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Abstract The actions were examined of 17 frequently
used glycol ether compounds on the glutamate receptor-
mediated ion currents. The receptors were expressed in
Xenopus oocytes by injection of rat brain mRNA. Most
of the 17 glycol ethers exerted no e�ects on the gluta-
mate subreceptors activated by kainate and N-methyl-D-
aspartate (NMDA), whereas 2-phenoxyethanol (ethylene
glycolmonophenyl ether) caused a considerable reduction
ofNMDA-inducedmembrane currents in a reversible and
concentration-dependent manner. The threshold con-
centration of the ethylene glycol monophenyl ether e�ect
was <10 lmol/l. The concentration for a 50% inhibition
(IC50) was ~360 lmol/l. The results indicate a neurotoxic
potential for 2-phenoxyethanol.
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Introduction

Glycol ethers (GE) are extensively used as solvents, de-
tergents and emulsi®ers alone or as components in in-
dustrial and consumer applications. For example, the
domestic production of ethylene glycol monoethyl ether
in 1986 was estimated to be 122 million pounds (NIOSH
1991). As a result, a high potential for occupational,
consumer and environmental exposure to GE exists
during manufacturing and use. Inhalation and dermal
uptake are the most likely routes of human exposure to
GE which have been shown to be toxic by either route
(Hardin 1983; Hobson et al. 1986; Piacitelli et al. 1990).

Several animal studies indicate that GE may cause em-
bryotoxic, teratogenic and haematotoxic e�ects as well
as atrophy of reproductive and lymphoid organs (Har-
din 1983; Grafton and Hansen 1987; Moss et al. 1985;
Schuler et al. 1984). E�ects on the central nervous sys-
tem additionally have to be expected, since GE are also
capable of rapidly crossing the blood-brain barrier
(Ahmed et al. 1983). In fact, disturbances of brain
functions, for example headache and persistent cognitive
impairment, have been found in humans exposed to GE
(Morton 1990; Ohi and Wegman 1978; Parsons and
Parsons 1938; Rowe and Wolf 1982).

Little is known about the neuronal mechanisms in-
volved in acute and chronic GE neurotoxicity. In gen-
eral, it may be possible that voltage-operated ion
channels, which underlies the generation of action
potentials, or ligand-operated ion channels, which are
responsible for the synaptic transmission, or both are
involved. The aforementioned clinical data, especially as
far as the memory impairment is concerned, can be ex-
plained by disturbance of synaptic transmission. In or-
der to gain more insight in this respect, we examined
possible e�ects of GE on the function of the glutamate
receptor. Thus, the interaction between 17 frequently
used glycol ether compounds and ligand-operated ion
channels activated by the glutamate subreceptor ago-
nists kainate (KA) and N-methyl-D-aspartate (NMDA)
were investigated. Since studies on the detailed e�ects of
substances on these receptors are often hampered in
intact brain tissue by the complexity of the CNS, we
chose to use the Xenopus oocyte expression system.
Xenopus oocytes are capable of expressing foreign
mRNA (Dascal 1987) and the expressed glutamate and
GABA receptors exhibit all of the features of the natu-
rally occurring receptors (Sigel 1990). Thus, the oocyte
expression system permits a direct assessment of drug
e�ects on these receptors (Binding et al. 1996; Muûho�
et al. 1995). For these reasons, ligand-operated channels
were expressed by injection of rat brain RNA and the
currents through the receptor channels were investigated
in the presence of the di�erent glycol ether compounds.
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Materials and methods

Total RNA was isolated from rat brain using a guanidine/LiCl
method (Cathala et al. 1983). Poly(A)+ RNA was prepared by
column chromatography on oligo-(dT) cellulose according to the
manufacturer's instructions (Pharmacia Uppsala, Sweden). The
RNA was dissolved in distilled water at a concentration of 1 ng/nl
and stored at )20 °C until injected into the oocytes. Small sections
of the ovary were taken from adult Xenopus laevis under anaes-
thesia (5 mmol/l ethyl m-aminobenzoate). Oocytes were manually
dissected and each injected with 50 ng poly(A)+ RNA. Injected
oocytes were maintained under tissue culture conditions in a so-
lution containing (in mmol/l): NaCl 88, CaCl2 1.5, KCl 1, NaHCO3

2.4, MgSO4 0.8, HEPES 5; pH 7.4; temperature 20 °C. The medi-
um was supplemented with penicillin (100 Units/ml) and strepto-
mycin (100 lg/ml).

