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Muscarinic acetylcholine receptor produced in recombinant baculovirus 
infected Sf9 insect cells couples with endogenous G-proteins to activate 

ion channels 
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Following the inl'ection of insect ovarian cells ($)9) with recombinant baculoviras bearing the eDNA coding for the rat muscarini¢ acetyleholine 
(ACh) receptor subtype m3, ionic flax across the membrane in response to the application of ACh was ¢xamin~ elcctrophysiologically. We show 
that ACh activates potassium currents. The respons~ is abolish~ when cells arc treated with pertussis toxin. No ACh-induced currents are observed 
from uninfected cells or cells infected with virus which do not contain the eDNA coding for ACh r~ceptors in its genom¢. The characteristics of 
single channel currents show time-dependent changes following the application of ACh. Initially, ACh activates brief channel currents with a 
conductance of about 5 p$. The conductance level of channels gradually increases in st¢ps to I 0 p$ and then to 20 pS and 40 p$. At the same time, 
channel open probability also increases. Thereafter, additional channels appear, opening and closing independently of, or at times in synehrony 

with, the original channel. 

Muscarinic aeetylcholine receptor; Baculovirus expression; Patch clamp; G-protein; Potassium channel 

1. I N T R O D U C T I O N  

Acetylcholine at nicotinic sites rapidly activates ion 
channels that are permeable to sodium and potassium 
ions [1]. In contrast, acetylcholine at muscarinic recep- 
tors mediates a wide variety of  responses, such as inhi- 
bition of  adenylyl cyclase, stimulation of  phosphatidyl 
inositol metabolism and release of  calcium from intra- 
cellular stores, all of which are relatively slow because 
the signals are transduced via guanine nucleotide-bind- 
ing proteins (G-proteins). Five sub-types of  muscarinic 
receptors, ml -m5,  have been cloned and sequenced. 
Ba.~ed on similarities in the second mess~nger-.,2,..:a..:'.c.:=d 
responses, ml ,  m3 and m5 receptors have been classi- 
fied together, whilst m2 and m4 sub-types form a second 
group [2]. Electrophysiological studies of  cell lines 
(mouse fibroblast A9-L cells, neuroblastoma-glioma 
NG108-15 cells and CHO cells) producing discrete mus- 
carinic sub-types have indicated that ml ,  m3 and m5 
receptors activate calcium.dependent potassium con- 
ductanees, whereas m2 and m4 receptors do not [3-5]. 

The baculovirus expression system is gaining popu- 
larity as a method of  choice for producing large levels 
of  proteins for biochemical and biophysical characteri- 
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sation. The Shaker channels [6] and the cystic fibrosis 
gone product [7], which arc known to directly conduct 
ions, have been produced in S f9  cells and examined 
electrophysiologically. These studies have indicated 
that the insect cells are highly suited for patch clamping. 
The method o f  producing the m3 receptor in the mem- 
brane of  ovarian cells of the insect, Spodoptera frugi- 
perda, using the recombinant baculovirus, has boon de- 
scribed previously [8]. Here we demonstrate that the rat 
m3 musearinic receptor, which is not known to conduct 
ions, can, upon stimulation by acctylcholine, couple 
with endogenous second messengers in the insect cells 
~c ~,ad-l?.t~ .ion- channels. The results we obtained with 
the insect cells are consistent with studies on mammal- 
ian cells [3-5]. We have extended these earlier studies to 
analyse channel currents using a newly develol~d signal 
processing system [9,10]. 

