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Acrylamide Disturbs the Subcellular Distribution of
GABAA Receptor in Brain Neurons

Wen-Hsin Ho, Seu-Mei Wang, and Hsiang-Shu Yin*

Department of Anatomy and Cell Biology, College of Medicine, National Taiwan University, Taipei,
Taiwan, Republic of China

Abstract Mechanisms underlying the action of acrylamide on neurons were studied by monitoring the expression
of GABAA receptor (R) in cultured brain neurons derived from chicken embryos. In situ trypsinization of the neurons and
3H-flunitrazepam binding assay were employed to examine the subcellular distribution of GABAAR. A 3-h exposure
of the cultured neurons to 10 mM of acrylamide raised reversibly the proportion of intracellular (trypsin-resistant)
3H-flunitrazepam binding sites by about 48% and decreased cell surface binding 24% from respective control values,
without altering total cellular binding and the affinity of the ligand. Moreover, the acrylamide treatment induced more
intense perikaryal immunostaining of GABAAR a subunit proteins than that in control neurons but did not change the
total level of cellular a immunostain, in accordance with the binding data. In the cell bodies of acrylamide-treated
neurons, the level of neurofilament-200 kDa proteins was similar to control, whereas the tubulin protein content was
significantly lowered approximately 51% from control, as revealed by quantifying the immunostained cytoskeletal
elements. In addition, electron microscopic observations found reductions in the numbers of microtubules and
neurofilaments in the perikarya of acrylamide-treated neurons. As exhibited by the 3H-leucine and 3H-monosaccharide
incorporation experiments, the exposure to acrylamide inhibited the rate of general protein synthesis in the culture
by 21%, while the rate of glycosylation remained unaltered. Furthermore, in situ hybridization analysis showed that
acrylamide did not modify the expression of GABAAR a subunit mRNAs. Taken together, these data suggest that
acrylamide may downregulate the microtubular system and disintegrate neurofilaments, and thereby block the
intracellular transport of GABAAR, resulting in the accumulation of intracellular receptors. J. Cell. Biochem. 85: 561–
571, 2002. � 2002 Wiley-Liss, Inc.

Key words: neurofilaments; tubulin; intracellular transport; 3H-flunitrazepam binding; trypsin treatment; immunocy-
tochemistry

Acrylamide monomer is a neurotoxicant to
humans and experimental animals. The neuro-
toxicity generated by the agent is characterized
by the distal neurofilamentous swellings and
degeneration of large axons in peripheral and
central nervous systems [Spencer and Schaum-
burg, 1974a,b]. Moreover, chromatolysis-like
responses were described in the neuronal cell
bodies [Jones and Cavanaugh, 1984; Sterman,
1984]. However, the behavioral and functional

abnormality can develop in the absence of
axonal swelling and degeneration [Takahashi
et al., 1995; Stone et al., 1999; LoPachin, 2000].
Thus, the mechanisms underlying the action of
acrylamide require further clarification. Hypo-
theses to explain the acrylamide-induced axo-
nal changes include inhibition to axonal energy
production, changes in axonal transport, dis-
ruption of cytoskeletal structure and function,
and alterations in the interaction between peri-
karya and axons [Miller and Spencer, 1985;
Lopachin andLehning, 1994 for reviews;Harris
and Gulati, 1994]. Recent studies proposed that
the inhibition to the Naþ/Kþ-ATPase activity
of the tibial nerve could account for, at least in
part, theneuropathic conditionsof swollen tibial
axons in acrylamide-treated rats [LoPachin and
Lehning, 1997; LoPachin, 2000].

