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Abstract: The tap water that we normally use contains certain concentrations of free residual chlorine
to kill microorganisms and viruses and make it safe for use. Water containing free residual chlorine not
only dries out our hair and skin but can also cause irritation and itching in some people—especially
those with sensitive skin or reduced skin barrier function. We investigated the effects of free residual
chlorine on cultured dorsal root ganglion neurons and cultured epidermal keratinocytes. First, we
measured neurite length in cultured rat dorsal root ganglion neurons. Next, to evaluate the effects
of chlorine on semaphorin 3A (Sema3A) and nerve growth factor (NGF) levels in cultured human
epidermal keratinocytes, we used an enzyme-linked immunosorbent assay to measure NGF in the
supernatant and polymerase chain reaction and Western blot to determine Sema3A and NGF levels.
Chlorine elongated the neurite length and increased the number of projections in cultured rat dorsal
root ganglion neurons. Although there were no changes in NGF mRNA or protein levels in the
supernatant of cultured human epidermal keratinocytes in the presence of chlorine, Sema3A mRNA
and protein levels decreased, and the ratio of Sema3A to NGF was also reduced.

Keywords: chlorinated water; cultured dorsal root ganglion neurons; cultured epidermal
keratinocytes; semaphorin 3A; nerve growth factor; irritation; itching

1. Introduction

Chlorine is used to disinfect the water that we use in our daily lives. Chlorine kills
pathogenic organisms such as Escherichia coli and viruses that are often present in water;
the Tokyo Metropolitan Government started disinfection with chlorine in 1922 [1]. In tap
water, free residual chlorine is required to ensure good hygiene. The chlorine concentration
standard is set by law to maintain a free residual chlorine level of 0.1 mg/L or more. To
prevent the chalky odor caused by residual chlorine, the Tokyo Metropolitan Government’s
Bureau of Waterworks sets its own target—a residual chlorine concentration of 0.1 to
0.4 mg/L—and the residual chlorine concentration in Tokyo is generally between 0.3 and
0.5 mg/L. In Japan as a whole, the Waterworks Law stipulates that a chlorine concentration
of 0.1 mg/L or more is added, meaning that 10 to 15 times the global standard of chlorine is
added in some areas. In addition, the Japanese hygiene standard for swimming pools (from
the Ministry of Health, Labor, and Welfare) states that “the concentration of free residual
chlorine shall be 0.4 mg/L or more. It should be less than 1.0 mg/L” [2]. It has been reported
that more than 15 min of exposure to pool water with a chlorine concentration of 2 mg/L
increases the risk of skin diseases [3]. Moreover, hair exposed to 10 mg/L chlorinated
water has been reported to lose its cuticles after 30 washes and become dry at neutral
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pH [4]. Notably, although a residual chlorine concentration of 0.8 ± 0.1 mg/L is not high
enough to increase the risk of skin diseases, it has been reported that long-term continuous
exposure to low residual chlorine concentrations may affect the water retention function of
the stratum corneum [5]. Furthermore, the free residual chlorine that is necessary for the
safe use of water can have adverse effects on skin. People with compromised skin barrier
function, such as those with sensitive skin or skin diseases, reportedly have irritation and
reduced water retention when using water containing free residual chlorine [5]. Efforts
should, therefore, be made on a daily basis to minimize personal exposure to chlorine.

When chlorine is dissolved in water, it reacts with the water to produce hypochlorous
acid (HOCl) and its ionized form, hypochlorite ion (OCl−). These substances have a strong
oxidizing effect that destroys bacterial membranes, inactivates enzymes, and exhibits bacte-
ricidal actions. However, because the concentration at which chlorine exhibits bactericidal
action is relatively low (less than 1/1000 of the concentration that adversely affects human
health), the oxidizing effect of chlorine is considered unlikely to have an adverse effect on
human health.

In the case of tap water, various treatments are performed at the water purification
plant just before the water is sent to each household. From there, the water must remain
disinfected all the way to the tap in each household. Japanese law, therefore, requires
that the free residual chlorine (HOCl; OCl−) concentration is maintained at 0.1 mg/L or
higher (or 0.4 mg/L or higher for bound residual chlorine [chloramines]) at the end of
the water pipe (i.e., when the water comes out of the tap). The high reactivity of chlorine
makes it a highly reactive bactericide. However, various byproducts are also formed
when chlorine reacts with components in water [6–8]. Of these, trihalomethanes (such as
chloroform) are compounds in which three hydrogen atoms of methane are replaced by
halogens, some of which are carcinogenic [9]. Because high trihalomethane concentrations
are problematic, the World Health Organization has established guidelines that are based
on animal studies [10]. On the basis of these guidelines, Japan has set standards stating
that total trihalomethanes need to be below 0.1 mg/L [11]. Given that these concentrations
are considerably lower than those reported to be carcinogenic in animal experiments, it is
unlikely that continuously drinking tap water will cause cancer.

