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SUMMARY
Extrajunctional and junctional mouse muscle acetyicholine re-
ceptors (AChRs) expressed in Xenopus oocytes in the presence
of tunicamycin desensitized more rapidly than the corresponding
AChAs synthesized in the absence of tunicamycin. The two
types of AChR expressed in non-tunicamycin-treated oocytes
could be distinguished by their different rates of desensitization,
but tunicamycin diminished this difference. The effect of tunica-
mycin on the AChR desensitization appeared to be reversible,
and coapplication of tunicamycin with acetylcholine (ACh) also
caused a similar effect on desensitization of these AChRs,

suggesting that the effect of tunicamycin was mediated by a
mechanism independent of N-glycosylation blocking. In addition,
tunicamycin increased the amplitude of membrane current elic-
ited by application of lower doses of ACh and accelerated the
rate of desensitization, which suggests that tunicamycin favors
an open channel state and, therefore, accelerates transition
towards a desensitized state. Tunicamycin also increased the
membrane current decay elicited by ACh in oocytes expressing
incomplete AChRs, missing the f3, ‘y, t, or #{244}subunits.

The role of N-glycosylation in the expression of functional

nicotinic AChRS has been studied (1-4) by the use of tunica-

mycin, an inhibitor of protein N-glycosylation (5), and by the

expression in Xenopus oocytes of mutant AChRS lacking po-

tential N-glycosylation sites (6, 7). In muscle cells, it was shown

that tunicamycin reduced the appearance of functional AChRs

in the plasma membrane by either blocking the assembly of

AChR subunits (3) or increasing the rate of degradation of

AChR molecules (2). In oocytes microinjected with Torpedo

mRNAs and treated with tunicamycin, the expression of func-

tional AChRs in the plasma membrane was reduced. This

appeared to be due to retention of non-N-glycosylated oligo-

meric AChR complexes in intracellular compartments (4). A

study using mutant subunits, lacking the conserved N-glyco-

sylation site, also found that N-glycosylation appeared to con-

tribute to stability of the subunits and/or efficient insertion of

assembled subunits into the plasma membrane (7).

In oocytes injected with Torpedo AChR mRNAs and treated

with external tunicamycin alone, N-glycosylation was only

partially blocked (4). Therefore, in these oocytes relatively large

membrane current responses to ACh could still be observed.

This work was supported by grants from the National Institutes of health
(NS27341) and the Muscular Dystrophy Association.

This was presumably due to the expression of N-glycosylated

AChRs in the plasma membrane. Interestingly, the membrane

currents elicited in theses oocytes appeared to decay more

rapidly than those in non-tunicamycin-treated oocytes.’ Re-

cently, however, it has been reported that tunicamycin in-

creases desensitization of AChRs in cultured mouse muscle

cells by blocking N-glycosylation (8), suggesting insertion of
functional non-N-glycosylated AChRs in the plasma mem-

brane. Thus, we were prompted to assess the effect of tunica-

mycin on the membrane currents elicited by ACh in ooeytes

expressing mouse muscle AChRS. These studies culminated in

the finding that tunicamycin accelerated desensitization of both

junctional and extrajunctional muscle AChRs, expressed in

oocytes, by a mechanism independent of blocking of N-glyco-

sylation.

Materials and Methods

In vitro transcription. Full-length cDNA coding for the subunit
of mouse AChRs was isolated by the polymerase chain reaction, as
described elsewhere,2 and was subcloned into the transcription vector

1 K. Sumikawa, R. Woodward, and R. Miledi, unpublished observations.
2 A. Morales and K. Sumikawa. Desensitization of junctional and extrajunc-

tional nicotinic ACh receptors expressed in Xenopus oocytes. Manuscript sub-
mitted for publication.

ABBREVIATIONS: AChR, acetylcholine receptor; ACh, acetylcholine.
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A non B TUtreated C Recovery from
TU treatment

D non TU-treated

TABLE 1
Effects of tunicamycin on the time constants of the current decay
elicited by high doses of ACh in oocytes expressing junctional and
extrajunctional AChRs
The time constants were measured from current responses similar to those in Fig.
1 . Each value represents the mean ± standard deviation (n = 5).
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PGEM4Z. The resulting plasmid DNA was used to synthesize capped

mouse s subunit mRNA (4, 9-il). Plasmids BMA 407, BMB 49, BMG
419, and BMD 451 (kindly provided by J. Boulter and S. Heinemann,

Salk Institute) were also used as templates for the synthesis of the

mouse a, � P)’,and t5 subunit mRNAs, respectively.
Translation of mRNA in Xenopu8 oocytes. Collagenase treat-

ment of oocytes was carried out, to remove the follicular cell layer, 1

day before microinjection (12). Oocytes were injected (about 40 nl) with
various combinations of AChR subunit mRNAs (12), as indicated.

