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Brain allopregnanolone induces 
marked scratching behaviour in 
diet-induced atopic dermatitis 
mouse model
Masanori Fujii  1, sayaka ohgami1, erika Asano1, takanori Nakayama1, takahiro toda1, 
takeshi Nabe1,2 & susumu ohya1,3

Allopregnanolone (ALLo) is a neurosteroid produced in the brain, but so far, no study has explored its 
link with itching. Herein, we used a diet-induced atopic dermatitis mouse model to examine whether 
exogenously administered and endogenously produced ALLo contribute to inducing scratching. 
systemic administration of ALLo elicited robust scratching in the atopic dermatitis model, while it did 
not affect spontaneous and pruritogen-induced scratching in normal mice. ALLO caused scratching 
when administered intracisternally, but not when administered intrathecally or intradermally, 
suggesting the involvement of supraspinal mechanisms. pharmacological analyses suggested that both 
γ-aminobutyric acid type A receptor activation and serotonin type 3 receptor inhibition were involved 
in ALLo-induced scratching. We next examined whether endogenously produced ALLo is involved in 
ethanol-induced scratching in atopic dermatitis mice, because ethanol administration increases ALLo in 
rodent brain. Acute ethanol administration increased brain ALLo levels, which coincided with increased 
scratching. Pre-treatment with finasteride, a synthetic ALLO inhibitor, suppressed ethanol-induced 
scratching and ALLO production in the brain. Collectively, our results demonstrated for the first time 
that ALLo administration caused marked scratching in atopic dermatitis mice, and ethanol-induced 
scratching may be mediated through endogenously produced brain ALLo.

Itch (or pruritus) is an unpleasant sensation inducing the desire to scratch. Atopic dermatitis is a common chronic 
skin disease, and pruritus is a cardinal symptom of this disease, which markedly reduces the quality of life of the 
patient1. Although several pathogenic mechanisms in the periphery and spinal cord have been postulated to be 
involved in atopic dermatitis itch2–5, supraspinal (i.e. brain) mechanisms may also play an important role. It is 
known that clinically, emotional stress, sleep, and alcohol intake often trigger or enhance pruritus in atopic der-
matitis6, and these factors seem to primarily affect brain function. Therefore, unique brain mechanisms of itch 
may be involved in atopic dermatitis; however, its molecular basis remains largely unclear.

We previously reported a unique, diet-induced chronic mouse model of atopic dermatitis. HR-1 hairless mice fed a 
special diet (named HR-AD) develop atopic dermatitis-like skin inflammation7,8. Interestingly, in this model, admin-
istration of certain central nervous system (CNS) drugs such as ethanol and barbiturates, markedly increased scratch-
ing9,10. Barbiturate-induced scratching was replicated in another chronic dermatitis model NC/Nga mice but not in 
the histamine-induced acute itch model using normal healthy mice10, suggesting that such enhancement of scratching 
is characteristic of chronic disease conditions. Further, we have shown that the CNS drug-induced scratching could 
be attributed, at least partly, to a synergistic effects on multiple targets including γ-aminobutyric acid type A (GABAA) 
receptors, N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 
glutamate receptors, and L-type voltage-dependent calcium channels (L-VDCC)9,10; however, whether endogenous 
substances acting on these targets contribute to pruritus remains to be studied.

1Department of Pharmacology, Division of Pathological Sciences, Kyoto Pharmaceutical University, 5 Nakauchi-cho, 
Misasagi, Yamashina, Kyoto, 607-8414, Japan. 2Laboratory of immunopharmacology, faculty of Pharmaceutical 
Sciences, Setsunan University, 45-1 Nagaotoge-cho, Hirakata, Osaka, 573-0101, Japan. 3Department of 
Pharmacology, Graduate School of Medical Sciences, Nagoya City University, 1 Kawasumi, Mizuho-cho, Mizuho, 
Nagoya, 467-8601, Japan. Correspondence and requests for materials should be addressed to M.F. (email: fujii@
mb.kyoto-phu.ac.jp)

Received: 23 August 2018

Accepted: 7 January 2019

Published: xx xx xxxx

opeN

https://doi.org/10.1038/s41598-019-38858-3
http://orcid.org/0000-0003-2050-4567
mailto:fujii@mb.kyoto-phu.ac.jp
mailto:fujii@mb.kyoto-phu.ac.jp


2Scientific RepoRts |          (2019) 9:2364  | https://doi.org/10.1038/s41598-019-38858-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

