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Abstract

In this study, the authors investigated the role of enkephalins in morphine-induced conditioned place
preference, locomotor sensitization, and analgesic tolerance. Both preproenkephalin wild type
(pPENK [+/+]) and knockout (ppENK [—/—]) mice showed similar preference for the morphine-paired
chamber over the vehicle-paired chamber, indicating morphine induced comparable conditioned
place preference in ppENK (+/+) and ppENK (—/-) mice. Sensitization developed to the motor
stimulatory action of morphine after its repeated administration, but the magnitude of this response
was not altered in ppENK (—/-) mice. However, as shown previously, ppENK (—/-) mice displayed
blunted morphine analgesic tolerance. Taken together, the results suggest that enkephalins may be
important for the development of analgesic tolerance but not for conditioned place preference or
behavioral sensitization induced by morphine.
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At least three classes of opioid receptors exist, namely mu, delta, and kappa, and a distinct gene
has been cloned for each of them (for review, see Minami & Satoh, 1995; Satoh & Minami,
1995). These receptors mediate the actions of exogenous and endogenous opioids. Within the
endogenous opioid family, three major classes of peptides exist, namely endorphins,
enkephalins, and dynorphins, derived from three precursor proteins: proopiomelanocortin,
proenkephalin, and prodynorphin, respectively (for review, see Akil et al., 1984). The
discovery of endomorphin-1 and endomorphin-2 has extended the endogenous opioid family
(Zadina, Hackler, Ge, & Kastin, 1997).
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The endogenous opioid system is involved in many physiological responses, such as
modulation of pain, stress, fear, anxiety, and hedonic homeostasis. Opioids are potent
analgesics and are used for the treatment of moderate to severe pain. However, their high abuse
potential and the development of tolerance and dependence limit their effective use in the
clinical setting. Despite being the subject of decades of research in the field of drug addiction,
the neurobiological substrates mediating the rewarding and addictive properties of morphine
and other opioids remain poorly understood.

An accumulating body of evidence suggests that activation of the delta opioid receptor may
be involved in morphine-induced analgesic tolerance. For example, administration of
naltrindole, a delta opioid receptor antagonist (Abdelhamid, Sultana, Portoghese, & Takemori,
1991), or an antisense against the delta opioid receptor (Kest, Lee, McLemore, & Inturrisi,
1996) has been shown to attenuate morphine analgesic tolerance. Moreover, chronic morphine
treatment has been demonstrated not to produce analgesic tolerance in delta opioid receptor
knockout mice (Zhu et al., 1999). Likewise, mice lacking preproenkephalin (ppENK) have
been shown to display blunted analgesic tolerance (Nitsche et al., 2002), suggesting morphine-
produced analgesic tolerance via the release of enkephalins (methionine- and/or leucine-
enkephalins) or possibly the C-terminal extended forms of enkephalins (Met-Enk-Arg-Phe and
Met-Enk-Arg-Gly-Leu) or other larger peptides, such as peptide E (which contains Met-Enk
at the N-terminus and Leu-Enk at the C-terminus) and peptide F (which contains two Met-Enk
sequences, one at each terminus) derived from ppENK.

Enkephalins may also be involved in the reinforcing effects of opioids. For instance, delta
opioid receptor antagonists attenuated the reinforcing effects of heroin (Martin et al., 2000;
Negus et al., 1993). Furthermore, binge heroin administration increased pallidal levels of
endogenous opioid peptides, predominantly methionine- and leucine-enkephalins (Olive &
Maidment, 1998b), and lesions of the pallidum attenuated heroin-induced self-administration
inrats (Hubner & Koob, 1990). Moreover, local pallidal injection of naloxone induced aversion
(Skoubis & Maidment, 2003), supporting the importance of pallidal enkephalinergic neurons
in hedonic homeostasis. It is of interest that the hedonics of feeding are altered in ppENK
knockout (KO) mice (Hayward, Pintar, & Low, 2002), raising the possibility that enkephalins
may also be important in the rewarding and addictive properties of morphine. Pallidal
enkephalins may also be involved in morphine-induced locomotor sensitization (Johnson &
Napier, 2000). Thus, the present study was designed to determine the role of enkephalins in
morphine-induced conditioned place preference (CPP) and locomotor sensitization. For
comparison, we also determined the role of enkephalins in morphine analgesic tolerance.

