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Abstract Effects of monensin were examined on the intracellular processing of the GABAA/benzodiazepine 
receptor (GABAA/BZDR) in neuron cultures derived from embryonic chicken brain, using 3H-flunitrazepam as the probe 
for the benzodiazepine modulator site on the receptor. Incubation of cultures with 0.1 or 1 pM monensin for 3 h 
blocked the binding of 3H-flunitrazepam by about 18%. Loss of ligand binding was due to a reduction in the number of 
binding sites, with no significant changes in receptor affinity. The general cellular protein synthesis and glycosylation in 
the cells were inhibited by 26% and 5676, respectively, in the presence of 1 pM monensin, as detected by assaying 
the incorporation of 3H-leucine and 3H-galactose. In contrast, an increase was observed for mannose incorporation by 
the cultures in the presence of the drug. Moreover, the results from in situ trypsinization of the cultures following 
monensin treatment showed that monensin did not alter the distribution of intracellular and surface receptors. The data 
suggest that monensin induces the down-regulation of CABAA/BZDR by generating abnormal glycosylation of 
the receptor and interrupting i t s  transport within the Golgi apparatus, as well as from the Golgi apparatus to the 
intracellular pool and cell membrane. The galactosylation of receptor proteins may be important for the maturation of 
the receptor. 
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The major inhibitory neurotransmitter recep- 
tor, GABAA/BZD receptor, in the vertebrate 
brain is a ligand-gated ion channel and a heteroo- 
ligomer composed of several different subunits 
(Barnard et al., 1987; for reviews see Olsen and 
Tobin, 1990; Stephenson, 1991). The receptor is 
involved in mediating neuronal excitability 
through combining with GABA to produce an 
increase in chloride conductance. The function 
of the receptor can be modulated allosterically 
by the binding of some therapeutically impor- 
tant classes of drugs, notably the BZDs and the 
barbiturates, to distinct sites within the recep- 
tor (reviewed by Olsen and Venter, 1986; Costa, 
1991). It has been shown that the receptor is a 
glycoprotein and the subunits are all glycosy- 
Iated; the potential asparagine-glycosylation sites 
have been proposed for the subunit polypeptide 
from molecular cloning studies (Sweetnam et 
al., 1987; Olsen and Tobin, 1990). Although 
recent advancement on the understanding of 
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the molecular biology of the receptor has re- 
vealed its structural complexity and heterogene- 
ity, the mechanisms responsible for the intracel- 
lular processing, such as assembly, maturation, 
and turnover of the receptor, remain to be eluci- 
dated (Molher et al., 1990; Vicini, 1991 for re- 
views). 

Previous studies have shown that one-fifth of 
the GABAA/BZDRs in neurons are intracellular 
and a newly synthesized pool of receptors passes 
through this intracellular pool to the cell sur- 
face. In addition, this intracellular pool displays 
identical kinetics of degradation to that of the 
total receptor (Borden et al., 1984; Czajkowski 
and Farb, 1986,1989b; Czajkowski et al., 1989a). 
In this report, monensin, a Na+/H+ ionophore 
has been employed to study the intracellular 
transport of the receptor, since this reagent 
raises the intracellular pH, causing changes in 
cellular structure and function (Maxfield, 1982; 
for review, see Mollenhauer et al., 1990). It is 
known that monensin interferes with secretion 
and intracellular transport of a variety of mole- 
cules. The principal site of action of monensin is 
in the Golgi complex; thus, impaired glycosyla- 
tion of newly synthesized proteins has been 
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observed (Tartakoff and Vassalli, 1979; Hammer- 
schlag et al., 1982; Jacobs et al., 1983; Kuhn et 
al., 1986). Moreover, the post-translational mod- 
ification and glycosylation have been shown to 
be associated with normal expression and trans- 
port of some membrane glycoproteins, including 
the nicotinic acetylcholine receptor (Blount and 
Merlie, 1990; Jarvis et al., 1990). 

In this report, the effect of monensin on the 
binding of 3H-flunitrazepam (FNZ) to dissoci- 
ated neuron culture was explored by monitoring 
the incorporation of amino acid and sugars by 
the culture. Furthermore, in situ trypsinization 
of monensin-treated cells followed by binding 
assay was carried out to differentiate the cell 
surface and intracellular receptors. The results 
indicated that a decrease in the number of 3H- 
FNZ binding sites induced by monensin was due 
partially to  the depression of amino acid and 
galactose incorporation, and the normal distribu- 
tion of cell surface and intracellular 3H-FNZ 
binding was not changed by monensin. 

