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Chlorhexidine inhibits L1 cell adhesion molecule-mediated

neurite outgrowth in vitro

Aaron M. Milstone', Penny Bamford?, Susan W. Aucott’, Ningfeng Tang? Kimberly R. White? and Cynthia F. Bearer?

BACKGROUND: Chlorhexidine is a skin disinfectant that
reduces skin and mucous membrane bacterial colonization
and inhibits organism growth. Despite numerous studies
assessing chlorhexidine safety in term infants, residual con-
cerns have limited its use in hospitalized neonates, especially
low-birth-weight preterm infants. The aim of this study was
to assess the potential neurotoxicity of chlorhexidine on the
developing central nervous system using a well-established
in vitro model of neurite outgrowth that includes laminin and
L1 cell adhesion molecule (L1) as neurite outgrowth—promot-
ing substrates.

METHODS: Cerebellar granule neurons are plated on poly
L-lysine, L1, or laminin. Chlorhexidine, hexachlorophene, or
their excipients are added to the media. Neurons are grown for
24h, fixed, and neurite length is measured.

RESULTS: Chlorhexidine significantly reduced the length
of neurites grown on L1 but not on laminin. Chlorhexidine
concentrations as low as 125ng/ml statistically significantly
reduced neurite length on L1. Hexachlorophene did not affect
neurite length.

CONCLUSION: Chlorhexidine at concentrations detected in
the blood following topical applications in preterm infants spe-
cifically inhibited L1-mediated neurite outgrowth of cerebellar
granule neurons. Itis now vital to determine whether the blood-
brain barrier is permeable to chlorhexidine in preterm infants.

hlorhexidine is a skin disinfectant that reduces skin and

mucous membrane bacterial colonization and inhibits
organism growth. It is frequently used to prevent infections
and the spread of antibiotic-resistant bacteria, such as meth-
icillin-resistant Staphylococcus aureus (1,2). Chlorhexidine
is used to prepare the skin before surgical procedures and
reduces the risk of surgical site infections (3). The Centers
for Disease Control and Prevention recommend cleaning
the skin with chlorhexidine before the placement of central
venous catheters, because numerous studies have demon-
strated reduced catheter infection rates following chlorhexi-
dine skin preparation as compared with alternatives such
as povidone-iodine. However, “no recommendation can be
made for the safety or efficacy of chlorhexidine in infants
aged <2 mo” (4).

Trace amounts of chlorhexidine can be absorbed through
the skin after a single bath in adults and term neonates.
In 1976, Case (5) showed that, in adults, chlorhexidine “is
absorbed through intact human skin to an extraordinarily
small degree, if at all” This report only detected chlorhexidine
in feces of adults following a hand wash with 5% chlorhexidine
digluconate. No chlorhexidine was detected in blood, indicat-
ing minimal absorption. In term neonates, given a 1 or 2%
chlorhexidine bath, chlorhexidine was detected in 4 out of 20
neonates (range: 13.5-26.7ng/ml) (6). However, the interval
between the bath and blood sampling was not reported, nor is
it known when the chlorhexidine concentration may peak in
the blood after topical exposure. There are no reports of imme-
diate adverse consequences as a result of chlorhexidine absorp-
tion in studies of term newborns or adults, no data to suggest
that detectable serum concentrations have clinical importance
(7), and no data that chlorhexidine can cross the blood-brain
barrier. Another broad-spectrum organopolychlorinated anti-
septic, hexachlorophene (HEX), was found to penetrate intact
human skin and cause vacuolar encephalopathy in newborns
in the 1970s (8,9), thus showing that antiseptics used with-
out harm in adults can cause devastating neurological injury
in infants. As a result, chlorhexidine has been scrutinized for
its potential to be absorbed through the skin. Despite numer-
ous studies assessing short-term outcomes from the use of
chlorhexidine in term infants, residual concerns have limited
its use in hospitalized neonates, especially in low-birth-weight
preterm infants (10). No developmental neurotoxicity stud-
ies have been performed to assess the safety of chlorhexidine
exposure in term or preterm neonates.

