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Abstract

It has been shown previously that norbinaltorphimine (norBNI) and 5’-guanidinonaltrindole (5'-
GNTI), long-acting kappa opioid receptor (KOPR) antagonists, cause frenzied scratching in mice
[1;2]. In the current study, we examined if zyklophin, a short-acting cyclic peptide KOPR
antagonist, also elicited scratching behavior. When injected s.c. in the nape of the neck of male
Swiss-Webster mice, zyklophin at doses of 0.1, 0.3 and 1 mg/kg induced dose-related hindleg
scratching of the neck between 3 and 15 min after injection. Pretreating mice with norBNI (20
mg/kg, i.p.) at 18-20 hr before challenge with zyklophin (0.3 mg/kg) did not markedly affect
scratching. Additionally, KOPR —/- mice given 0.3 mg/kg of zyklophin displayed similar levels of
scratching as wild-type animals. The absence of KOPR in KOPR -/- mice was confirmed with ex
vivo radioligand binding using [3H]U69,593. Taken together, our data suggest that the presence of
kappa receptors is not required for the excessive scratching caused by zyklophin. Thus, zyklophin,
similar to the structurally different KOPR antagonist 5'-GNTI, appears to act at other targets to
elicit scratching and potentially the sensation of itch.
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Introduction

The non-peptide KOPR antagonists 5'-GNTI and norBNI (see Fig. 1 for structures) have
long durations of action, with their effects lasting for at least 3 weeks (reviewed in [3]).
Zyklophin is a novel short-acting dynorphin analog with 11 amino acids (see Fig. 1 for
structure) that acts as a KOPR antagonist and is able to cross the blood-brain barrier
following systemic administration [4]. This compound was first synthesized in 2005 [5] and
its pharmacological properties characterized in 2009 [4]. Zyklophin has a duration of action
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of less than 12 hr and is selective for the KOPR (Ki ratio of 1/194/>330 for kappa/mu/delta
opioid receptors). The unusual short duration of action and recent report of this KOPR
antagonist warrant further investigation into its pharmacology.

Cowan and colleagues have shown previously that 5'-GNTI injected into the nape of the
neck induces quick-onset dose-dependent, frenzied scratching in Swiss-Webster mice that is
not blocked by pretreatment with norBNI, a selective KOPR antagonist or naloxone, a non-
selective opioid antagonist [2]. norBNI, another other long-acting non-peptide KOPR
antagonist, also induces repetitive scratching [1]. Kappa receptors are not the only opioid
receptors involved in the sensation of itch. At the spinal level, mu opioid receptor agonists
such as morphine and fentanyl induce scratching [6;7].

While KOPR antagonists appear to be inducers of scratch, it is interesting to note that KOPR
agonists are able to suppress the incidence of scratching. Nalfurafine, a KOPR agonist, has
been shown to act on the KOPR to block scratching in a dose-dependent manner. Previous
studies have shown that nalfurafine attenuates scratching induced by 5-GNTI [2] as well as
scratching induced by substance P and histamine [8], morphine [9], compound 48/80 [10]
and chloroquine [11]. These data indicate that a decrease in scratching by KOPR agonism is
not specific for 5'-GNTI-induced scratching.

The pathophysiology of itch is complex and not well-understood (for reviews, see [12;13]).
There are many substances that evoke scratching behavior and also many receptors and
neural pathways that are implicated. Briefly, in a 2006 review of the neurobiology of itch,
Ikoma and colleagues [12] identified at least 4 different types of itch: itch caused by skin
disorders, itch caused by systemic disorders, psychogenic itch and neuropathic itch. The
implicated systems in skin disorders are histamine, interleukins, prostaglandins and
proteases. In systemic disorders, opiates and possibly interleukins are implicated. In
psychogenic itch, serotonin and noradrenaline are involved, and finally, neuropathic itch is
caused by damage to nerve fibers, proteases and neuropeptides including substance P. More
recently, the gastrin-releasing peptide receptor (GRPR), also known as the BB2 (bombesin)
receptor has been identified as a mediator of itch in the dorsal horn of the spinal cord [14].
The natriuretic polypeptide b (Nppb) has been found to be implicated in the GRP itch
circuitry [15], though its exact role has not yet been fully elucidated [16]. In a recent
publication, Kim and Yosipovitch [13] listed substances potentially involved in chronic
stress-induced itch, which include, in addition to those mentioned above, nerve growth
factor, acetylcholine, adrenocorticotropin hormone, corticotropin-releasing hormone, kinins,
vasoactive intestinal peptide, and chemoattractants. Of this extensive (but not exhaustive)
list, most have a role in pruritus signaling, whether it is directly on pruriceptors on nerve
endings, or indirectly on nerve fiber sensitivity, activation of mast cells, or over-activation
of the sympathetic nervous system.

norBNI and 5'-GNT]I are non-peptides, so a study on a peptide was of great interest.
Additionally, no short-acting KOPR antagonists have been investigated as scratch-inducers
to date. Thus, the two aims of the study were (1) to examine if zyklophin caused scratching
following s.c. injection into the nape of the neck of Swiss-Webster mice and (2) to
investigate the role of the KOPR in zyklophin-induced scratching behavior using norBNI
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pretreatment to block KOPR and also in mice lacking the KOPR, which was confirmed with
[3H]U69,593 binding.