MATERIALS A N D  METHODS 

Dissociated neuron cultures were prepared 
from using the brains of seven-day embryonic 
chicken as described previously (Czajkowski and 
Farb, 1986). The cultures were maintained for 
one week before the following experiments were 
performed. The cultures were treated with mon- 
ensin dissolved in 95% ethanol at 0.1, 1, or 10 
IJ.M for 3 h. The cells were then washed, scraped 
from the plates, homogenized with a glass ho- 
mogenizer in PBS and centrifuged. The pellets 
were rehomogenized. Reversible binding of 3H- 
FNZ (NEN, specific activity: 87 Ci/mmol) was 
carried out by incubating aliquots of culture 
homogenate with 2-25 nM 3H-FNZ, according 
to the procedures described before (Borden and 
Farb, 1988). 

For in situ trypsinization experiments, after a 
3-h incubation with monensin (1 pM) or cyclo- 
heximide (40 kg/ml of culture medium) the 
culture received trypsin (0.5 mg/ml) in HEPES 
buffer for 90 min in the presence of the drugs at 
37°C. After trypsinization, the cells were col- 
lected and subjected to reversible binding (Czaj- 
kowski and Farb, 1986). Non-specific binding 
was determined in the presence of 1 mM flu- 
razepam in all cases and was subtracted from 
total binding to yield specific binding. The latter 
was normalized to cpm or dpm per 100 pg of 

membrane proteins. Parallel incubation and 
binding of control cultures were performed. 

Amino acid or sugar incorporation by the cul- 
tures was performed by incubating the cultures 
with 3H-leucine (specific activity: 153 Ci/mmol) 
at 0.4 pCi/ml, 3H-mannose (13.9 Ci/mmol) at 
10 FCi/ml or 3H-galactose (25.5 Ci/mmol) at 5 
bCi/ml in the presence or absence of monensin 
for 3 h. They were then washed 4 times with 
PBS and incubated with 1 ml SDS/NP-40/urea 
(0.02%/2%/8 M) per dish for 1 h on a shaker. 
Ten percent trichloroacetic acid was used to 
precipitate the proteins in the sample, followed 
by the addition of 1 N NaOH. TCA-precipitable 
proteins were collected by filtering through glass 
fiber filter (Whatman GF/B); radioactivity asso- 
ciated with the filter was measured after adding 
liquiscint (National Diagnostics). For 3H-man- 
nose and 3H-galactose incorporation experi- 
ments, the culture medium was replaced by 
glucose-free medium for 30 min before the addi- 
tion of 3H-mannose or galactose. 

All determinations were done in triplicate. 
The results are presented as the means -+ stan- 
dard deviations. Scatchard plots were analyzed 
by using the ligand program (Munson and Rod- 
bard, 1980). Significance was analyzed using 
two-tail Student's t-test. 

RESULTS 

Following exposure of cultures to  0.1, 1, or 10 
IJ.M monensin for 3 h, the binding of 3H-FNZ 
was blocked by about 18%, 1896, and 40% at the 
three concentrations, respectively (Fig. 1; Table 
I). The blockade was reversible for 0.1 and 1 p,M 
monensin, since the binding was restored to  
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Fig. 1. Changes of the binding of 3H-flunitrazepam to neuron 
culture in response to monensin treatment. Specific binding 
values were presented as cpm ? SD. n = 15. *: significantly 
different from control (monensin concentration 0) as calculated 
from student's t test, P < 0.01, **: P < 0.001. 
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TABLE I. Effect of Monensin on the Indicated Parameters of Neuronal Cultures 

Effect of monensin on 3H-FNZ binding" 

3H-FNZ binding 100% 82 f 9.8% 82.4 ? 6.8% 60 f 14.4% 

Effect of monensin on cellular distribution of the receptorb 

Monensin (pM) 0 0.1 1 10 

Con + Try Mon + Try Cyclo + Try 
38.9 -t 5% 3H-FNZ binding 42 f 7% 40.3 f 7.6% 

aCells were treated with or without (control) monensin followed by binding assay. 
bCells were trypsinized (+Try) following exposure to monensin (Mon) (10kM) or cycloheximide (Cyclo) (40 pglml). Con:control. 
Percentages of trypsin-resistant binding were determined. 3H-flunitrazepam (FNZ) binding assay and trypsinization of the 
cultures were performed as described in Materials and Methods. Values represent means +. standard deviations (SD) 
normalized to control 

control level after removal of the drug. Satura- 
tion binding assay on the 1 pM monensin- 
treated cultures showed that the number of 
3H-FNZ binding sites was reduced (Bmm: control = 
0.069, monensin-treated = 0.053 pmole/mg pro- 
tein) with no significant changes on the affinity 
of the receptor (Fig. 2). 