Acrylamide-induced changes in perikarya
have been thought to precede the axonal abnor-
mality [Jones and Cavanaugh, 1984]. Previous
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studies recorded decreased numbers of neurofi-
laments, andmodifications inmitochondria and
rough endoplasmic reticulum in the perikarya
of spinal ganglion neurons of rats and quails
repeatedly injected with acrylamide [Jones and
Cavanaugh, 1984; Sterman, 1984; Takahashi
et al., 1994]. There were increased numbers of
microtubules in cell bodies of both spinal gang-
lia and ventral horn cells in quails intoxicated
with acrylamide [Takahashi et al., 1994]. By
contrast, another study on acrylamide-treated
rats described the depletion of microtubule-
associated protein 1 (MAP1) and MAP2 in the
perikarya of neurons in the caudate-putamen
[Chauhan et al., 1993]. Moreover, differential
alterations were found in the binding levels of
dopamine, muscarinic acetylcholine, serotonin,
glycine, GABA, and benzodiazepine receptors
in various brain regions of rats treated with
acrylamide [Agrawal et al., 1981; Bondy et al.,
1981]. Nevertheless, whether acrylamide af-
fects the subcellular distribution of the recep-
tors is unknown.

The maintenance of regular subcellular
distribution of neurotransmitter receptors is
crucial to proper neurotransmission. Cellular
events involved in receptor targeting or cluster-
ing are probably related to the organization of
cytoskeletal elements. GABAAR is a ligand-
gated Cl� channel and the major inhibitory
neurotransmitter receptor in the vertebrate
brain. By combining with GABA, GABAAR
mediates fast inhibitory transmission via in-
creasing the Cl� conductance [Macdonald and
Olsen, 1994]. The activity of GABAAR can be
modulated by a variety of clinically important
compounds, such as the benzodiazepines, bar-
biturates, and steroids. The receptor is pre-
sumably a hetero-pentameric glycoprotein
composed from at least 20 distinct subunits,
a1–6, b1–4, g1–4, d, e, p, and r1–3 [Rabow et al.,
1995; Barnard et al., 1998].

Linking proteins were discovered between
GABAAR and microtubules or microfilaments,
and play important roles in the postsynaptic
localization of the receptor [Yang et al., 1997;
Hanley et al., 1999; Wang and Olsen, 2000].
In addition, we have previously demonstrated
increased intracellular and decreased cell sur-
face proportions of the GABAAR in cultured
brain neurons, after the destruction of micro-
tubules with colchicine, as revealed by using
in situ trypsinization and binding assay with
3H-flunitrazepam for the benzodiazepine mod-

ulator sites [Ho et al., 2001]. Thus, it is
suggested that the microtubular system parti-
cipates in the intracellular transport of the
receptor becausemicrotubules are key inneural
growth and intracellular transport of proteins
[Aliva, 1992; Hirokawa, 1998]. Furthermore,
the organization of immunostained neurofila-
ments was also somewhat disturbed by
colchicine [Ho et al., 2001]. Neurofilaments are
believed to participate in maintaining the cell
shape and interact with other cytoskeletal
components such as microtubules [Robinson
andAnderton, 1988]. However, the relationship
is unclear between neurofilaments and the
subcellular distribution or intracellular trans-
port of GABAAR. Therefore, acrylamide was
used in the present study, as it is thought to
affect neurofilaments.

In order to further understand the pathogen-
esis of acrylamide-induced neuropathy and the
relation between neurofilaments and GABAAR,
the goal of the present studywas to examine the
effect of acrylamide on the expression and the
subcellular distribution of GABAAR in cultured
brain neurons. Trypsinization of acrylamide-
treated cultured neurons in situ and 3H-fluni-
trazepam binding were performed to determine
the fractions of cell surface and intracellular
receptors, because the macromolecule, trypsin,
could only digest surface GABAAR [Czajkowski
and Farb, 1986; Yin and Yang, 1992]. The
cellular expression of neurofilament proteins,
tubulin, and GABAAR a subunits was also
investigated in the treated neurons by using
immunocytochemistry.

MATERIALS AND METHODS

Neuron Culture and Drug Treatment

Dissociated neuron culture was prepared
from the brains of 7-day old chick embryos as
described previously [Yin and Yang, 1992]. In
brief, the neurons were plated onto collagen-
coated culture dishes, and then incubated in a
95% air/5% CO2 incubator at 378C. Cytosine
arabinoside (1 mM) was added to the culture
medium to inhibit the proliferation of non-
neuronal cells. The cultures maintained in
the incubator for 7 days were treated with or
without 1, 10, or 20 mM of acrylamide (Sigma)
for 3 h in the incubator followed by the experi-
ments depicted below. The viability of cultured
neurons was examined by Trypan Blue incor-
poration [Lin et al., 1998].