Voltage-clamp measurements were performed 3±7 days after
injection of poly(A)+ RNA. Membrane currents were measured
using a standard two-electrode voltage-clamp technique. The cur-
rent and voltage electrodes were ®lled with 2 mmol/l KCl and had
resistances of 1 to 2 MOhm. Membrane currents were measured at
a holding potential of )70 mV. During the experiments, the
oocytes were kept in a frog Ringer's solution composed of (in
mmol/l): NaCl 115, KCl 2, CaCl2 1.8, HEPES 10; pH 7.2. Current
responses were measured by simultaneous application of a receptor

agonist and the GE compound and normalized to the current in-
duced by the receptor agonist in the absence of the GE compound.
Current amplitudes were measured 1 s before termination of sub-
stance application. The results were obtained from 44 oocytes. All
values represent mean � SEM. The values obtained under control
and test conditions were compared using analysis of variance
(ANOVA) followed by Dunnett's test. The value for 50% inhibi-
tion (IC50) was determined by ®tting mean currents to a simpli®ed
Langmuir equation y� (Km/c)/(1+Km/c), where y is the fraction of
inhibition of control current, Km is the dissociation constant and c
is the concentration of the respective glycol ether compound. For
the experiments a recording and application setup was used, which
allows fast and repeated drug applications and precise control of
drug concentrations (Madeja et al. 1991, 1995). The glutamate
subreceptor ligands KA (50 lmol/l) and NMDA (100 lmol/l,
10 lmol/l glycine added) were added to the control solution. Sev-
enteen glycol ether compounds were tested for their interaction
with glutamate receptors (Fig. 1A). All reagents were purchased
from regular commercial sources.

Results

After injection of rat brain mRNA, Xenopus oocytes
acquired responsiveness to KA, and NMDA (Figs. 1, 2).

Fig. 1 E�ects of 17 glycol ethers
(A) on kainate (KA)-induced
membrane currents (B) and on
N-methyl-D-aspartate (NMDA)-
induced membrane currents (C).
Original recordings from a Xen-
opus oocyte 3 days after injection
of poly(A)+ RNA from rat brain.
Holding potential: )70 mV. Ad-
ministration of 50 lmol/l KA and
100 lmol/l NMDA (white bars)
and 100 lmol/l of each glycol ether
(black bars)
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The receptor agonists evoked membrane currents in the
nanoampere range, which were completely blocked
by co-application with their speci®c antagonists (KA by
100 lmol/l 6-cyano-7-nitroquinoxaline, NMDA by
100 lmol/l aminophosphonovalerate; n � 3; data not
shown). The agonist responses remained stable and re-
producible in amplitude and time course upon successive
or prolonged administrations in a given oocyte. The
administration of the various GE derivatives alone in
concentrations up to 100 lmol/l evoked no detectable
membrane currents in the oocytes (n � 5).

In a ®rst series of experiments, the interaction of the
17 GE derivatives (Fig. 1A) with KA- and NMDA-ac-
tivated glutamate receptors was tested by the simulta-
neous application of the agonist with GE. At the
beginning of the experiment the receptors were activated
by their speci®c agonists until the resulting membrane
current remained stable. During the prolonged applica-
tion of the receptor agonists the di�erent GE com-
pounds (100 lmol/l each) were successively applied for
30 s. As shown in Fig. 1B, none of the GE tested exerted
any signi®cant e�ect on the KA-induced membrane
currents (n � 6). When NMDA was used as a receptor
agonist solution number 5 (ethylene glycol monophenyl
ether � 2-phenoxyethanol) caused a considerable re-
duction of the agonist response (Fig. 1C; n � 6). None
of the other GEs exerted any signi®cant e�ects.

For further clari®cation, the e�ects of 2-phenoxy-
ethanol on the glutamate subreceptors were tested with
respect to its dependence on the concentration (Fig. 2).
The KA-induced membrane currents were not altered by
2-phenoxyethanol applied in concentrations up to
500 lmol/l (Fig. 2A). In contrast, the blocking e�ect of
2-phenoxyethanol on NMDA responses increased with
higher concentrations of the GE derivative (Fig. 2B).
The dose-response curve in Fig. 3 shows that the
threshold concentration of the 2-phenoxyethanol e�ect
was <10 lmol/l. Application of 1 lmol/l exerted no

e�ect, whereas 10 lmol/l inhibited signi®cantly the
NMDA-induced membrane current to 0.92 � 0.03
(n � 7). With administration of 100 and 250 lmol/l of
the GE compound, the NMDA response was reduced to
0.75 � 0.04 and 0.6 � 0.04, respectively. The concen-
tration for 50% inhibition (IC50), obtained by ®tting the
mean values to a simpli®ed Langmuir equation, was
362 lmol/l. The blockade of the NMDA currents by
ethylene glycol monophenyl ether was completely re-
versible within 2 min after washing.