2. MATERIALS A N D  M E T H O D S  

2.1. Cells and viruses 
The construction of recombinant AcMNPV bearing the M3 eDNA 

has bccn described by Vasudevan et el. [8]. The recombinant 
AoMNPV bcarin B the laeZ gene coding forp-Balactosidas¢ [11], which 
was used as a negative e.ontrol for our experiments, was obtained from 
T. Tiganis (St. Vincent's Medical Rc~careh Institute, Melbourne, Aus- 
tralia), gpodoptera frugiperda cells ($f9) (ATCC accession numl~r 
CRL 1711) were propaBated at 27°C in TNM-FH medium supple- 
m~nted with 10% fetal calf ~¢rum. Gentamy¢in at 50/zg ml -t and 
pluronic F68 at 0.02% (w/v) were also present in the medium. The 
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procedures for cell culture and viral infections for protein production 
were carried out as described by Summers and Smith [13]. Briefly, 
2×106 Sf9  cells were transferred to a 25 cm ~' tissue culture flask and 
allowed to attach lbr 30 rain, Cell culture medium with the supple- 
ments was added to a final volume of 5 ml and incubated at 27°C, 
At~er 48 h, the cells were infected with the appropriate recombinant 
virus (multiplicity ofinfection, MOI = 10). Electropbysiologieal exper- 
iments were performed with infected Sf9  cells and the appropriate 
controls at time intervals of 24, 48 and 72 h post.infection. For some 
experiments, pertussis toxin was added to a final concentration of 2 
gg ml -* to the ceils at the point of infection and cells were harvested 
at appropriate intervals, All chemicals used were obtained fi'om 
Sigma. 

2.2. Electrtcal recording 
Currents were recorded from whole cells or cell-attached patches 

with borosilicate glass pipettes that had a resistance of 10-15 Mr2, The 
composition of the pipette solution in mM was, for whole.cell exper- 
iments: KCI 140; MgCI_-, I ; G T P  0.25; ATP 0.4; HEPES-KOH 10 (pH 
7.2); and for cell-attached single channel recording: NaCI 140', KCI 5; 
CaCI_~ 2; MgCl_, 1; HEPES-NaOH 10 (pH 7.2). The bath was perfused 
with an oxygenated solution (pH 7.2) containing in raM: NaCl 126; 
KCI 2.5; MgCI, 1; CaCI., 2; NaH,PO.~ 0.12; NaHCO.~ 26; o-glucose, 
25. 

Whole-cell currents were recorded at a holding potential o f -40  inV. 
Application of acetylcholine activated outward currents v,.hich re- 
versed polarity close to th,~ potas.qi,tm equilibrium potential. Single 
channel currents activated by addition of acetyleholine to the bath 
were recorded in cell-attached patches. The potential across a cell- 
attached patch is equal to the difference between the resting membrane 
potential of  the cell (I'm) and the potential in the pipette (V~), namely, 
Vm - V~, measured with respect to the bath potential, For example, if 
the membrane potential is -60 mV and the pipette potential is also -60  
mV then the potential across the membrane under the patch electrode 
will be 0 inV. As the pipette potential is made more positive the 
potential across the patch becomes more negative (hyperpolarized). 
The driving force on potassium ions when a potassium.selective chan- 
nel in a patch opens would be I'm - V~, - Ek where E~ is the potassium 
~uilibrium potential. If  a channel in a patch opens and the current 
reverses at a pipette potential Fro then Eo = Vm - Vn, where E'o is the 
potential across the patch at ~.vhich net ion flux across the channel is 
z e r o .  

Currents were recorded with a current.to-voltage converter (Ax- 
opatch 200, Axon Instruments). The current traces recorded from 
whole-cell configurations were filtered at 1 kHz and sampled at 2 kHz) 
while single channel currents were filtered at 2 or 5 kHz and sampled 
at 5 or l0 kHz. The digitized records were stored on magnetic disks 
for subsequent analysis. When needed, the single channel currents 
were analysed using the digital signal processing techniques based on 
Hidden Marker  Models [9,10]. 

3, RESULTS 

3.1. Whole.cell currents 
In response to 50 ,ttM acetylcholine all but 2 of the 

25 cells infected with recombinant virus bearing the m3 
eDNA produced a pronounced outward current when 
the membrane potential was clamped at -40  mV (Fig. 
IAa). In contrast, no discernible current was observed 
in any of  the 14 coils that were either not infected with 
virus or were infected with the laeZ virus which does not 
contain the eDNA coding for the m3 muscarinic recep- 
tor (Fig. l a b  and Ac). The acetyleholine-induced re- 
sponse could be observed in the cells that had been 
infected with the recombinant virus for 24 h (n = 10), 
48 h (n = 8) and 72 h (n = 5). Thereafter, it became 
difficult to form a tight seal between the rim of the 
electrode and the cell surface as the infected cells began 
to die. 