Materials and Methods

Animals

Compounds

For all the scratching studies, unless otherwise noted, male Swiss-Webster mice weighing
25-30 g (Ace Laboratories, Boyertown, PA) were used. For the KOPR-/- study, male
KOPR-/- mice (25-30 g) were used. These mice, of C57BL6/J background, were originally
generated by Kieffer and her colleagues [17]. Breeding pairs were purchased from Jackson
Laboratories (Bar Harbor, ME) and KOPR-/- x KOPR-/- mating was carried out in the
Animal Facility at Temple University School of Medicine. Wild-type C57BL6/J mice of the
same weight, obtained from Jackson Laboratories, were used as the controls. Mice were
housed under a 12 hr light/dark cycle with food and water available ad libitum. Experiments
were conducted between noon-6:00 PM. Experimental procedures were approved by the
Temple University Institutional Animal Care and Use Committee.

Mice were allowed to acclimate to the laboratory setting for 3—4 days before the
experiments. The animals were habituated to individual shielded rectangular observation
boxes (18 cm x 23 cm x 25 cm) for at least 1 hr before the experiment. All animals were
drug-naive and used only once.

Zyklophin {[N°-benzylTyr!,cyclo(d-Asp®,Dap®)]-dynorphin A-(1-11)NH,} was
synthesized according to published procedures [5;18]. norBNI was provided by the NIDA
Drug Supply Program. Naloxone HCI was purchased from Sigma-Aldrich (St. Louis, MO).

Effect of zyklophin on overt behavior of mice

We used submaximal s.c. doses of zyklophin (0.1, 0.3 and 1 mg/kg) which were based on
previous kappa opioid antagonist studies [2] as well as zyklophin data of Aldrich et al. [4].

On the day of the experiment, mice were acclimated to the observation boxes and
experiments were performed as previously described [11]. Injections with zyklophin (0.25
ml/25 g) were performed s.c. in the nape of the neck of the mice (n=6-12). Observations of
bouts of scratching (defined as lifting the hind leg to scratch the neck) were recorded over a
period of 30 min starting one min after injection. This procedure was followed for all
zyklophin injections (in Swiss-Webster, wild-type C57BL6/J, and KOPR —/- mice).

Effect of norBNI pretreatment on zyklophin-induced scratching

Mice were injected with saline or norBNI (20 mg/kg, i.p.), used in this instance as a
selective kappa opioid receptor antagonist, according to the 2011 study of Inan et al. [19].
Eighteen to 20 hr later, the animals were acclimated in individual boxes and injected with
zyklophin (0.3 mg/kg, s.c., nape of neck). One minute after zyklophin injection, mice were
observed for 30 min and the number of scratching bouts was recorded.
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Ex vivo receptor binding study

For confirmation of the deletion of the kappa receptor in KOPR —/- mice, both knockout
mice and the wild-type counterparts were kept for two weeks after the injection of zyklophin
to give sufficient time for elimination of the peptide. Mice were euthanized with CO, gas
and the brains removed. The forebrain was collected and weighed. For homogenization, ice-
cold 50 mM Tris-HCl and 1 mM EDTA buffer, pH 7.4 was used in a 1:6 w/v ratio with a
Fisher F60 Sonic Dismembrator for 20 s. Knockout and wild-type samples were run side by
side. Binding was performed in 50 mM Tris-HCI buffer containing 1 mM EGTA (pH 7.4).
The selective KOPR agonist [3H]U69,593 (2 nM) was used with 200 pl homogenate for a
final volume of 1 mL. Naloxone (10 pM) was used to define nonspecific binding. The
reaction mixture was incubated for 1 hr at room temperature and terminated by filtration
under reduced pressure with GF/B filters presoaked with 0.1 mg/ml BSA and 0.2%
polyethyleneimine. Filters were washed three times with ice-cold 50 mM Tris-HCI buffer
containing 0.15 M NaCl (pH 7.4). Radioactivity on filters was determined by liquid
scintillation counting.

Data analysis

All data were analyzed for significance with the Student’s t-test in GraphPad Prism 6.0 (La
Jolla, CA). Statistical significance was defined as P < 0.05. All data are expressed as values
+S.E.M.

