
CLINICAL AND LABORATORY INVESTIGATIONS BJD British Journal of Dermatology

Reduced expression of nicotinic a subunits 3, 7, 9 and 10

in lesional and nonlesional atopic dermatitis skin but
enhanced expression of a subunits 3 and 5 in mast cells
F. Kindt,*� S. Wiegand,* V. Niemeier,� J. Kupfer,� C. Löser,� M. Nilles,� H. Kurzen,§ W. Kummer,* U. Gieler�
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Summary

Background The skin cholinergic signalling system is modulated in atopic dermatitis
(AD).
Objectives To investigate of the role of nicotinic acetylcholine receptors (nAChRs)
in the pathogenesis of AD.
Methods We investigated the expression and localization of nAChR a subunits in
AD by quantitative reverse transcription-polymerase chain reaction and immuno-
histochemistry of biopsies from lesional and nonlesional areas of AD skin and of
skin biopsies from healthy control persons.
Results Our data demonstrate the presence of mRNA and protein of the nAChR a
subunits 3, 5, 7, 9 and 10 in keratinocytes and mast cells in healthy and AD skin.
Expression of the a subunits 3, 7, 9 and 10 was generally reduced in the skin of
patients with AD whereas mast cells in AD but not in healthy skin showed a3
and a5 subunit immunoreactivity. Differences in the subunit mRNA levels
between lesional and nonlesional skin were obtained for the a subunits 3, 9 and
10 with higher levels of a3 but lower levels of a10 subunit mRNA in lesional
areas. No differences in the expression of the a subunits was found between the
groups of extrinsic, intrinsic or mixed AD types, between genders and between
smokers and nonsmokers.
Conclusions This supports the idea that the cholinergic system is dysregulated inde-
pendently from inflammation in AD and that inflammation further modulates
individual nAChR subunits.

The skin contains a cholinergic signalling system that consists

of the synthesizing enzymes and transporters for acetylcholine

(ACh) and the ACh-sensitive muscarinic (MR) and nicotinic

ACh receptors (nAChRs). High amounts of ACh are present in

the skin,1 and ACh, synthesized and released from keratino-

cytes, nerve fibres, eccrine glands, vascular endothelial cells

and leucocytes, interacts with MR and nAChRs on keratino-

cytes, skin fibroblasts, sebocytes and eccrine glands.2–12 MR

and nAChRs regulate motility, growth and differentiation of

keratinocytes and fibroblasts.11,13–16

Mammalian nonmuscular nAChRs are ligand-gated ion

channels that are built up of either heteropentamers (a2–6

with b2–4 subunits or a7b2 and a9 ⁄a10 subunits) or a7 and

a9 homopentamers.17–19 The subunit composition of nAChRs

determines the function of the receptors including their Ca2+

permeability.17,20 nAChR subtypes with high calcium perme-

ability are a7 subunit homopentamers17,20 or heteropentamers

of a9 and a10 or a7 and b2 subunits.17–19 nAChRs modu-

late cell–cell contacts, the differentiation and proliferation of

keratinocytes and fibroblasts and the cornification of the

epidermis.6,9,13,16

Atopic dermatitis (AD) is a chronic inflammatory skin dis-

ease characterized by eczematous skin lesions and pruritus and

is often found in patients with a familial history of atopic dis-

eases such as asthma and allergic rhinitis.21,22 The cholinergic

system of the skin is modulated in AD. Patients with AD have

higher amounts of ACh in their skin.23 Furthermore, the sen-

sitivity to ACh is changed in AD. ACh application into the skin

induces pain in healthy subjects but itch in patients with

AD.24–26 Therefore, not only differences in ACh synthesis but
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also changes in its properties and therefore changes at the

receptor level may be of importance in the pathogenesis

of AD.

With this background, we investigated the expression of

neuronal nAChR a subunits in AD by real-time quantitative

reverse transcription-polymerase chain reaction (qRT-PCR)

and immunohistochemistry of biopsies from lesional and non-

lesional areas of AD skin and of skin biopsies from healthy

control persons.

Materials and methods

Patients and tissues

Skin biopsies (3 mm2) were taken from 16 patients (nine

men and seven women, mean ± SD age 30Æ47 ± 8Æ4 years)

with AD. The diagnosis of AD was based on the criteria

of Hanifin and Rajka27 and patients had SCORAD28 > 20

(Table 1). Clinical characteristics of the patients with AD and

controls are shown in Table 1. Patients and healthy controls

were included after providing written informed consent

within a study protocol approved by the University of Giessen

ethics committee. From each patient a blood sample was taken

and the levels of total IgE, and specific IgEs of inhalant allergens

(SX1) and of food allergens (FX5) were determined (Cap-FEIA;

Phadiatop Pharmacia, Freiburg, Germany). Age, sex, AD type,

smoker ⁄nonsmoker, SCORAD, presence of atopic syndrome,

IgE, SX1 and FX5 values were recorded (Table 1). The AD type

was classified according to Wüthrich and Schmid-Grendelme-

ier29,30 as ‘extrinsic’ (IgE-mediated), ‘intrinsic’ (non-IgE-medi-

ated) or ‘mixed’ (IgE-mediated with concomitant respiratory

allergies). One biopsy was taken from the lesional site (fore-

arm, cubital region, popliteal region, neck) and one biopsy

from a nonlesional area, if possible from the nonlesional con-

tralateral forearm, knee or elbow. In addition, biopsies (fore-

arm, cubital region, popliteal region, neck) were taken from

healthy control persons (five men and six women, mean ± SD

age 26Æ8 ± 7Æ3 years). The biopsies were cut into two pieces

of 1Æ5 mm2 each. One, destined for RT-PCR analysis, was

shock-frozen in liquid nitrogen and stored at )80 �C, and the

other was shock-frozen in melting isopentane and stored at

)20 �C or )80 �C until processing for immunohistochemistry.