We obtained ppENK KO mice, backcrossed for at least 10 generations to the C57BL/6J strain,
and C57BL/6J mice from Jackson Laboratories (Bar Harbor, ME) and used them to generate
our ppENK heterozygous (HZ) breeding colony. Male offspring (4—6 months of age) of the
PPENK HZ mice were used for all experiments. Mice were housed 2—4 per cage with free
access to food and water in a colony room maintained at controlled temperature and humidity
on a 12-hr light—dark cycle. Mice were transferred to the testing room for behavioral testing 1
hr prior to any experimentation. All observations were made during the light cycle. All
experiments were in accordance with the ethical guidelines of the National Institutes of Health
and approved by the Institutional Animal Care and Use Committee at Western University of
Health Sciences.
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Morphine sulfate obtained from Sigma Chemical (St. Louis, MO) was dissolved in saline. All
doses used in this study are for the salt form of the drug and were administered subcutaneously
in a volume of 10 ul/g.

Experimental Procedures

The role of enkephalins in morphine-induced CPP—First, using a CPP paradigm, we
tested whether the rewarding action of morphine was altered in ppENK KO mice. To
accomplish this, we used a CPP apparatus consisting of three chambers: a gray neutral chamber
(NCh) as a starting point for pre- and postconditioning sessions (see below) and two other
chambers designated as conditioning chambers. One of the conditioning chambers was the
vehicle-paired chamber (VPCh) and the other was the drug-paired chamber (DPCh). Both
conditioning chambers were accessible from the NCh via removable doors. The two
conditioning chambers were distinguishable on the basis of odor (almond and citrus scents)
and visual (one chamber was decorated with wallpaper of alternating 1-in. horizontal black
and white stripes and the other chamber with wallpaper of alternating 1-in. vertical black and
white stripes) cues. The CPP paradigm was conducted over a 10-day period and consisted of
three sessions (preconditioning, conditioning, and postconditioning). On Day 1 (the
preconditioning session), each mouse was placed in the NCh and was allowed to freely explore
all three chambers for 15 min. On Day 2 (the first conditioning day), mice were treated with
either saline or morphine (5 mg/kg) and confined to either the VPCh or the DPCh for 1 hr. All
treatments were balanced between the conditioning chambers. Moreover, half of the mice
received morphine in the almond-scented chamber and the other half received morphine in the
citrus-scented chamber. On the following day (the second conditioning day), mice that were
injected with morphine on the first conditioning day received saline and were confined to the
VPCh for 1 hr. Likewise, mice that were treated with saline on the first conditioning day
received morphine (5 mg/kg) on the second conditioning day and were confined to the DPCh
for 1 hr. All mice were given these alternate treatments during the conditioning sessions on
Days 2—9. On Day 10 (the postconditioning session), mice were placed in the NCh and allowed
to freely explore all three chambers of the CPP apparatus for 15 min. The amount of time that
the mice spent in each chamber during preconditioning and postconditioning sessions was
recorded using a standard TV and VCR video recording system (Kocom 260x power zoom)
and used for data analysis.