The transmembrane current induced by acetylcholine 
in infected cells could be abolished when they were ex- 
posed to 2/zg ml -t of  pertussis toxin for 48 to 72 h (n 
= 5) (Fig. lad) .  As shown in Fig. 1B0 changing the 
potential towards hyperpolarized potentials reduced the 
current amplitude and the current reversed polarity at 
a membrane potential of  around -80  mV, which is close 
to the reversal potential calculated from the Goldman- 
Hodgkin-Katz equation with a Pr~,,/PK ratio of 0.02. 
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Fig, 1. Transmembrane currents mediated by m3 muscarinic acetyleholin¢ receptors. (A) A pronounced outward current appeared following the 
bath application of 50 ,aM acetyleholine when the membrane potential of the cell was clamped at -40 mV (trace a). The current flux could only 
be observed in the cells which were infected with the recombinant virus bearing the eDNA coding for m3 muscarinie receptor. Records obtained 
from an uninfected cell (trace b) and a cell infected with the lacZ virus (trace e) showed no deflection in the current level when the .same concentration 
of aeetyleholine was applied. A cell infected with the recombinant virus and pre-treated with pertussis toxin did not show any response to 
acetylcholine application (trace d), The duration of bath application of acetylcholine is indicated by the bar above the current records in traces 
a-d. The horizontal bar represents 200 s for trace a and $0 s for traeca b-d, (B) Current-voltage curves for S f9  cells infected with recombinant 

virus producing m3 musearinie receptor. The concentrations of K + in the pipette were 2.5 mM (~) and 15.mM (e). 
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Changing the external potassium concentration from 
2.5 to 15 mM shifted the reversal potential from around 
-80 mV to -55 mY (Fig. 1B), again in agreement with 
the Pr¢,/Pg ratio of 0.02. 

3.2. Cell-attached patche.~' 
Single channel currents were recorded from a total of 

59 cell-attached patches in response to 50 /zM aee- 
tylcholine applied to the area outside the patch. Follow- 
ing the application of acetylcholine, channel currents 
were elicited in 20 of 43 cells infected with the recombi- 
nant virus, but none of 16 uninfected cells or cells in- 
fected with virus which did not bear eDNA coding for 
the m3 musearinic receptor. The currents were outward 
at a pipette potential of -60 inV. When the pipette 
potential was made less negative, the single channel 
current anaplitude decreased and reversed in direction 
close to the resting membrane potential. Similar cur. 
rer.ts were seen when the pipette solution contained 
sodium gluconate instead of sodium chloride, suggest- 
ing that the current is not carried by chloride ions. The 
channel characteristics were essentially the same when 
the bath solution was replaced with a solution contain- 
ing 140 mM KCI and currents were recorded at a pipette 
potential of 0 mV. In a few cells, inSide-gut patches were 
formed at the end of the experiment and no channel 
activity was observed. These observations confirmed 
that the channel was predominantly permeable to po- 
tassium ions. 