Sections of lesional and nonlesional skin were fixed in 4% para-

formaldehyde and routinely processed for haematoxylin and

eosin (H&E) staining. The stained skin specimens were evalu-

ated by a dermatologist (M.N.). The presence of the inflamma-

tory characteristics spongiosis, parakeratosis, hyperkeratosis,

acanthosis and perivascular leucocytes was estimated in lesional

and nonlesional skin specimens as: 0, not present; (1), inter-

mediate; 1, present.

Table 1 Clinical characteristics of the patients (P) with atopic dermatitis (AD) and controls (C)

Subject Sex Age (years) Smoker SCORAD28 AD type IgE (kU L)1) FX5 (kUA L)1) SX1 (kUA L)1)

P2 F 43 Ex 74 Extrinsic > 5000 > 100 0Æ42

P5 M 42 No 78 Intrinsic 40 6Æ28 < 0Æ35
P6 F 32 Ex 39Æ5 Mixed 914 48Æ1 15Æ7
P7 M 28 Yes 90Æ3 Intrinsic > 5000 > 100 1Æ98
P8 F 47 Yes 47Æ5 Extrinsic 396 3Æ29 0Æ44

P9 M 34 Yes 46Æ5 Mixed 1945 74Æ8 1Æ27
P10 F 25 No 82Æ9 Extrinsic 447 47Æ3 < 0Æ35

P11 M 33 No 48Æ4 Mixed 1411 > 100 0Æ51
P12 F 22 Ex 56Æ4 Mixed > 5000 > 100 2Æ7
P20 M 24 Yes 37Æ7 Extrinsic 30Æ8 0Æ71 < 0Æ35
P21 F 20 Ex 26Æ6 Intrinsic 19Æ8 < 0Æ35 < 0Æ35

P23 F 23 Yes 69Æ9 Mixed 173 1Æ56 < 0Æ35
P30 M 23 Yes 52Æ1 Extrinsic 74Æ1 < 0Æ35 < 0Æ35

P31 M 20 No 71Æ1 Mixed 684 < 0Æ35 11

P32 M 30 Yes 50Æ1 Mixed 956 1Æ58 39Æ3
P35 M 33 No 42Æ3 Mixed > 5000 82Æ1 > 100

C1 F 25 Yes 13Æ3 < 0Æ35 < 0Æ35
C2 F 47 Yes 37Æ8 < 0Æ35 < 0Æ35

C3 F 28 Yes 42Æ3 < 0Æ35 < 0Æ35
C4 M 32 No 13Æ4 < 0Æ35 < 0Æ35

C7 M 24 No 5Æ57 < 0Æ35 < 0Æ35
C12 F 24 Yes 16Æ2 < 0Æ35 < 0Æ35

C14 F 24 Yes 27Æ6 < 0Æ35 < 0Æ35
C20 M 24 Yes 31Æ2 < 0Æ35 < 0Æ35

C21 F 23 No 16Æ4 < 0Æ35 < 0Æ35
C30 M 25 No 10Æ2 < 0Æ35 < 0Æ35

C32 M 18 Yes 49Æ9 < 0Æ35 < 0Æ35

SX1, specific IgE of inhalant allergens; FX5, specific IgE of food allergens.

� 2008 The Authors

Journal Compilation � 2008 British Association of Dermatologists • British Journal of Dermatology 2008

2 Nicotinic a subunits in atopic dermatitis, F. Kindt et al.



Reverse transcription-polymerase chain reaction

For RT-PCR studies, human skin specimens were transferred

into lysis buffer (Qiagen, Hilden, Germany) and homogenized

using a mixer mill at a frequency of 300 Hz (Qiagen). Total

RNA was isolated using spin columns according to the protocol

recommended by the manufacturer (RNeasy kit; Qiagen). Con-

taminating DNA was removed using DNase (1 U lg)1 total

RNA; Gibco-BRL, Life Technologies, Karlsruhe, Germany) in

the presence of 20 mmol L)1 Tris-HCl (pH 8Æ4), 2 mmol L)1

MgCl2, 50 mmol L)1 KCl for 15 min at 25 �C. Equal amounts

of RNA were reverse transcribed with Superscript RNase H)

reverse transcriptase (Gibco-BRL) for 50 min at 42 �C. For the

PCR reaction, buffer II, 2 mmol L)1 MgCl2, 0Æ25 mmol L)1

deoxyribonucleoside triphosphates (10 mmol L)1 each), 0Æ5
U ⁄25 lL AmpliTaq Gold polymerase (all reagents from Perkin

Elmer, Rodgau, Germany) and 20 lmol L)1 of each primer

(Table 2; MWG Biotech, Ebersberg, Germany) were mixed.

PCR primers specific for human nAChR a2–7, a9 and a10

subunits were designed using PRIMER EXPRESS� software

(Applied Biosystems, Foster City, CA, U.S.A.). The primers for

18S rRNA were purchased from Ambion (Huntingdon, U.K.)

(Table 2). Cycling conditions for PCR were 10 min at 95 �C,

40 cycles of 30 s at 94 �C, 20 s at 62 �C and 30 s at 73 �C,

followed by 7 min at 73 �C. The RT-PCR products were identi-

fied by sequencing (MWG Biotech).