Injected oocytes were incubated at 16-18’ in Barth’s solution without

any antibiotics ( 12). In some experiments, injected oocytes were incu-
bated in the presence of tunicamycin (2 �zg/ml) for about 48 hr. In the

present study, oocytes were not pretreated with external tunicamycin
(2 �g/ml) for 24 hr before injection, unlike in previous experiments (4,

13).

Electrophysiology. Two days after mRNA injection, oocytes were
transferred to a recording chamber, and electrophysiological recordings
were made using a conventional two-electrode voltage/clamp technique,

in a bath continuously superfused with frog Ringer’s solution (12).

ACh, with or without tunicamycin, was applied by bath perfusion, at a
flow rate of 18 ml/min. Oocytes were clamped at -60 mV. The mem-
brane currents evoked by ACh in the presence or absence of tunica-

mycin were digitized and stored on hard disk for subsequent analysis.

The decay of ACh-evoked current consists of the sum of two exponen-

tial curves, the fast component (nonlinear regression) and the slow

component (linear regression). Relative fast (r1) and slow (r,) time
constants of the current decay were measured by using a laboratory

computer. The statistical analyses of the data were performed by using
Student’s t test.

Results and Discussion

All of our previous observations with tunicamycin (4, 13)

were made using oocytes cultured in medium with gentamicin,

which was later found to accelerate the membrane current

decay elicited by ACh (14). Thus, in the present study all

experiments were carried out using oocytes cultured in the

absence of gentamicin. Initially, oocytes were injected with a

mixture of all four mouse junctional (a, �, e, and t5) or extra-

junctional (a, /3, �y, and #{244})AChR mRNAs, cultured either in

the presence or in the absence of tunicamycin (2 �ig/ml) for 48

hr, and then assayed electrophysiologically for membrane cur-

rent responses elicited by ACh. Because the external applica-

tion of tunicamycin alone was only partially effective in block-

ing N-glycosylation in oocytes (4) (also see Ref. 15), we ex-

pected to see relatively large (but smaller than in control

oocytes) ACh-evoked membrane currents in tunicamycin-

treated oocytes. However, the amplitudes of the currents elic-

ited with iO-� M ACh in tunicamycin-treated oocytes were

unexpectedly large and similar to those produced in control

oocytes, regardless of injected mRNAs (Fig. 1, A and B). Be-

cause N-glycosylation was required for the expression of func-

tional AChRs in the plasma membranes of muscle cells and

oocytes (1-4), these results indicate that tunicamycin failed to

block N-glycosylation of either junctional or extrajunctional

AChRs under the conditions used (see Materials and Methods).

Interestingly, although membrane currents elicited by extended

exposure to ACh desensitized with at least two components in

both control and tunicamycin-treated oocytes, ACh responses

in tunicamycin-treated oocytes desensitized more rapidly than

those in control oocytes, regardless of expressed receptor types

(Fig. 1, A and B; Table 1). Because tunicamycin-treated oocytes

were kept in a recording chamber continuously superfused with

frog Ringer’s solution, without tunicamycin, for a maximum of

ACS ACt, ACt’ AC), + TU

Ju -. ,,,� - J�

AC), ACS ACh AC)’ + TU
-(�---- -� �f/-.

Ex \�)� I
Fig. 1. Effects of chronic and acute treatment with tunicamycin (TU) on
desensitization of junctional and extrajunctional AChRs. Upper, oocytes
injected with junctional AChR mRNA5 (a mixture of a, fi, e, and 5 subunit
mRNA5); lower, oocytes injected with extrajunctional AChR mRNAs (a
mixture of a, 13, y and #{244}subunit mRNA5). Microinjected oocytes were
incubated in the absence (A and D) or presence (B) of tunicamycin (2 �g/
ml) for 48 hr. C, Injected oocytes were incubated with tunicamycin (2
,�g/ml)for 48 hr and then washed in frog Ringer’s solution for I hr before
electrophysiological recordings. ACh (1 0� M), with (D) or without (A, B,
and C)tunicamycin (2 �g/ml), was applied by bath perfusion for the times
indicated by the bars. In this and all following figures, inward membrane
currents correspond to downward deflections.