3α,5α-Tetrahydroprogesterone, also called allopregnanolone (ALLO), is one of the neurosteroids that are 
synthesized de novo in the brain or reach the brain from peripheral steroidogenic organs, such as adrenals and 
gonads11. Neurosteroids not only act on gene expression via intracellular steroid hormone receptors, but also 
rapidly alter neuronal excitability by acting through various membrane receptors12,13. Specifically, ALLO has been 
shown to positively modulate GABAA receptors, thereby producing barbiturate-like neurobehavioral effects such 
as anxiolytic, anticonvulsant, and sedative/hypnotic actions14,15. It has also been reported that similar to ethanol 
and barbiturates, ALLO inhibits L-VDCC16. Since ALLO has some similar pharmacological properties to those of 
ethanol and barbiturates, we hypothesized that it is involved in pruritus in atopic dermatitis.

In the present study, to prove this hypothesis, we first investigated whether ALLO administration causes 
scratching in the diet-induced atopic dermatitis model. Second, we also determined whether endogenously pro-
duced ALLO is involved in ethanol-induced scratching in the same model, because acute ethanol administration 
has been shown to increase brain ALLO levels in rodents17–19.

Results
systemic administration of ALLo elicits robust scratching in special diet-fed atopic dermatitis 
model, while it did not affect spontaneous and pruritogen-induced scratching in normal mice.  
Consistent with our previous results7,8, special diet-fed hairless mice exhibited red scaly skin resembling that 
observed in human atopic dermatitis (Fig. 1a, right panel), whereas normal diet-fed mice had no gross abnor-
malities (Fig. 1a, left panel). When ALLO (5 and 10 mg/kg) was administered intraperitoneally (i.p.) to normal 
mice, no significant change occurred in the cumulative duration of hindlimb scratching (Fig. 1b). In contrast, 
in the special diet-fed atopic dermatitis mouse model, the scratching duration was dose-dependently increased 
by ALLO administration, with a significant effect observed at 10 mg/kg (Fig. 1b). The mice administered ALLO 
frequently scratched their face and ears (Supplemental video-1), although sometimes also their back and trunk. 
The time course of scratching showed that ALLO-induced scratching started within 10 min after administration, 

Figure 1. Induction of scratching behaviour by intraperitoneal (i.p.) administration of allopregnanolone 
(ALLO) to atopic dermatitis-induced mice. (a) Mouse fed normal diet (left panel, Normal) or special diet 
(right panel, Atopic) for 12 weeks. (b) Vehicle (20% castor oil in saline) or ALLO (5 and 10 mg/kg) was i.p. 
administered to normal and atopic dermatitis-induced mice, and cumulative duration of scratching was 
measured for 1 h. Each column represents mean ± S.E.M. of six animals. **P < 0.01, vs. vehicle (designated 
as 0 mg/kg), one-way ANOVA with Dunnett’s multiple comparison test. (c) Time course of the cumulative 
duration of scratching when vehicle or 10 mg/kg ALLO was administered to atopic dermatitis-induced mice. 
Each column represents the mean ± S.E.M. of six animals. *P < 0.05 and ***P < 0.001, vs. vehicle, two-way 
ANOVA with Bonferroni’s multiple comparison test.
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peaked at 10–20 min, and had almost subsided at 30 min (Fig. 1c); thus, this scratching response was probably 
mediated by a non-genomic action.

We next examined whether ALLO administration also increases pruritogen-induced acute scratching in nor-
mal mice. However, systemic administration of ALLO (10 mg/kg, i.p.) did not significantly affect histamine- or 
chloroquine-induced scratching (Fig. 2).

ALLo acts supraspinally to induce scratching. To determine the site of action of ALLO-induced 
scratching, a low dose of ALLO was locally (intracisternal [i.ci.], intrathecal [i.t.], or intradermal [i.d.]) injected to 
the atopic dermatitis-induced mice. The i.ci. injection of ALLO (2.5 and 5 µg/site) dose-dependently and signifi-
cantly induced scratching (Fig. 3c), which was comparable to that induced by i.p. administration (Fig. 1b). Time 
course and manner of scratching after i.ci. injection of ALLO (Fig. 3d and Supplemental video-2) was very similar 
to that of i.p. administration (Fig. 1c and Supplemental video-1). On the other hand, i.t. and i.d. injections at the 
same dose did not cause significant scratching (Fig. 3e–h).

