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Abstract

Nerve growth factor (NGF) was reported to be increased in the serum and skin of atopic dermatitis
(AD) patients, to the extent that serum nerve growth factor levels were proposed to serve as a
marker of disease severity. We studied NGF levels in the serum and dermis using skin
microdialysis and attempted to correlate them with disease severity. We also examined if potential
differences between morning and evening levels of NGF can explain the phenomenon of nocturnal
itch. In addition, neurogenic inflammation and itch were induced using histamine iontophoresis in
lesional and non-lesional skin and the effect of experimental itch on dermal NGF concentration
was examined. We found that systemic (serum) and eczematous skin levels of NGF in AD are
significantly lower in comparison to healthy controls. Serum NGF decreases from morning to late
afternoon in both groups. Interestingly, serum NGF levels were correlated to disease severity in
the morning in AD, although the NGF concentration in AD were significantly lower than in the
healthy group. The local itch and neurogenic inflammation induction via experimental histamine
reduced local NGF levels in the eczema and non-lesional skin in atopics, but not in the healthy
controls, where it was slightly increased. The higher the clinical severity of the eczema, a
significantly less pronounced effect of neurogenic inflammation on the local levels of NGF was
found. The availability of measurable NGF might be reduced by a higher expression of NGF
receptors. The fluctuations of NGF levels during the day suggest a complex modulation of this
neurotrophin, potentially linked to stress or to an altered neurophysiological mechanism.

Keywords
Nerve growth factor (NGF) levels; Atopic dermatitis; Itch; Histamine; Daily fluctuation

© 2011 Elsevier Ltd. All rights reserved.

"Corresponding author at: Department of Dermatology, Wake Forest University School of Medicine, Winston-Salem, NC 27157,
USA. Tel.: +1 (336) 716 2901; fax: +1 (336) 716 7732. gyosipov@wfubmc.edu (G. Yosipovitch).

Conflict of interest
The authors declare none.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Papoiu et al. Page 2

1. Introduction

Pruritus is known to be exacerbated at night in many systemic and inflammatory skin
diseases (Patel et al., 2007). In particular, atopic dermatitis (AD), of which itch is an
essential feature of the disease (Stander and Steinhoff, 2002; Koblenzer, 1999), is associated
with significant nocturnal pruritus (Ebata et al., 1996, 1999). Patients with severe pruritus at
night report a greatly diminished quality of life and impaired sleep (Yosipovitch et al., 2000,
2002a, 2002b). The mechanism of night-time itching, however, is not well understood. In
previous studies, we found that the skin barrier function and skin blood flow (Yosipovitch et
al., 1998, 2004) follows a circadian rhythm. Based on these observations, we advanced the
hypothesis whether nocturnal pruritus may be related to an increase in the secretion of
neuropeptides or neurotrophins, such as the nerve growth factor (NGF).

It has been reported that levels of NGF are increased in the serum and skin of AD patients
(Pincelli et al., 1990; Toyoda et al., 2002) and serum NGF was proposed to be a marker of
disease severity (Toyoda et al., 2002; Hodeib et al., 2010). However, a recent study did not
concur with these findings (Schulte-Herbriiggen et al., 2007). Serum NGF level was also
reported to be increased in the evening (at 8 PM) in healthy individuals (Bersani et al.,
2004). However, it is known that systemic levels of NGF can be influenced by a variety of
physiological, pathophysiological, neuroendocrine factors, such as gender, stress, psychiatric
conditions/status (Levi-Montalcini et al., 1995; Joachim et al., 2007), and may very well be
under homeostatic and circadian control.

The aims of our study were: (1) to investigate whether serum and dermal NGF levels are
increased in AD and if there is a correlation with disease severity; (2) to investigate whether
serum NGF levels are increased in the evening in AD patients; (3) to determine if histamine
induces an increase in dermal NGF level.