Following trypsinization of control cultures, 
the binding of 3H-FNZ was reduced to 42 +- 7% 
of control. Trypsinization of the cultures in the 
presence of monensin or cycloheximide showed 
similar percentages of trypsin-resistant binding 
sites; this indicated a consistent pool of trypsin- 
resistent receptors and the distribution of sur- 
face and intracellular receptors was not affected 
by monensin (Fig. 3, Table I). In comparison 
with monensin, treatment of the culture with 
cycloheximide did not change significantly the 
3H-FNZ binding (Fig. 3). 

To examine the effect of monensin on general 
cellular protein synthesis and glycosylation, the 
cultures were incubated with radiolabeled leu- 
cine or sugars and monensin. As shown in Fig- 
ure 4, the incorporation of 3H-leucine into TCA- 
precipitable material was inhibited by about 1596, 
26%, and 57% in the presence of 0.1, 1, and 10 
pM of the drug, respectively. By contrast, the 
3H-mannose incorporation into TCA-precipita- 
ble proteins was elevated at all concentrations of 
monensin, with a significant increase of about 
50% at 1 pM monensin. Whereas the incorpora- 
tion of 3H-galactose was reduced by approxi- 
mately 22%) 59%, 56%, and 54% in the presence 
of 0.01, 0.1, 1, and 10 pM monensin, respec- 
tively (Fig. 5). 

DISCUSSION 

Treatment with 0.1 or 1 pM monensin for 3 h 
reduced the number of 3H-FNZ binding sites on 
neuron cultures by about 18%. The kinetics of 
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Fig. 2. Monensin treatment induces a decrease in the number 
of 3H-flunitrazepam recognition sites. Reversible binding to the 
cells was performed following 3 h exposure to 1 pM monensin. 
The specific binding data were analyzed and plotted according 
to the method of Scatchard. The inset shows the saturation 
binding of 3H-FNZ. The lines represent computer analyzed 
I-site fit to the data. 0: control, 0:  monensin-treated. The KD 
was 4.0 nM and 4.1 nM for control and monensin treated, 
respectively. 

the degradation of GABA,/BZDR has been pro- 
posed as a biphasic model, in which 42% of the 
receptor is degraded with a half life of 3.8 h, 
whereas 58% of the receptor is degraded with a 
half-time of 32 h (Borden et al., 1984; Czaj- 
kowski and Farb, 198913). Therefore, approxi- 
mate 19.3% of the total receptors undergo degra- 
dation following a 3 h period; this indicated that 
the replenishment of receptor protein was al- 
most entirely hampered following the 3-h treat- 
ment with monensin. 

3H-leucine incorporation by the culture was 
inhibited by about 15% and 26% in the presence 
of 0.1 and 1 pM monensin, respectively. The 
studies regarding the secretion of thyroglobulin 
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Fig. 3. Monensin and cycloheximide did not change signifi- 
cantly the distribution of cell surface and trypsin-resistant recep- 
tors. The cultures were preincubated with 10 pM monensin 
(Mon) or cycloheximide (Cyclo) followed by trypsinization 
(+Try) and binding assay. Specific binding of jH-FNZ was 
shown as cpm 2 SD. con: control; n = 12. 
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Fig. 4. Effect of monensin on incorporation of jti-leucine into 
acid-precipitable materials. The cultures were incubated with 
indicated concentrations of monensin and the radiolabeled 
amino acid. The incorporation of jH-leucine was determined 
according to the protocol in Materials and Methods. n = 4. *: 
significantly different from control, 0.01 < P < 0.02 for 0.1 
pM, 0.02 < P < 0.05 for 1 pM, 0.001 < P < 0.01 for 10 pM 
from student's t test. 

and events of retina have also exhibited de- 
creases in the amino acid incorporation caused 
by monensin, although no alterations have been 
reported in other investigations (Fliesler and 
Basinger, 1987; Ring et al., 1987; Hammer- 
schlag et al., 1982). It has been shown that 
reappearance of the GABAJBZDR requires de 
novo protein synthesis after photoinactivation 
of the receptor in cultured neurons (Borden et 
al., 1984). Hence the decrease in general cellular 
protein synthesis reflects a partial reduction in 
the newly synthesized receptor proteins, which 
make up 4% of the total receptor as reported 
previously (Czajkowski and Farb, 1989b). One 
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Fig. 5. Effect of monensin on incorporation of 3H-mannose 
and galactose by the culture. The experimental procedures 
were described in Materials and Methods. n = 4. *: significant 
difference from control, 0.01 < P < 0.02, in "Mannose 
Incorporation." *: 0.001 < P < 0.01 and **: p < 0.001, in 
"Galactose Incorporation." 

other possible source for the blockade in 3H- 
FNZ binding evoked by monensin came from a 
marked inhibition of galactose incorporation into 
glycoproteins. 