562 Ho et al.



Radioligand Binding

Reversible binding assay and trypsinization
of cells in situ were conducted according to
earlier procedures [Czajkowski and Farb, 1986;
Yin and Yang, 1992]. Aliquots of the cell homo-
genates, prepared from homogenization and
centrifugation of the cultured cells, were incu-
bated with 2–25 nM 3H-flunitrazepam (FNZ) in
PBS for 1 h at 48C. In half of the incubations,
1 mM flurazepam (a gift from F. Hoffman-La
Roche, Switzerland) was included to determine
the non-specific binding. The incubation was
terminatedbyfiltration of the reactionmixtures
through glass-fiber filters (Whatman GF/B).
The radioactivity remaining on the filters was
determined by liquid scintillation counting.
A number of control and drug-treated cultures
were incubated with or without 0.5 mg/ml
bovine trypsin (Sigma) in 25mMHEPES buffer
in the presence or absence of the drug for 90min
at 378C. Subsequently the cells were subjected
to reversible binding using 5 nM 3H-FNZ as
described above.

3H-Leucine, 3H-Mannose, and
3H-Galactose Incorporation Assays

The extent of amino acid or sugar incor-
poration by the cultures was assayed by the
addition of 3H-leucine (specific activity: 153 Ci/
mmol, Amersham) at 0.4 mCi/ml, 3H-mannose
(13.9 Ci/mmol) at 10 mCi/ml, or 3H-galactose
(25.5 Ci/mmol) at 5 mCi/ml to the cultures 2 h
before terminating the drug treatment [Yin and
Yang, 1992]. After washingwith PBS, each dish
was incubated with 1 ml SDS/Nonidet P-40/
urea (0.02%/2%/8 M) for 1 h on a shaker. Ten-
percent trichloroacetic acid (TCA) was used to
precipitate the proteins in the sample on ice
for 1 h. Following the addition of 1 N NaOH,
TCA-precipitable proteins were collected by
filtering the samples through the glass fiber
filters. The radioactivity associated with the
filter was measured by liquid scintillation
counting.
All biochemical determinations were done at

least in triplicate, and normalized to control.
The results are presented as means� standard
deviation (SD)/culture dish with n¼ 6–10.
Scatchard plots were analyzed by using the
ligand program [Munson and Rodbard, 1980]
and used to determine the maximal binding
sites, Bmax and apparent affinity constant, KD of
the radioligand to the receptor. The significance

of differences among data was analyzed using
two-tail Student’s t-test.

Electron Microscopy

Cultured neurons were subjected to electron
microscopy according to a previous protocol
[Lin et al., 1999]. Cells grown on 35 mm culture
dishes were fixed with 2.5% glutaraldehyde
in PBS for 30 min and then post-fixed with
1% OsO4 for 10 min at room temperature (RT).
After dehydration with a graded series of etha-
nol, the cells were embedded in Epon. Ultrathin
sections of about 70 nm in thickness were
obtained, stained with 1% uranyl acetate and
lead citrate, and observed under a Jeol JEM-
2000EXII electron microscope.

Immunocytochemistry

Immunocytochemical staining was carried
out as described before [Yin and Fan, 1990].
Neuron cultures kept on dishes 35 mm in
diameter were fixed in 4% paraformaldehyde
at RT for 20 min. They were then treated with
0.3% H2O2 in 0.1 M PBS for 5 min, and blocked
with 1.25% normal serum and 0.2% Triton
X-100 for 20 min at RT before incubating with
the anti-a-tubulin, anti-NF200 kDa subunit,
anti-a1 subunit of GABAAR [Fan et al., 1997] or
anti-a1 and 51 kDa (a1þ 51 kDa) antibody [Yin
and Fan, 1990] at 48C for 16 h. Afterward, the
receptor immunoreactivity was visualized with
a biotinylated secondary antibody and theABC-
peroxidase (Vector) method using 3,30-diamino-
benzidine tetrahydrochloride (DAB).

