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The role of N-glvcosylation on the expression of functional brain neurotransmitter receptors and voltage-operated channels was
studied by injecting Xenopus oocytes with mRNA from rat brain or chick optic lobe. and culturing them in the presence or absence of
tunicamyein. an inhibitor of asparagine linked glycosylation. Electrophysiological recordings were then made to assess the amounts of
functional receptors and channels present in the oocyte membrane. The appearance of y-aminobutyric acid (GABA) receptors and
voltage-activated Na~ channels was profoundly reduced. In contrast, the functional expression of kainate receptors. and voltage-acti-
vated K and Ca”* channels was much less affected. Thus, it seems that kainate receptors, and K* and Ca’* channels can be expressed
and function normally without being glycosylated. On the other hand, GABA receptors and Na ™ channels may need to be N-glycosy-
lated in order to function properly. or to ensure their correct insertion into the membrane.

INTRODUCTION

It is known that some neurotransmitter receptors
(e.g. glycine, kainate. y-aminobutyric acid (GABA)
and nicotinic and muscarinic acetylcholine receptors)
and voltage-operated channels (Na® and Ca** chan-
nels) in the central nervous system bind to immobi-
lized lectins, indicating that these molecules are gly-
copl.oteinsﬁ.IF.H.I!,.?ll,.?.?.l‘-i..‘\?,-l-]
glycoproteins about 90% of the carbohydrate moi-
eties are attached to asparagine residues'®. Thus, it
appears that many receptor and channel proteins in
the brain are N-glycosylated. In the cases of nicotinic
acetylcholine receptors (AChR) in cultured muscle
cells, and Na® channels in cultured muscle or neu-

. Furthermore, in brain

ronal cells. it was shown, by using tunicamycin to
block protein glycosylation, that N-linked carbohy-

drate attachment is required for functional expres-
sion in the cell surface membrane>*20-313240  How-
ever, with the exception of the Na* channels™, it is
not yet clear whether the N-linked carbohydrate moi-
eties found on other membrane channels, and recep-
tors, in the brain are essential for their function.

To a large extent this has been due to difficulties in
studying the ways in which these molecules are syn-
thesized in the brain. An alternative approach has re-
cently become available, with the finding that Xeno-
pus oocytes, injected with brain mRNA | are able to
express many neurotransmitter receptors and volt-

0.17.23.24.27.3
age-operated channels®?:!7-%3-24.27.3

. Here we have
used this system to investigate the role of N-glyco-
sylation in the expression of functional brain recep-
tors and channels using tunicamycin, an inhibitor of

asparagine linked glycosylation®”.
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MATERIALS AND METHODS

The experiments were carried out from 1982 to
1985 at University College London and U.C. Irvine,
using Xenopus laevis oocytes, which were injected
with poly(A)" mRNA derived from the optic lobe of
20-day-old chick embryos, or from the brain of adult
Wistar rats. Methods for isolation and injection of
mRNA, for collagenase treatment of oocytes to re-
move enveloping cells, and for electrophysiological
recording were as described previously®!723:24.27,
Oocytes obtained from each single donor were divid-
ed into 3 batches, which were injected with the same
amount of mRNA, and were examined 3-5 days af-
ter injection, unless stated otherwise. The first batch
(control) was maintained in normal Barths solution
after injection. The second batch was incubated in
Barths solution containing tunicamycin (2 ug/ml) for
one day before injection to deplete the oocytes of
glycosylation intermediates, and then continuously
until used for recording. The third batch was similar-
ly treated with external tunicamycin, but was addi-
tionally injected with 0.2 ng tunicamycin at a concen-
tration of 40 ug/ml™', which was added to the mRNA
solution for injection. During electrophysiological
recording all oocytes were perfused with normal frog
Ringer solution (without tunicamycin), at 19-21 °C.