Neuronal growth factors include nerve growth factor (NGF), amphiregulin (of the
epidermal growth factor family), and artemin (of the glial cell line-derived neurotrophic fac-
tor family). Neurorepulsive factors include semaphorin 3A (Sema3A) and anosmin-1,
an extracellular matrix glycoprotein encoded by the Kallmann syndrome 1 sequence
gene [12,13]. These neuronal elongation and repulsive factors—for example, the nerve
growth balance between NGF and Sema3A—are involved in itching. In healthy skin,
epidermal Sema3A levels are higher than epidermal NGF levels; this inhibits the penetra-
tion and elongation of nerve fibers into the skin. By contrast, in the skin of patients with
atopic dermatitis, epidermal NGF levels are higher than those of epidermal Sema3A [13].
These findings suggest that NGF and Sema3A may be involved in the induction of nerve
fiber growth into normal epidermis. Furthermore, increased protein and mRNA levels
of amphiregulin have been reported in a dry skin model (acetone-treated mouse back
skin), indicating that amphiregulin is upregulated in dry skin [14]. Furthermore, although
anosmin-1 is strongly expressed in the basal cell layer of healthy skin, its expression is lower
in the skin of patients with atopic dermatitis and is accompanied by increased epidermal
nerve density [13].

The NTRK1 (neurotrophic receptor tyrosine kinase 1, also known as tropomyosin
receptor kinase A [TRKA]) gene encodes an NGF receptor (NGFR) and affects NGF mRNA
levels in cultured epidermal keratinocytes. TRKA binds to ligand neurotrophic factors (NGF,
brain-derived neurotrophic factor, and neurotrophin) and transduces intracellular signals to
regulate neuronal differentiation and survival [15,16], pain [17], and thermoregulation [18]
in the central and peripheral nervous systems.

To date, there is no knowledge of the effects of chlorine on the length of dorsal root
ganglion cell neurites and the amount of Sema3A and NGF in epidermal keratinocytes.
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We, therefore, examined the effects of chlorine on cultured dorsal root ganglion cells and
epidermal keratinocytes.

2. Materials and Methods
2.1. Preparation of Chlorinated Water

Because it has been reported that exposure to pool water with a chlorine concentration
of 2 mg/L for more than 15 min increases the risk of skin diseases [3], we set the chlorine
concentrations to 1 mg/L less and 1 mg/L more (i.e., to 1 mg/mL and 3 mg/L). Sodium
hypochlorite solution (approximately 12%) was added to ion-exchanged pure water, and
the pH was adjusted to 7.5 ± 0.1 using hydrochloric acid and sodium hydroxide. Three
types of chlorinated water were prepared, with free residual chlorine concentrations of
292 mg/L (pH 7.59; electrical conductivity, 0.708 mS/cm), 95 mg/L (pH 7.58; electrical
conductivity, 0.259 mS/cm), and 0 mg/mL (pH 7.41; electrical conductivity, 0.259 mS/cm).
By measuring the concentration of residual chlorine over time, we confirmed that more
than 90% of the concentration was retained for 10 days in an unopened container stored in
a refrigerator (at approximately 5 ◦C).

2.2. Effects of Chlorinated Water on Neurite Length and Neuronal Cell Culture
2.2.1. Coatings

A laminin/poly-D-lysine solution of 2 µg/mL laminin (Sigma-Aldrich Co., LLC,
St. Louis, MO, USA) and 30 µg/mL of poly-D-lysine (Sigma-Aldrich Co., LLC) dissolved
in phosphate-buffered saline (PBS) was made. We added 200 µL of this solution to the
center of a 35 mmφ dish (No.1S [0.16–0.19] 14 mmφ polylysine-coated; Matsunami Glass
Ind., Ltd., Osaka, Japan) and placed the dish on a clean bench for 1 h. The dishes were then
washed twice with sterile water and dried.