In Situ Hybridization Cytochemistry

Two 45-mer antisense oligonucleotide probes
were custom-synthesized to tag the a1 and a2
subunitmRNAsofGABAAR, respectively. Their
sequences are complementary to the unique
nucleotide segment 1356–1400 of the mRNA
of chicken GABAAR a1 subunit [Bateson et al.,
1991], and 1504–1548 of rat receptor a2 subunit
mRNA [Wisden et al., 1992]. The probes were 30

end-labeled with digoxigenin (DIG)-11-ddUTP
by terminal transferase (BoehringerMannheim,
BM).

In situ hybridization cytochemistry was per-
formedasdescribedpreviously [Lin et al., 1998].
Briefly, cultured neurons were fixed with 4%
paraformaldehyde in 0.1 M phosphate buffer,
pH 7.4 for 20 min at RT. Prehybridization was
done by incubating the cells with the hybridiza-
tion buffer in 428C for 1 h. Thereafter, the cells
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were incubated with 0.6 pmol/ml of the DIG-
labeled probe in the buffer at 428C for 18 h.
Posthybridization washes included 2�SSC,
15min at RT, 1�SSC, 15min at RT, 0.5�SSC,
30 min at 608C, and 0.5�SSC, 15 min at RT.
The samples were then blocked with 2% normal
sheep serum for 30 min at RT and incubated
with an anti-DIG antibody coupled to alkaline
phosphatase (1:500 dilution) (BM) at 308C for
3 h, followed by incubationusing the substrates,
nitroblue tetrazolium and 5-bromo-4-chloro-3-
indolyl phosphate, for the enzyme. Negative
controls were obtained from hybridization by a
DIG-labeled sense probe.

Image Analysis

Quantification of morphological data was
performed as depicted before [Lin et al., 1998].
The levels of the labeled receptor proteins and
mRNAs, andNF200 kDa and a-tubulin proteins
were measured in the somata of cultured neu-
rons with a computer-based image-analysis
system (MCID, Image Research). The specific
integrated optical density (IOD) was obtained
for each labeled neuron in 9–14 evenly dis-
tributed fields of each culture dish 35 mm in
diameter under a 40� objective (400�mag-
nification). At least 750 labeled cells were
measured from each culture dish of control
or drug-treated group in every experiment. Re-
sults are presented as mean IODs�SD/neuron/
culture dish with n¼ 6–10 culture dishes
derived from3to5experiments.Thesignificance
of difference between control and experimental
groups was analyzed by using Student’s t-test.

RESULTS

Total Cellular Radioligand Binding

Reversible binding using 5 nM 3H-FNZ
showed that in cultures exposed to 3 h incuba-
tion with 1, 10, and 20 mM of acrylamide, the
levels of specific 3H-FNZ binding were 116� 2,
116� 5, and 110� 6% (n¼ 7) of respective
control (untreated) values, and were insigni-
ficantly different from the controls. In control
cultures, Trypan Blue was incorporated by
approximate 4.0% (n¼ 2,910 cells counted) of
the neurons, representing a normal rate of cell
death in the neuronal culture. The 3-h treat-
mentwith 10mMofacrylamide resulted in4.3%
(n¼ 2,890) of cells that collected the dye. This
suggests that the drug treatment does not

induce apparent membrane leakiness or cell
death.

As revealed by saturation binding assay and
Scachard analysis, the Bmax of 3H-FNZ was
0.23� 0.02 pmol/mg protein (n¼ 5) of the cul-
tures following the 3 h incubation with 10 mM
of acrylamide, which was similar to the control
value, 0.25� 0.04 pmol/mg protein. Similar
values of KD, 3.2� 0.05–3.4� 0.01 nM of the
ligand to the cells were also seen for the control,
and the drug-treated groups. In another experi-
ment, aliquots of cell homogenates of control
cultures were subjected to reversible binding
assay using 5 nM 3H-FNZ; 10mMof acrylamide
was included in some of these incubations.
The levels of binding were analogous between
the control, and acrylamide (10 mM)-treated,
implicating the lack of interaction between the
agent and 3H-FNZ or the receptor.