RESULTS

Tunicamycin does not inhibit protein synthesis
Tunicamycin is widely used as an inhibitor of N-
glycosylation®, but we were first concerned to ex-
clude the possibility that it also inhibited protein syn-
thesis. For this purpose, mRNA-injected oocytes
were assayed for incorporation of [**S]methionine
into newly synthesised proteins, measured following
trichloroacetic acid (TCA) precipitation on filters®.
The TCA precipitable radioactivity was measured
in paired batches (10 oocytes in each) of control 0o-
cytes and oocytes treated externally with 2 ug/ml tu-
nicamycin. [*S]Methionine was added shortly after
injection of mMRNA, and measurements were made
two days later. The mean counts obtained from 4 ex-
periments were; control = 4.1 x 10° + 0.2 x 10° cpm/
oocyte (S.E.M.), tunicamycin-treated = 4.2 X 10°
0.3 x 10° cpm/oocyte. Thus, tunicamycin does not
appear to inhibit the translation of mRNA under the

conditions used in the present experiments.

Effect of tunicamycin on voltage-activated channels
induced by chick optic lobe mRNA

Depolarization of oocytes injected with poly(A)*
mRNA derived from chick optic lobe (c.0.l. mRNA)
elicits two main currents, which are not usually pres-
ent in native (non-injected) oocytes”**. The first is a
fast inward current, which becomes maximal at a po-
tential of about —10 mV, is blocked by tetrodotoxin
(TTX) and is carried largely by sodium ions (Fig. 1A;
see also ref. 7). The second is a slower outward cur-
rent which continues to increase with increasing de-
polarization and is carried largely by potassium ions’.
In addition to these currents, depolarization to
around 0 mV also elicits a slower transient outward
(7,y) current, which is carried by chloride ions and
depends upon an influx of calcium which activates
endogenous calcium-dependent chloride membrane
channels'?>?7_ The T,,, current is often present in
native oocytes, but is enhanced after injection of

brain mRNA®¥_ probably because the mRNA in-
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Fig. 1. Voltage-activated sodium (A.B) and potassium (C,D)
currents recorded from oocytes injected with c.o.l. mRNA
which were untreated (control), or treated with external and
intracellular tunicamycin. In this, and Fig. 3, downward deflex-
ions correspond to inward membrane currents. A, B: records at
a fast sweep speed. showing the inward sodium current elicited
by depolarization from —100 to —10 mV. Each frame shows two
superimposed sweeps, elicited by the same depolarizing pulse
before and after perfusion with TTX (300 nM). In the control
oocyte, the upper trace was recorded after adding TTX, and
the difference between the traces gives the magnitude of the
TTX-sensitive sodium current (peak = 83 nA in this instance).
The two traces superimposed in the tunicamycin treated oo-
cyte, indicating that there was no detectable sodium current.
C.D: outward potassium current recorded at a slower sweep
speed. Each frame shows currents elicited by depolarization
from —100 mV to potentials of (from top to bottom) +40, 0 and
-30mV.
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Fig. 2. Mean sizes of voltage-activated currents in control and tunicamycin treated oocytes, which were injected with c.o.l. mRNA
(A-C) or rat mRNA (D.E). Sizes of the currents were measured as described in the text and the legend to Fig. 1 and bars indicate |
S.E.M. Sodium currents were measured at a potential of =10 mV, and potassium currents at potentials of +40 mV (B) or-30 mV (D).
In each frame (A-C), the left-hand bar gives measurements from control (non tunicamycin-treated) oocytes, the middle bar oocytes
treated with external tunicamycin, and the right-hand bar oocytes treated with external and intracellular tunicamycin. Eight control
oocytes were examined, and 7 each with external and external plus intracellular tunicamycin. In D and E, the left-hand bars give mea-

surements from control oocytes, while the right-hand bar represents data from the oocytes treated with external tunicamycin. Three
control and 4 test oocytes were examined.
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Fig. 3. Effect of tunicamycin on membrane currents evoked by kainate, GABA and glycine. Each frame shows traces obtained from
separate oocytes, which were injected with mRNA from c.0.1. (A,B) or rat cerebral cortex (C,D). Upper frames (+.C) are from con-
trol oocytes without tunicamycin, while the lower frames (B.D) are from oocytes which had been maintained in tunicamycin before
and after mRNA injection. Kainate (10°* M), GABA (10~* M) and glycine (10-* M) were applied by bath perfusion for the times indi-

cated by the bars. Clamp potential was —60 mV.

duces the formation of additional calcium channels in
the membrane'®%".