The characteristics of single channel currents acti- 
vated by acetylcholine underwent pronounced time-de- 
pendent changes. In Fig. 2a, the sequence of changes 
following the application of the acetylcholine is illus- 
trated with a compressed time scale. Within 30 s after 
the application of 50 /zM acetylcholine, occasional, 
small amplitude currents were apparent and the Ire. 
quency of opening and closing steadily increased with 
time. Because of their small amplitudes relative to the 
background noise, we used a digital processing tech- 
nique to characterize these channels. A 1,000-point 
sample segment of record, representing 100 ms of real 
time, is shown in Fig. 2b. The standard deviation of the 
noise, before channel currents were activated, was 0.35 
pA when the cut-off frequency of the low pass filter was 
5 kHz. Using the signal processing technique, we ex- 
tracted the harmonic interferences, composed of 50, 150 
and 250 Hz, contained in the record, a drift of the 
baseline approximated as a cubic function of time (not 
shown here) and the sequence of channel currents (Fig. 
2c). The record contained two distinct current ampli- 
tudes of 0.32 and 0.64 pA. The corresponding conduc- 
tances are (if we assume that the membrane potential of 
the cell was -60 mY) 5.3 and 10.7 pS. The probability 
of the channel being open at the 0.32 pA level was 0.37, 
with a mean open duration of 0.8 ms. Openings to the 
0.64 pA level, on the other hand, were infrequent, with 
a probability of 0.09, but the mean open time was 2.3 
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Fig. 2. Apl~amnce ofsmall single channels from a cell.attached patch. 
The time-dependent changes of th© currents r~orded just I~fore and 
following the application of 50/zM ac~tylaholin¢ arc shown in trcc¢ 
a. The first seE~nent in trac~ a is the background noi~ in the absence 
of channel currents. Shortly after the application of acetylcholine, 
channel currents of progressively increasing amplitudes are activated. 
An example of channel current recorded from a cell-attached patch 
about 30 s after exposure of the cell to 50/zM acetylcholine is shown 
in trace b in an expanded time scale. The record was filtered at 5 kHz 
and sampled at 10 kHz. Maximum likelihood estimates of channel 
currents, baseline drift and A.C. hum were obtained using diBital 
signal proc~sing techniques. The record contained a slow baseline 
drift and a harmonic wave composed of 50, 150 and 250 Hz (not shown 
here) and sin~e channel currents of two distinct amplitudes, 0.32 pA 

and 0.64 pA (trace c). 

ms. From the 0.64 pA level, the current level returned 
either instantaneously to the baseline (P = 0.018) or to 
the 0.32 pA level (P = 0.024). 

The amplitudes of channel currents thereafter in- 
creased progressively with time, reaching at times 7-9 
pA. In Fig. 3, sequential amplitude histograms are dis- 
played as a three-dimensional graph. A sample 1,000- 
point segment taken from each record is displayed in the 
right hand column. The records used to construct the 
first three histograms were taken at approximately 1 
rain intervals, whereas those used to obtain the last two 
histograms were taken at 5 s interval. The record taken 
immediately after the addition of acctylcholin¢ to the 
bath solution showed no channel activity, indicated by 
a sharp amplitude peak at the baseline (curve labelled 
a). The next histogram shows, in addition to a skewed 
baseline distribution, a distinct peak at about 1.2 pA 
(Fig. 3Ab). The amplitude of this peak increased slightly 
at first (Fig 3Ac) and then drastically (Fig. 3Ad) in the 
following histograms. In the latter amplitude histo- 
grams, there appeared a further small peak at 2.3 pA. 
A short time later, this peak became the most prominent 
one, the broad spread centred around 2.3-2.7 pA. 

The amplitude of channel currents continued to in- 
crease with time in increments ofapproximately 2.5 pA. 
Most of the time, the channel remained open at one of 
the sublevels, occasionally returning to the fully closed 
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Fig. 3. (A) Amplitude histograms of channel currents activated by acetylcholine. Each maximum likelihood amplitude histogram was obtained from 
a segment of data containing 20,000 points by using digital signal processing techniques. For clarity, the peak of the histogram, representing tile 
baseline current, was normalized to 1, rather than the area under the curve, and then 5 histograms so constructed from the same patch at a regular 
interval are exhibited sequentially. The first histogram (a), obtained immediately after the application of acetylcholine, ~hows no current vcaks 
apart from the baseline. Shortly thereafter, the width or the baseline peak broadens (b) owing to the appearance of small channels such as those 
shown in Fig. 2. In addition, a small but distinct peak appears at 1.25 pA. The probability of channel currents being at this level increases rapidly 
(e and d). Finally, the amplitude of channel currents become predominantly 2.5 pA (e). (B). Sample traces, 1,000-point record each, are selected 

from the records from which the amplitude histogram carves are obtained and displayed on the left hand column, labelled a--¢. 

state. Fig. 4 shows selected segments of  the channel 
events that occurred after those illustrated in Fig. 3. The 
steady current level, instead of being at the baseline, was 
shifted upwards from it, indicating that  the channel 
remained open. From this level, the current level 
dropped back intermittently to the baseline or jumped 
to a higher level. Although the records illustrated are 
from one patch, the characteristics of channels in the 20 
patches we have analyzed broadly conform with the 
behaviour of this channel. 