Real-time quantitative reverse transcription-polymerase

chain reaction

qRT-PCR (iCycler; Bio-Rad, Munich, Germany) was used to

quantify levels of nAChR a3, a5, a7, a9 and a10 subunit

mRNAs in specimens from lesional and nonlesional sites of

AD skin and from healthy controls. Preparation of cDNA was

done as described for RT-PCR. All PCR reactions were

prepared in triplicate using a ready-to-use kit according to the

manufacturer’s protocol (SYBR green, QuantiTect�; Qiagen).

Primers specific for 18S rRNA were used for standardization.

The data were normalized by subtracting the threshold cycle

(CT) levels between the a subunits and 18S rRNA. Real-time

qRT-PCR was performed in triplicate for each sample. The rela-

tive a subunit expression in the control skin compared with

lesional and nonlesional skin was determined by calculating

2(50 – DCTlesional area) – (50 – DCTnonlesional area).31

Statistics

The qRT-PCR data are presented as box plots that show per-

centiles 0, 25, 50 (median), 75 and 100. The DCT values

were subtracted from 50, resulting in higher values in samples

with higher expression. Matched pairs (lesional, nonlesional)

were evaluated by Wilcoxon’s rank sum test or by Student’s

paired t-test. In the case of more than two nonmatched

groups, the Mann–Whitney U-test for comparison between

two groups was conducted only when statistically significant

differences were reached by the global Kruskal–Wallis test that

was performed first. Differences were considered as statistically

significant when P < 0Æ05.

Immunohistochemistry

Shock-frozen specimens were serially cut into 10-lm thin sec-

tions. They were fixed with acetone at )20 �C, air dried for

15 min followed by blockade of nonspecific binding sites with

phosphate-buffered saline (PBS) containing 5% bovine serum

albumin and 5% normal goat serum. Indirect immunofluores-

cence was performed by overnight incubation with primary

antisera directed against nAChR a subunits or by incubation

with combinations of antisera directed against a subunits

diluted in PBS at room temperature (Table 3) followed by

Table 2 Primer pairs for nicotinic acetylcholine receptor (nAChR)
subunits and housekeeping genes

nAChR subunit

(accession no.) Primer pairs

Product
length

(bp)

a3 (M37981) F: CAGAGTCCAAAGGCTGCAAG
R: AGAGAGGGACAGCACAGCAT

148

a4 (L35901)
Intron spanning

F: CTCACCGTCCTTCTGTGTC
R: CTGGCTTTCTCAGCTTCCAG

110

a5 (NM 000745)
Intron spanning

F: CTTCACACGCTTCCCAAACT
R: CTTCAACAACCTCACGGAACA

186

a7 (U40583) F: GTACGCTGGTTTCCCTTTGA
R: CCACTAGGTCCCATTCTC

138

a9 (NM 017581) F: GAAAGCAGCCAGGAACAAAG
R: GCACTTGGCGATGTACTCAA

156

a10 (AF199235)
Intron spanning

F: ACACAAGTGCCCTGAAGACCT
R: TCCCATCGTAGGTAGGCATC

159

18S rRNA Ambion, Huntingdon, U.K. 324

F, forward; R, reverse.

Table 3 Primary and secondary antisera

Antigen ⁄antiserum Host Dilution Source

Primary antisera
nAChR a3 Guinea-pig 1 : 1000 7

nAChR a5 Guinea-pig 1 : 2000 7

nAChR a7 Guinea-pig 1 : 2000 7

nAChR a9 Guinea-pig 1 : 2000 7

nAChR a10 Rabbit 1 : 1000 32

Secondary antisera
Nf68 Mouse

monoclonal,
clone NR4

1 : 300 Sigma,

St Louis,
MO, U.S.A.

Cy3-conjugated
antiguinea-pig IgG

Donkey 1 : 800 Jackson,
Soham, U.K.

FITC-conjugated
antimouse IgG

Donkey 1 : 400 Dianova,
Hamburg,

Germany

nAChR, nicotinic acetylcholine receptor.
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washing in PBS and subsequent incubation for 1 h at room

temperature with appropriate secondary reagents (Table 3).

Then the slides were washed in PBS, coverslipped in carbonate-

buffered glycerol at pH 8Æ6 and evaluated either by epifluores-

cence microscopy using the appropriate filter combinations

(Axioplan2; Zeiss, Oberkochen, Germany) or by sequential

confocal laser scanning microscopy (TCS SP2; Leica, Bensheim,

Germany) using argon or HeNe laser. The specificity of the

antisera directed against the a3, a5, a7, a9 and a10 subunits

has previously been demonstrated in human skin7 or rat dorsal

root ganglia.32

Toluidine blue staining

After the determination of a3, a5 and a10 subunit immuno-

reactivities, pictures were taken from regions with immunoreac-

tive putative mast cells. Subsequently, the slides were washed in

PBS, stained for 45 s in 0Æ1% toluidine blue, washed again, cov-

erslipped in carbonate-buffered glycerol at pH 8Æ6 and re-evalu-

ated under the microscope for positive staining of mast cells.