The role of enkephalins in morphine-induced motor stimulation and behavioral
sensitization—We next determined whether the acute motor stimulatory action of morphine
was altered in ppENK KO mice. Mice were habituated to motor activity chambers (black
beakers with a diameter of 17 cm and height of 22 cm) for 1 hr, then injected with saline or
morphine (5 mg/kg). The subsequent distance traveled (measured in centimeters) was recorded
for 1 hr using a Videomex-V system (Columbus Instruments, Inc., Columbus, OH). Further,
in a separate experiment using a different group of mice, we determined whether morphine-
induced locomotor sensitization was altered in mice lacking enkephalins. We used a 7-day,
once daily morphine treatment protocol for the induction of sensitization. On Day 1, wild type
(WT) and ppENK KO mice were habituated to the testing chambers for 1 hr, then injected with
saline or morphine (5 mg/kg). Their subsequent distance traveled (measured in centimeters)
was recorded for 1 hr, as described above. On Days 2—7, mice were treated with saline or
morphine (7.5 mg/kg) in their home cages and then challenged with morphine 7 days later (on
the test day) for locomotor sensitization. On the test day, mice were habituated to the test
chambers for 1 hr, then injected with morphine (5 mg/kg). Subsequent motor activity was
recorded for 1 hr. For both experiments, distance traveled (in centimeters) was taken as a
measure of motor activity and used for data analysis.
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Therole of enkephalins in analgesic tolerance to morphine—Finally, we determined
whether the same 7-day morphine treatment used for the development of locomotor
sensitization also induced analgesic tolerance in ppENK KO mice. On Day 1, mice were tested
for baseline latency using a radiant-heat tail-flick assay (Emdie automated TF6 tail-flick
apparatus; Emdie Industries, Maidens, VA). They then were injected with morphine (7.5 mg/
kg) and tested 30 min later for postdrug tail-flick latency. On Days 2—6, mice received the
same dose of morphine but were not tested for baseline or postdrug latency. On Day 7, mice
were tested for baseline latency, then injected with morphine (7.5 mg/kg) and tested 30 min
after morphine administration.

Statistical Analysis

Results

All data are presented as means plus or minus standard errors of measurement. Tail-flick data
were expressed as the percentage of maximum possible effect (% MPE) using the formula [%
MPE = (tail-flick latency — baseline latency/cut-off time — baseline) x 100] and analyzed using
a repeated-measure analysis of variance (ANOVA). Likewise, the repeated-measure ANOVA
was used for analysis of locomotor sensitization data. A two-factor ANOVA was used to
analyze the amount of time that the mice spent in the DPCh versus the VPCh during
preconditioning and postconditioning sessions. The two factors were genotype (WT vs. KO)
and chamber (VPCh vs. DPCh). A p < .05 was considered statistically significant.

The Role of Enkephalins in Morphine-Induced CPP

First, we determined whether the rewarding effect of morphine was altered in the absence of
enkephalins in a CPP paradigm. WT and ppENK KO mice were tested for baseline preference
on Day 1 (see Figure 1, upper panel). A two-factor ANOVA revealed a significant effect of
chamber, F(2, 30) = 5.77, p < .05, but neither a significant effect of genotype, F(1, 30) =0.01,
p > .05, nor an interaction between chamber and genotype, F(2, 30) = 1.93, p > .05. However,
the amount of time that the WT and ppENK KO mice spent in the VPCh versus the DPCh was
not different, p > .05, showing that the mice did not prefer the DPCh over the VPCh prior to
conditioning sessions. Morphine produced CPP in both WT and ppENK KO mice, which was
evident from an increase in the amount of time that the mice spent in the DPCh over the VPCh
after conditioning (see Figure 1, lower panel) but not before conditioning (Figure 1, upper
panel). A two-factor ANOVA revealed a significant effect of chamber preference, F(2, 30) =
30.01, p < .05, but neither a significant effect of genotype, F(1, 30) = 0.01, p > .05, nor an
interaction between genotype and chambers, F(2, 30) = 0.98, p > .05, showing that morphine-
induced CPP was similar for WT and ppENK KO mice ( p > .05). Thus, these results
demonstrate that morphine-induced CPP was not altered in mice lacking enkephalins.

The Role of Enkephalins in Morphine-Induced Motor Stimulation and Locomotor
Sensitization

Next, we determined whether the motor stimulatory action of morphine was altered in WT and
ppENK KO mice. Mice were habituated to the test chambers for 1 hr, then injected with saline
or morphine. Subsequent motor activity was recorded for 1 hr. Figure 2 shows that both groups
of mice had a similar increase in basal motor activity on placement in the test chambers during
the habituation period. Morphine, as compared with saline, time dependently increased motor
activity in both WT and ppENK KO mice (see Figure 2). A repeated-measure ANOVA revealed
a significant effect of session, F(3, 72) = 3.58, p < .05, but neither a significant effect of
genotype, F(1, 24) = 0.30, p > .05, nor an interaction between genotype and session, F(3, 72)
=1.42, p > .05. This showed that morphine increased motor activity, the magnitude of which
was not different between WT and ppENK KO mice (p > .05).

