany03mgkg(n = 12) Time (min) Time (min) recorded (1). The response to the first and
second footshock did not differ
U] Footshock 1 Footshock 2 Footshock 3 significantly among the groups. Mice
209 p-g1092 P = 0.0395 treated with high-dose fentanyl traveled a

_\
Q@

a
1

Distance traveled (cm)
S

Time (s)

significantly longer distance in response to
the third footshock compared with control
mice. Data are presented as means + SEM
for the indicated numbers of animals. The
P values indicate treatment effect in one-
way ANOVA or two-way repeated
measures ANOVA. The asterisk indicates a
significance nominally significant difference
for comparisons between treatment groups
(P < 0.05)
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suggests that high-dose fentanyl treatment induced higher

sensitivity to pain stimuli.

3.5 | Mice treated with high-dose fentanyl
exhibited decreased cocaine-induced hyperactivity
and stereotypic behavior

We performed the open field test with acute administration of low-
dose fentanyl after a 14-day withdrawal period to evaluate the
effect of chronic fentanyl treatment and withdrawal on fentanyl sen-
sitivity (Figure 7A). Locomotor activity, vertical activity, time in the
center area, and stereotypic counts were recorded every 5 minutes
for 1 hour of habituation and for 2 hours after intraperitoneal
administration of fentanyl. No significant differences were detected
between groups during the habituation period or after the injection
of low-dose fentanyl (0.03 mg/kg ip) (Figure 7B-E). Co-administration
of fentanyl with cocaine or heroin enhances the potency,’ suggest-
ing that fentanyl treatment affects the sensitivity of the response to
addictive drugs. To examine this point, we performed the open field
test with acute administration of low- and high-dose cocaine (5 and
15 mg/kg, respectively; Figure 8A). Mice in all groups showed a pro-
gressive increase in locomotor activity and stereotypic counts after
the injection of high-dose cocaine (15 mg/kg), but cocaine-induced
hyperlocomotion and stereotypic behavior were significantly reduced
in the high-dose fentanyl group compared with controls (locomotor
activity: treatment effect, P = 0.0591; treatment x time, P = 0.0888;
controls vs low-dose group, P = 0.8839, controls vs high-dose group

REPORTS

P = 0.0222; stereotypic counts: treatment effect, P = 0.0641; treat-
ment x time, P = 0.1115; controls vs low-dose group, P = 0.9235,
controls vs high-dose group P = 0.0157; Figure 8F,l). These results
suggest chronical fentanyl treatment reduces the sensitivity to

cocaine.

3.6 | Other behaviors

Locomotor activity tended to be lower in the high-dose fentanyl
group compared with the other groups in the Y-maze test (total
controls, 2557.725 + 112.752 cm; low-dose treatment,
2493.885 + 167.718; high-dose treatment, 2133.092 + 126.396;
treatment effect, P = 0.0911) and the marble-burying test (total
controls, 4328.1 + 126.343 cm; low-dose treatment,
4656.185 + 289.225; high-dose treatment, 3864.925 + 218.597,

treatment effect, P = 0.0574). Alternations in the Y-maze and mar-

distance:

distance:

ble-burying behavior did not differ significantly among the groups.
There were also no significant differences among groups in the
results of the social interaction, social approach, novel object loca-
tion, and prepulse inhibition tests (Table 2).

4 | DISCUSSION

In the present study, we performed a comprehensive behavioral
test battery to assess the effect of chronic fentanyl treatment on
mouse behaviors. Our findings revealed lower anxiety-like behavior
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FIGURE 7 Acute effects of low-dose
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fentanyl administration on mouse open v
field behavior. The open field test was 200
performed on the last day of the O 150
withdrawal period following acute QE)
administration of low-dose fentanyl (A). =100 '
Time-course of distance traveled (B), *aa) 50 i
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central area (D) are shown. No significant 0 T T — 0 T T T T T
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differences were detected among the Time (min) Time (min)
three groups. The P values indicate ©
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treatment effect in two-way repeated
measures ANOVA

—#— Fentanyl0.03 mg/kg (n =13)
—Jl- Fentanyl 0.3 mg/kg (n=12)
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(A) Open field test
with cocaine (5 mg/kg and 15 mg/kg)
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60

in mice treated with high-dose fentanyl in the open field test and
the elevated plus maze test. In addition, grip strength was signifi-
cantly decreased in the high-dose fentanyl-treated mice. There
was no significant difference among the three groups in the other
behaviors, such as prepulse inhibition or social and cognitive

functions.