ALLo-induced scratching is suppressed by GABAA receptor antagonist and serotonin 5-HT3 
receptor agonist. Next, we pharmacologically analysed the mechanism underlying ALLO-induced 
scratching. Opioid receptor antagonists, such as naloxone and naltrexone, have been demonstrated to suppress 
various types of pruritus20–22. Thus, we first examined the effect of naltrexone on ALLO-induced scratching. 
However, naltrexone, even at the high dose (10 mg/kg, i.p.), did not suppress scratching (Fig. 4a), suggesting that 
ALLO-induced scratching is not a common opioid-mediated itch response.

We next examined whether activation of GABAA receptors is required for ALLO-induced scratching, because 
ALLO is a potent, positive allosteric modulator of GABAA receptors14,15. When the GABAA receptor antagonist 
picrotoxin was administered i.p. 5 min after i.p. administration of ALLO, the scratching response was significantly 
suppressed depending on the dose of picrotoxin (Fig. 4b). This result supports the hypothesized role of GABAA 
receptors in ALLO-induced scratching, but we postulated the involvement of other mechanisms because we previ-
ously found that the selective GABAA receptor agonist muscimol failed to induce scratching in the same model10.

Similar to ethanol and barbiturates, ALLO inhibits the L-VDCC16, and our previous10 and unpublished results 
showed that both ethanol- and barbiturate-induced scratching in atopic dermatitis mice were significantly sup-
pressed by co-administration of the L-VDCC agonist BAY K 8644 (0.3 and 1 mg/kg, i.p.). Thus, we evaluated 
the effect of the same dose of BAY K 8644 on ALLO-induced scratching, and found that BAY K 8644 tended to 
suppress ALLO-induced scratching, but the effect was not statistically significant (Fig. 4c).

Although there is no convincing evidence that ALLO acts on glutamate receptors, we previously found that 
an i.ci. injection of NMDA (4 nmol/site) significantly blocked ethanol-induced scratching in atopic dermatitis in 
mice9. Accordingly, we examined the effects of NMDA at the same dose on ALLO-induced scratching, but it did 
not suppress scratching (Fig. 4d).

Wetzel et al.23 have demonstrated that ALLO acts as a functional antagonist of serotonin 5-hydroxytryptamine 
type 3 (5-HT3) receptors. Thus, we examined the effect of the 5-HT3 receptor agonist 2-methyl-5-HT on 

Figure 2. No effect of allopregnanolone (ALLO) on pruritogen-induced scratching in normal mice. Vehicle 
(saline) or ALLO (10 mg/kg, i.p.) was administered to normal mice, and 10 min later, saline (50 µL/site), 
histamine (Hist, 250 µg/50 µL/site) or chloroquine (CQ, 200 µg/50 µL/site) was i.d. injected to the nape of the 
neck. Immediately after i.d. injection, the number of scratching bouts on the injection site was measured for 
1 h. Each column represents the mean ± S.E.M. of four animals. *P < 0.05, one-way ANOVA with Bonferroni’s 
multiple comparison test.
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Figure 3. Induction of scratching behaviour by an intracisternal (i.ci.) injection of low-dose allopregnanolone 
(ALLO) to atopic dermatitis-induced mice. (a) Schematic illustration of i.ci. injection. (b) Gross distribution 
of 1% Evans blue solution i.ci. injected at 10 µL. (c,e,g) Vehicle (20% castor oil in saline, 10 µL) or ALLO 
(2.5 and 5 µg/10 µL in each site) was i.ci. (c), intrathecally (i.t.) (e), or intradermally (i.d.) (g) injected into 
atopic dermatitis-induced mice, and from immediately (for i.ci. and i.d.) or 5 min (for i.t.) after injection, the 
cumulative duration of scratching was measured for 1 h. Each column represents the mean ± S.E.M. of five 
animals. **P < 0.01, vs. vehicle (designated as 0 µg/site), one-way ANOVA with Dunnett’s multiple comparison 
test. (d,e,h) Time course of the cumulative duration of scratching when vehicle or 5 µg/site ALLO was i.ci. (d), 
i.t. (f), or i.d. (h) administered to atopic dermatitis-induced mice. Each column represents the mean ± S.E.M. of 
five animals. ***P < 0.001, vs. vehicle, two-way ANOVA with Bonferroni’s multiple comparison test.
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ALLO-induced scratching. When 2-methyl-5-HT was i.ci. injected 5 min after ALLO administration, scratching 
behaviour was almost completely suppressed (Fig. 4e). On the other hand, the i.ci. injection of 2-methyl-5-HT, 
even at the high dose (30 µg/site), did not significantly affect locomotor activity (data not shown). This observation 
suggested that suppression of ALLO-induced scratching by 2-methyl-5-HT was not a simple side-effect of the drug.