Behav Neurosci. Author manuscript; available in PMC 2008 March 18.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Marquez et al.

Page 5

We then determined whether morphine-induced locomotor sensitization was altered in mice
lacking enkephalins. On Day 1, mice were habituated to the testing chambers, then injected
with saline or morphine; motor activity was subsequently recorded for 1 hr (data not shown).
On Days 2—7, mice received either saline or morphine (7.5 mg/kg) in their home cages and
then were challenged with morphine (5 mg/kg) 7 days later. This repeated morphine treatment
produced locomotor sensitization to the challenge dose of morphine given on Day 14 (see
Figure 3; compare saline-pretreated mice with morphine-pretreated mice in each group). A
repeated-measure ANOVA revealed a significant effect of chronic morphine treatment, F(Z1,
12) = 6.23, p < .05, but neither a significant effect of genotype, F(1, 12) = 0.43, p > .05, nor
an interaction between treatment and genotype, F(1, 12) = 0.20, p > .05, showing that repeated
morphine treatment produced locomotor sensitization, the magnitude of which was not
different between WT and ppENK KO mice (p > .05). Thus, these results demonstrate that
neither the acute motor stimulatory action of morphine nor the locomotor sensitization that
developed after repeated morphine treatment was different between WT and ppENK KO mice.

The Role of Enkephalins in Analgesic Tolerance to Morphine

A previous study showed that ppENK KO mice displayed blunted analgesic tolerance after
chronic morphine treatment (Nitsche et al., 2002). As tolerance and sensitization may share
some common mechanisms, we then investigated whether the same 7-day morphine treatment
used for the induction of locomotor sensitization also produced tolerance in ppENK KO mice.
Figure 4 shows the development of analgesic tolerance to morphine in WT and ppENK KO
mice. A repeated-measure ANOVA revealed a significant effect of repeated morphine
treatment, F(1, 7) = 13.57, p < .05, and a significant effect of genotype, F(1,7) =8.85,p <.
05, but no significant interaction between genotype and repeated morphine treatment, F(1, 7)
=3.38, p > .05. This result shows that the antinociceptive effect of morphine was significantly
reduced in WT mice after repeated morphine administration (p < .05; compare Day 1 vs. Day
7), but this phenomenon was blunted in ppENK KO mice (see Figure 4; compare WT vs. KO
mice on Day 7).

Discussion

The main findings of the present study are that both WT and ppENK KO mice displayed
comparable morphine-induced CPP and locomotor sensitization but, as shown previously
(Nitsche et al., 2002), ppENK KO mice showed blunted analgesic tolerance. These results
suggest that enkephalins may be important for the development of analgesic tolerance but not
CPP or locomotor sensitization induced by morphine.

Morphine has been shown to produce antinociception, reward and motor stimulation via
activation of the mu opioid receptors, because these actions of the drug were absent in mice
lacking mu opioid receptors (Matthes et al., 1996). The mesoaccumbens dopaminergic
pathway, originating in the ventral tegmental area with projections to the nucleus accumbens,
is thought to play an important role in the rewarding and addictive properties of morphine and
other drugs of abuse (for review, see Koob, 1992). For example, morphine has been shown to
facilitate the function of the mesolimbic dopaminergic neurons and to increase extracellular
dopamine in the terminal fields of these neurons (Di Chiara & Imperato, 1988a). However, the
rewarding action of opioids has also been shown to be dopamine independent, and pallidal
enkephalinergic neurons may be important in this regard (Hubner & Koob, 1990).

