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Production of a novel neuromelanin at the sevoflurane–water interface
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Abstract

Postoperative cognitive dysfunction (POCD) occurs in the elderly following surgery that requires inhaled anesthetics. The molecular
mechanism associated with this process is unknown. This study examined the possible role of serotonin, a neurotransmitter involved in
cognition. We observed that sevoflurane, a common inhaled anesthetic, formed a separate phase in water similar to that of chloroform.
Additionally, sevoflurane sequestered acrolein, which is a lipid peroxidation product associated with aging and is elevated in the elderly
brain. The enhanced partitioning of acrolein increased the focal concentration and hence reactivity to serotonin which preferentially
occurred at the sevoflurane–water interface. The resulting product exhibited unique properties similar to catecholamine-derived
neuromelanin.
� 2007 Elsevier Inc. All rights reserved.
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A major problem in anesthesia is the rather high inci-
dence of postoperative cognitive dysfunction (POCD) in
the elderly that persists for a variable amount of time
[1,2] and may even be associated with the onset of Alzhei-
mer’s [3,4] and Parkinson’s disease [5]. POCD, which is
particularly evident following cardiac surgery, is observed
in middle-aged patients with increasing incidence in the
elderly. The molecular mechanism of this process remains
to be fully elucidated.

Serotonin signaling may be a target for the sustained
cognitive effects of inhaled anesthetics [6]. Serotonin, which
is synthesized from tryptophan [7], is a major neurotrans-
mitter found throughout the CNS. Serotonergic neurons
are clustered in areas of the brainstem, particularly in the
midline, with axonal projections reaching almost every
region of the brain. There is a strong concentration of sero-
tonergic neurons in the Raphe nucleus. Serotonin is impli-
cated in regulating mood and cognition [8]. While the role
of serotonin in POCD is unknown, we propose that the
reactivity of serotonin to age-related oxidative products
may be enhanced by inhaled anesthetics.
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Lipid peroxidation occurs following trauma, during
inflammation and as a general consequence of aging. Acro-
lein (H2C@CHACHO), a byproduct of lipid peroxidation,
contains reactive functional groups. The reaction of car-
bonyl and vinyl groups with nucleophilic centers, such as
nitrogens on proteins and amino acids, results in the for-
mation of stable covalent adducts.

This study examined the effect of acrolein on serotonin
with the unique approach of utilizing interface chemistry
afforded by the immiscibility of sevoflurane in water. Addi-
tionally, we present evidence of a novel serotonin-derived
neuromelanin, which is currently thought to be synthesized
from catecholamines. Sevoflurane forms a separate phase
in water [9], suggesting that the effects of sevoflurane with
aqueous components may be due to reaction or interaction
at the sevoflurane-water interface. Therefore, we created a
sevoflurane interface to test this hypothesis.
Materials and methods

Sevoflurane, obtained from Abbott Laboratories (North Chicago, IL),
was layered with nitrogen gas after each use and stored at room temper-
ature. Indole, serotonin and 2,4-dinitrophenylhydrazine (DNPH) were
purchased from Sigma (St. Louis, MO) and acrolein from Alfa Aesar
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Fig. 1. Sevoflurane sequesters acrolein. Solutions of acrolein (closed
circles: 10 mM; open circles: 1 mM) were mixed with small aliquots of
sevoflurane resulting in the formation of two phases, and then the upper
aqueous phase was tested for acrolein concentration.
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(Ward Hill, MA). All other chemicals were of reagent grade. Indole and
DNPH were dissolved in ethanol and HCl (1N), respectively.

Serotonin (1–8 mM) or indole (5 mM) was incubated with acrolein (0–
32 mM) in a sodium phosphate buffer (pH 7.4) for various times at room
temperature prior to analysis of fluorescence emission (serotonin: ex/em,
315 nm/336 nm; indole: ex/em, 297 nm/344 nm; 2.5 nm slit widths; scan
speed, 600 nm/min) using a Perkin Elmer LS50B luminescence spectrom-
eter (Waltham, MA). Values are given in relative fluorescence units (rfu).

Sevoflurane is not miscible in water, forming a two-phase system.
Aqueous solutions of acrolein (10 mM) were mixed vigorously with
sevoflurane (0–250 lL) prior to analysis of acrolein concentration in the
aqueous phase. Acrolein concentration was determined with the carbonyl
reagent, DNPH, measuring absorbance at 370 nm [10] using a GE
Healthcare Ultrospec 4000 UV/Vis spectrophotometer (Waukesha, WI).
Extinction coefficients were experimentally derived. The sevoflurane/water
partition coefficient for acrolein, defined as log ([acrolein]sevoflurane/[acro-
lein]water), was determined using a two-phase system with sevoflurane
(2 mL of 7.6 M), water (2 mL) and acrolein (200 lL of 1.0 M) that was
mixed and kept at room temperature for 15 min prior to analysis of
acrolein concentration in the water phase as described above.