T T T L
90 120 150 180
Time (min)

asterisk and number sign indicate a
nominally significant difference between
the high-dose group and control group or
the low-dose group and control group

(P < 0.05)

Chronic treatment with high-dose fentanyl reduced anxiety-like
behavior in adult C57BL/6J mice. As previously reported, activa-
tion of the opioid system has anxiolytic-like effects.?’ Fentanyl
treatment positively affects the mental component score of the
Short Form 12 Health Survey in cancer patients.*® Our results
are consistent with these Conversely,

reports. during the
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withdrawal period, the high-dose group exhibited more anxiety-
like behavior than controls, observed as a shorter time spent in
the light chamber in the light/dark transition test. When fentanyl
administration was resumed, the high-dose group again exhibited
lower anxiety-like behavior than the other groups. These results
imply that fentanyl treatment decreases anxiety-like behavior and
maintains the state. In a previous study, 24 hours after a single
fentanyl injection, rats exhibited anxiety-like behavior,®* and
therefore abrupt interruption of fentanyl treatment may account
for the increased anxiety and the establishment of fentanyl
dependence.

Grip strength was lower in the high-dose group than in the other
groups, implying that fentanyl treatment leads to muscle weakness.
In an animal model, acute opioid treatment induced limb-use abnor-
mality.32 Lower grip strength of mice in the high-dose group was
observed during treatment and withdrawal. Our results suggest that
chronic use of fentanyl may induce irreversible behavioral effects in
mice. In addition, locomotor activity tended to be lower in the high-
dose group compared with the other groups in the Y maze and the
marble-burying tests. Furthermore, the high-dose group had a lower
activity level in the early phase of habituation in the open field test
with acute administration of cocaine. Fentanyl induces lethargy in
humans.® The results of the grip strength test imply that mice in the
high-dose group had muscle weakness. The grip strength test is a
pure test of strength, but, as for any test, motivational factors could
potentially play a role. The reduced grip strength and lower activity
in the novel environment suggest that chronic fentanyl treatment
may reduce motivation in mice, observed as muscle weakness and
decreased activity.

In the hot plate test, mice treated with fentanyl had a longer
latency to the first hind paw response. In contrast, during the with-
drawal periods, there was no significant difference among the three
groups in the hot plate test. These findings suggest that fentanyl
attenuated pain sensitivity in mice and are consistent with previous
findings in animal pain models.3? In the fear conditioning test, how-
ever, the increased locomotor activity after electric shocks in the
high-dose group was greater than that in the control group. This
finding implies that fentanyl induces hyperalgesia in mice. Chronic
use of opioids sometime induces hyperalgesia.>® Our results suggest
that this inverted pain sensitivity of fentanyl treatment may be trig-
gered by long-term treatment or interruption of fentanyl treatment.
Addiction to fentanyl and fatal fentanyl overdoses are emerging
social problems in the United States.® Recent news that a celebrity
died of a fentanyl overdose attracted great attention.>* Furthermore,
fentanyl co-administered with other addictive drugs such as cocaine
and heroin is intended to enhance the strong feelings of plea-
sure.3>3¢ The resulting mixtures cause high mortality rates.®> In our
results, high-dose fentanyl treatment attenuated cocaine-induced
hyper locomotor activity and stereotypic behavior. Chronic fentanyl
treatment has inhibitory effects on cocaine sensitivity. Opioids affect
the central nervous system by activating mu, kappa, and delta opioid
receptors.®”-3? Natural and synthetic opioids activate these receptors

and stimulate analgesia, reward, and/or pleasure.®® A positron
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emission tomography study revealed that mu opioid receptor binding
40,41

with [**C] carfentanil is increased in cocaine-abusing patients.
To unify these previous reports, we expected that cocaine and fen-
tanyl would have synergistic effects. Contrary to our expectations,
mice treated with high-dose fentanyl had lower sensitivity to cocaine
than the control group. Negus's group, however, reported substantial
individual differences in the effects of mu agonists in cocaine dis-
crimination tasks in monkeys.*?> Cocaine addiction patients are less
responsive than healthy controls to mu opioid receptor agonists.*
Characteristic opioid effects are dependent on receptor selectivity
and affinity.***> Fentanyl is a strong mu opioid receptor agonist, but
it also has the ability to bind two other receptors, kappa and delta
receptors.*® Kappa opioid receptor agonists are a candidate treat-
ment for cocaine dependence and inhibit cocaine reward behavior in
mice.*”*® Chronic fentanyl treatment may activate kappa opioid
receptors, thereby inhibiting the response to cocaine. Further inves-
tigation is needed to reveal the fentanyl-induced inhibitory effects
on the response to cocaine.

Although the mechanisms underlying the behavioral responses
induced by chronic fentanyl treatment require further investigation,
the distinctive behavioral alterations of mice in this study provide
basic data to investigate the side effects of other opioids and will facil-
itate further in vivo studies of the effects of novel synthetic opioids.
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