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The functional properties and cellular localization of the human
neuronal a7 nicotinic acetylcholine (AcCho) receptor (a7 AcChoR)
and its L248T mutated (mut) form were investigated by expressing
them alone or as gene fusions with the enhanced version of the
green fluorescent protein (GFP). Xenopus oocytes injected with
wild-type (wt), muta7, or the chimeric subunit cDNAs expressed
receptors that gated membrane currents when exposed to AcCho.
As already known, AcCho currents generated by wta7 receptors
decay much faster than those elicited by the muta7 receptors.
Unexpectedly, the fusion of GFP to the wt and mutated o7
receptors led to opposite results: the AcCho-current decay of the
wt receptors became slower, whereas that of the mutated recep-
tors was accelerated. Furthermore, repetitive applications of Ac-
Cho led to a considerable “run-down” of the AcCho currents
generated by muta7-GFP receptors, whereas those of the wta7-
GFP receptors remained stable or increased in amplitude. The
AcCho-current run-down of muta7-GFP oocytes was accompanied
by a marked decrease of a-bungarotoxin binding activity. Fluores-
cence, caused by the chimeric receptors expressed, was seen over
the whole oocyte surface but was more intense and abundant in
the animal hemisphere, whereas it was much weaker in the vegetal
hemisphere. We conclude that fusion of GFP to wta7 and muta7
receptors provides powerful tools to study the distribution and
function of a7 receptors. We also conclude that fused genes do not
necessarily recapitulate all of the properties of the original recep-
tors. This fact must be borne close in mind whenever reporter
genes are attached to proteins.

luorescent tagging of cellular proteins is a very useful, and

aesthetically pleasant, method for studying the intracellular
traffic and distribution of many proteins, including neurotrans-
mitter receptors. It is commonly assumed that the tagged
proteins function in exactly the same way as the native nontagged
proteins. To determine whether that is the case for neurotrans-
mitter receptors, we chose to study two human receptors that are
homomeric: the GABApl (1) and now the «7 nicotinic
receptors.

The neuronal «7 nicotinic acetylcholine receptor (o7-
AcChoR) is widely expressed in the central nervous system and,
being located mainly at nerve terminals, it is believed to be
involved in regulating the neurotransmitter release that mediates
fast cholinergic neurotransmission (2, 3). In heterologous ex-
pression systems, including the Xenopus oocyte, the a7-subunit
forms functional homomeric AcChoRs that show an unusually
fast desensitization and high permeability to Ca?>* (4-8). Even
though it is not yet clear to what extent the o7 homomeric
composition also applies in vivo, we and others have found it of
interest to investigate the functional profile of homomeric o7
receptors, because they may be involved in the pathogenesis of
many neurological disorders (9-16).

For this study we constructed a chimera in which the enhanced
form of the green fluorescent protein (GFP) was fused to the C
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terminus of the wild-type (wf) human «7 subunit (wta7-GFP). A
similar construct (muta7-GFP) was made with the Leu-to-Thr
248 (L248T) mutant «7 subunit. This mutation is known to
decrease the rate of desensitization of the receptors and, very
surprisingly, converts some antagonists of wta7 AcChoRs into
agonists (5, 7, 17-21). Both constructs led to the expression of
functional receptors in oocytes, and the following is a study of the
functional properties and distribution of the receptors expressed.
We show that both wild-type and mutant o7 AcChoRs fused with
GFP are grouped in clusters at or near the oocyte plasma
membrane and that fusion of GFP to the &7 subunit importantly
alters the desensitization of the receptors expressed, suggesting
complex interactions between the ionic channel and the C
terminus domains, interactions that substantially influence the
receptor gating kinetics.