Subcellular Levels of Receptor Binding

Following trypsin-induced exhaustive pro-
teolysis of control cultures, the remaining
trypsin-resistant binding of 3H-FNZ was 33�
3% (n¼ 10) of the total binding density, which
denoted the intracellular fraction of the total
number of receptors in the neurons. The 3-h
exposure to 10 mM acrylamide increased the
trypsin-resistant binding to 49� 2% (n¼ 10)
(Fig. 1). Thus the acrylamide treatment induced
an elevation of about 48% in the intracellular
portion ofGABAARand adecrease of 24%on the
cell surface receptor. However, this subcellular
change was reversible, because the trypsin-
resistant binding was restored to the control
level after removal of the agent.When the acryl-
amide-treated cultures were first incubated
with trypsin and then exposed to trypan Blue,
the ratio of cells, 96% (n¼ 2,890), that excluded
the dye, was similar to that of the cultures
without trypsinization. Hence the trypsin incu-
bation did not appear to generate cell death.

General Protein Synthesis and Glycosylation

Effects of acrylamide were examined on the
rates of general protein synthesis and glycosyl-
ation of the cultured neurons by performing
the incorporation experiments of 3H-leucine or
sugars. The 3-h treatment with 10 mM of
acrylamide resulted in 79� 3% of, about 21%
lower than, the control incorporation extent
(100%) of 3H-leucine into TCA-precipitable
proteins of the cultures (n¼ 5, P< 0.05). Never-
theless, the uptake level of 3H-mannose or
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3H-galactose by the acrylamide-treated culture
was 102� 8 or 94� 6% of that of control culture
and not significantly different from the control
value.

Immunocytochemical Localization of
NF200, a-Tubulin, and GABAAR

Almost all cells, 96%, in culture were posi-
tively immunostained by the anti-neuro-
filament 200 kDa subunit (NF200) antibody in
the absence or presence of acrylamide. The
NF200-immunoreactive substance, dark brown
in color, was observed throughout the perikarya
and processes of the control and drug-treated
neurons (Fig. 2A,B). No positive staining sig-
nals were detected in cells stained without the
primary antibody. The treatment did not seem
to change the shape and size of the neurons.
In the perikarya, the level of NF200 immu-
noreactivity was quantified by image analysis
(Table I). The incubation with acrylamide
resulted in a mean integrated optical density
(IOD), 228� 65/neuron/culture dish, insigni-
ficantly lower than 272� 100 of control
(Fig. 2B). However, the immunostain of NF in

thedistal parts of processesappeared somewhat
lower than that of control.

The a-tubulin immunoreactivity was seen in
the cytoplasm of cell bodies and processes of
control neurons (Fig. 2C). Notably, in the peri-
karya of the acrylamide-treated neurons, the
mean intensity of a-tubulin immunoreactivity,
110� 23/neuron/dish, was about 51% weaker
than 225� 47 of the control cells (P< 0.01)
(Fig. 2D). Moreover, in the processes of treat-
ed cells, the content of the immunostained
tubulin was also lower than control. Compared
with control, acrylamide-induced ultrastuctu-
ral changes included relatively more indented
nucleus, less rough endoplasmic reticulum, as
well as reduced numbers of microtublubes and
neurofilaments, as shown by electron micros-
copy (Fig. 3). Shorter microtubules were fre-
quently seen, while the neurofilaments were
rarely present in the perikarya of the treated
cells.

Immunocytochemical localizationofGABAAR
was done by using two distinct antibodies
raised against the a subunits of the receptor,
the anti-a1 (50 kDa), and the anti-[a1þ 51 kDa].
The receptor was present in the perikarya of
most control and acrylamide-treated neurons
(Fig. 4). Acrylamide did not change the percent-
ages of neurons that expressed the a1 or the
a1þ 51 kDa. The a1 or a1þ 51 kDa immuno-
reactivitywaspresent in approximate 86� 2%–
86� 3% of neurons/culture dish (n¼ 8) or
89� 3–91� 2% of the control and acrylamide-
treated neurons. Furthermore, acrylamide did
not alter the total cellular content of the sub-
units, as revealed by measuring the integrated
optical density (IOD) of each immunostained
neuron. For cultures exposed to acrylamide, the
mean IODs of a1 and a1þ 51 kDa were 107� 9/
neuron/culture dish and 392� 66 (n¼ 4), re-
spectively, similar to 101� 18 and 380� 58 in
control. Immunoblotting [Lin et al., 1998] was
also conducted and showed that the molecular
weights and levels of the a subunits were not
modified by acrylamide (data not shown).