Measurements of the size of the induced sodium
current were made by depolarizing the membrane
from —100 to —10 mV, with the oocyte bathed first in
normal Ringer, and then after adding TTX (300 nM)
to the solution. In control (non-tunicamycin treated)
oocytes injected with c.0.l. mRNA the traces ob-
tained before and after TTX were different (Fig.
1A), because of the blocking of an inward sodium
current. However, injected oocytes that had been ex-

posed to tunicamycin showed little or no difference in
the traces after adding TTX (Fig. 1B), indicating that
tunicamycin had practically abolished the expression
of functional voltage-gated sodium channels.

The mean sizes of the TTX-sensitive sodium cur-
rent in c.0.l. mRNA injected oocytes from one donor
are shown in Fig. 2A, for different treatments with
tunicamycin. Qocytes which had been exposed to tu-
nicamycin (2 ug/ml) in the incubation solution before
and after injection of mRNA gave a mean current
only 3% of that in control (non-tunicamycin treated)



oocytes, and the reduction was even greater in those
oocytes which had been additionally injected with tu-
nicamycin.

In contrast to the near abolition of the sodium cur-
rent, the voltage-activated potassium current was
less affected by tunicamycin (Fig. 1C.D). The mean
size of the potassium current, measured at +40 mV,
was reduced by 30% in oocytes treated with external
tunicamycin, and by 50% in those with external plus
intracellular tunicamycin (Fig. 2B).

The T, current was reduced to about one half of
the control value in oocytes treated with tunicamycin
(Fig. 2). Interpretation of this result is complicated
by the presence of this current in native (i.e. non-
mRNA injected) oocytes. However, oocytes from
the same donor, which were not injected, or were in-
jected with ineffective mRNA preparations. showed
a mean T, current of only 22 nA (8 nA S.E.M., 5
oocytes), as compared to 125 nA in control c.o0.l.
mRNA-injected oocytes and about 70 nA in injected
oocytes treated with tunicamycin. Thus, the c.o.l.
mRNA considerably enhanced the size of the T,
current above that in native oocytes, and this en-
hancement was reduced, but not abolished, by tuni-
camycin. The size of the T, current appears not to
be limited by the number of calcium-activated chlor-
ide channels in the membrane, but rather by the
number of voltage-activated calcium channels®’.

Effect of tunicamycin on drug-activated channels in-
duced by chick optic lobe mRNA

Oocytes injected with c.0.l. mRNA | and clamped
at —60 mV, gave smooth inward membrane currents
in response to bath application of GABA and kai-
nate”>*%3_Incubation of oocytes in tunicamycin be-
fore and after injection of mRNA greatly reduced
their sensitivity to GABA, and some oocytes failed
to show any response to GABA, even though they
gave responses to kainate which were similar in size
to those of control oocytes (Fig. 3).

Mean values of kainate- and GABA-activated cur-
rents are shown in Fig. 4 for control and tunicamy-
cin-treated oocytes from one donor injected with
c.0.l. mRNA. Incubation with external tunicamycin
did not significantly reduce the response to kainate,
and treatment with external plus intracellular tunica-
mycin reduced the response by only about 30%. In
contrast, the current activated by GABA was re-

195

duced by 83% by external tunicamycin, and by 93%
by external plus intracellular tunicamycin.

Application of glutamate to oocytes injected with
c.o.l. mRNA elicits oscillatory and smooth mem-
brane currents (data not shown). similar to the re-
sponses in oocytes injected with rat brain
mRNA'"%_ Oocytes injected with c.0.l. mRNA
which had been treated with external tunicamycin
still showed both components of the glutamate-acti-
vated current; but while the oscillatory components
appeared to be reduced the smooth component was
not greatly affected.