Discussion

Several glycol ethers were tested in the oocyte expression
assay for their ability to interact with glutamate subre-
ceptors. The ®ndings reported in this study demonstrate
that ethylene glycol monophenyl ether (2-phenoxyetha-
nol), caused a considerable reduction of membrane cur-
rents elicited by the glutamate subreceptor agonist
NMDA. None of the other 16 glycol ether compounds
tested exert an e�ect on the function of this glutamate
subreceptor. This result is somewhat surprising consid-
ering the structural similarity of the chemicals. It shows
that obviously small changes in the chemical structure, in
the case of 2-phenoxyethanol probably the aromatic
phenylester group, are responsible for selective e�ects on
receptor function. The primary target site could be the
channel proteins themselves, the factors that regulate
channel activities, or the surrounding lipid bilayer. Since

Fig. 2 E�ects of di�erent concentrations of ethylene glycol mono-
phenyl ether (2-phenoxyethanol, solution No 5) on KA-induced
membrane currents (A) and NMDA-induced membrane currents (B).
Original recordings from a Xenopus oocyte 5 days after injection of
poly(A)+ RNA from rat brain. Holding potential: )70 mV.
Administration of 50 lmol/l KA and 100 lmol/l NMDA (white
bars) and 10±500 lmol/l of ethylene glycol monophenyl ether (black
bars)
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the e�ect of 2-phenoxyethanol occurs immediately and is
restricted to the NMDA receptor, whereas KA and
GABA receptors are not impaired by this substance, it is
likely that this compound interacts directly with the
NMDAreceptor and not via a nonspeci®c interaction, for
example with the surrounding neuronal membrane. This
is further supported by the ®ndings that the other glycol
ethers also have no e�ects on the function of the di�erent
receptors nor on the membrane potential of the oocytes.

The e�ect of 2-phenoxyethanol on NMDA receptors
indicates a strong neurotoxic potential of this com-
pound. Generally, impairment of NMDA receptors may
lead to several neurological disorders, including a gen-
eral decrease in neuronal activity and disturbances in the
processes of learning and plasticity in man (Stoltenburg-
Didinger 1994). This is in line with observations on three
patients, showing an immediate and delayed neurotoxic
e�ect of this compound. 2-phenoxyethanol, used as an
anaesthetic for handling small ®sh at a salmon hatchery,
caused three women to experience headache and symp-
toms of intoxication during use, followed by diminished
sensation and strength of hands and ®ngers. After 1 to 2
years of exposure, the patients manifested gradual onset
of symptoms of impairments of central cognitive func-
tions that persisted (Morton 1990).

There are no data available concerning the concen-
tration of ethylene glycol monophenyl ether or other GE
compounds in brain tissue after exposure. Therefore, the
dose-response data determined in the present investiga-

tion can hardly be related to the neurotoxic symptoms
described by Morton (1990). In general, GE neurotox-
icity is dependent on many factors, including species,
age, dose, and route of administration. Ahmed and co-
workers showed in animal experiments that ethylene
glycol monomethyl ether and/or its metabolites could
rapidly cross the blood-brain barrier at an early time
period after treatment, but a considerable amount was
eliminated 24 h after treatment (Ahmed et al. 1983).
From the case report above one can conclude that eth-
ylene glycol monophenyl ether also enters the brain
tissue and, during longer periods of exposition, may
reach concentrations, which are able to impair brain
function. This may be to block NMDA-dependent
synaptic transmission.

It could not be excluded that, besides 2-phenoxyeth-
anol, metabolites of this substance are responsible for
the neurotoxic e�ects, since all GE undergo extensive in
vivo metabolism. Alkoxyacetic acid metabolites appear
to be also responsible for the toxic e�ects of several GE
in vivo (Bartnick et al. 1987; Foster et al. 1984; Ghan-
ayem et al. 1987; McGregor et al. 1983; Moss et al.
1985). It is possible that other metabolites of the dif-
ferent GE compounds have special e�ects on the me-
tabolism of neurons or glial cells, which are in many
aspects di�erent to that of oocytes. However, the data
presented in this study indicate that not only GE me-
tabolites but also parent molecules may be responsible
for neurotoxic e�ects. In addition, it has been taken into
account that metabolites of other GE parent com-
pounds, found not to be e�ective in the present study,
may also exert e�ects on excitatory or inhibitory re-
ceptors. In summary, 2-phenoxyethanol has been shown
to counteract the e�ects of NMDA. This could provide a
basis for explanation of neurotoxic signs described in the
literature. Nevertheless, the e�ects of metabolites of
2-phenoxyethanol, especially phenoxyacetic acid, on
glutamate receptors need to be further investigated.

Fig. 3 Inhibition of N-methyl- D-aspartate (NMDA)-induced mem-
brane currents by di�erent concentrations of ethylene glycol
monophenyl ether (2-phenoxyethanol, solution No 5). Each point
represents mean +SEM of 7 experiments (7 oocytes; 3 frogs). Inset:
Original recordings from one Xenopus oocyte are superimposed.
Concentration of NMDA 100 lmol/l; ethylene glycol monophenyl
ether was administered in concentrations of 1±500 lmol/l. The
currents are shown as a fraction of the current obtained in the
absence of GE
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