Concomitant increase in scratching behaviour and brain ALLo levels after acute ethanol 
administration. It has been shown that acute administration of ethanol (1.35–4 g/kg) rapidly increases brain 
ALLO levels in rodents17–19. Further, we previously showed that oral administration of ethanol (2.4 g/kg) mark-
edly increased scratching in atopic dermatitis in mice9. Based on these previous findings and the present results, 
we hypothesized that ALLO endogenously produced in the brain contributes to the ethanol-induced scratching. 
To test this hypothesis, we investigated the time-course of scratching behaviour and brain ALLO levels after 
administering ethanol (2.4 g/kg, orally [p.o.]) to the atopic dermatitis mouse model. Consistent with previous 
results9, the scratching behaviour was apparently increased for 0–30 min after ethanol administration (Fig. 5a). 
The brain ALLO levels were also significantly elevated at 10 min and remained high for up to 30 min after ethanol 
administration, compared with the basal levels (Fig. 5b).

Pre-treatment with finasteride suppresses ethanol-induced scratching and brain ALLO pro-
duction. Finally, we investigated whether the ethanol-induced increase in brain ALLO levels contributes to 
scratching. ALLO has been shown to be synthesized from progesterone via 5α-reductase type 1, which is the 
rate-limiting enzyme in ALLO production11. Thus, we examined the effects of the 5α-reductase inhibitor finas-
teride on the scratching response during 1 h and the brain ALLO levels at 10 min after ethanol administration. As 
a result, pre-treatment with finasteride significantly suppressed ethanol-induced scratching and ALLO produc-
tion in the brain (Fig. 6).

Figure 4. Effects of several drugs on allopregnanolone (ALLO)-induced scratching in atopic dermatitis-induced 
mice. ALLO was i.p. administered at 10 mg/kg. (a) Vehicle (saline) or naltrexone (NTX, 10 mg/kg) was i.p. 
administered 30 min before ALLO administration. (b) Vehicle (saline) or picrotoxin (2.5 or 5 mg/kg) was i.p. 
administered 5 min after ALLO administration. (c) Vehicle (0.5% Tween 80-containing saline) or Bay K 8644 (0.3 or 
1 mg/kg) was i.p. administered 5 min after ALLO administration. (d) Vehicle (saline) or NMDA (4 nmol/10 µL/site) 
was i.ci. administered 5 min after ALLO administration. (e) Vehicle (saline) or 2-methyl-5-HT (10 or 30 µg/10 µL 
per site) was i.ci. administered 5 min after ALLO administration. Each column represents the mean ± S.E.M. of six 
(a), eight or nine (b), 16 or 17 (c), six or seven (d), and five to six (e) animals. *P < 0.05 and ***P < 0.001, vs. vehicle 
(Veh), unpaired Student’s t-test or one-way ANOVA with Dunnett’s multiple comparison test.
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Discussion
This study examined whether endogenous neurosteroid ALLO is involved in pruritus in an atopic dermatitis 
mouse model. We found that systemic administration of ALLO markedly increased spontaneous scratching in 
mice with atopic dermatitis, while it did not affect spontaneous and pruritogen-induced scratching in normal 
mice. Local injection studies showed that ALLO acted at the supraspinal level to cause scratching. Thus, our data 
showed that the brain ALLO content may contribute to inducing scratching in atopic dermatitis. Although ALLO 
is the best characterized neurosteroid and has been extensively studied in various CNS disorders24, to the best 
of our knowledge, this is the first study to show the possible link between brain ALLO and itch-like behaviour.

Figure 5. Time course of scratching and brain allopregnanolone (ALLO) levels following ethanol 
administration. (a,b) Ethanol (2.4 g/kg) was p.o. administered to atopic dermatitis-induced mice and the 
cumulative duration of scratching (a) and the brain ALLO levels (b) were measured at indicated time points. 
Each column represented means ± S.E.M. of nine or 11 (a) and six or seven (b) animals. *P < 0.05 and 
***P < 0.001, vs. before, one-way ANOVA with Dunnett’s multiple comparison test.