2.2.2. Neuronal Cell Culture

Primary Neuron Growth Medium (PNGM™) was prepared with PNBM™ Primary
Neuron Basal Medium (CC-3256; Lonza Group AG, Basel, Switzerland) and the Primary
Neuron Addition Factor Set (PNGM SingleQuots™ CC-4462; Lonza Group AG). Frozen rat
dorsal root ganglion neurons (R-Drg-505; Lonza Group AG) were pipetted with 2 mL of
PNGM medium, and 100 µL was added to the center of each 35 mmφ coated dish. The
cells were cultured in an incubator; after cell adhesion, 10 mg/mL of NGF was added to
a final concentration of 10 ng/mL, and 2 mL of filtered PNGM medium was added. Cells
were then cultured for 7 days.

2.2.3. Chlorinated Water

We added 20 µL of free residual chlorine (at a concentration of 0, 100, or 300 mg/L)
sterilized on a cellulose acetate membrane sterile filter (DISMIC-13cp 0.2 µm; Advantech
Japan Co., Ltd., Tokyo, Japan) to 1.98 mL of PNBM Basic Medium. Cells were then incubated
for 3 days, observed under an inverted microscope (Olympus IX70, Objective Olympus
DP72; Olympus Corporation, Tokyo, Japan), and photographed using a digital camera
(Olympus DP72). Neurite length was measured using ImageJ, and significant differences
were analyzed using the two-tailed t-test in Microsoft Excel 2016.

2.3. mRNA Levels of NGFR and NTRK1 in Cultured Dorsal Root Ganglion Neurons

We added 20 µL of free residual chlorine (at a concentration of 0, 100, or 300 mg/L)
sterilized on a cellulose acetate membrane sterile filter (DISMIC-13cp 0.2 µm) to 1.98 mL
of PNBM Basic Medium. Cells were then incubated for 3 days before an RNeasy Protect
Mini One Step TB Green® PrimeScript™ RT-PCR Kit II (TaKaRa Bio Inc., Shiga, Japan) was
used to evaluate the mRNA levels of NGFR and NTRK1 using real-time polymerase chain
reaction (RT-PCR; QuantStudio® 5 Real-Time PCR System; Thermo Fisher Scientific Inc.,
Waltham, MA, USA). β-actin (ACTB) was used as the housekeeping gene. All primers were
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purchased from QIAGEN. Significant differences were analyzed using an unresponsive
t-test (two-tailed) in Microsoft Excel 2016.

2.4. Culture of Human Epidermal Keratinocytes and Measurement of NGF and Sema3A
mRNA Levels

Normal human neonatal epidermal keratinocytes (Kurabo Industries Ltd., Osaka,
Japan) were seeded in 35 mmφ dishes (BioCoat™ poly-L-lysine; Corning Inc., Corning, NY,
USA) and cultured until subconfluent in serum-free normal human epidermal keratinocyte
growth liquid medium (DermaLife® K Comp kit; Kurabo Industries Ltd.). We then added
20 µL of chlorinated water (at a concentration of 0, 100, or 300 mg/L) sterilized with
a cellulose acetate membrane sterile filter (DISMIC-13cp 0.2 µm) to 1.98 mL of serum-
free basic medium for normal human epidermal keratinocyte proliferation for 3 days.
An RNeasy Protect Mini kit (QIAGEN) was used to extract RNA, and a One Step TB Green
PrimeScript RT-PCR Kit II was used to evaluate the NGF and Sema3A mRNA levels by real-
time PCR (QuantStudio 5 Real-Time PCR System). ACTB was used as the housekeeping
gene. All primers were purchased from QIAGEN. Significant differences were analyzed
using an unresponsive t-test (two-tailed) in Microsoft Excel 2016.

2.5. Supernatant Protein Content of Cultured Human Epidermal Keratinocytes

Human epidermal growth medium was used to grow the cells. First, human epidermal
keratinocytes were seeded at 2.0 × 104 cells/mL in 96-well plates, at 100 µL each. After
2 days of incubation in growth medium, the medium was removed, and 1 µL of chlorinated
water (with a free residual chlorine concentration of 0, 100, or 300 mg/L, making a final
concentration of 0, 1, or 3 mg/L in the medium) was added to 100 µL of basic medium for
3 days before the supernatant was collected.

The amount of protein in the culture supernatant was then measured using a BCA™
Protein Assay Kit—Reducing Agent Compatible. First, 5 mL of albumin standard and the
sample were added to a 96-well plate for an enzyme-linked immunosorbent assay (ELISA),
and 95 mL of working reagent was added. The absorbance at 562 nm was measured
immediately after the addition of the working reagent (i.e., at 0 min), as well as at 20, 40,
and 60 min.