2. Materials and methods

2.1. Study population

Adults betweenl18and 55 years of age with moderate to severe AD and age-matched healthy
volunteers were enrolled. The diagnosis of AD was based on the Hanifin and Rajka (1980)
criteria and the subjects had to present with eczema involving their forearms. Study subjects
were in good health with no other skin disease. Potential participants were excluded if they
showed evidence of depression based on the Beck Depression Inventory (BDI > 10), or if
they worked shifts between8PMand 6AM. The severity of AD was evaluated using the
EASI score (Hanifin et al., 2001). The EASI score measures the severity of AD on a
numerical scale from 0 (no involvement) to 72 (maximum extension and severity). Subjects
were instructed to discontinue antihistamines, topical and oral corticosteroids, centrally
acting drugs (neuroleptics, antidepressants, gabapentin or mirtazapine etc.) and opioids, at
least 1 week prior to the experimental visit. Thirteen patients with AD (7 males, 6 females;
mean age 30.4 £ 9.7, age range 19-55) and 17 healthy volunteers (8 females, 9 males: mean
age 30.7 £ 8.9, range 19-52) participated in this study. The study was approved by the local
Internal Review Board (IRB) of Wake Forest University Health Sciences and was conducted
in accordance with the principles of the Declaration of Helsinki.

2.2. Sample collection

Dermal NGF levels were evaluated by skin microdialysis as described previously (Schmelz
etal., 1997; Rukwied et al., 2000). Study subjects were accommodated comfortably in a
climate controlled room with a temperature maintained at approximately 23 °C and 43%
relative humidity. In AD subjects, a microdialysis probe was inserted into an area of eczema
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on the volar forearm and another probe into non-lesional skin, 4 cm away, in a parallel
orientation. In healthy subjects, both probes were similarly inserted on the volar aspect of
either forearm, 4 cm apart in a parallel fashion. In the first hour of skin microdialysis,
baseline concentrations of NGF were assessed. In the next hour, histamine iontophoresis
was applied to an area adjacent to the microdialysis catheters to induce itch and to assess
dermal NGF levels following itch induction. The microdialysis probes were slowly and
gently inserted superficially at the dermal— epidermal junction for a length of 1.5 cm,
without the use of local anesthetics. Dual microdialysis was performed using an
electronically-controlled dual pump (World Precision Instruments, Sarasota, Florida)
running an isotonic 0.9% saline solution at a flow rate of 4 pl/min. The microdialysis
catheters had a diameter of 0.4 mm and the semi-permeable membranes (Dermal Dialysis,
Erlangen, Germany) had a pore size of 3 MDa (permitting free diffusion of macromolecules
up to a molecular weight of 3 MDa). Dialysate samples were immediately frozen at —80 °C
after collection and were thawed just before ELISA analysis.

Experimental itch was induced by histamine iontophoresis using a portable power DC
source (Perimed, Sweden). The electrodes were applied to skin approximately 1 cm away
from the place where the microdialysis catheters were inserted. Histamine 1% in a 2%
methylcellulose gel was administered by applying a 200 A current for 30 s. Blood samples
were also collected by venipuncture from all subjects at 8.00 AM and 5.00 PM.

2.3. Measurement of free NGF levels

NGF levels in the skin microdialysate and serum samples were measured using the Promega
NGF Enax ELISA kit (Promega, Madison, WI1). In accordance with the protocol provided by
the manufacturer, primary polyclonal antibodies were added to Nunc Immuno 96
MicroWell™ solid plates (Nalge Nunc International, Rochester, NY) and incubated for 24 h
at 4 °C. Sample and block buffer was added to the wells for 1 h and then wells were washed
5 times with wash buffer.

2.3.1. Preparation of standard curve—NGF standard was diluted 1:4000 with the
NGF block and sample buffer, and a volume of 200 .l was added to first row of columns 11
and 12 of a 96-well Nunc plate. Seven 1:2 serial dilutions were performed in these lanes.
Samples were added at a 1/10 dilution for serum samples and undiluted for skin
microdialysate. Each well contained 100 .l and was incubated with shaking for 6 h at room
temperature. Subsequently, plates were washed 5 times. Secondary monoclonal anti-NGF
antibody was added next and the plates were incubated overnight (12 h) at 4 °C. Samples
were tested in triplicate. A standard curve using stock NGF (provided by the Eax Kit) was
generated every time ELISA was performed. The standard curve was constructed for every
experiment and a linear curve fit was obtained. Samples of dialysate that contained NGF
displayed values within the range of the standard curve.