Results

Reverse transcription-polymerase chain reaction

Comparison between healthy and atopic dermatitis skin

In accordance with recently published data7 the analysis of

human healthy skin showed the presence of mRNA for the

a subunits 3, 5, 7, 9 and 10 in healthy skin (Fig. 1). The

nAChR a subunits 3, 5, 7, 9 and 10 were detected in healthy

control skin and in nonlesional and lesional AD skin. The rela-

tive mRNA expression of the a subunits 3 and 9 was the

highest, and that of the a5 subunit the lowest, in skin of

healthy controls (Table 4 and Tables S1–S5; see Supplementary

material). The lesional and nonlesional areas of AD skin

showed a significant reduction in the expression of the

a subunits 3, 7, 9 and 10 but not of the a5 subunit (Mann–

Whitney test, Fig. 1, Table 4 and Tables S1–S5; see

Supplementary material). The strongest reduction and largest

difference between healthy and AD skin was obtained for the

a9 subunit. The relative mRNA expression of this subunit was

23Æ1 ⁄12Æ7-fold higher in the healthy skin than in lesion-

al ⁄nonlesional areas of AD skin (control n = 10, lesional ⁄
nonlesional AD n = 14; Fig. 1, Table S4; see Supplementary

material).

Comparison between lesional and nonlesional atopic

dermatitis skin areas

Significant differences between the lesional and nonlesional

areas of AD skin were measured for the a3, a10 and a9

subunits (Wilcoxon matched pairs test and t-test; Fig. 2,

Tables S1–S5; see Supplementary material). The relative expres-

sion of the a3 subunit was lower in atopic skin compared with

healthy controls but was significantly higher (up to a maximal

4Æ9-fold, patient 5) in the lesional site compared with non-

lesional areas in nine of 16 patients (Fig. 2, Table 5) (relative

Fig 1. Reverse transcription-polymerase chain

reaction (RT-PCR) analysis of nicotinic

acetylcholine receptor (nAChR) a subunit

expression in nonlesional, lesional and healthy

atopic dermatitis (AD) skin. RT-PCR analysis

using specific primers for the nAChR a
subunits 3, 5, 7, 9 and 10 in human healthy

skin. The ethidium bromide gel shows PCR

products corresponding to the nAChR a
subunits 3, 5, 7, 9 and 10. M = 100-bp

marker. The box plots of quantitative RT-PCR

analysis of the nAChR a subunit expression

in human skin show percentiles 0, 25, 50

(median), 75 and 100. The relative

expression of individual a subunit mRNAs in

relation to the housekeeping gene 18S rRNA

is shown for nonlesional and lesional AD skin

and for the skin of healthy control persons.

The DCT values were subtracted from 50,

resulting in higher values in samples with

higher expression. N = number of patients.

***P < 0Æ001, *P < 0Æ05.
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expression lesional vs. nonlesional, 1 vs. 1Æ95 ± 1Æ35-fold,

P < 0Æ005, Wilcoxon matched pairs test). In contrast, the a10

mRNA was reduced in the lesional site in 13 of 16 patients

(Wilcoxon matched pairs test; Fig. 2, Table 5, Table S5;

see Supplementary material) with a maximal reduction to

0Æ15-fold expression (patient 30) (relative expression lesional

vs. nonlesional, 1 vs. 0Æ7 ± 0Æ3-fold). Significant differences in

the a9 mRNA expression between lesional ⁄nonlesional areas

were present only when skin from corresponding body regions

was compared (Fig. 2). Skin taken from the cubital or popliteal

region showed a slight but significant upregulation of a9

mRNA in lesional areas (nonlesional 50 – DCT 32Æ54 ± 2Æ0;

lesional 50 – DCT 34Æ26 ± 1Æ37, n = 7, P = 0Æ018, t-test,

Fig. 2 and Table S4; see Supplementary material).

Reduced values for the a7 mRNA were observed in the

lesional skin from 11 of 16 patients (Table S3; see Supple-

mentary material) but statistical analysis revealed no significant

difference between lesional and nonlesional areas (Wilcoxon

matched pairs test, Table 5).

Two of the three housekeeping genes investigated in this

study (b2-microglobulin and b-actin) were differentially

expressed in nonlesional and lesional skin areas. Therefore 18S

rRNA was used as housekeeping gene.

Comparison between atopic dermatitis types

Patients with AD were classified into groups based on the

levels of IgE, FX5, SX1 and the SCORAD. No statistically

significant differences in the mRNA expression of the a
subunits investigated in this study were observed between

patient groups with extrinsic, intrinsic or mixed AD,

between genders or between smokers and nonsmokers.

There were between three and seven patients in individual

patient groups.

Haematoxylin and eosin staining

Evaluation of the H&E-stained sections showed that character-

istics of inflammation were present in the lesional skin from

15 of 16 patients and in nonlesional skin from four of 16.

The lesional skin of patients with AD showed uneven psoriasi-

form hyperplasia, focal slight hypergranulosis, and compact

orthokeratosis which was absent in the nonlesional and

healthy skin (data not shown).

Immunohistochemistry

Comparison between healthy and atopic dermatitis skin

nAChR a3 subunit. The localization and intensity of this subunit

immunoreactivity were similar in skin from healthy controls

and in nonlesional AD skin. Immunoreactivity for the a3 sub-

unit was strongly present in the basal cell layer of the epider-

mis and decreased towards the granular layer (Fig. 3).

When compared with the nonlesional areas, immunoreac-

tivity for the a3 subunit in the lesional skin was unchanged in

one patient, decreased in two patients and extended into

suprabasal layers of the epidermis of lesional areas from nine

of 12 patients (Fig. 3). In nine of 15 patients the dermis of

lesional skin areas contained strongly a3 subunit-immunoreac-

tive, toluidine blue-positive mast cells that we could not detect

in healthy or nonlesional AD skin (Fig. 4, Table 5).

nAChR a5 subunit. The localization and intensity of the immuno-

reactivity for the subunit were similar in epidermis from

healthy controls and in nonlesional AD skin. At best weak

immunoreactivity for the a5 subunit was present in all layers

of the epidermis, with highest intensity in the spinous cell

layer (Fig. 3).