2.6. NGF Measurement in the Supernatant of Cultured Human Epidermal Cells

The amount of NGF in the culture supernatant (collected as in Section 2.5) was mea-
sured by ELISA using a DuoSet® Human β-NGF kit (R&D Systems, Minneapolis, MN,
USA). First, 100 µL of capture antibody diluted in PBS was added to a 96-well plate for
ELISA, and the plate was sealed and incubated at room temperature overnight. The cap-
ture antibody was then removed, and the plate was washed three times with wash buffer.
Next, the plate was sealed and incubated at room temperature for at least 1 h, and the
reagent diluent was removed. The plate was then washed three times with wash buffer.
After the β-NGF standard and samples were removed and washed three times with wash
buffer, 100 µL of detection antibody diluted in reagent buffer was added, and the plate was
sealed and incubated at room temperature for at least 1 h. After the detection antibody
was removed and washed three times with wash buffer, the plate was incubated at room
temperature for 20 min in 100 µL of streptavidin–horseradish peroxidase (HRP) diluted in
reagent diluent, shielded from light. After removing the streptavidin–HRP and washing
three times with wash buffer, 100 µL of substrate solution was added. Absorbances at
450 nm and 570 nm were measured immediately after the addition of the substrate solution
(i.e., at 0 min) as well as at 20, 40, and 60 min.

2.7. Detection of Sema3A in Cultured Human Epidermal Cells

Human epidermal cells were seeded onto six-well plates (Corning; 300,000 cells/well)
and cultured in 2 mL of medium for 1 day. Next, 20 µL of chlorine solution (final concentra-
tion 0, 1, or 3 mg/L) was added to 2 mL of basic medium for 3 days. We then added 100 µL
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of 2% weight/volume sodium dodecyl sulfate, 10% glycerol, 50 mmol/L of dithiothreitol,
0.01% bromophenol blue, and 1/7 cOmplete™ (EDTA-free protease inhibitor cocktail) to
the sample buffer (62.5 mmol/L Tris-HCl; pH 6.8 at 25 ◦C). The cells were lysed, passed
five times through a 21-gauge needle, and heated at 95 ◦C for 3 min. Next, we added
15 µL of each protein extract and molecular weight marker to a 4–20% sodium dodecyl
sulfate–polyacrylamide gel mini 1.5 mm 15 well (TEFCO) and electrophoresised the gels
for 1 h at 54 mA current. The pad and filter paper were soaked in blotting buffer, and the
membrane was soaked in methanol for 10 s before soaking in blotting buffer. To transfer the
proteins to the membrane, the gel was removed and blotted for 1 h at a current of 180 mA
using a wet method. The membrane was washed with Tris-buffered saline containing 0.05%
Tween 20 (TBST; pH 7.6) incubated in TBST solution with 5% skim milk for 30 min, washed
twice with TBST, and stored in a refrigerator. Subsequently, the membrane was placed in
an open Unipac with 5 mL of TBST containing 0.5% bovine serum albumin and the primary
antibody (anti-β-actin antibody, 1:10,000; Proteintech Group, Inc. (Rosemont, IL, USA);
anti-Sema3A antibody, 1:4000, GeneTex, Inc. (Alton Pkwy Irvine, CA, USA)), sealed with
a sealer to remove air, and shaken at 190 rpm for 1 h on a horizontal seesaw shaker. The
membrane was removed and washed with TBST; the first wash was immediately discarded
and new TBST was added. The membrane was then shaken on a horizontal seesaw shaker
at 360 rpm for 3 min, the TBST was changed again to new TBST, and the membrane was
shaken for 5 min.

After the membrane was placed in a new Unipac, 5 mL of secondary antibody
(peroxidase-labeled anti-mouse or -rabbit antibody, 1:5000 dilution in TBST) was placed
in the Unipac. The foam was drained, the pack was sealed with a sealer, and the mem-
brane was shaken at 190 rpm for 30 min on a horizontal seesaw shaker. After 30 min,
the membrane was removed and washed with TBST; the first wash was immediately dis-
carded and repeated with new TBST (every 5–10 min) for 1 h. The membrane was again
placed in a Unipac, stained with Western BLoT Hyper HRP Substrate (Takara Bio Inc.), and
visualized using LuminoGlaph I (ATTO Corporation, Tokyo, Japan).