4. DISCUSSION 

The m3 sub-type of muscarinic acetylcholine recep- 
tors is normally linked to phosphotidyl inos.~tol metabo- 
lism [2]. It is suggested that stimulation of the receptor 
by acetylcholine activates phospholipase C, which re- 
leases IP3, which in turn mobilises Ca 2+ from the intra- 
cellular stores culminating in the activation of K ÷ chan- 
nels [3,5]. The currents we observed are carried by po- 
tassium ions (Fig. 1B) and are mediated by G-proteins 
sensitive to pertussis toxin (Fig. 1Ad). We note here that 
the calcium-dependent currents associated with m l and 
m3 sub-types produced in A9-L cells were insensitive to 
pertussis toxin [5]. It is not unusual for a receptor to 
couple with different G-proteins when it is produced in 
o h,,t,~,.nt,,,~l,~ expression system [2]. The presence of  
G-proteins in Sf9 cells has been demonstrated previ- 
ously by the coupling of turkey/~.-adrenergic receptor 
with endogenous insect G-proteins [13]. Moreover, anti- 
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bodies raised against mammalian G-proteins cross- 
react with G-proteins oF $f9 cells, implying that they 
are structurally similar (H. geil~tnder, unpublished ob- 
servation). 

In stark contrast to ligand-gated channels, the char- 
acteristics of single channel currents we describe here 
are not invariant with time but change rapidly. The 
transition probability of being in one of the open states 
progressively increases as do the number of conduct- 
ance states and their levels. Starting from the appear- 
ance of small and brief channel currents of about 0.3 pA 
in amplitude, the aixaglitude first doubles to 0.6 pA and 
then to 1.2 pA. With time, the current level steps to 2.5 
pA, to 5 pA and occasionally to 7-8 pA and then back 
to the baseline. These stepwise increases in the ampli- 
tude of channel currents are reminiscent of the behavi- 
our of  single S channel currents in Aplysia [14], potas- 
sium channels in cultured hippocampal neurons in- 
duced by arachidonic acid [15], voltage-activated cal- 
cium channels inserted in lipid bilayers [16], and K ~- 
selective channels in the kidney of Amphiuma [17]. 

Of the several possible explanations for the variable 
single channel conductance of the muscarinie ace- 
tylcholine-mediated channels, we favour the following. 
There are a number of small conducting units each of 
which constitutes an elementary conducting pore for 
potassium ions. Initially one, and subsequently two and 
four, of  these pores become elastically coupled so that 
they predominantly open and close synchronously. 
With time, a further group of four pores becomes rune- 
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Whether or not the interpretation we propose here re- 
fleets the physical reality remains to be investigated. 
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Fig, 4. Examples or outward currents in a cell-attached patch minutes 
after the application of aeetylcholine, The selected segments of the 
record were obtained from the same patch as in Fig. 3. The records 
shown are obtained 1-3 mix after the records used to construct the 
amplitude histogram d i,~ the previous figure. The current level began 
to jump to 5 pA level, and then to 7-8 pA level, Frequently, the open 
channel current level returned to the baseline level, or channel current 
opened from the baseline to 5 pA level, in one digitizing interval of 

I O0/,is. 

tionally coupled with the original fOUl', thus causing the 
current level to fluctuate from the closed state to the 1.2 
and 2,4 pA levels. This process of  forming a large cluster 
of  conducting pores continues so that currents as large 
as 7-8 pA can occur. One of the salient features of such 
an aggregate is that the conducting pores become par- 
tially coupled. Even from the largest conducting levels, 
all the channels often dose instantaneously or in two or 
three steps within a short interval. Similarly, from the 
baseline level, the current can jump to the 5 pA or to 
the 7-8 pA level in one digital interval of  100/,ts. If each 
of  the 16 elementary pores were to open or close inde- 
pendently of  each other, the probability of  all opening 
or closing simultaneously would have been low [18]. 
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