The a5 subunit immunoreactivity was, compared with the

nonlesional areas, slightly increased and extended to upper

epidermal cell layers in the epidermis of lesional areas in three

of 12 patients, and decreased in nine. Dermal mast cells were

identified by toluidine blue staining. They exhibited strong

immunoreactivity for the a5 subunit in the lesional area from

five of 11 patients (Fig. 4, Table 5) but could not be detected

in the skin of healthy controls or nonlesional AD skin.

nAChR a7 subunit. The a7 antiserum labelled the membrane of

keratinocytes of the granular and upper spinous layer (Fig. 3).

The a7 subunit immunoreactivity was, compared with the

nonlesional area, increased in the epidermis of the lesional

area from one of nine patients, unchanged in four and

retracted to the granular layer in four (Table 5).

nAChR a9 subunit. In healthy skin, the keratinocytes of the

suprabasal layers showed moderate to intense cell membrane

staining that decreased towards the granular layers whereas

almost all layers of nonlesional skin from patients with AD

Table 4 Expression levels of nicotinic
acetylcholine receptor subunit mRNA in

nonlesional and lesional atopic dermatitis skin
and in healthy skin

Nonlesional
50 – DCT (n)

Lesional
50 – DCT (n)

Control
50 – DCT (n)

a3 subunit 33Æ42 ± 1Æ27 (16) 34Æ04 ± 2Æ05 (16) 36Æ46 ± 1Æ34 (11)

a5 subunit 26Æ05 ± 10Æ75 (14) 32Æ04 ± 2Æ05 (14) 30Æ95 ± 0Æ78 (9)
a7 subunit 34Æ34 ± 1Æ91 (16) 33Æ89 ± 0Æ28 (16) 36Æ15 ± 1Æ27 (11)

a9 subunit 32Æ93 ± 1Æ2 (14) 32Æ86 ± 1Æ77 (14) 36Æ46 ± 2Æ26 (10)
a10 subunit 32Æ98 ± 0Æ99 (16) 32Æ03 ± 1Æ56 (16) 35 ± 6Æ29 (11)

Results are shown as mean ± SD. The DCT values were subtracted from 50, resulting in

higher values in samples with higher expression.
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exhibited weaker a9 subunit staining, in individual patients

accompanied by a reduction of immunoreactivity to the basal

and spinous layer (Fig. 3).

The localization and intensity of the epidermal a9 subunit

immunoreactivity was similar between healthy and nonlesional

skin areas. The a9 subunit immunoreactivity in lesional areas

was, compared with the epidermis of the nonlesional area,

decreased in the epidermal granular layer from eight of 13

patients, and unchanged in five. Comparison of the skin speci-

mens taken from the cubital or popliteal region showed a

reduction in epidermal a9 immunoreactivity in the lesional

skin areas but an increase in the number of a9-immuno-

reactive cells in the dermis in 10 patients (Fig. 3, Table 5).

nAChR a10 subunit. Immunoreactivity for the a10 subunit was

present in all layers of the healthy epidermis but was reduced

to the basal layer in nonlesional areas of patients with AD.

Dermal mast cells identified by toluidine blue-staining cells

exhibited strong immunoreactivity for the a10 subunit in the

lesional and nonlesional skin areas. Individual a10 subunit-

immunoreactive mast cells were also found in skin from

healthy controls (Fig. 4).

The a10 immunoreactivity was, compared with the nonle-

sional area, extended to the complete epidermis in lesional

areas in seven of 13 patients, unchanged in five and decreased

in one (Fig. 3, Table 5).

Discussion

The skin contains the non-neuronal cholinergic system that

contributes to a variety of different functions in cutaneous

cells such as keratinocytes and dermal fibroblasts.11,13,14,33,34

In analogy to other epithelial cells such as the respiratory epi-

thelium proteins of the ACh-synthesizing machinery, keratino-

cytes contain11,14,35,36 and release ACh that subsequently

interacts with MR and nAChRs on different target cells. Previ-

ous studies showed that the non-neuronal cholinergic system

is affected in AD in that skin biopsies from patients with AD

contain increased levels of ACh in the epidermis.23

nAChR a subunit mRNA in human skin

In the present study we tested the hypothesis that changes in

the cholinergic system especially in the nAChR expression may

participate in the pathogenesis of AD. To address this question

we analysed the expression and localization of nAChR a sub-

units in lesional and nonlesional skin biopsies of patients with

AD and in skin biopsies of healthy control persons. This

allowed us to distinguish between general effects in patients

with AD and effects that are restricted to the lesional area.

Using qRT-PCR, we demonstrated for the first time AD-

dependent changes in the expression of individual nAChR a
subunits in human skin. Surprisingly, mRNA downregulation

of almost all observed a subunits (except the a5 subunit) was

not restricted to the affected area but was present also in intact

skin of patients with AD. The extension of regulatory pro-

cesses to nonlesional areas has been shown for the synthesis

of the endogenous ligand of nAChR, ACh, demonstrating an

upregulation of ACh production in eczematous and nonecze-

matous areas.23 Hence the reduction in nAChR subunit mRNA

is not related to the acute inflammation but is a general phe-

nomenon of AD skin and may be coupled to a higher suscep-

tibility of AD skin to factors that trigger inflammation, eczema

and changes in the skin barrier function. A reduction of

mRNA for nAChR a subunits may have a major impact on

Fig 2. Quantitative reverse transcription-polymerase chain reaction

analysis of the expression of nicotinic acetylcholine receptor (nAChR)

a3, a10 and a9 subunits in nonlesional and lesional atopic dermatitis

skin. The diagrams show the direct comparison and box plots (insets)

of the a3 (a), a10 (b) and a9 (c) subunit expression in lesional and

nonlesional skin areas of individual patients. The biopsy localizations

were the cubital or popliteal region. The DCT values were subtracted

from 50, resulting in higher values in samples with higher expression.