3. Results
3.1. Effects of Chlorinated Water on Neurite Length in Cultured Dorsal Root Ganglion Neurons

Figure 1 shows brightfield micrographs of dorsal root ganglion neurons cultured for
3 days in media with various free residual chlorine concentrations (0, 1, or 3 mg/L).

A comparison of the neurite lengths of 30 dorsal root ganglion neurons using image
analysis revealed that neurite lengths were significantly longer when cultured in medium
with a free residual chlorine concentration of 1 or 3 mg/L than when cultured with a free
residual chlorine concentration of 0 mg/L (Figure 2).
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Figure 1. Brightfield micrographs (10× objective lens) of dorsal root ganglion neurons cultured for
3 days in medium with a free residual chlorine concentration of 0, 1, or 3 mg/L.
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Figure 2. Neurite lengths of dorsal root ganglion neurons cultured for 3 days in medium containing
water with a free residual chlorine concentration of 0, 1, or 3 mg/L (n = 30; mean ± standard deviation;
*** p < 0.001 vs. 0 mg/L).

3.2. NGFR and NTRK1 mRNA Levels in Cultured Dorsal Root Ganglion Neurons

Figure 3 shows the mRNA levels of NGFR and NTRK1 after the dorsal root ganglion
neurons were cultured for 3 days in a medium with a free residual chlorine concentration
of 0, 1, or 3 mg/L. Compared with the cells cultured with 0 mg/L residual chlorine, the
mRNA levels of NGFR and NTRK1 were significantly higher in neurons cultured with 1 or
3 mg/L residual chlorine.
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Figure 3. mRNA levels of nerve growth factor receptor (NGFR) and neurotrophic receptor tyrosine
kinase 1 (NTRK1) in dorsal root ganglion neurons cultured for 3 days in medium with a free residual
chlorine concentration of 0, 1, or 3 mg/L (n = 3; mean ± standard deviation; * p < 0.05 vs. 0 mg/L;
** p < 0.01 vs. 0 mg/L; *** p < 0.001 vs. 0 mg/L).

3.3. Effects of Chlorinated Water on Cultured Human Epidermal Keratinocytes

The effects of chlorinated water on the proliferation of human epidermal keratinocytes
are shown in Figure 4. The cells were cultured in a chlorinated medium for 3 days; there
were no significant differences in cell counts at any concentrations compared with the
control (0 mg/L).
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Figure 4. Effects of chlorine on cell numbers of human epidermal keratinocytes (n = 4;
mean ± standard deviation).

3.4. Effects of Chlorinated Water on NGF Levels in Human Epidermal Keratinocyte Supernatant

The NGF content of human epidermal keratinocyte supernatant is shown in Figure 5.
The NGF content in the culture supernatant was divided by the total amount of protein
in the culture supernatant to obtain the ratio of NGF to total protein. This ratio was not
significantly different from that of the control (0 mg/L) at any chlorine concentration.
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atinocyte supernatant (n = 3; mean ± standard deviation).

3.5. Effects of Chlorinated Water on NGF and Sema3A mRNA Levels in Cultured Human
Epidermal Keratinocytes

The NGF and Sema3A mRNA levels in cultured human epidermal keratinocytes
are shown in Figure 6a,b, respectively. The NGF mRNA levels were not significantly
different between the control (0 mg/L) and chlorinated water (1 or 3 mg/L) conditions.
However, Sema3A mRNA levels were significantly lower in chlorinated water conditions
(1 or 3 mg/L) than in control conditions (0 mg/L), although there was no significant differ-
ence between the two chlorine concentrations (i.e., 1 and 3 mg/L).
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mRNA levels relative to NGF mRNA levels (n = 3; mean ± standard deviation; *** p < 0.0001 vs. 0 mg/L).
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An analysis of Sema3A mRNA levels relative to NGF mRNA levels is shown in
Figure 6c. The ratio of Sema3A to NGF mRNA was lower in the presence of chlorine than
in the control (0 mg/L). Furthermore, this ratio was lower at a chlorine concentration of
3 mg/L than at a chlorine concentration of 1 mg/L.