Our goal is to begin studies on the impact of chlorhexidine
exposure on the developing central nervous system. In the
current study, our objective was to assess the potential neu-
rotoxicity of chlorhexidine using a well-established in vitro
model of neurite outgrowth (11,12) that includes both lam-
inin and L1 cell adhesion molecule (L1) as outgrowth-pro-
moting substrates. L1-mediated, but not laminin-mediated,
neurite outgrowth is dependent on lipid rafts, portions of the
plasma membrane similar to bacterial membranes disrupted
by chlorhexidine (13). Thus, L1-mediated neurite outgrowth
may be a sensitive indicator of chlorhexidine neurotoxicity.
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HEX has been shown to cause axonopathy in vitro. Although
chemically distinct, both chlorhexidine and HEX contain the
lipophilic moieties of polychlorinated phenol rings, mak-
ing them both lipophilic. Measurement of neurite outgrowth
may be one way to demonstrate the potential neurotoxicity of
chlorhexidine and HEX (14).

Due to concerns that chlorhexidine may cause neurotoxic-
ity to third-trimester equivalent preterm infants, cerebellar
granule neurons (CGNs) are an ideal in vitro model, as neurite
outgrowth of these neurons occurs at this age of development.
Neurite outgrowth is a sensitive measure for nonlethal neuro-
toxicity and provides an excellent model to assess the potential
cellular toxicity of chlorhexidine (11,12). Neurite outgrowth
occurs through different mechanisms depending on environ-
mental cues. These cues include proteins either on the surface
of other cells or in the extracellular matrix. L1 is one such envi-
ronmental cue. It binds homophilically to itself, initiating the
processes of protein trafficking, phosphorylation/dephosphor-
ylation, and signal transduction in the growth cone. Laminin
promotes neurite outgrowth by binding to the integrin recep-
tor and hence represents a different mechanism by which neu-
rite outgrowth is promoted. Together, these cell lines provide
an opportunity to investigate the potential neurotoxicity of
chlorhexidine.

RESULTS

We first tested whether chlorhexidine gluconate ((CHG) in a
proprietary vehicle (V)) inhibited L1-mediated neurite out-
growth by plating CGNs on a substrate of L1 (Figures 1 and

2). Ethanol was used as a positive control for inhibition of
L1-mediated neurite outgrowth. We chose the highest concen-
tration of chlorhexidine detected in the serum of a newborn
following topical exposure (1,021 ng/ml) (15). As can be seen
in Figures 1 and 2, compared with L1 control, CHG reduced
neurite length of CGNs plated on L1 (P < 0.05). The vehicle (V)
in which CHG is solubilized had no effect on neurite length.
There was no apparent effect on neurite branching under any
of these conditions.

To determine whether these reagents reduce cell viability, we
counted the number of cells per high-powered field. Nonviable
cells lose adhesion and lift off the plates. Thus, decreasing
number of adherent cells would indicate increased cell death.
There was no difference in the number of cells adherent to the
plate as compared with poly L-Lysine (PLL), and no difference
was found between the number of cells adherent to the plate
in V alone or V with CHG (Figure 3).

HEX is a known developmental neurotoxicant (8,9,16). The
ability of HEX to inhibit L1-mediated neurite outgrowth was
tested. The concentration of HEX used was 100x that in the
serum of a newborn with liver disease (4,350ng/ml) (17).
We found no significant effect of either dimethyl sulfoxide
(DMSO) alone or DMSO with 1 mmol/l HEX on L1-mediated
neurite outgrowth (Figure 4).