Galactose has been shown to be one of the 
terminal sugars to be added to glycoproteins in 
the trans compartment of Golgi apparatus (Grif- 
fiths et al., 1982). Morphological effects of mon- 
ensin on cultured neurons consisted of an initial 
swelling of the trans side of Golgi apparatus. 
However, the expansion of Golgi cisternae and 
vacuoles is time-dependent; by 3 h the cells are 
filled with large vacuoles CYin and Yang, 1991). 
Monensin is also known to halt the transloca- 
tion of newly synthesized proteins, such as viral 
membrane proteins, immunoglobulins, and fi- 
bronectin through the Golgi apparatus and to 
the cell membrane (Uchida et al., 1979; Strous 
and Lodish, 1980; Tartakoff et al., 1981; Grif- 
fiths et al., 1983). Thus one portion of the newly 
synthesized GABA,/BZDR proteins which had 
not acquired the binding capacity to 3H-FNZ 
might be detained in a location proximal to the 
trans compartment of Golgi complex in the pres- 
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ence of monensin, causing a decrease in 3H-FNZ 
binding. However, additional possible mecha- 
nisms may account for the reduction of the 
3H-FNZ binding caused by monensin, such as an 
increased rate of receptor degradation which 
was proposed to lead to the down-regulation of 
GABAA/BZDR induced by chronic agonist expo- 
sure (Roca et al., 1990). It has been pointed out 
that receptor recycling was inhibited by monen- 
sin as revealed from studies on the mannose- 
glycoprotein receptor of macrophages (Wile- 
man, 1984). Moreover, inactivation of the 
recycling receptors was suggested for producing 
a decrease in the number of galactosyl receptors 
in monensin-treated rat hepatocytes (Fiete et 
al., 1983; McAbee et al., 1991). 

3H-mannose incorporation by the culture, in 
our study, was found to be increased by monen- 
sin, with a significant raise by about 50% at 1 
p.M. Similar results have been obtained from 
studies on dopamine p-hydroxylase, fibronectin, 
and insulin receptor, in which the high-man- 
nose form of these molecules was accumulated 
in the presence of monensin (Ledger et al., 1983; 
Jacobs, 1983; Kuhn et al., 1986). Thus, it ap- 
pears that the addition of mannose to proteins 
occurs in a position proximal to the site of mon- 
ensin action in cultured neurons. 

When cultures were exposed to a higher con- 
centration of monensin, i.e., 10 p.M, the 3H-FNZ 
binding was blocked by about 40%, with concom- 
itant decreases, of 57% and 54%, in incorpora- 
tion of radiolabeled leucine and galactose, respec- 
tively. Although the decreases in protein 
synthesis and galactosylation did not seem to 
block the entire population of newly synthesized 
receptor, the 40% reduction in binding was more 
than the 19.3% degradation in normal turnover 
of the receptor, suggesting an enhancement of 
receptor degradation. Whether or not this effect 
is reversible has not been observed. However, 
the cells may undergo overall degeneration be- 
cause of the exposure to high concentration of 
the drug. 

It was reported previously that approximately 
42% of the 3H-FNZ binding remained after 
trypsinization of the cells, in which 20% was 
intracellular or sequestered and 20% was found 
to be associated with a 24 KD fragment gener- 
ated by trypsin (Czajkowski and Farb, 1986). In 
the present study, a similar percentage of 
trypsin-resistant 3H-FNZ binding was observed, 
whether from control, monensin, or cyclohexi- 
mide-treated cells; this indicated that the distri- 

bution of surface and intracellular receptors was 
not altered by monensin. The observation that 
monensin induced galactose receptor inactiva- 
tion but not redistribution in rat hepatocytes 
corresponds to our results (McAbee, 1991). 

The data suggest that monensin impedes par- 
tially the synthesis and glycosylation of the 
GABA,/BZDR, resulting in a reduction of the 
binding sites of 3H-FNZ to the receptor. Thus, it 
is likely that monensin obstructs the transport 
of GABAJBZDR from the Golgi apparatus to  
the intracellular pool and cell surface. It has 
been reported that the potentiation of 3H- 
muscimol binding by benzodiazepines disap- 
pears following removal of galactose from 
GABA,/BZDR (Kuriyama and Taguchi, 1987). 
In addition, the glycosylation of nicotinic acetyl- 
choline receptor is required for its maturation in 
attaining the binding ability to a-bungarotoxin 
and the unglycosylated receptors are quickly 
degraded (Blount and Merlie, 1990). It is possi- 
ble that galactosylation is related to the matura- 
tion and normal function of the GABAA/BZDR 
as assayed by 3H-FNZ binding. 
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