N = number of patients. ***P < 0Æ001, *P < 0Æ05. The box plots of

the relative expression of the nAChR a subunit expression in lesional

in relation to nonlesional sites show percentiles 0, 25, 50 (median),

75 and 100. The relative a subunit expression in the control skin

compared with lesional and nonlesional skin was determined by

calculating 2(50 ) DCTlesional area) ) (50 – DCTnonlesional area).
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skin function as epidermal nAChRs modulate and mediate pro-

cesses such as adhesion, differentiation and growth of keratino-

cytes.6,9,16,33,37–40 Inhibition of nAChR a3 and a9 subunits is

followed by loss of cell–cell contacts and by the detachment

of cells.6 In particular, blockade of the a9 nAChR subunit

with strychnine has been shown to have a potent influence on

both terminal differentiation and epidermal cell adhesion in

organotypically cultured keratinocytes.41 In mice, blockade of

the homopentameric a7 nAChR reduces apoptosis in the gran-

ular layer.9,33,37–40 Our study demonstrates that independent

of the localization, AD skin contains lower amounts of the

nAChR a subunits 3, 7, 9 and 10 in lesional and nonlesional

areas. The most prominent difference was found for the a9

subunit. This subunit is a unique member of the nAChR sub-

unit family in that a9 nAChRs show mixed nicotinic-musca-

rinic receptor pharmacology.42 Blockade of the a9 subunit

leads to acantholysis, indicating a pivotal role in the mainte-

nance of the keratinocyte cell–cell contact.6,16 Differences in

the expression levels of the a subunits between lesional and

nonlesional skin were also present for the a3 and a10 sub-

units. Expression of the a3 subunit mRNA was increased in

the lesional areas of AD skin whereas the a10 subunit mRNA

expression was downregulated in these areas. The increase in

a3 subunit mRNA was accompanied by an extension of

immunoreactivity for the a3 subunit to all epidermal layers

of lesional skin. These reciprocal changes of the mRNA levels

of the a3 and a10 subunits might be related to the inflamma-

tion of the skin in lesional areas. To our knowledge this is the

first description of a differential regulation of a3 and a10

nAChR subunits under inflammatory conditions in mam-

mals.43,44 The functional role of these changes remains to be

determined and, to our knowledge, the only coupling of the

a3 nAChR subunit to inflammation has been shown in mice

lacking the a3 nAChR subunit, that exhibit a marked inflam-

mation in the bladder.44

nAChR a subunit presence in human skin

Based on the qRT-PCR experiments, we tried to determine by

immunohistochemistry the cell types that are responsible for

the changes in the expression levels. The presence of nAChR

or nAChR subunits in keratinocytes has been described by us

and others at a transcriptional, translational and functional

level using immunohistochemistry, PCR, epidermal organo-

typic cocultures, Ca2+ imaging or migration assays.11,12,44

However, changes in the localization pattern of the a subunits

in human skin had not been investigated so far, and they

provide direct evidence for the involvement of individual

nAChRs in the process of AD.

nAChR a subunits in human skin mast cells

We demonstrated in this study for the first time the presence

of the nAChR a3, a5 and a10 subunits on human skin mast

cells. Mast cells containing a3 and a5 immunoreactivity were

restricted to the lesional skin area of patients with AD and

were not detected in healthy or nonlesional skin. In contrast,

immunoreactivity for the a10 subunit was found in mast cells

of healthy and AD skin. The presence of a3- and a5-immuno-

reactive mast cells in lesional skin points to an upregulation of

nAChR in these cells in response to changes in the structure

and function of the epidermis. Mast cells hold a central posi-

tion in atopic diseases45–47 and stimulation of mast cell

a3a5b*-nAChR heteropentamers by non-neuronally released

ACh could modulate mast cell degranulation. The effect of

ACh on mast cells is variable. ACh has been shown to degran-

ulate rat bladder mast cells48 whereas human heart mast cells

failed to respond to ACh.49 Given that keratinocytes are able

to synthesize and release ACh and that atopic skin contains a

higher level of ACh, our experiments support a role for ACh

in the regulation of mast cell degranulation in the skin, espe-

cially in AD skin. Further studies will have to determine the

effects of ACh on human skin mast cells.