To determine whether the inhibition of neurite outgrowth
by CHG is specific to L1 or is a general effect on neurite out-
growth, we plated CGNs on laminin. Laminin is another cell
adhesion molecule that binds to integrin receptors. As can
be seen in Figure 5, neither the vehicles nor CHG or HEX

Figure 1. Chlorhexidine inhibits L1-mediated neurite outgrowth. Cerebellar granule neurons are plated on either poly L-lysine (PLL) alone or PLL plus
L1-Fc (L1), and then, ethanol (E, final concentration: 25 mmol/l), chlorhexidine vehicle (V, final concentration: 1%), or chlorhexidine in vehicle (CHG, final
concentration: 1.0 pg/ml CHG, 1% vehicle) are added to the media. The cells are grown for 24 h, fixed, and immunostained. Representative photomicro-
graphs are shown: (a) PLL alone; (b) L1; (c) L1 +V; and (d) L1 + V + CHG. Original magnification: x20.

Copyright © 2014 International Pediatric Research Foundation, Inc.
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Figure 2. Chlorhexidine inhibits L1-mediated neurite outgrowth.
Cerebellar granule neurons are plated on either poly t-lysine (PLL) alone or
PLL plus L1-Fc (L1), and then, ethanol (E, final concentration: 25 mmol/l),
chlorhexidine vehicle (V, final concentration: 1%), or chlorhexidine in
vehicle (CHG, final concentration: 1.0 ug/ml CHG, 1% vehicle) are added to
the media. The cells are grown for 24 h, fixed, and neurite length is mea-
sured. The mean of the neurite lengths for each condition is calculated,
and then, the mean + SD is determined for four separate experiments. *P <
0.001, PLL vs. L1; **P < 0.01,L1vs.L1 + E;and P < 0.05,L1 +V vs. L1 +V +
CHG.The Pvalue of L1 vs. L1 + Vis not significant (i.e., P = 0.29).
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Figure 3. Chlorhexidine at 1.0 pg/ml does not increase cell death at 24 h.
Photomicrographs used to determine neurite length in Figure 2 were reex-
amined to determine the number of cells per high-powered field. Dead cells
detach from the plate; therefore, a decrease in cell number as compared with
poly t-lysine (PLL) alone would indicate increased cell death. The average num-
ber of cells in each photomicrograph obtained for each condition was deter-
mined and averaged for total cell number per high-powered field and divided
by average cell number per high-powered field in PLL alone to obtain a relative
cell number. Four separate experiments were counted, and the average relative
cell number + SD is shown. No significant change in cell number compared
with PLL alone was determined. CHG, chlorhexidine; E, ethanol; V, vehicle.

had any effect on the length of neurites of CGNs grown on
laminin.

To determine the concentrations at which CHG is capable of
inhibiting L1-mediated neurite outgrowth, we examined the
impact of CHG concentration on neurite length. The results
from four experiments are shown in Figure 6. Vehicle alone did
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Figure 4. Hexachlorophene does not inhibit L1-mediated neurite out-
growth. Cerebellar granule neurons are prepared as in Figure 1. Additions
to the media are 25 mmol/l ethanol (L1 + E), 1% dimethyl sulfoxide
(DMSO) (L1 + D), or 1% DMSO with T mmol/l hexachlorophene (L1 + D

+ HEX). The mean of the neurite lengths for each condition is calculated,
and then, the mean + SD is determined for four separate experiments. P <
0.05, poly L-lysine (PLL) vs. L1; #P < 0.02, L1 vs. L1 + E. The P values of L1 vs.
L1+DandL1+Dvs. L1+ D + HEX are not significant.

not have a significant effect on L1-mediated neurite outgrowth.
CHG at a concentration of 31 ng/ml did not inhibit neurite
outgrowth in cultures with L1 and V alone. However, 62 ng/ml
of CHG showed a trend of reduced neurite length (P = 0.08).
CHG concentrations of 2125 ng/ml significantly inhibited neu-
rite growth similar to ethanol, the positive control. There is no
significant difference in neurite length of CGNs grown in 62,
125, 250, 500, or 1,000 ng/ml of CHG and PLL.