2.4, Statistical analysis

Differences in NGF concentration between eczema, non-lesional skin in atopics and healthy
skin, between morning and evening time points, before and after histamine administration
were analyzed with a mixed model taking into account subject effects and multiple
comparisons were Bonferroni adjusted using PASW 18.0 software (SPSS, Chicago, IL,
USA). Overall daily fluctuations in dermal NGF were also examined as averages collapsed
over histamine’s effect. A Spearman correlation analysis of serum and skin dialysate NGF
values (baseline, post-histamine and % change after histamine) with disease severity
expressed in the EASI scores was performed for both time points.
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3. Results

3.1. Serum NGF levels

The average serum concentration (£S.D.) of free NGF was 236 + 38 (at 8 AM), 211 + 34 pg/
ml (at 5 PM) in healthy subjects and 184 + 28 (8 AM), 161 + 24 (5 PM) pg/ml in AD
subjects. NGF serum levels were significantly lower (p < 0.001) at both time points in AD
subjects compared to healthy subjects (Table 1). A decrease of NGF serum concentrations
from 8 AM to 5 PM was noted in both groups; more specifically, a significant decrease from
8 AM to 5 PM was found in the AD group (p = 0.027), but the change was not significant in
the healthy group (Fig. 1).

3.2. Dermal NGF levels

We were interested to answer the following questions, in regards to the skin levels of NGF
in the skin: (1) Are these concentrations different in: eczematous areas of atopic skin in AD
in comparison with non-lesional areas in AD and healthy skin? (2) Are dermal NGF levels
changing from AM to PM? (3) We also investigated if: the levels of NGF were differentially
affected by histamine administration in eczematous, non-lesional skin in AD or healthy skin,
and if affirmative, if this response was different at two different time-points during the day
(AM or PM). To answer the above questions, a mixed model analysis was performed to
assess the effect the interaction terms (#/me= AM vs. PM, period = pre-histamine vs. post-
histamine, group = healthy vs. eczema vs. non-lesional). We found a significant difference
in the manner in which NGF levels fluctuated, across all groups overall (p < 0.001), from
pre-histamine to post-histamine settings (by period, p= 0.007), by time of day (v = 0.026,
AM vs. PM), by group and time (p < 0.001) and by group and period (p < 0.001). (Table 2).

Dermal NGF levels in eczematous skin in AD subjects were consistently found to be
significantly lower compared to non-eczematous skin in AD and the skin of healthy controls
(both comparisons, p < 0.001) (Fig. 2, Table 3). There was no significant difference between
morning and evening levels in dermal (free) NGF levels, within the same skin area type, in
baseline conditions (Table 4). The NGF concentrations in non-lesional skin in AD subjects
and healthy skin were similar, however there were significant differences revealed by the
action of exogenous histamine. More precisely, administration of histamine increased
measurable levels of NGF in healthy skin and decreased NGF levels in non-lesional skin in
AD and in the eczematous areas (Fig. 3).

To further dissect the effect of itch and neurogenic inflammation induced experimentally
with histamine on the local dermal NGF concentrations, we performed ANOVA to test
whether % changes from pre-histamine (baseline) to post-histamine values contrasted
significantly between these 3 groups, and separately, for AM and PM time points.

In the morning (8 AM) healthy skin levels of NGF increased following histamine
administration and the change was significant vs. the change observed in the eczema (p =
0.027), but not significantly vs. non-lesional skin in AD. Non-lesional levels of NGF
increased also significantly vs. eczema (p = 0.001). In the evening, the change in levels of
NGF in eczematous skin was significantly different vs. both non-lesional skin in AD and
healthy skin, while the change in AD non-lesional skin was significantly different vs.
healthy skin (in other words, all contrasts were significant in a 3-way fashion at 5 PM (p <
0.001).

3.3. Correlations between NGF levels and disease severity

Serum values of NGF in the morning were significantly correlated with disease severity
(Spearman rho coefficient: 0.611*, p = 0.035), while NGF values in the evening (5 PM)
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appeared not to be correlated with EASI scores. In other words, the higher the severity, the
higher the serum NGF levels in atopics in the morning. However, AD patients had lower
concentrations overall than healthy subjects (p = 0.027).

Correlations between dermal NGF levels and disease severity assessed when AM and PM
average levels (pre-and post-histamine combined) were taken into account, showed that the
morning levels of NGF in the non-lesional skin correlated with disease severity (Sperman’s
rho: 0.631, p=0.021), while they did not correlate in the eczema or in neither type of area at
5 PM. Subsequently, NGF levels were further analyzed for potential correlations with
disease severity, in baseline conditions (pre-histamine) and post-histamine. The
corresponding effect on NGF concentration following neurogenic inflammation induced by
exogenous histamine was also explored in its relationship with the EASI scores Table 5). In
the evening, in non-lesional skin of AD, baseline NGF levels were significantly correlated (p
= 0.03) with disease severity.