Results

Zyklophin causes scratching in a dose-dependent manner

Zyklophin induced scratching by 1 min after s.c. injection into the nape of the neck of male
Swiss-Webster mice. The incidence of scratching was dose-related (0.1, 0.3 and 1 mg/kg)
over the 30 min observation period (Fig. 2). Most of the scratching occurred within 15 min
of injection and was essentially over after 30 min.

Pretreatment with norBNI does not attenuate zyklophin-induced scratching

Mice pretreated with norBNI (20 mg/kg, i.p.) 18-20 hr before s.c. injection of 0.3 mg/kg
zyklophin did not show a statistically significant (P=0.3887) decrease in scratching
behavior, compared with saline pretreatment (Fig. 3). This dose of norBNI, given i.p. 18-20
hr before saline, did not cause scratching (data not shown).

Zyklophin-induced scratching persists in KOPR —/- mice

KOPR -/- mice injected with zyklophin (0.3 mg/kg) did not show a statistically significant
(P=0.5998) lower level of scratching behavior in comparison to wild-type C57BL6/J mice
(Fig. 4). The number of scratches in C57BL6/J mice was much fewer than that observed in
Swiss-Webster mice given the same dose of zyklophin. To confirm deletion of the KOPR,
[3H]U69,593 ex vivo radioligand binding was performed on brain homogenates. There was
no specific binding of [3H]U69,593 in brains of KOPR —/- mice, while there were
appreciable levels of specific binding in the wild-type animals (684 + 178 dpm/1.3 mg
protein).
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Discussion

We found that zyklophin (0.1-1 mg/kg), a short-acting KOPR antagonist, elicited dose-
dependent scratching when injected s.c. in the nape of the neck of mice. Most of the
scratching was observed between +3 and +15 min. Pretreating mice with norBNI mice at
18-20 hr to block the KOPR before the standard dose of zyklophin (0.3 mg/kg) did not
markedly affect the incidence of scratching. Additionally, KOPR —/- mice given 0.3 mg/kg
of zyklophin did not display decreased scratching when compared to wild-type animals. The
absence of kappa receptors in KOPR-/- mice was confirmed with ex vivo radioligand
binding using [3H]U69,593.

The observation that zyklophin-promoted scratching is not mediated by the KOPR coincide
with that made by Inan [20], who found that scratching induced by 0.3 mg/kg 5'-GNTI was
not blocked by norBNI pretreatment and was not reduced in KOPR —/- mice, compared
with wild-type mice.

There appears to be a strain difference, as C57BL6/J wild-type mice displayed less
scratching behavior compared to Swiss-Webster mice at the same dose of zyklophin. Strain
differences between C57BL6/J and Swiss-Webster mice have been documented in several
areas, including anxiety [21], autonomic response to stress [22], and antinociceptive
response to morphine [23]. This may be another area in which strain differences are present,
but more data needs to be collected to solidify this observation.

Taken together, our data suggest that the presence of KOPR is not required for the excessive
scratching caused by zyklophin. Thus, zyklophin, norBNI and 5'-GNTI most likely induce
scratching through an off target effect. It is interesting to note that even though zyklophin
induces scratching qualitatively similar to 5’-GNTI, the latter compound induces more
vigorous scratching of longer duration [2].

Parenthetically, to examine the role of substance P and TRPAL in preventing zyklophin-
induced scratching, we injected mice with the selective neurokinin 1 receptor antagonist, RP
67580 (5 and 10 mg/kg, i.p.), and the selective TRPAL antagonist HC-030031 (75 mg/kg,
i.p.), respectively 1 hr before zyklophin. Neither compound markedly influenced the
incidence of peptide-induced scratching (DiMattio, Cowan and Liu-Chen, unpublished
observations). Thus, at present, the molecular targets at which zyklophin acts to elicit
scratching remain to be determined. Although both zyklophin and 5'-GNTI are selective
kappa opioid antagonists, there is no evidence that both compounds act on the same targets
to induce scratching.
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Figure 1.
Chemical structures of 5'-guanidinonaltrindole (GNTI), norbinaltorphimine (norBNI) and

[N-benzylTyrl,cyclo(D-Asp®,Dap®)]Dyn A-(1-11)NH2 (zyklophin).
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Figure 2.
Zyklophin induced scratching in a dose-dependent manner when injected s.c. into the nape

of neck in male Swiss-Webster mice. Each value represents mean = S.E.M. (n=6-12). Mice
injected with saline had < 5 bouts of scratching/30 min.
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Figure 3.
Pretreatment of mice with norBNI (20 mg/kg, i.p.), 18-20 hr before zyklophin (0.3 mg/kg,

s.c.), did not attenuate zyklophin-induced scratching. Each value represents mean + S.E.M.
(n=6).
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Figure4.
Deletion of the KOPR did not attenuate zyklophin (0.3 mg/kg s.c.)-induced scratching in

C57BL6/J male mice. Each value represents mean + S.E.M. (n=6).
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