In positively labeled control neurons, the
a1 immunoreactivity was seen as dark-brown
substance distributed in the perikarya and cell
membrane (Fig. 4A). The presence of the re-
ceptor in the cytoplasmic region and on the cell
membrane has been confirmed by immuno-EM
previously in cultured chicken neurons [Lin,
1999]. In many acrylamide-treated cells,
the intensity of a1 immunoreactivity became

Fig. 1. Acrylamide reversibly elevates the intracellular fraction
of GABAAR. Cultured neurons were treated without (CON)
or with 10 mM of acrylamide (ACR) for 3 h, followed by
in situ trypsinization and reversible binding using 5 nM of 3H-
flunitrazepam (FNZ), according to the protocol in Materials and
Methods. The acrylamide-containing medium of a number of
cultures was replaced by fresh medium only, after the 3-h
incubation with 10 mM of acrylamide; these cultures were
further incubated in the incubator for 3-h and then subjected to
the trypsinization and binding experiment (ACRR). Percentages
of trypsin-resistant binding of 3H-FNZ were determined in the
cultures, which represents the intracellular fraction of 3H-FNZ
binding. Data points are means� SD. *P<0.05 vs. control
value. N¼ 10.
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stronger in the perikaryal region than control
(Fig. 4B). This implicates an increased intracel-
lular fraction of the receptor and a decrease in
the level of cell membrane receptors.

In the labeled control neurons, immuno-
stained punctate aggregates of a1þ 51 kDa
occupied the perikaryal region and cell mem-
brane (Fig. 4C). Resembling the response of
a1 subunit, the intracellular immunostaining
of the a1þ 51 kDa seemed to be intensified
by acrylamide, and the cell membrane stain-
ing weakened in many cells (Fig. 4D).

Expression of GABAAR a1

and a2 Subunit mRNAs

Mechanisms underlying the action of acryla-
mide on GABAAR were further examined by in
situ hybridization cytochemistry using DIG-

Fig. 2. Representative micrographs illustrating acrylamide-
induced changes in the distribution of the NF200 and a-tubulin
proteins in cultured neurons. Immunostaining using an anti-
NF200 (A and B) or an anti-a-tubulin (C and D) antibody was
performed on cultures treated without (CON) or with 10 mM
of acrylamide (ACR) for 3 h. There is abundant NF200 (A) or
a-tubulin (C) immunoreactivity in the cell bodies (arrows) and
processes of control neurons (arrow heads). Compared with

control, the NF200 immunoreactivity appears downregulated in
the processes and unaltered in the somata by acrylamide (B).
Most acrylamide-treated cells possess weaker a-tubulin immuno-
stain in their perikarya and processes (D, arrows) than that of
control (C). The levels of the perikaryal NF200 and a-tubulin
immunoreactivity were quantified and the data are summarized
in Table I.

TABLE I. Effect of Acrylamide on the
Perikaryal Content of NF200 and a-Tubulin

in the Cultured Neurons

Control Acrylamide

Immunoreactivity
NF200 (IOD) 272� 100 (100%) 228�65 (84%)
a-Tubulin (IOD) 225� 47 (100%) 110�23* (49%)

The cultured neurons were treated without (Control) or with
acrylamide, 10 mM, for 3 h (Acrylamide). Subsequently the
cells were immunostained with the anti-NF200 or anti-a-
tubulin antibody as described under Materials and Methods.
The levels of the NF200 and a-tubulin immunoreactivity were
quantified in the perikarya of the neurons with an image-
analysis system. Data are presented as mean integrated optical
densities (IODs)�SD/neuron/culture dish.
*Significantly different from control, P< 0.05. N¼ 5. The mean
IODs of NF200 and a-tubulin of Acrylamide are 84 and 49% of
respective Controls (100%).
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labeled probes for the a1 and a2 subunit mRNAs
of the receptor, respectively. The dark purple a1
and a2 mRNAswere seen in 71� 2% of neurons/
culture dish (n¼ 6) and in 73� 3% in acryl-
amide-treated culture respectively, in analogy
with 74� 3% of neurons/culture dish and
71� 2% (n¼ 6) of control cultures (Fig. 5). The
acrylamide treatment resulted in mean IODs
of 184� 75/neuron/culture dish of a1 mRNA
and 122� 17 of a2 mRNA, similar to 148� 25
of a1 and 118� 17 of a2 in control neurons.