Figure 6. Suppression of ethanol-induced scratching and brain allopregnanolone (ALLO) production in 
atopic dermatitis-induced mice pre-treated with the 5α-reductase inhibitor, finasteride. (a,b) Vehicle (20% 
β-cyclodextrin-containing saline) or finasteride (FIN, 50 mg/kg, i.p.) was twice administered 24 h and 1 h 
before administration of ethanol (2.4 g/kg, p.o.). (a) Cumulative duration of scratching during 1 h period after 
ethanol administration. (b) Brain ALLO levels 10 min after ethanol administration. Each column represents 
mean ± S.E.M. of (a) 16 or 17 and (b) four or five animals. *P < 0.05 and **P < 0.01, vs. vehicle (Veh), unpaired 
Student’s t-test.
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Because animals cannot describe their sensations, it is difficult to conclude that ALLO-induced hindlimb 
scratching is really caused by increased itch sensation; however, numerous studies support the idea that hind-
limb scratching in mice essentially reflects itch sensation25,26. µ-Opioid antagonists relieve various types of pru-
ritus and, thus, are useful to evaluate whether animal scratching is an itch-related behaviour; however, they are 
not always effective in human and animal itch cases27–29. In our atopic dermatitis model, although neither the 
cumulative duration nor the frequency of spontaneous scratching bouts constantly increased, the duration of one 
scratching bout was reproducibly prolonged, and was suppressed by naloxone21. On the other hand, ethanol- and 
barbiturate-induced scratching were partially and not significantly suppressed, respectively by naltrexone at the 
same dose used in the present study9,10. We presently found that ALLO-induced scratching was insensitive to 
naltrexone treatment. Therefore, we assumed that the marked scratching response induced by ethanol, barbitu-
rates, or ALLO was essentially different from common opioid-mediated itch responses. Rather, since similar to 
ethanol and barbiturates, ALLO exerts a hypnotic effect30,31, the unique scratching phenomenon might resemble 
the unconscious nocturnal pruritus frequently observed in patients with atopic dermatitis32–34.

ALLO has been shown to act as a potent GABAA receptor agonist15 and circulating ALLO reached brain 
tissues, which correlated with its CNS effects31,35. In this study, we found that ALLO-induced scratching was 
completely blocked by an i.p. administration of the GABAA receptor antagonist picrotoxin. It is widely accepted 
that systemically administered picrotoxin primarily acts on GABAA receptors in the brain. Furthermore, our 
preliminary experiment showed that i.ci. administered picrotoxin similarly suppressed i.p. ALLO-induced 
scratching in another but similar diet-induced atopic dermatitis mouse model (data not shown). Therefore, 
ALLO-induced scratching could be attributed to activation of brain GABAA receptors. We previously showed 
that other GABAergic drugs such as ethanol and barbiturates also markedly enhanced scratching in atopic derma-
titis in mice, which was suppressed by GABAA receptor antagonists9,10. On the other hand, benzodiazepines only 
slightly enhanced scratching, whereas the selective GABAA receptor agonist muscimol decreased scratching10. 
The discrepancy between the effects of these GABAergic substances on scratching has two possible explanations. 
The first is the possible involvement of additional targets other than GABAA receptors. Although benzodiazepines 
and muscimol act exclusively on GABAA receptors, ethanol, barbiturates, and ALLO have many additional tar-
gets13,36,37. Indeed, our previous results suggest that inhibition of NMDA glutamate receptors and L-VDCC may 
contribute to ethanol-induced scratching in atopic dermatitis in mice9, and that inhibition of AMPA glutamate 
receptors and L-VDCC could be involved in barbiturate-induced scratching10. On the other hand, we showed 
that co-application of the 5-HT3 receptor agonist almost completely blocked ALLO-induced scratching, although 
either an L-VDCC agonist or NMDA had no significant effect. The sum of the inhibitory rates of ALLO-induced 
scratching induced by the GABAA receptor antagonist and 5-HT3 receptor agonist was much greater than 100%. 
Therefore, some synergistic interaction between GABAA receptor activation and 5-HT3 receptor inhibition in the 
brain may be required for ALLO-induced scratching. It should also be noted that the scratching responses caused 
by ethanol, barbiturates, and ALLO have distinctively different underlying mechanisms other than activation of 
GABAA receptors.