A two-phase system was created in which the lower phase was com-
posed of sevoflurane and the upper phase was an aqueous mixture con-
taining serotonin. Sevoflurane (4 mL) and acrolein (1000 lL of 1 M) were
added to a 22 mL reagent bottle shielded from light and mixed thor-
oughly. Serotonin (15 mL of 74 mM) was carefully added over the sevo-
flurane solution and kept unstirred at room temperature for 48 h.
Photographs were taken at 24 and 48 h using a Fujifilm finePIX S1 Pro
camera with a Nikon 60 mm Macro lens at settings of 1/90 s (shutter
speed) and f16.

The amount of melanoid substance was tested as a function of distance
from the sevoflurane–water interface. A two-phase system consisted of an
upper phase (4 mL, 125 mM serotonin) and a lower sevoflurane phase
(2 mL, 88 mM acrolein) that was kept unstirred at room temperature for
1–3 days prior to removal of aliquots (20 lL) of the upper phase at
recorded distances from the interface. Melanoid product was determined
in dilute aqueous solutions (30:1) by measuring absorbances at 450 nm.

The melanoid product of acrolein-modified serotonin was examined by
absorbance spectroscopy using an Ultrospec 4000. Absorbance spectra
were recorded over 200–650 nm range (2500 nm/min; 1.0 nm step) fol-
lowing various experimental conditions, and difference spectra were cal-
culated following normalization of spectra. We tested the electrical
conductance properties of the melanoid product using a digital 600amp
Ideal Industries clampmeter, model 61-766 (Sycamore, IL).

Results and discussion

We initially observed that serotonin (1mM) reacted with
acrolein (4 mM) in the absence of sevoflurane as evidenced
by decreased serotonin fluorescence (control: 257 ± 0.7;
plus acrolein: 190 ± 0.9rfu; ex, 315 nm; em, 336 nm).
Higher concentrations of acrolein (32 mM) decreased sero-
tonin (8 mM) emission by 92%. There was also an acrolein-
induced red-shift in the wavelength of peak emission (data
not shown). Additionally, acrolein (10 mM) reacted with
indole (control: 180 ± 4.4; plus acrolein: 136 ± 3.8 rfu;
ex, 297 nm; em, 344 nm), the base structure of serotonin,
suggesting that both ring and non-ring nucleophilic nitro-
gens are susceptible to modification by acrolein. These
observations represent the unique finding that acrolein,
which is age-associated [11], may impair serotonin signal-
ing directly via chemical modification even in the absence
of inhaled anesthetics.

We were interested in examining the effects of sevoflu-
rane on the reactivity of acrolein to serotonin. Since sevo-
flurane forms a separate phase in water [9], the effects of
sevoflurane on aqueous acrolein concentration were first
investigated. We observed that sevoflurane sequestered
acrolein (Fig. 1), resulting in the removal of acrolein from
the aqueous environment and in the concentrating of this
reactive substance in the sevoflurane phase. The sevoflu-
rane/water partition coefficient of acrolein was 0.91, a log-
arithmic relationship that represented a greater than 8-fold
distribution of acrolein into the sevoflurane phase. We
hypothesized that the sequestering of acrolein may create
conditions that favor interface chemistry.

At the sevoflurane–water interface, lower-phase acrolein
reacted with upper-phase serotonin creating a brilliant
color (Fig. 2). The color developed over time, became con-
centrated at the interface and resisted diffusion through the
vessel suggesting that the product was quite large. The mel-
anoid product was yellowish after 24 h and became increas-
ingly reddish-brown over time. None of the melanoid
product entered the sevoflurane phase. Even after vigorous
mixing no color was visible in the lower sevoflurane phase
(data not shown), suggesting that the product is not signif-
icantly hydrophobic.

The melanoid product, which was created at the sevoflu-
rane–water interface, formed a gradient that was less con-
centrated with increased distance from the interface
(Fig. 3). The presence of the gradient suggested that the
serotonin-derived material did not diffuse readily and that
the resulting melanoid product has a high molecular
weight. Interestingly, the curve which is represented by
the open circles (Fig. 3) exhibited deflection points, sug-
gesting that at the very least there are two populations of
melanoid products formed that differ in size. The extent
of melanoid product formation was dependent upon the
concentration of reactants, incubation time and tempera-
ture. Even at low serotonin concentration (10 lM;
10 mM acrolein for 8 days at room temperature), we
observed melanoid production (data not shown). Fig. 3



Fig. 2. Visible formation of melanoid product at the sevoflurane–water
interface. An upper serotonin-containing (74 mM) phase was layered over
a lower sevoflurane phase containing sequestered acrolein (<200 mM),
kept at room temperature, shielded from light and photographed at 24 h
(LEFT panel) and 48 h (RIGHT panel). Reaction of serotonin with
acrolein occurred at the interface forming a melanoid product.
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(inset) presents the visible spectrum of this acrolein-modi-
fied (500 mM for 75 min at 37 �C) serotonin (25 mM)
product.