DISCUSSION

Wehave found that the acrylamide treatment
reduced the level of tubulin proteins, and the

numbers ofmicrotubules and neurofilaments in
the neuronal perikarya, while increasing the
intracellular proportion of GABAAR. The sub-
cellular redistribution of the receptor is likely
to be associated with the downregulated micro-
tubules and possibly disintegrated or disorga-
nized neurofilaments. This study provides the
first evidence for the influence of an environ-
mental neurotoxicin on the subcellular distri-
bution of a major neurotransmitter receptor in
the central nervous system.

In the present study, the exposure of cultured
neurons to acrylamide increased reversibly the
intracellular fraction of GABAAR binding sites
by around 48% and decreased the cell surface
binding by 24%, despite that the agent did not
change the total density of the receptor (Bmax)
in the cells and the affinity of 3H-FNZ to the
receptor. Inaccordancewiththebindingresults,
stronger cytoplasmic immunostaining of the a
subunits of GABAAR and unaltered total cellu-
lar a immunostain were observed in the peri-
karya of acrylamide-treatedneurons.An earlier
investigation has revealed that chronic treat-
ment of rats with acrylamide produced in-
creased 3H-muscimol binding in the frontal
cortex and unchanged benzodiazepine binding
in the cerebellum[Agrawal et al., 1981].Electro-
physiological changes of the neurons can be
predicted, because the number of cell surface
receptors was reduced. In our previous work,
a decrease in the amplitude of GABA-evoked
current was recorded in the tunicamycin-treat-
ed neurons, which contained a lower level of
cell surface GABAAR than control [Lin et al.,
1999].

The subcellular redistribution of GABAAR
may arise from changes in the intracellular
trafficking, which includes the delivery of new
receptors, and transportation of the receptor
during its internalization, recycling, and degra-
dation. These presumed intracellular modifica-
tions could come from altered cytoskeletal
organization, and/or other relevant cellular
events. Acrylamide did not significantly de-
crease the level of neurofilament subunit
200 kDa proteins in the perikarya. However,
under electron microscopic observation, neuro-
filaments were rarely seen in the perikarya.
This probably indicates a disintegration or
disorganization of the neurofilaments, regard-
less that a near control level of the NF200
proteins was still present in the perikarya.
Thus, it is possible that the disintegrated

Fig. 3. Electron micrographs illustrating reductions in num-
bers of perikaryal microtubules and neurofilaments of acryl-
amide-treated neurons. Control (CON) and acrylamide (10 mM,
3 h)-treated (ACR) neurons were subjected to fixation and
embedding in Epon as depicted in Materials and Methods.
Photographs taken from ultrathin sections illustrate that in the
perikarya of neurons exposed to acrylamide, there are
decreased numbers of micotubules (arrows) and neurofilaments
(arrowheads), compared with control. G, Golgi apparatus; M,
mitochondrion; N, nucleus; R, rough endoplasmic reticulum.
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Fig. 4. Effect of acrylamide (ACR) on GABAAR a subunit
immunoreactivity in cultured neurons. Immunostaining was
performed using either an anti-a1 subunit, or anti-a1þ 51 kDa
subunits of GABAAR antibody on control cultures (CON), and
cultures treated with 10 mM of acrylamide for 3 h. Immuno-
reaction products are present in the perikarya (arrows) and cell

membrane (arrow heads) of most neurons. The intensity of
a1-immunoreactivity seems stronger in the perikarya of many
ACR-treated neurons than that of control cells (A, B). It appears
that ACR likewise induces a more intense immunostain of
a1þ51 kDa in the perikarya of many neurons, compared with
control (C, D).