DISCUSSION

The recent demonstration that chlorhexidine is systemically
absorbed and can be detected in the blood of preterm infants
days after exposure (18) raises concerns about the possible
consequences of exposure in preterm infants. To begin to
determine if chlorhexidine concentrations detected in preterm
infants are capable of causing developmental neurotoxicity,
we examined the effects of similar concentrations on neurite
outgrowth. The model of neurite outgrowth reported here is
dependent on lipid rafts, microdomains of the plasma mem-
brane which may be susceptible to the chemical properties of
chlorhexidine that provide bactericidal activity.

Our results suggest that chlorhexidine at concentrations
observed in the blood of preterm infants (18) specifically
inhibited L1-mediated neurite outgrowth of cerebellar granule
neurons. The effect of chlorhexidine is found to be specific to
neurite outgrowth of neurons plated on L1. It is interesting to
speculate on the differences in susceptibility of laminin-medi-
ated neurite outgrowth vs. that of L1-mediated neurite out-
growth. L1-mediated neurite outgrowth is dependent on lipid
rafts, whereas laminin-mediated neurite outgrowth is not (19).
Lipid rafts are microdomains of the plasma membrane that are
important for protein—protein interaction and signal trans-
duction. Disruption of the lipid raft by photobleaching (19) or

Copyright © 2014 International Pediatric Research Foundation, Inc.
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Figure 5. Neither chlorhexidine nor hexachlorophene inhibit laminin-
mediated neurite outgrowth. Cerebellar granule neurons are plated on
either poly L-lysine (PLL) alone or PLL plus laminin (Lam). The following are
added to the media to give final concentrations of: ethanol (E, 25 mmol/l),
chlorhexidine vehicle (V, 1%), chlorhexidine (CHG, 1.0 pg/ml), DMSO (D,
1%), or hexachlorophene (HEX, 1 mmol/l). Neurite length is determined as
described in Figure 2. The mean of the neurite lengths for each condition
is calculated, and then, the mean + SD is determined for four separate
experiments. °P < 0.005, PLL vs. Lam.

cholesterol chelation (20) reduces neurite outgrowth of neurons
plated on L1 but not laminin. The developmental neurotoxicant
ethanol has been shown to disrupt lipid raft function (20-25).
Recently, data show that chlorhexidine’s bactericidal action
occurs through effects on the plasma membrane (13). Using
model membranes of 1,2 dimyristroyl-sn-glycero-3-phospho-
choline and neutron diffraction, chlorhexidine is shown to
insert itself into the lipid bilayer with the phenols stacked form-
ing a wedge, and the hexamethylene linker interaction with
the headgroup, allowing cytoplasmic elements to leak out. Of
note, chlorhexidine is only active on viruses possessing lipid
envelopes. We speculate that a sensitive function of the plasma
membrane in growth cones is the dynamic nature of lipid rafts.
A perturbation of the plasma membrane may impede the traf-
ficking of critical proteins, such as L1, through the lipid raft.
Further studies are needed to explore this potential mechanism.

The present study confirms findings from previous stud-
ies investigating the cytotoxic effect of chlorhexidine in vitro.
Because chlorhexidine is frequently used for oral care to pre-
vent dental plaque and gingivitis, many studies have examined
and identified in vitro toxicity of chlorhexidine after direct
application on gingival epithelial cells, odontoblast-like cells,
and periodontal ligament cells (26-29). Similar cytotoxicity
has been seen with HeLa cells and human newborn fibroblasts
(30). These studies have focused on chlorhexidine concentra-
tions used in topical preparations. A recent study exposed

Copyright © 2014 International Pediatric Research Foundation, Inc.
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Figure 6. Chlorhexidine inhibits L1-mediated neurite outgrowth at
pharmacologic concentrations. Cerebellar granule neurons are prepared
as described in Figure 1 and plated on poly t-lysine alone (PLL) or with

L1 (L1). Additions to the media are as follows: ethanol, E (25 mmol/I);
chlorhexidine vehicle, V (1%); and increasing concentrations of chlorhexi-
dine (CHQG) as indicated. Mean neurite lengths from four separate experi-
ments are calculated, and then the mean = SD are calculated. *P < 0.001,
PLLvs.L1;**P < 0.01,L1vs. L1 +E; *P<0.02,L1 +Vvs. L1 +V + CHG at 125
ug/ml; 1P < 0.05, L1 +V vs. L1 +V + CHG at 250, 500, and 1,000 pg/ml.

human-derived neuroblastoma cells and rat Schwann cells to
diluted chlorhexidine (20% stock solution with a density of
1.06 g/ml diluted to a lowest concentration of 1:2,000 or 500
pg/ml) and found evidence of cytotoxicity (31). The chlorhexi-
dine concentrations used in that study (500 pg/ml) were much
higher than those reported in human serum following topical
exposure and those used in the present study.