4. Discussion

It was previously reported that increased plasma levels of NGF and substance P in AD
patients correlated with disease severity and plasma NGF was thereby suggested to be a
marker of disease severity. In this study, we sought to examine if NGF levels in the serum
and dermis correlate with disease severity and nocturnal exacerbation of itch in AD (Patel et
al., 2007). We report that the serum concentrations of NGF measured at 8 AM did in fact
correlate with disease severity, although the overall values in the atopic group were lower
than in the healthy participants. This correlation was not observed when NGF levels were
measured at 5 PM.

NGF appears to have a clear role in the sprouting of nerve fibers and in the development of
AD lesions. In AD lesions, higher levels of NGF were found in the keratinocytes in the
epidermal basal and spinal layers, and an increased expression of NGF receptors (TrkA) was
found in the epidermis and upper dermis (Dou et al., 2006). The level of NGF in the stratum
corneum was reported to correlate with the severity of itching and eruptions in AD
(Yamaguchi et al., 2009). In NC/Nga mice (an atopic mouse model), anti-NGF antibodies
were also shown to significantly inhibit the development of skin lesions, epidermal
innervation, and increase in scratching (Takano et al., 2005, 2007). Our investigations,
however, found decreased levels of free NGF levels in the dermis or serum of AD subjects
in comparison with healthy controls. We found that the serum NGF levels in AD subjects
were in effect significantly lowerthan in controls at both time points (8 AM and 5 PM, p<
0.001).

In contrast to several other reports (Toyoda et al., 2002; Hodeib et al., 2010; Yamaguchi et
al., 2009; Wang et al., 2008), the results of our study do not support the concept of NGF as a
reliable marker for the severity of AD, since these correlation patterns seem to vary during
the day, and overall, NGF (serum) levels in AD are lower in comparison with healthy
volunteers. From this point of view, our results are in concordance with the study of Schulte-
Herbriiggen et al. (2007) study, which did not find serum NGF levels to be increased in AD,
however, in our experiment the concentrations of NGF at 8 AM appeared positively
correlated with the EASI scores.

The drop in NGF levels — as measured by microdialysis — in the axon reflex area after
histamine application, could be caused by an increase of perfusion and protein extravasation
induced by the release of Substance P(SP) [similarly to the neurogenic protein extravasation
seen in the complex regional pain syndrome, CRPS (Kingery, 2010)]. The underlying
mechanism can be related to an amplified NGF-dependent signaling in AD (where lower
measurable levels could still be masking an increased trkA expression). NGF upregulates SP
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expression in C-fibers, and thus, when an axon reflex erythema is induced by histamine, the
microdialysis membranes become engulfed in the area of neurogenic inflammation. In
healthy volunteers, a (neurogenic) vasodilation can occur with less protein extravasation.
Due to a pre-existing upregulation of SP in AD patients, the histamine iontophoresis could
elicit an increased release of SP in the axon reflex area, potentially sufficient to increase
protein extravasation. This occurrence would dilute local NGF and therefore measurable
NGF levels would appear to drop. In the eczema however, an inflammatory protein
extravasation is present, thus, the increased release of SP might not affect the protein
extravasation significantly, as it is already increased.

Histamine was reported to enhance the production of NGF in cultured human keratinocytes
in vitro (Kanda and Watanabe, 2003). NGF, on the other hand, may promote the infiltration
of mast cells into inflamed skin (Tam et al., 1997). Mast cells are abundant in the epidermis
of AD lesional skin and can be triggered to release histamine and tryptase. This interaction
between mast cells and NGF may create a vicious cycle, significantly contributing to the
development of itch and skin lesions in AD. In this study, we found that histamine induced a
slight elevation of dermal free NGF levels in healthy subjects, and a significant drop
(decrease) in NGF levels in atopic subjects, both in non-lesional and eczematous skin. We
cannot, however, exclude the possibility that NGF was released from keratinocytes upon
histamine application, but was bound to its high-affinity receptors (TrkA), which has been
found to be upregulated in atopic skin. On the other hand, histamine may not play the
dominant role in triggering the release of NGF in skin lesions of AD, since it is known that
administration of antihistamines alone does not result in improvement of AD lesions. Other
stimuli, such as scratching (Yamaoka et al., 2007) and pro-inflammatory mediators, may
have a more important contribution.