Fig. 5. The expression of the mRNA of GABAAR a1 subunit in acrylamide-treated neurons. Cultures
treated without (CON) or with 10 mM of acrylamide for 3 h (ACR) were subjected to in situ hybridization
cytochemistry, by using a digoxigenin-labeled oligonucleotide probe to the GABAAR a1 subunit mRNA.
The signal of labeled mRNA is present in the perikarya of most neurons (arrows). Acrylamide does not seem
to alter the expression of the a1 subunit mRNA (B).
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neurofilaments are related to the redistribution
of the receptor. Loss of neurofilaments occurred
in cell bodies of spinal ganglia and ventral horn
cells of rats and quails repeatedly injected with
acrylamide [Jones and Cavanaugh, 1984; Taka-
hashi et al., 1994]. In our data, NF200 content
was generally downregulated in theprocesses of
acrylamide-treated cells, in contrast to the
acrylamide-induced neurofilamentous accu-
mulation seen in many central and peripheral
nerves [Schaumburg and Spencer, 1977]. More-
over, elevated NF protein synthesis occurred in
rat cerebral cortex and PC12 cells in response to
acrylamide [Endo et al., 1994; Lin et al., 2000].
In our report, the level of perikaryal tubulin

proteins was markedly downregulated about
51% by acrylamide. This corresponds with the
decreased number of microtubules in the cell
body detected from electron micrographs. It is
likely that a reduction in microtubules might
hinder the intracellular transport of the recep-
tor, leading to an accumulation of the receptor
intracellularly. Ithasbeensuggested thatacryl-
amide interfereswith axonal and intradendritic
transport by acting on microtubules as well as
MAPs [Lapadula et al., 1989; Sager, 1989;
Chauhan et al., 1993]. In our previous study,
the colchicine treatment likewise caused an
enhanced intracellular level of GABAAR in
the neurons [Ho et al., 2001]. Although colchi-
cine did not seem to significantly decrease the
tubulin content in the neuronal perikarya,
the depolymerization of microtubules evidently
interfered intracellular transport tosomeextent
[Ho et al., 2001].
It is possible that acrylamide produced a

stronger and more rapid effect on microtubules
than neurofilaments in the perikarya because
the content of tubulin protein was lowered,
whereas the neurofilament protein was not by
the agent. However, an assumed interaction
between the NF200 tail domain and the car-
boxyl-terminal region of tubulin might account
for the corresponding responses, i.e., reductions
in the numbers of microtubules and neurofila-
ments to acrylamide [Miyasaka et al., 1993].
By contrast, the number of microtubules was
increased in cell bodies of spinal ganglia and
ventral horn cells of quails repeatedly injec-
ted with acrylamide [Takahashi et al., 1994].
In our present report, tubulin immunostain in
the neuronal processeswasweaker than control.
An early studyhas shownprofounddecreases in
the binding of 3H-colchicine to tubulin in sciatic

nerve and spinal cord, but not in cerebellum or
brain, following prolonged exposure to acryl-
amide [Tanii and Hashimoto, 1983].

Following the acrylamide treatment in the
present examination, the 21% decrease in the
rate of general protein synthesis did not seem
capable to significantly modify the regular level
of the total number of GABAAR, for newly
synthesized receptors make up merely 4%
of the total receptors, as shown previously
[Czajkowski and Farb, 1989]. The 51% decrease
of tubulin protein content in the perikarya
might originate from an accelerated rate of
tubulin degradation, rather than the decrease
in the rate of general protein synthesis. By
contrast, the exposure to acrylamide did not
alter the rate of galactosylation and mannosy-
lation of the cultured cells, implicating the
independence of the glycosylation to the acryl-
amide-induced accumulation of intracellular
GABAAR. Nevertheless, the intracellular pro-
portion of the de-N-glycosylated GABAARs was
lower than that of the normal receptors, as
shown previously [Lin et al., 1998].

Inconclusion, theacrylamidetreatmentgene-
rated an increase in the intracellular fraction
of GABAAR, in addition to a reduced level of
tubulin proteins and decreased numbers of
microtubules and neurofilaments in the peri-
karya. Acrylamide may not only act on the
neurofilaments, but also the microtubular sys-
tem to affect the subcellular expression of the
receptor. Our findings support that the patho-
genesis for the acrylamide-inducedabnormality
in the nervous system involves modifications
in the expression of neurotransmitter receptors.
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