This study also demonstrates that chlorhexidine and HEX have
different toxic effects on neurite outgrowth. In vivo studies have
found differences in the toxic effects of chlorhexidine and HEX.
Studies in baboons have found that daily topical HEX application
induced changes in myelin (32). Studies in macaques found that
daily chlorhexidine bathing did not produce any histopathologi-
cal changes in the brain following 90 d of exposure (33). However,
chlorhexidine was undetectable in the blood of these monkeys,
so no chlorhexidine could have possibly gained access to the
brain. There are no studies assessing whether chlorhexidine can
cross the blood-brain barrier. Overall, many studies demonstrate
that chlorhexidine can cause cytotoxicity, but the clinical correla-
tion of these in vitro studies remains unknown. Specifically for
our study; it is not known if chlorhexidine in the blood can cross
the blood-brain barrier and cause direct exposure to neurons.

The primary limitations of this study include the uncertainty
of extrapolating media concentrations of chlorhexidine and
HEX to blood concentrations of exposed premature infants.
The permeability of the blood-brain barrier in premature
infants is affected by many factors, including developmental
maturation and disruption caused by disease (34-36). Thus,
the local concentration of chlorhexidine next to neuronal
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membranes in humans is unknown. More research is needed
in this area. A secondary limitation is the relationship between
inhibition of neurite outgrowth and clinical neurodevelop-
mental effects. More research is needed linking the behavior
to chlorhexidine exposure. This study provides rationale for
examining behavior known to be disrupted in L1 knockout
animals, such as cage activity, rotarod, open-field test, social
exploration, and Morris water maze (37).

In summary, chlorhexidine at concentrations reported fol-
lowing topical applications in infants specifically inhibited
L1-mediated neurite outgrowth of cerebellar granule neurons.
Chlorhexidine has lifesaving applications for neonates around the
world, including umbilical cord care to reduce neonatal mortality
(38). As chlorhexidine use increases in hospitalized patients, fur-
ther studies are needed to determine the clinical relevance of these
in vitro findings. It is now vital to determine whether the blood-
brain barrier is permeable to chlorhexidine in premature infants.

METHODS

Antibodies and Materials

Antibodies used in this research are mouse monoclonal anti-f3 III
tubulin obtained from Sigma (St. Louis, MO)and goat antimouse IgG
(heavy and light chain) conjugated to Alexa 488, which is obtained
from Invitrogen (Grand Island, NY). The substrates used for these
experiments are 0.1% PLL (Sigma), laminin (Invitrogen, Carlsbad,
CA), and L1-Fc, a chimeric protein consisting of the extracellular
domain of L1 cell adhesion molecule and the Fc domain of IgG, which
is purchased from R&D system (Minneapolis, MN). CHG and V alone
are supplied by Sage Products (Carey, IL). Cells are viewed on a Zeiss
Observer Z1 fluorescence inverted microscope (Carl Zeiss Microscopy;,
Oberkochen, Germany). Images are captured using Axiovision camera
software (Carl Zeiss), and neurite outgrowth is measured using Image
] software (National Institutes of Health, Bethesda, MD).