Second, GABAA receptor heterogeneity may also be involved in ALLO-induced scratching. There are various 
subtypes of GABAA receptors with distinct functions and pharmacology38, but they can be divided into two sub-
types based on the presence of γ or δ subunits. The γ- and δ-containing receptors are mainly located synaptically 
and extrasynaptically, respectively, and thereby contribute to phasic and tonic GABA-mediated inhibitory trans-
mission, respectively39. Although benzodiazepines specifically bind to γ-containing receptors, ALLO, ethanol, 
and barbiturates act on both receptor subtypes37,39–41. Importantly, although muscimol is generally regarded as a 
GABAA receptor pan-agonist, its in vivo effects are reported to be mediated preferentially through a small popula-
tion of δ-containing receptors42,43. Considering these between-drug differences in the effects on GABAA receptors, 
activation of both GABAA receptor subtypes may also be necessary to fully induce scratching in atopic dermatitis 
mice. However, further studies using γ or δ subunit knockout mice are warranted to test this hypothesis.

The present study suggested that both GABAA receptor activation and 5-HT3 receptor inhibition contributed 
to ALLO-induced scratching. This conclusion is highly consistent with pharmacological studies on ALLO12, but 
seems inconsistent with reports on the role of these receptors in certain itch conditions. Several studies have 
shown that GABAA receptors in the spinal cord and central nucleus of the amygdala have an inhibitory role 
in itch signalling and the resultant scratching behaviour44–46. Moreover, activation of 5-HT3 receptors has been 
reported to contribute to certain types of pruritus47–50. However, this discrepancy could be explained by the fol-
lowing differences between these previous results and our present findings. (1) ALLO-induced scratching was 
not mediated through spinal GABAA receptors, although the effects on the receptors in the central nucleus of 
the amygdala could not be excluded. (2) In the previous studies, muscimol was used as an agonist for GABAA 
receptors to inhibit scratching responses45,46. On the other hand, ALLO caused scratching probably by pharmaco-
logical properties that differed from those of muscimol (as described above), whereas muscimol similarly reduced 
scratching in our model10. (3) Although 5-HT3 antagonists are highly effective against opioid-induced pruritus in 
humans47,48, ALLO-induced scratching is intrinsically independent on opioid receptors. (4) Activation of 5-HT3 
receptors in the skin or spinal cord is considered to contribute to induction of scratching in pruritogen-induced 
acute and cholestatic itch models49,50. On the other hand, in our atopic dermatitis model, ALLO inhibited this 
receptor at the supraspinal level, and eventually likely contributed to the induction of scratching. (5) Inhibition 
of scratching by muscimol was observed in both acute and chronic itch conditions45,46, whereas ALLO-induced 
scratching was observed only in chronic dermatitis in mice. Therefore, considering these differences, it is reasona-
ble that ALLO could induce scratching in certain chronic dermatitis conditions through an unknown mechanism.

In the present study, we found a concomitant increase in scratching behaviour and brain ALLO levels after 
acute ethanol administration, which was suppressed by pre-treatment with the ALLO synthetic inhibitor finas-
teride. Furthermore, our preliminary experiment showed that the increased levels of ALLO after ethanol admin-
istration were comparable to that after an i.p. administration of 10 mg/kg ALLO (data not shown). These results 
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support our hypothesis that endogenously produced ALLO partly contributed to ethanol-induced scratching in 
the atopic dermatitis mouse model. It has been reported that the two enzymes responsible for ALLO synthesis 
(i.e., 5α-reductase type I and 3α-hydroxysteroid dehydrogenase) are colocalized in the cortical, hippocampal, 
and olfactory bulb glutamatergic principal neurons and in some output neurons of the amygdala and thalamus51. 
However, the brain region contributing to scratching induction remains to be determined and needs further 
investigation. Furthermore, a number of studies have shown that the expression levels of these enzymes and 
ALLO concentrations are altered under various physiological and disease conditions14. Therefore, it would be 
interesting to determine whether fluctuation of ALLO in some specific brain regions contributes to scratching 
behaviour in various physiological situations such as sleep, stress, and anxiety, which are all known to often exac-
erbate pruritus in pathological conditions6,52.

ALLO-induced enhancement of scratching was observed only in chronic atopic dermatitis mice, which is 
consistent with our previous findings using ethanol9 or barbiturates10. Therefore, such enhancement of scratching 
may be associated with highly chronic disease conditions. The present study showing that the same dose of ALLO 
induced scratching in atopic but not normal mice suggests that this difference is attributed likely to some differ-
ences of responsivity to ALLO (e.g., the expression or function of the related receptors, or the existence of unique 
nervous system under chronic disease conditions) only rather than the brain content of ALLO.