3.6. Effects of Chlorinated Water on Sema3A Protein Levels in Cultured Human Epidermal Keratinocytes

In Western blotting, a β-actin band was detected at 42 kDa, and a Sema3A band
was detected at 88 kDa. The concentration of Sema3A relative to that of β-actin was
quantified using ImageJ, and the results are shown in Figure 7. Relative Sema3A protein
concentrations decreased with increasing chlorine concentrations.
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4. Discussion

The transduction of irritation and itching is initiated when the mediators of irritation
and itching bind to receptors expressed on primary sensory nerve endings. Ligand-bound
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receptors open transient receptor potential (TRP) channels via their own intracellular
signals, thus allowing Ca2+ to enter cells [19]. This results in action potentials that are
transmitted via secondary sensory nerves to the brain, where irritation and itching are
sensed [20]. For example, histamine binds to histamine H1 receptors on primary sensory
nerves (mainly C fibers) and opens TRPV1, resulting in Ca2+ influx and action poten-
tials [13]. Similarly, hypochlorite, an oxidative mediator of chlorine, activates Ca2+ influx
and membrane currents in an oxidant-sensitive subpopulation of chemosensory neurons
that have been identified as TRPA1-expressing cells [21], and NGF opens TRPM8 via NGFR
and generates action potentials [22]. TRPM8 is mechanistically related to cold hypersen-
sitivity [23], and cold sensitization by TRPM8 appears to be induced by neurotrophic
factors such as artemin and NGF, which exert their effects via specific receptors that are
co-expressed with TRPM8 in a subset of sensory neurons [24,25]. In the present study, com-
pared with cells grown in a medium with a chlorine concentration of 0 mg/L, neurite length
was significantly elongated with a chlorine concentration of 1 or 3 mg/L. Furthermore,
this elongation was concentration-dependent, suggesting that higher chlorine concentra-
tions lead to greater neurite elongation. This effect may be mediated by chlorine-induced
increases in NGFR and NTRK1 mRNA.

We also examined the effects of chlorinated water on NGF and Sema3A mRNA
levels in human epidermal keratinocytes. Sema3A mRNA levels were decreased at 1 and
3 mg/L compared with 0 mg/L chlorine concentrations; however, there were no significant
differences in NGF mRNA levels. The amount of Sema3A protein was also decreased
when chlorine was present. Together, these findings suggest that free residual chlorine
decreases Sema3A mRNA levels, which may facilitate the extension of sensory nerves to
the epidermis and lead to irritation and itch induction.

When the epidermis has an impaired barrier function, such as with dry skin or atopic
dermatitis lesions, it is prone to intraepidermal nerve fiber elongation caused by the de-
creased expression of neurorepulsive factors in epidermal keratinocytes, which leads to
a predominance of nerve elongation factors [12,26]. The elongation of nerve fibers within
the epidermis is regulated by axon guidance molecules—such as nerve elongation or neu-
rorepulsive factors—that are produced by epidermal keratinocytes [12]. Nerve elongation
factors induce axon terminals, whereas neurorepulsive factors repel axon terminals; they
are thus involved in axonal elongation and direction determination. Nerve elongation fac-
tors that are produced by epidermal keratinocytes include NGF, amphiregulin, and artemin;
neurorepulsive factors include Sema3A and anosmin-1. Semaphorins act on growth cones
at axon tips to inhibit the polymerization of cytoskeletal actin and alter microtubule dy-
namics, thus causing growth cones to collapse and axons to regress [26,27]. More than 20
such molecules have been identified and classified into eight subclasses [27,28]. Sema3A,
a secreted semaphorin, is secreted extracellularly after its production by epidermal ker-
atinocytes. The immunohistochemical staining of normal skin shows staining mainly in the
intercellular spaces of epidermal keratinocytes, near the spinous layer [28]. Lesioned skin
(e.g., dry skin or atopic dermatitis) has lower Sema3A expression than normal skin, sug-
gesting that nerve fibers tend to elongate within the epidermis in these conditions [12,29].
Histamine is not involved in this mechanism of itching (as the result of nerve fiber elon-
gation in the epidermis), meaning that antihistamines are not likely to be successful as
a treatment [30]. However, ultraviolet (UV) therapy, such as with psoralen UV-A and
narrowband UV-B [28], leads to the recovery of Sema3A expression and decreased numbers
of intraepidermal nerve fibers in the lesions of patients with atopic dermatitis. UV exposure
may, therefore, be effective for treating skin irritation and itching caused by chronic free
residual chlorine exposure.

It has been reported that prolonged exposure to low concentrations of residual chlorine
may affect the water retention function of the stratum corneum [5]; future studies should
examine the effects of prolonged exposure to low concentrations of residual chlorine on
neurons and skin keratinocytes.
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5. Conclusions

The present results suggest that free residual chlorine may disrupt the balance between
Sema3A and NGF expression to promote neurite outgrowth into the epidermis, thus making
skin more sensitive and causing chronic irritation and itching.
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