Preparation of Coverslips

Coverslips obtained from Fisher Scientific (Hanover Park, IL) are
cleaned and placed in the bottom of each of a 24-well Costar tissue cul-
ture flat bottom plate. One ml ice-cold 0.1% PLL is placed into each of
the 24 wells. They are then sealed and placed in the refrigerator at 4 °C
overnight. Laminin-containing wells are prepared as follows: the PLL is
removed from the wells, each well is washed three times with ice-cold
phosphate-buffered saline (PBS), then 1 ml of a 2mg/ml laminin solu-
tion in PBS is added to each well. The plate is again sealed and placed
in the refrigerator overnight at 4 °C. L1-containing wells are prepared
as follows: just before the addition of CGNG, the PLL is removed from
the wells, and each well is washed three times with ice-cold PBS. CGNs
are added to the well in a final volume of 1 ml. L1-Fc, a chimeric protein
consisting of the extracellular domain of L1 and the Fc domain of IgG,
is added following CGNis to give a final concentration of 0.2 ug/ml.

Cell Cultures

CGNs from 6-day-old Sprague-Dawley rat pups are prepared as pre-
viously described (11,20). To minimize pain and discomfort, the pups
are rapidly decapitated as approved by the University of Maryland
School of Medicine Institutional Animal Care and Use Committee.
Viability of CGNs is assessed with trypan blue and is routinely >90%.
CGNss are plated on prepared glass coverslips coated with PLL, lam-
inin, or L1-Fc in Neurobasal media (Gibco, Rockville, MD) with
the following additions: 2% B27 supplement (Gibco), 20 mmol/l
L-glutamine, 6 g/l glucose, 20 mmol/l N-2-hydroxyethylpiperazine-
N9-2-ethanesufonic acid and penicillin/streptomycin (pH 7.2). CGN
cultures are incubated for 2h at 37 °C in 10% CO, to allow for cell
adhesion. Ten microliter aliquots of DMSO (final concentration: 1%)
or DMSO with 40.7 mg/ml (100 mmol/l) HEX or the vehicle for CHG
(V) either alone (1% V) or containing 100 pg/ml CHG are added to
1 ml of CGN cultures to give a final concentration of 407 pg/ml (1
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mmol/l) HEX or 1.0 pg/ml (0.002 mmol/l) CHG. For the CHG dilu-
tion curve, the stock solution is serially diluted in vehicle 1:2. Aliquots
of 10 ul of the stock and each dilution are added to the wells. Cells
are grown for 24h in a humid atmosphere of 90% air and 10% CO,
at 37 °C. After 24 h, the media is removed, and cells are washed three
times with ice-cold PBS. The cells are then fixed in 4% paraformalde-
hyde for 30 min at room temperature, followed by three more washes
with PBS. Blocking solution (3% bovine serum albumin/0.2%Triton
X-100/PBS) is added to each coverslip for 1h at 37 °C, or overnight at
4 °C. After blocking, cells are immunostained.

Immunostaining

Blocked cells are exposed to mouse monoclonal anti-tubulin-$ III for
1h at 37 °C and washed three times with PBS and further exposed to
Alexa 488 antimouse IgG for 1h at 37 °C, washed three times with
PBS, and then mounted on glass slides.

Neurite Outgrowth

Eligible neurites are identified by a masked investigator in an a priori
design. The eligible neurons are photographed, and neurite length
was measured. Only neurons containing neurites that meet the fol-
lowing criteria are measured: (i) the neurite is as long as the width of
soma; (ii) the neurite is not synapsing on another neuron; and (iii)
the neuron must be single and not in a cluster (11). Images of neurites
are measured using Image ] (NIH). At least 30 neurites from each
coverslip are measured.

Cell Death

All photomicrographs from each condition were counted for cell
bodies present. The number of cell bodies per high-powered field was
averaged. Each value was divided by average cell number per high-
powered field for PLL alone to give a relative cell number. The relative
cell number was averaged across four experiments.

Statistical Analysis

The mean neurite length is determined for each condition from each
cell preparation. The mean neurite length for each cell preparation
was calculated. Descriptive statistics determined the mean + SD of the
mean neurite length from multiple cell preparations (11,20). The data
were analyzed by two-tailed paired f-test to determine significance.
P < 0.05 was set as statistically significant value.
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