The ventral pallidum, a basal ganglia structure with dense enkephalinergic innervations from
the nucleus accumbens (Cuello & Paxinos, 1978; Kalivas, Churchill, & Klitenick, 1993; Zahm,
Zaborszky, Alones, & Heimer, 1985), has been implicated in the motor stimulatory and
rewarding actions of abused drugs. For example, opioids and psychostimulants have been
shown to produce reward after local administration in the pallidum (Gong, Neill, & Justice,
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1996; Johnson, Stellar, & Paul, 1993). Likewise, pallidal injections of opioid receptor
antagonists have been shown to block morphine-induced behavioral sensitization (Johnson &
Napier, 2000) and cocaine-induced CPP (Skoubis & Maidment, 2003). It is important to note
that pallidal levels of endogenous opioid peptides have been shown to increase in response to
systemic morphine administration (Olive, Bertolucci, Evans, & Maidment, 1995; Olive &
Maidment, 1998a), raising the possibility that enkephalins may be important in the rewarding
action of morphine. Thus, using a CPP paradigm, we determined whether morphine-induced
CPP was altered in ppENK KO mice. Our results showed that both WT and ppENK KO mice
given repeated morphine treatment in a chamber paired with visual and odor cues during
conditioning sessions spent more time in the DPCh during postconditioning (Figure 1, lower
panel) but not during preconditioning (Figure 1, upper panel) sessions, suggesting that
morphine produced CPP. However, this preference was similar for WT and ppENK KO mice,
indicating that enkephalins were not critical for the rewarding effect of morphine.

Morphine and other mu opioid receptor agonists have been shown to increase extracellular
accumbal dopamine (Di Chiara & Imperato, 1988a, 1988b), an action associated with the
reinforcing effects of these drugs (for review, see Koob, 1992). One consequence of the
enhanced accumbal dopamine levels in rodents is an acute increase in motor activity (Wise &
Bozarth, 1987), which is progressively increased with repeated treatment, a phenomenon
referred to as behavioral sensitization (Kalivas & Duffy, 1993a, 1993b; Kalivas & Stewart,
1991; Post & Rose, 1976; Shuster, Yu, & Bates, 1977; Stewart & Badiani, 1993). Behavioral
sensitization is thought to be important in compulsive drug-seeking behaviors as well as in
relapse (see Kalivas, Sorg, & Hooks, 1993; Robinson & Berridge, 1993, 2000, 2001). Indeed,
behavioral sensitization is considered a model of some aspects of drug addiction, craving in
particular (for reviews, see Robinson & Berridge, 1993, 2000, 2001). Therefore, using ppENK
KO mice, we determined the role of enkephalins in morphine-induced locomotor sensitization.
Our results demonstrated that morphine increased motor activity, a response that was enhanced
in mice pretreated with morphine (see Figure 3), indicating that sensitization developed to the
motor stimulatory action of morphine. However, neither morphine-induced motor stimulation
(see Figure 2) nor locomotor sensitization (see Figure 3) was altered in mice lacking ppENK,
demonstrating that enkephalins may not be involved in morphine-induced locomotor
sensitization.

The observation that morphine-induced CPP and behavioral sensitization were not altered in
ppENK KO mice in this study was somewhat surprising, because a previous report showed
that morphine analgesic tolerance was blunted in ppENK KO mice (Nitsche et al., 2002).
Therefore, we investigated whether the development of tolerance to the antinociceptive effect
of morphine was altered in ppENK KO mice. Consistent with the results of Nitsche et al.
(2002), we found that repeated morphine treatment attenuated the antinociceptive effect of
morphine in WT mice, a response that was blunted in ppENK KO mice (see Figure 4). Previous
studies have shown that morphine may activate the delta opioid receptor to produce analgesic
tolerance (Abdelhamid et al., 1991; Kest et al., 1996; Zhu et al., 1999). However, the blunted
tolerance observed in ppENK KO mice suggests that morphine may not directly activate the
delta opioid receptor to produce this phenomenon. Rather, as proposed previously (Nitsche et
al., 2002), morphine probably triggers the release of enkephalins that result in delta opioid
receptor activation, thereby leading to the development of analgesic tolerance in WT mice.
However, because of the lack of enkephalins, analgesic tolerance was blunted in ppENK KO
mice (see Figure 4). Furthermore, our results suggest that morphine induces CPP and
behavioral sensitization irrespective of the presence of enkephalins, because these phenomena
were not altered in ppENK KO mice (see Figures 1 and 3). An alternative explanation for the
current data is that morphine administration causes the release of enkephalins in selective
central nervous system regions that leads to attenuation of morphine-induced antinociception
but not CPP or locomotor sensitization after repeated administration of the drug. Itis interesting
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that intrathecal injection of leucine-enkephalin reduces the antinociceptive effect of morphine
via an inverse agonist action at the 52-opioid receptors (Rady et al., 2001). However, further
studies are needed to determine whether morphine causes the release of enkephalins in mice