Effect of tunicamycin on receptors and channels in-
duced by rat brain mRNA

Experiments similar to those described above
were done also on oocytes injected with mRNA de-
rived from adult rat brain. Fig. 3C,D illustrate the ef-
fect of tunicamycin on drug-activated currents in
these oocytes, and summaries of the data are pre-
sented in Figs. 2 and 4. The results with rat brain
mRNA-injected oocytes were similar to those ob-
tained with oocytes injected with c.o.l. mRNA (Figs.
2-4). Namely, the voltage-activated sodium current
and the GABA-activated current were greatly re-
duced by tunicamycin, while the potassium current
was almost unaffected and the kainate-activated cur-
rent was reduced by about one third. In addition to
these currents, the oocytes injected with rat brain
mRNA also showed responses to glycine and sero-
tonin. Glycine activates a smooth chloride current'’,
while serotonin activates an oscillatory chloride cur-
6.1235 Treatment with external tunicamycin re-
duced the response to glycine by about 80% (Figs. 3
and 4). The initial peak of the response to serotonin
also appeared to be greatly reduced in the tunicamy-
cin treated oocytes, but the subsequent oscillatory
current was less affected (data not shown).

rent

Time dependence of messenger expression and action
of tunicamycin

Oocytes from a different donor, injected with
c.0.l. mMRNA | were incubated with or without tunica-
mycin for up to 15 days, beginning one day before in-
jection. The oocytes were examined electrophysio-
logically 3—5 days and 11-15 days after injection.
Mean values of kainate- and GABA-activated cur-
rents are summarized in Table I for control and tuni-
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Fig. 4. Effect of tunicamycin on the mean sizes of drug-activated membrane currents in oocytes injected with c.0.l. mRNA (A.B) or
rat mRNA (C-E). Responses were measured from records similar to Fig. 3, at a clamp potential of -60 mV, and at concentrations of
10 M GABA, 107" M kainate and 10~} M glycine. Data are plotted in the same way as in Fig. 2.

camycin treated oocytes. In this particular batch of
oocytes the responses to GABA were significantly
smaller (50% or less) in non-tunicamycin treated oo-
cytes after 11-15 days than after 3-5 days, while the
kainate-activated current increased about 3-fold over

this time. This suggests that the different receptor
proteins and/or the corresponding mRNAs have dif-
ferent stabilities in the oocyte.

Comparison of tunicamycin treated and non-
treated oocytes at different times indicated that tuni-



TABLE 1

Time-dependent effect of tunicamycin on GABA- and kainate-
activated currents induced in oocytes injected with c.o.l. mRNA

Data are given as means = S.E.M.

Current (nA)

3-5 Days 11-15 Days
after injection after infection
GABA
Control 634 + 136 192.£ 112
(n=218) (n=4)
Tunicamycin Ll =37 16 £ 13
(n="T7T) (n=4)
Kainate
Control 284 £ 58 853 * 165
(n=28) (n=4)
Tunicamycin 172 + 46 810 £ 138
fn=17) (n=4)

camycin reduced the kainate response by about one
third when examined 3-5 days after injection of
mRNA, but that there was little difference between
treated and non-treated oocytes after 11-15 days. In
contrast, the GABA-activated current was strongly
reduced by tunicamycin at both 3-5 and 11-15 days
(by 82% and 92% respectively).

Recovery after washing tunicamycin

Two oocytes were exposed to external tunicamy-
cin before, and for 5 days after, injection of c.o.l.
mRNA, and were then washed in normal Barths so-
lution for 2 days before recording. These oocytes
showed a partial recovery of the voltage-activated
sodium current, with a mean value of 25 nA, as com-
pared to 4 nA for oocytes exposed to external tunica-
mycin up to the time of recording. The GABA-acti-
vated current did not significantly recover (39 nA as
compared to 31 nA). Four other oocytes, which were
washed for 2-4 days after treatment with external
plus intracellular tunicamycin, showed no appre-
ciable recovery of the sodium or GABA currents.