Differences between lesional and non-lesional skin

The a3 nAChr subunit

Although we obtained differences in the mRNA expression

levels between healthy skin and nonlesional areas of patients

with AD, we could not detect dramatic changes in the immuno-

histochemical staining intensities of a subunits between

Table 5 Summary and comparison of results with healthy skin. Changes in the mRNA expression and localization of nicotinic acetylcholine
receptor (nAChR) subunit proteins in lesional and nonlesional areas of patients with atopic dermatitis (AD) compared with the skin of healthy

controls

nAChR subunit

AD (nonlesional) AD (lesional)

mRNA Immunoreactivity mRNA Immunoreactivity

a3 flfl Epidermis, basal > granular fl Epidermis, extension to suprabasal layers, mast cells

a5 – Epidermis, spinous – Epidermis, decrease in all layers, mast cells
a7 fl Epidermis, granular = spinous fl Epidermis granular = spinous

a9 (fl) fl Epidermis, supragranular > granular fl Epidermis, decrease in granular layer, increase in dermis
a10 fl Epidermis, basal, mast cells flfl Epidermis, extension, mast cells

fl = reduction in mRNA expression.
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(a)

(g)

(b) (c)

(d) (e) (f)

(h) (i)

(k) (l)

(m) (n) (o)

(j)

Fig 3. Localization of the nicotinic acetylcholine receptor a3, a5, a7, a9 and a10 subunits in human skin: (a, d, g, j, m) healthy skin; (b, e, h,

k, n) nonlesional atopic dermatitis (AD) skin; (c, f, i, l, o) lesional AD skin. Indirect immunohistochemistry demonstrates a3 immunoreactivity in

keratinocytes of the epidermis of healthy control skin (a), and nonlesional (b) and lesional (c) AD skin. Immunoreactivity for the a3 subunit is

present in the basal cell layer of the epidermis (a, b) and decreases towards the granular layer and extends in lesional areas (c) to suprabasal

layers. Immunoreactivity for the a5 subunit is also present in keratinocytes of the epidermis of healthy control skin (d), and nonlesional (e) and

lesional (f) AD skin. Weak staining for the a5 subunit is present in all layers of the epidermis, with highest intensity in the spinous cell layer.

The a7 antiserum labels the membrane of keratinocytes of the granular and upper spinous layer (g, h) with a reduction of a7 subunit

immunoreactivity to the granular layer in lesional areas (i). In healthy skin and nonlesional areas, the keratinocytes of the suprabasal layers

showed moderate to intense a9 subunit immunoreactivity in the cell membrane that decreased towards the granular layers (j, k). Lesional skin

from patients with AD exhibited weaker a9 subunit staining (l). Immunoreactivity for the a10 subunit is present in all layers of the healthy

epidermis (m) and is reduced to the basal layer in nonlesional areas of patients with AD (n). In the lesional areas a10 subunit reactivity extends

to all layers (o). Bars = 50 lm.
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these areas. In addition to that in mast cells, changes of

nAChR subunit proteins in nonlesional AD skin were found

for the epidermal a3 subunit.

The extension of keratinocyte a3 immunoreactivity to

suprabasal levels in lesional areas of AD skin resembles data

reported by Hagforsen et al.44 where an increase in staining

intensity for the a3 subunit was found in the epidermis of

palmoplantar pustulosis skin in smokers compared with

nonsmoking controls.44 The increase in immunoreactive cell

numbers found in our study was – compared with healthy

skin – not accompanied by increased levels of mRNA, suggest-

ing a possible downregulation of the a3 subunit expression in

individual cells. Another possibility is the upregulation of the

nAChR proteins as a result of an increased stability of the

receptors in the cell membrane based on a decrease in recep-

tor turnover which has been described for a3 subunit-contain-

ing nAChRs in transfected cells and in the human brain.50–52

This mechanism was seen in response to chronic nAChR stim-

ulation by chronic nicotine exposure. A similar process might

operate in AD skin as increased ACh levels have been shown

in skin biopsies from patients with AD23 thus leading to a

prolonged chronic nAChR stimulation. This could explain the

discrepancy between our qRT-PCR measurements and the

immunohistochemistry. The extension of immunoreactivity

for the a3 subunit to suprabasal layers supports the results of

studies on keratinocytes in the agarose keratinocyte outgrowth

system that indicated that a3 subunit-containing nAChRs are

present in motile and nondifferentiated keratinocytes.10 The

increased number of a3-immunoreactive and probably nondif-

ferentiated keratinocytes could indicate a proliferative process

that finally leads to the increased thickness of human AD skin.

The a9 nAChR subunit

Surprisingly, by comparison of lesional and nonlesional areas

taken from regions that are mainly affected by AD, the cubital

and popliteal region, we found a slight but significant increase

in a9 mRNA in lesional areas. This was accompanied by a

(a) (a′)

(b) (b′)

(c) (c′)

Fig 4. Indirect immunohistochemistry and

toluidine blue (TolBl) staining demonstrated

the presence of the a3, a5 and a10 subunits

in dermal mast cells. The arrows in (a–c) and

(a¢–c¢) show a-immunoreactive mast cells in

lesional atopic dermatitis skin (a–c) that were

TolBl positive after subsequent staining

(a¢–c¢). Note the different magnification of

the pictures. Bars = 50 lm.
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decrease in the epidermal a9 immunoreactivity but an increase

in the number of a9-immunoreactive cells in the dermis. Fur-

ther studies will further characterize the population of dermal

a9 subunit immunoreactive cells.

Taken together, our data demonstrate the presence of the

nAChR a subunits 3, 5, 7, 9 and 10 in non-neuronal cells of

healthy and AD skin. The expression of the mRNA for the a
subunits 3, 7, 9 and 10 is, independent of extrinsic, intrinsic

or mixed AD types, gender and smoking habits, generally

reduced in AD skin. Differences in the subunit mRNA levels

between lesional and nonlesional skin were obtained for the a
subunits 3, 9 and 10 with an increase of the a3 and a9 but a

decrease of the a10 subunit mRNA level. An increase of the

a9 subunit mRNA was restricted to areas that are mainly

affected by AD. The higher a3 mRNA level of lesional areas

was accompanied by an increase in the number of a3-immuno-

reactive suprabasal keratinocytes, whereas despite higher

mRNA levels, the immunoreactivity for the a9 and a10

subunits was decreased in the lesional epidermis.