and whether the release of enkephalins occurs in central nervous system structures implicated
in the phenomenon of analgesic tolerance.

In conclusion, our results demonstrate that morphine-induced CPP and locomaotor sensitization
were not altered in mice lacking enkephalins but that tolerance was blunted in these mice,
suggesting that enkephalins may be playing a functional role in analgesic tolerance but not in
locomotor sensitization or CPP induced by morphine. The present data also support the notion
that different mechanisms may be mediating analgesic tolerance, CPP, and locomotor
sensitization induced by morphine.
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Morphine-induced conditioned place preference was not altered in preproenkephalin knockout
mice. Mice were tested for baseline (preconditioning) preference on Day 1 (upper panel),
received conditioning sessions on Days 2—9, and were tested for postconditioning preference
on Day 10 (lower panel). Data reported are the means (+ SEM, indicated by the vertical lines)
of six mice per treatment per genotype. VPCH = vehicle-paired chamber; NCH = neutral
chamber; DPCH = drug-paired chamber; PENK +/+ = wild type mice; PENK —/— = knockout

mice.
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Figure 2.

The motor stimulatory action of morphine (5 mg/kg sc) was not altered in preproenkephalin
knockout mice. Motor activity was measured for 15-min sessions during habituation (1 hr prior
to saline or morphine) and test (1 hr after saline or morphine) periods. Data are mean (=
SEM, indicated by the vertical lines) of 6—8 mice per treatment per genotype ppENK +/+ =
wild type mice; ppENK —/— = knockout mice.
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Figure 3.

Morphine-induced locomotor sensitization was not altered in preproenkephalin knockout
(pPENK KO) mice. On Day 1, wild type mice and ppENK KO mice were habituated to the
test chambers for 1 hr and treated with either saline or morphine (5 mg/kg sc), and motor activity
was subsequently recorded for a 1-hr period (data not shown). On Days 2—7, mice were treated
with saline or morphine (7.5 mg/kg sc) and then tested for morphine-induced motor stimulation
after a challenge dose of morphine (5 mg/kg sc) given on Day 14. Data represent mean (+
SEM, indicated by the vertical line) distance traveled for 15-min sessions during the 1-hr
habituation (prior to morphine challenge) and 1-hr test (after morphine administration) periods
(n =5-6 mice per treatment per genotype) on Day 14. ppENK +/+ = wild type mice; ppENK
—/— = knockout mice.

Behav Neurosci. Author manuscript; available in PMC 2008 March 18.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Marquez et al.

Page 13
100 -
T
80 -
B Day7
E 60 - "
X 40 4
20 <
0 -
PPENK +/+ PPENK -/-
Morphine (7.5 mg/kg, s.c.)
Figure 4.

Repeated morphine administration produced tolerance to the antinociceptive effect of
morphine in wild type mice, but this phenomenon was blunted in preproenkephalin knockout
mice. On Day 1, mice were tested for baseline tail-flick latency, injected with morphine (7.5
mg/kg), and tested 30 min later for morphine-induced antinociception. On Days 2—6, mice
were daily injected with morphine but not tested for baseline or morphine-induced
antinociception. On Day 7, mice were tested for morphine-induced antinociception, as
described for Day 1. Data are the mean (= SEM, indicated by the vertical lines) of 4-5 mice
per genotype. ppENK +/+ = wild type mice; ppENK —/— = knockout mice; MPE = maximum
possible effect. The asterisk indicates a significant difference from the all other groups (p <.
05).
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