In conclusion, this study demonstrated that brain ALLO induced marked scratching in atopic dermatitis in 
mice, and suggested that ethanol-induced scratching is mediated partly through endogenously produced ALLO 
in the brain. Therefore, brain ALLO may be involved in pruritus in atopic dermatitis. However, as yet there is no 
direct evidence that endogenous brain ALLO contributes to naturally occurring itch, we need further studies 
using another chronic itch model that shows spontaneous scratching. In addition to ALLO, a variety of neuros-
teroids are present in the brain such as tetrahydro-deoxycorticosterone and pregnenolone sulphate, which exert 
similar and opposite actions to ALLO, respectively12. Further investigation of the roles of brain neurosteroids in 
pruritus may enhance the understanding of supraspinal mechanisms of chronic itch and could lead to the devel-
opment of novel therapeutic approaches to intractable pruritus in chronic diseases including atopic dermatitis.

Methods
Animals. Four-week-old, female hairless mice (Hos: HR-1) were purchased from Hoshino Laboratory 
Animals (Saitama, Japan) and were maintained in plastic cages with free access to food and water and housed 
at 22 ± 1 °C on a 12-h light/dark cycle. All animal studies were approved by the Ethics Committee of Animal 
Research of Kyoto Pharmaceutical University (Approval numbers: 16–12–054 and 17–035), and were performed 
in accordance with the Guidelines for Proper Conduct of Animal Experiments (Science Council of Japan, 2006).

Diet-induced atopic dermatitis model. As reported previously7, hairless mice were fed a special diet 
(HR-AD diet; Norsan, Yokohama, Japan) for 8–12 weeks to fully induce atopic dermatitis-like symptoms and 
then they were used within 1 week. The disease signs were confirmed by gross observation, measurement of 
skin hydration, and transepidermal water loss using a Corneometer® CM825 and Tewameter® TM210 (both 
from Courage + Khazaka Electronic, Cologne, Germany), respectively. Mice fed a standard laboratory diet (MF; 
Oriental Yeast Industry, Tokyo, Japan) were used as the negative control.

Drug preparation. The reagents were prepared as follows: ALLO (Sigma-Aldrich, St. Louis, MO, USA) 
was dissolved in a mixture of castor oil (Cremophor® EL; Sigma-Aldrich) and physiological saline (1:4, v/v). 
Chloroquine diphosphate, histamine dihydrochloride, naloxone hydrochloride, picrotoxin, NMDA (all from 
Sigma-Aldrich), and 2-methyl-5-HT (both from Wako Pure Chemical Industries, Osaka, Japan) were dissolved 
in physiological saline. (−)-BAY K 8644 (Sigma-Aldrich) was suspended in physiological saline containing 0.5% 
(v/v) Tween 80. Ethanol (Wako Pure Chemical Industries) was diluted in purified water. Finasteride (Cayman 
Chemical, Ann Arbor, MI, USA) was dissolved in 20% (w/v) β-cyclodextrin-containing physiological saline. Each 
drug was prepared immediately before use.

Drug administration. The i.ci. injection was performed in conscious animals, as described by Ueda et al.53 
with slight modifications. Briefly, the head of each mouse was gently bent and a J-shaped needle (the 27-gauge 
stainless needle was curved 40 degrees at 3.5 mm from the tip) was inserted into the cleft between the occiput 
(Fig. 3a). Then, 10 µL aqueous solution was gradually injected into the cisternal magna. Using 1% Evans blue 
solution, we confirmed that the solution was primarily distributed in the area surrounding the cisternal magna 
and the ventral surface of the brain stem (Fig. 3b). The i.t. injection was performed under brief isoflurane (2%) 
anaesthesia, induced with 10 µL injected via lumbar puncture according to a modified method54. For the i.d. 
injection, 10 µL of the solution was injected into the nape of the neck using a 29-gauge butterfly needle, while p.o. 
administration was performed using a gavage needle (#5202; Fuchigami Kikai, Kyoto, Japan).

Analysis of scratching behaviour. Hindlimb scratching in mice is thought to be associated with itch sen-
sation25,26. In the present study, all hindlimb scratching behaviours were analysed regardless of scratching sites, 
except for the i.d. injection, and only scratching directed to the area around the injection site was analysed.