Junctional Extrajunctional

TI (sec)
Control 24.33 ± 4.01 56.53 ± 6.32
Rapid tunicamycin 6.82 ± 1 .68 6.26 ± 1.79

Prolonged tunicamycin 8.76 ± 0.70 7.01 ± 0.48
Recovery 20.50 ± 2.92 55.63 ± 13.48

T5 (sec)
Control 48.37 ± 4.28 90.53 ± 12.65
Rapid tunicamycin 28.50 ± 3.80 33.51 ± 10.98
Prolonged tunicamycin 22.30 ± 9.66 85.44 ± 18.18
Recovery 43.21 ± 3.10 82.17 ± 18.52

5 mm before ACh applications, the effect of tunicamycin ap-

peared not to be rapidly reversible. However, when tunicamy-

cm-treated oocytes were washed for about 1 hr before electro-

physiological recording, the membrane currents elicited in these

oocytes decayed like those in control oocytes (Fig. 1, A and C;

Table 1). Thus, the effect of tunicamycin on the current decay

appeared to be reversible, and this also suggests that the ob-

served effect was not due to lack of N-glycosylation. Further

evidence supporting this conclusion was obtained by acute

treatment with tunicamycin. As shown in Fig. 1, A and D, the

membrane currents elicited by coapplication of tunicamycin

with ACh desensitized more rapidly than those produced by

ACh alone. No significant differences in the time constants of

the current decay between acute and chronic treatments of

tunicamycin were observed, except for the slow time constant,

with extrajunctional AChRS (Table 1). In addition, the effect

caused by acute treatment oftunicamycin was rapidly reversible

(data not shown), unlike chronic treatment with tunicamycin.
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To investigate the dose-dependent effect of tunicamycin on

AChR desensitization, different concentrations of tunicamycin

were applied together with iO� M ACh, and the membrane

currents elicited were recorded (data not shown). In both june-

tional and extrajunctional AChRS, the fast time constant of

the current decay was dose-dependently reduced (Fig. 2A),

whereas for the slow time constant such dose dependency was

not found (Fig. 2B).

We have previously found that junctional AChRs expressed

in oocytes in the presence of gentamicin appeared to desensitize

more rapidly than extrajunctional AChRS synthesized in the

presence of gentamicin.2 The difference in desensitization be-

tween the two types of AChR still persisted in the absence of

gentamicin (Fig. 1A; Table 1), although the current decay

elicited in non-gentamicin-treated oocytes was slower than that

in gentamicin-treated oocytes. However, in tunicamycin-

treated oocytes, junctional AChRs desensitized like extrajunc-

tional AChRS (Fig. 1B). There was also no significant difference

in fast and slow time constants between junctional and extra-

junctional AChRS expressed in oocytes acutely treated with

tunicamycin, at any concentration used (Figs. 1D and 2; Table

1), although the slow time constant for extrajunctional AChRS

expressed in oocytes chronically treated with tunicamycin was

slower than that for junctional AChRS treated in a similar

manner. It has been established that the two types of AChR

differ in their subunit structures. The junctional AChR consists

of a, f3, e, and S subunits, whereas the extrajunctional AChR is

composed of a, fi, �y, and t5 subunits (16-18). Thus, it appears

that structural differences between the and �y subunits were

responsible for the different rates of desensitization and that

tunicamycin diminished the differences in desensitization of

the two AChR types by accelerating the rates of desensitization

of both AChR types to similar levels.

Subsequently, we examined the effect of acute tunicamycin

treatment on the current decay evoked by lower doses (i0� M)

of ACh. When lower ACh doses alone were applied to oocytes

expressing either junctional or extrajunctional AChRS, the

ACh-activated membrane currents were well maintained (Fig.

3). However, coapplication of ACh with tunicamycin induced

the fast component of the current decay in these oocytes (Fig.

3; Table 2), and junctional AChRS desensitized more rapidly

than extrajunctional AChR (p<O.OO1). In addition, the ampli-

tudes of the membrane currents elicited in oocytes expressing

junctional or extrajunctional AChRS increased to 133%
(pczO.O1) or 164% (p<O.OO1) of control, respectively (Fig. 3;

Table 2). The enhancement in desensitization rates and current

amplitudes was also observed when tunicamycin was applied

together with ACh to AChRs that had previously been activated

by ACh alone (Fig. 3C). These results suggest that tunicamycin

favors an open channel state and accelerates a transition to-

wards a desensitized state.