It was previously reported that serum NGF levels vary significantly during the day and
evening hours, following a ‘V shaped’ pattern, being increased in the morning (9 AM) and
evening (8 PM) and decreased at 1 PM (Bersani et al., 2004). The levels of another
neurotrophin, the brain derived nerve factor (BDNF), were also found to vary following an
ultradian rhythm (Raap et al., 2006; Hon et al., 2007). We measured NGF levels in the
serum and dermis using 2 time points (8 AM and 5 PM), and we were able to find a decrease
at5 PM vs. 8 AM, significant in the serum of AD patients but not in healthy subjects. It
therefore appears unlikely that free NGF could play a direct role in the exacerbation of itch
in AD in the evening.

In conclusion, our results suggest that free NGF levels may not serve as a reliable marker for
disease severity in AD and that moreover, free NGF most probably may not cause the
exacerbation of pruritus in the evening. We also found that local free NGF in the skin, as
measured by skin microdialysis, was decreased in atopic patients after the local itch
induction and neurogenic inflammation induced by histamine, while the opposite effect
occurred in the healthy skin.
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Fig. 1.
Serum concentration (pg/ml + S.D.) of NGF in the morning and early evening in healthy
participants (7= 12) and atopic dermatitis patients (7= 12). ***p< 0.001 and *p < 0.05.
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Fig. 2.

Dermal concentrations of NGF (pg/ml + S.D.) in the morning and early evening in healthy
participants (/7= 17) in comparions with the eczematous areas and non-lesional areas of the
skin in atopic dermatitis patients (7= 13). ***p < 0.001 in baseline conditions. Levels of the
free NGF in healthy skin and in non-lesional skin of atopic subjects are both siginificantly
higher than in the eczematous areas in AD.
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Fig. 3.

The effect of itch induction and neurogenic inflammation produced with histamine, on the
dermal concentrations of NGF in the morning and early evening in healthy participants (7=
17) in comparison with eczematous and non-lesional areas of skin in AD (n=13). ***p<
0.001. Levels of the free NGF in healthy skin increase in healthy skin (siginificantly in the
PM) in contrast with non-eczematous areas in AD, where NGF levels drop significantly.
(The levels of free NGF were so low in the eczematous areas to begin with that histamine
did not seem induce any substantial effect.)
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Table 2

ANOVA analysis of the multiple factors affecting dermal NGF levels: disease status, time of collecting
samples during the day, histamine treatment and their combinations thereof. Legend: group = healthy or AD;
period = before or after histamine application; time = AM or PM.

Source Typelll testsof fixed effects?

Numerator df  Denominator df F Sig.
Intercept 1 40 4866.975 .000
Group 2 40 216.701 .000
Time 1 122 5.095 .026
Period 1 122 7.604 .007
Group x time 2 122 13.086 .000
Group x period 2 122 62.586 .000
Time x period 1 122 2.832 .095

aDependent variable: NGF levels in skin dialysate.
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NGF levels in skin microdialysate (pg/ml) in the healthy group (n=17).

Healthy skin# AM PM
Prehis Posthis Prehis Post his
1 191 23.4 19.9 29.4
2 223 19.2 20.3 26.4
3 214 18.1 22 26.1
4 173 21.3 19.1 23.6
5 169 20.4 16.4 28.5
6 18.2 211 18.4 27.4
7 205 23.4 21.7 23.7
8 213 23.4 18.8 21.2
9 225 25.5 16.6 24.4
10 234 18.4 18.6 23.2
11 155 23.2 175 24.4
12 16.6 222 22.3 27.4
13 193 21.8 19.2 28.3
14 213 21.2 15.6 23.4
15 208 22.3 16.4 28.5
16 215 24.2 16.4 26.6
17 153 16.4 15.3 19.3
his = histamine.
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Correlation of various NGF concentrations in systemic circulation or in the skin with disease severity (EASI
scores), in the atopic dermatitis group (/7= 13).

NGF parameter Correlation type  Statistical significance Spearman coeff. p
AM serum NGF level Direct 0.61% 0.0377
PM serum NGF level Direct 0.53 0.08
AM non-lesional skin NGF pre-histamine  Direct n.s. ns.
AM non-lesional skin NGF post-histamine  Direct 0.53 0.059
PM non-lesional skin NGF pre-histamine  Direct 06% 0.03%
PM non-lesional skin NGF post-histamine  Inverse ns. ns.
AM eczematous skin NGF pre-histamine Inverse n.s. ns.
AM eczematous skin NGF post-histamine  Inverse n.s. ns.
PM eczematous skin NGF pre-histamine Inverse -0.49 0.088
PM eczematous skin NGF post-histamine  Inverse n.s. ns.

n.s. = non-significant.

*
£<0.05.
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