Prior to observing scratching, the mice were acclimatized for a minimum of 10 min in an observation chamber. 
Immediately after drug administration, the scratching behaviour was recorded and then analysed by playing back 
the videotape as reported previously7. Briefly, the cumulative duration of scratching was determined by instruct-
ing the observer to touch the switch for the duration of the scratching behaviour, using an in-house counter. 
The time detectable by this instrument was 0.1 s. Exceptionally, pruritogen (histamine or chloroquine)-induced 
scratching response was evaluated by measuring the number of scratching bouts on the injected site.
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Determination of brain ALLo levels. Immediately after euthanasia by cervical dislocation, whole brain 
samples were collected and stored at −80 °C until extraction. The obtained brain samples were homogenized in 
10 volumes of ethyl acetate, the supernatants were evaporated under nitrogen stream, and then stored at −80 °C 
until the analysis. The amount of ALLO was determined using a commercially available enzyme-linked immune 
assay kit (ELISA, DirectX® Allopregnanolone immunoassay kit; Arbor Assays, Ann Arbor, MI, USA) according 
to the manufacture’s instructions. The data were normalized to the wet tissue weight.

experimental procedures. In the experiment examining the effect of systemic administration of ALLO on 
spontaneous scratching, ALLO (5 and 10 mg/kg) was administered i.p. to normal mice and the atopic dermatitis 
model mice and then the scratching behaviour was recorded for 1 h. Histamine (250 µg/50 µL/site) or chloroquine 
(200 µg/50 µL/site) was i.d. injected 10 min after administration of ALLO (10 mg/kg, i.p.) and then scratching 
behaviour was recorded for 1 h. In the experiment examining the effects of local injection of ALLO on scratching, 
low doses of ALLO (2.5 and 5 µg/10 µL/site) were injected i.ci., i.t., or i.d. into atopic dermatitis-induced mice, 
and from immediately (for i.ci. and i.d.) or 5 min (for i.t. to recover from isoflurane anesthesia) after injection, 
the scratching behaviour was recorded for 1 h. For the co-administration with ALLO (10 mg/kg, i.p.) in atopic 
dermatitis-induced mice, the dose, route, and timing of administration were as follows. Naltrexone (10 mg/kg) 
was i.p. administered 30 min before ALLO administration. Picrotoxin (2.5 and 5 mg/kg) or BAY K 8644 (0.3 and 
1 mg/kg) was i.p. administered 5 min after ALLO administration. NMDA (4 nmol/site) or 2-methyl-5-HT (10 and 
30 µg/site) was i.ci. injected 5 min after ALLO administration, because these drugs cannot possibly pass through 
the blood-brain barrier. In these experiments, scratching behaviour was recorded for 1 h after administration of 
the latter drug. For determining the time course of scratching and the brain ALLO levels after ethanol adminis-
tration, ethanol (2.4 g/kg) was p.o. administered to atopic dermatitis mice, and then the scratching behaviour was 
recorded for 1 h. Furthermore, the brain samples of another group of mice were collected at 10 and 30 min after 
ethanol administration. In the experiment examining the effects of finasteride on ethanol-induced scratching and 
brain ALLO production in atopic dermatitis mice, finasteride (50 mg/kg) was i.p. administered twice at 24 and 
1 h before ethanol administration (2.4 g/kg, p.o.). Following the ethanol administration, scratching behaviour was 
recorded for 1 h and in another sets of mice the brain samples were collected at 10 min after ethanol administra-
tion. The control group received the vehicle of each drug. All selected doses were based on the results of our pre-
vious9,10, preliminary in vivo experiments, and those of in vitro and in vivo experiments reported by others16,23,55; 
the doses of ALLO by systemic (5 and 10 mg/kg, i.p.) or local (2.5 and 5 µg/site, i.ci.) administration have shown 
to produce antiepileptic or sedative/hypnotic effects in mice and rats56–58.

statistical analysis. Data were analysed using the GraphPad Prism (version 7.0; GraphPad Software, San 
Diego, CA, USA) and are presented as the means ± standard error of the mean (S.E.M.). Statistical differences 
were determined using unpaired Student’s t-test, a one-way analysis of variance (ANOVA) with Dunnet’s multiple 
comparison test or Bonferroni’s multiple comparison test, or two-way ANOVA with Bonferroni’s multiple com-
parison test. Differences were considered significant at P < 0.05.
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