In an attempt to determine the tunicamycin binding site on

AChRs, various incomplete AChR molecules, missing one sub-

unit, were expressed in oocytes, and the rates of desensitization
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Concentration of TU (pg/mI)
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Fig. 2. Dose-dependent effects of tunicamycin (TU) on the time constant
of the membrane current decay elicited by ACh in oocytes expressing
either junctional or extrajunctional AChRs, showing the effects of tuni-
camycin on the fast (A) and slow (B) time constants. Oocytes were
injected with either junctional (Ju) or extrajunctional (Ex) AChR mRNAs
and cultured in the absence of tunicamycin for 48 hr. Responses elicited
by ACh (10’ M) with different concentrations of tunicamycin were
measured from records similar to those in Fig. 1 . Each point represents
the average from five oocytes, and standard deviation is shown by the

Ach _�

_________ _________ - *ce+iu

Fig. 3. Effects of tunicamycin (TU) on the current response elicited by
lower doses (10_6 M) of ACh. Upper, oocytes injected with junctional
AChR mRNA5; lower, oocytes injected with extrajunctional AChR
mRNAs. Microinjected oocytes were incubated in the absence of tuni-
camycin for 48 hr before electrophysiological recordings. ACh (1 0_6 M),

with or without tunicamycin (2 �tg/ml), was applied as indicated. The
current responses in A and B were obtained from the same oocytes by
repeated exposures to Ach without (A) or with (B) tunicamycin at 5-mm
intervals of wash.

TABLE 2

Effects of tunicamycin on desensitization of junctional and
extrajunctional AChRs induced by lOe M ACh
The time constants were determined from current responses similar to those in
Fig. 3. Each value represents the mean ± standard deviation (n = 5).

Junctional Extrajunctional

T� (sec)
Control - -

Tunicamycin 28 ± 6.5 1 1 5 ± 24

l��k (nA)
Control 63 ± 7.9 71 ± 8.6
Tunicamycin 83 ± 7.7 1 1 6 ± 13
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Fig. 4. Desensitization of incomplete AChR molecules expressed in
oocytes. Oocytes were injected with mRNAs as indicated and were
incubated as in Fig. 3. ACh (1 0� M), with or without tunicamycin (TU) (2
�g/ml), was applied as indicated. Responses on the left and right were
obtained from the same oocytes.

of these AChR molecules, in the absence and presence of

tunicamycin, were measured. The amplitudes of membrane

currents elicited by ACh in oocytes expressing these incomplete

AChR molecules varied. The largest responses were obtained

from oocytes injected with a, $, and ‘y subunit mRNAs, whereas

oocytes expressing a, f3, and e subunits gave almost no responses

(Fig. 4). The ACh-evoked membrane current decay also varied

among incomplete AChR molecules. The fast phase of the

current decay was decreased in the order of afry (the greatest

decrease), afly�, ae�, a�y#{244},afle�, and afl#{244}(Figs. 4 and 5). The

slow phase of the current decay was also reduced, in similar

order (Figs. 4 and 5). The coapplication of tunicamycin accel-

erated desensitization of all incomplete AChRs to different

degrees (Figs. 4 and 5), which may suggest that the primary

binding site of tunicamycin is on the a subunit. However, we

are unable to exclude the possibility that tunicamycin alters

desensitization by interacting with membrane components sur-

rounding AChRs. It is notable that the fast component of the

current decay elicited in oocytes expressing af3ei5, af3’y5, or afl#{244}

was more rapid than that in oocytes synthesizing afry, a�y#{244},or

cee#{244}(p<0.OO1) (Fig. 5A). The presence of the �3 and t5 subunits

appeared to be required for a maximum effect of tunicamycin

on AChR desensitization. In contrast to the fast component,
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Fig. 5. Effects of tunicamycin on the time constant of the current decay
elicited in oocytes expressing complete or incomplete AChR molecules.
Various different AChR molecules were expressed in oocytes, as mdi-
cated. Responses elicited by ACh (1 0-4 M), with or without tunicamycin
(2 ,�g/ml), were measured from records similar to those in Figs. 1 and 4,
and the effects of tunicamycin on fast (A) and slow (B) time constants
are presented as the mean ± standard deviation from five oocytes.

there was no significant difference, among these AChR mole-

cules, in the slow time constant of the current decay elicited by

ACh together with tunicamycin (Fig. 5B).

The results presented here clearly demonstrate that tunica-

mycin enhances the rates of desensitization of junctional and

extrajunctional AChRs without blocking N-glycosylation,

which is the most widely known action of tunicamycin. One

possible explanation for the effect could be that tunicamycin

alters channel-gating kinetics, such as the channel mean open

time and/or the frequency of channel opening. We are currently

testing this possibility with single-AChR channel recordings,

using the patch-clamp technique.
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