We propose that this melanoid product may represent a
novel neuromelanin. Interestingly, structural analogs to
serotonin such as tryptophan-derivatives [12,13], trypt-
amine-derivatives [14], melatonin [15] and 5,6-dihydroxyin-
dole [16] form melanin in the presence of peroxidase and
hydrogen peroxide. Our findings corroborate these studies,
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Fig. 3. Gradient of melanoid product from the sevoflurane-water interface. A
serotonin upper phase and incubated for 1 day (closed circles) and 3 days (ope
and testing for melanoid product using absorbance at 450 nm. INSET: Visible s
(lower tracing).
suggesting that neuromelanin may be derived from com-
pounds other than tyrosine. Furthermore, the current
study suggests that neuromelanin may also be produced
nonenzymatically. Neuromelanin is found in pigmented
neurons located predominately in the following nuclei: sub-
stantia nigra, locus ceruleus, dorsal motor nucleus of the
vagus nerve and the Raphe nucleus. The process of pig-
mentation occurs predominately during adult maturation.
Non-neuronal melanin is produced via the enzyme tyrosi-
nase, which is absent from the brain. Our findings suggest
that melanin may be produced in the absence of enzymes
by non-tyrosine precursors.

The melanoid product spectrophotometrically resembles
the UV component of serotonin (Fig. 4) with some interest-
ing observations in the difference spectrum (Fig. 4, inset).
The melanoid product in these experiments was obtained
by extracting an aliquot from the sevoflurane–water inter-
face (serotonin, 125 mM; acrolein, 88 mM; 6 days at 24 �C)
and performing two rounds of centrifugation (8700g

through a 10 kDa filter) and dilution of the unfiltered por-
tion prior to obtaining the UV melanoid spectrum (total
dilution 1:3750). The control spectrum was obtained by a
1:120 dilution of a 13.6 mM serotonin solution. Decreased
absorbance at 220 nm may suggest delocalization of the p
bonds, which may arise from side-by-side alignment of
indole rings. Increased absorbance at 236 nm suggests for-
mation of a new ring structure presumably derived from
acrolein Schiff base addition to the primary amine or a
Michael addition to the indole nitrogen. Increased absor-
bance at 318 nm may suggest a novel arrangement of multi-
ple ring structures that become increasingly in close
proximity with one another. The reddish-brown material
(acrolein, 88 mM; serotonin, 125 mM; 6 days at room tem-
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Fig. 4. Absorbance spectra of serotonin and serotonin-derived melanoid. Serotonin spectrum (solid line) was obtained and normalized to the spectrum of
the melanoid product (dotted line). INSET: A difference spectrum was calculated exhibiting melanoid-specific increases at 236 and 318 nm and a decrease
at 220 nm.
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perature) is thought to be a polymer composed of a mini-
mum of 100 serotonin molecules as evidenced by the filtra-
tion of the melanoid product through a 300 kDa filter but
not a 10 kDa filter (data not shown).

These findings suggest that inhaled anesthetics may act
to concentrate lipid peroxidative products, such as acro-
lein, and increase acrolein’s reactivity to nucleophilic
agents such as serotonin. The Meyer-Overton correlation
suggests that inhaled anesthetics cluster at membrane
regions, and it is at these locations that we propose inhaled
anesthetics would collect lipid fragments, like acrolein.
Consequently, there may be an increased concentration
of acrolein at the membrane surface, which is the site of
neurotransmitter action, providing an environment where
compounds such as serotonin may react with acrolein.

The observation that acrolein chemically modifies sero-
tonin (Figs. 2–4) is a novel finding. The resulting product is
reddish-brown in color. Additionally, the acrolein-modi-
fied serotonin polymerizes to form a melanoid structure
with a molecular weight that is between 10 and 300 kDa
consistent with 20 kDa structures previously described
[17]. Our melanoid product exhibited conductance proper-
ties (70-fold decrease in resistivity compared to tap water),
a property of melanin [18]. The literature suggests that neu-
romelanin products may play a role in degenerative events
[19–21]. The production of the serotonin-derived melanoid
occurs progressively over time (Figs. 2 and 3). We propose
that this polymeric aggregate may act as a trapping agent
for free serotonin causing depletion, suggesting a mecha-
nism for POCD. Our model suggests that the pre-formed
melanoid may persist. The reactive edge of this polymeriz-
ing matrix may, for an undetermined length of time, con-
tinue to scavenge free serotonin, thus decreasing its
availability for cognitive functions.
In summary, we observed that acrolein reacted with
serotonin and indole. Additionally, sevoflurane sequestered
acrolein, created an interface with water and allowed acro-
lein to react with serotonin at the sevoflurane–water inter-
face forming a melanoid product that may represent a
novel neuromelanin. Our model suggests a molecular
mechanism for POCD.
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