DISCUSSION

The results demonstrate that the size of different
voltage- and drug-operated membrane currents, elic-
itable in Xenopus oocytes following injection of brain
mRNAs. is inhibited to different extents by tunica-
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mycin. For instance, GABA-activated currents and
the voltage-activated Na® current were practically
abolished, while the voltage-activated K* and Ca®*
currents, and the kainate-activated currents were re-
duced slightly or not at all. The appearance of sensi-
tivity to glycine was also reduced, but to a lesser ex-
tent than that to GABA. The inhibitory effect of tu-
nicamycin on these responses could occur in various
ways. For example, there might be a decrease in the
number of functional receptors and channels ex-
pressed in the oocyte membrane, the non-glycosy-
lated receptors and channels might be degraded
more rapidly or, alternatively, the receptor/channel
characteristics may be altered so as to give a smaller
overall current with receptor numbers remaining un-
changed. However, as we have found that non-N-
glycosylated nicotinic AChRs were accumulated in
the intracellular compartments, and were not in-
serted efficiently in the surface membranes of tunica-
mycin treated oocytes (unpublished data), we be-
lieve that the number of receptors or channels pres-
ent in the oocyte surface membrane may be reduced
by tunicamycin treatment.

It already appears clear that tunicamycin does not
block translation of mRNA in the oocyte'>!| since
the incorporation of [**S]methionine into newly syn-
thesised proteins was unchanged, and because tuni-
camycin did not abolish the expression of all recep-
tors and channels. In agreement with this, tunicamy-
cin does not appreciably reduce the translation of
mRNAs coding for AChR and Na™ channels in cul-
tured cells”*2. Furthermore, in separate experi-
ments we found that the same batch of tunicamycin
blocked N-glycosylation of the nicotinic AChR in oo-
cytes (K. Sumikawa and R. Miledi, submitted for
publication). Thus, it appears that the effects of tuni-
camycin observed here are specifically due to a
blocking of N-glycosylation. Carbohydrate moieties
might be important in determining the correct con-
formation of certain receptor and channel molecules,
a factor which may be critical in further post-transla-
tional modification, intracellular stability, subunit as-
sembly, intracellular transport, membrane insertion
and normal function. In this connection it is interest-
ing to note that tunicamycin has been reported either
to block the assembly of AChR subunits® or to in-
crease the rate of degradation of the AChR mole-
cules® in cultured muscle cells. It was also reported
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that N-glycosylation appears to be required for the
subunit assembly and membrane insertion of the Na*
channels in cultured brain cells’>. However, the re-
quirement of N-glycosylation for subunit assembly is
not general, since tunicamycin has little effect on the
expression of Na™-K* ATPase in sensory neurons,
even though this consists of two subunits®.

Interpretation of the different degrees to which tu-
nicamycin inhibited the expression of drug- and volt-
age-operated responses is at present difficult. In ex-
periments similar to those described here. using
mRNA derived from Torpedo electric organ, tunica-
mycin reduced the appearance of the functional
AChR by about 70-95% (K. Sumikawa and R. Mile-
di, unpublished results). However, when a single po-
tential N-glycosylation site in the Torpedo a-subunit
was eliminated by site directed mutagenesis. the ex-
pression of functional AChR in oocytes was com-
pletely abolished™®. Thus. the remaining ACh sensi-
tivity in the tunicamycin treated oocytes may have
been due to incomplete blockage of N-glycosylation.
Similarly, the small remaining sensitivity to GABA
and glycine, and the Na™ current, in the tunicamycin
treated oocytes, may have been due to N-glycosy-
lated or partially N-glycosylated molecules still ex-
pressed in the presence of tunicamycin. Alternative-
ly, non-N-glycosylated molecules might be degraded
rapidly and the steady-state levels of these molecules
in the membrane might be low.
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