The general reduction of nAChR a subunit mRNA in AD

points to a general dysregulation of the cholinergic system

of the skin independent from the inflammation. The

functional consequence of the downregulation of nAChR a
subunits may be a higher susceptibility of the skin to

mediators and factors that lead to eczema or influence the

barrier function of the skin. It further supports the idea that

modulation of the nAChR expression is coupled to changes

in the epidermal morphology rather than to the inflam-

matory reaction. Nevertheless, acute inflammation has

additional influence on the mRNA and protein levels of

individual nAChR subunits.
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Supplementary material

The expression of nicotinic acetylcholine receptor subunit mRNA in the lesional and 

nonlesional skin of patients with atopic dermatitis (P) and in the skin of healthy controls (C). 

The relative nAChR subunit expression in the lesional skin compared with nonlesional skin 

was determined by calculating 2(50 – ∆CTlesional area) – (50 – ∆CTnonlesional area). The ∆CT values were 

subtracted from 50, resulting in higher values in samples with higher expression.

Table S1 Nicotinic acetylcholine receptor α3, mRNA expression levels, relative expression

Patient Lesional Nonlesional

Relative 

expression Control
P2 32.8 32.8 1.00 C1 41.4
P5 35.4 33.1 4.92 C2 37.2
P6 34.4 34.8 0.76 C3 33.5
P7 36.3 36.5 0.87 C4 34.6
P8 36.1 34.9 2.30 C7 39.1
P9 35.9 35.4 1.41 C12 35.9
P10 32.8 32.1 1.62 C14 32.9
P11 34.4 34.3 1.07 C20 33.8
P12 34.8 32.9 3.73 C21 38.2
P20 32.7 30.7 4.00 C30 41.0
P21 33.7 33.7 1.00 C32 37.2
P30 32.0 32.6 0.66
P31 33.1 33.8 0.62
P32 33.4 31.8 3.03
P33 31.9 31.9 1.00
P35 32.5 31.3 2.30

Table S2 Nicotinic acetylcholine receptor α5, mRNA expression levels, relative expression

Patient Lesional Nonlesional

Relative 

expression Control
P2 32.1 31.7 1.3 C2 33.7
P5 31.1 31.7 0.7 C4 31.4
P6 32.1 32.2 0.9 C7 32.9
P8 35.1 37.3 0.2 C12 34.6
P9 33.2 31.9 2.5 C14 31.6
P10 32.8 31.8 2.0 C20 31.9
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P11 33.4 33.1 1.2 C21 32.1
P12 31.7 30.8 1.9 C30 33.6
P20 31.2 30.6 1.5 C32 33.7
P21 32.2 32.2 1.0
P30 31.3 32.1 0.6
P31 31.8 32.7 0.5
P32 32.1 32.0 1.1
P35 32.1 30.7 2.6

Table S3 Nicotinic acetylcholine receptor α7, mRNA expression levels, relative expression

Patient Lesional Nonlesional

Relative 

expression Control
P2 32.3 33.9 0.3 C1 40.4
P5 34.7 32.5 4.6 C2 37.0
P6 32.5 33.7 0.4 C3 35.2
P7 34.9 35.7 0.6 C4 33.3
P8 35.0 36.2 0.4 C7 39.7
P9 35.0 33.6 2.6 C12 31.6
P10 34.7 34.2 1.4 C14 35.0
P11 34.8 34.0 1.7 C20 35.3
P12 33.0 33.8 0.6 C21 38.9
P20 33.1 34.6 0.4 C30 41.3
P21 34.9 34.9 1.0 C32 37.0
P30 32.4 34.2 0.3
P31 34.1 34.4 0.8
P32 34.3 34.9 0.7
P33 31.9 32.8 0.5
P35 34.1 35.2 0.5

Table S4 Nicotinic acetylcholine receptor α9, mRNA expression levels, relative expression

Patient Lesional Nonlesional

Relative 

expression Control
P2 32.0 28.5 11.3 C1 40.0
P5 34.5 33.0 2.8 C2 36.4
P8 35.9 35.1 1.7 C3 34.0
P9 34.2 32.6 3.0 C7 39.6
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P10 35.7 32.1 12.1 C12 35.9
P11 34.4 33.1 2.5 C14 30.3
P12 33.1 33.4 0.8 C20 33.5
P20 30.2 31.5 0.4 C21 38.6
P21 31.6 31.6 1.0 C30 41.1
P30 31.7 32.6 0.5 C32 36.4
P31 32.5 32.5 1.0
P32 29.4 29.2 1.1
P33 29.6 31.3 0.3

Table S5 Nicotinic acetylcholine receptor α10, mRNA expression levels, relative expression

Patient Lesional Nonlesional

Relative 

expression Control
P2 32.4 32.4 1.00 C1 40.2
P5 33.9 34.6 0.62 C2 35.5
P6 33.6 32.8 1.74 C3 34.9
P7 31.4 33.1 0.31 C4 35.7
P8 33.5 34.8 0.41 C7 32.4
P9 35.0 34.8 1.15 C2 33.4
P10 30.5 31.4 0.54 C14 37.1
P11 32.8 33.8 0.50 C20 32.6
P12 31.9 33.0 0.47 C21 35
P20 32.5 32.2 1.23 C30 36.9
P21 32.0 33.5 0.35 C32 31.3
P30 30.1 32.8 0.15
P31 30.9 32.9 0.25
P32 31.0 32.1 0.47
P33 30.7 31.3 0.66
P35 30.2 31.0 0.57

3