Materials and Methods

Chimera Constructions. Expression plasmids for human «7-GFP
and muta7-GFP chimeras were constructed by inserting the «7
coding region into the Sall/BamHI restriction sites of vector
pEGFP-N2 (CLONTECH) which encodes an enhanced (E)GFP
variant. The a7 ORFs were amplified from original a7pcDNA3
constructs (22) by PCR, using the Platinum Pfx High Fidelity
DNA polymerase (Invitrogen). The primer pair used for ampli-
fication corresponds to the 5" and the 3’ a7 cDNA ends including
restriction sites for Sa/l and BamHI (sense oligonucleotide,
5'-CAGTCGACAAGCATCCGCCACCATGCGCTGCTC-
GCCGGGA-3'; antisense oligonucleotide, 5'-CAGGGATCC-
TCGCAAAGTCTTTGGCGGCCTCCACGAAG-3'). By using
the pEGFP-N2 vector, a7 ORFs were placed upstream of the
EGFP gene to produce fluorescent fusion proteins.

Oocyte Injection. Recombinant plasmids encoding human wt a7,
mut o7, wt a7-GFP, or mut o7-GFP neuronal nicotinic subunits
in the pcDNA3 vector were intranuclearly injected into stage
V-VI oocytes (2 ng of cDNA in 10 nl of buffer). Preparation of
oocytes and nuclear injection procedures were as detailed
elsewhere (4, 7).

Electrophysiology. Two to four days after injection, whole cell
membrane currents were recorded in voltage-clamped oocytes
by using two microelectrodes filled with 3 M KCI (23). The
oocytes were placed in a recording chamber (volume, about 0.1
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Leu-to-Thr 248 mutant a7 AcChoR fused to GFP; MLA, methyllycaconitine; a-BuTX,
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Properties of wta7 and wta7-GFP AcChoRs expressed in Xenopus oocytes. (A) AcCho currents in an oocyte injected with wta7 subunit cDNA and held

attheindicated potentials. Horizontal bars indicate the timing of AcCho applications. (B) AcCho-current amplitudes during consecutive 4-s applications of AcCho
(1 mM) to wta7 or wta7-GFP oocytes held at —100 mV. Points represent means * SE (4 oocytes; 1 donor). The peak currents were normalized to 2.7 uA (O) and
to0 0.5 pA (@). (C) Currents evoked in an oocyte injected with wta7-GFP cDNA. Note slower decay at —60 mV compared with A. (D) Dose-response relationships
in oocytes held at —60 mV expressing wta7 or wta7-GFP receptors. Each point represents mean (+ SE) from 5 oocytes (2 donors). Peak currents were normalized
to 1.5 nA (O) and 0.36 pA (@), with AcCho 3 mM. (O) ECsg = 75 uM; ny = 2.7. (®) ECso = 79 uM; ny = 2.3.

ml) and perfused continuously, 9-11 ml/min, with oocyte Ring-
er’s solution (82.5 mM NaCl/2.5 mM KCl/2.5 mM CaCl,/1 mM
MgCl,/5 mM Hepes/adjusted to pH 7.4 with NaOH) or normal
frog Ringer’s solution (23) at room temperature (20-22°C). To
obtain dose/response relations, AcCho was applied to the
oocytes at 3-min intervals. The half dissociation constants (ECsg)
of AcCho were estimated by fitting the data to the Hill equation:

I/Imax = [ACChO]nH/([ACChO]"H + ECSO"H)> [1]

where [AcCho] is the dose of AcCho, nyy is the Hill coefficient,
and Ipmay is the maximum AcCho current response. The times for
10% or 50% current decay (7o or Tys), that is, the time taken
for the current to decay from its peak to 90% or 50%, respec-
tively, were used to estimate the rate of receptor desensitization.
Drugs were applied by adding them to the superfusing fluid. All
drugs were purchased from Sigma, except methyllycaconitine
(MLA; Research Biochemicals, Natick, MA).

Binding Assay on Oocytes. Oocytes that had been injected with
muta7 or muto7-GFP cDNAs were first tested electrophysiologi-
cally and then selected to estimate toxin binding. Some oocytes
were exposed to 1 mM AcCho for 90 min, after which plasma-
membrane binding of a-bungarotoxin (a-BuTX) was deter-
mined (20). To measure toxin binding, nonstimulated control
and AcCho-stimulated oocytes were incubated for 2 h in oocyte
Ringer’s medium containing 40 nM [a-'?I]BuTX (Amersham
Biosciences). Some oocytes were preincubated for 1 h with 10
uM MLA before applying [a-'2T|BuTX plus MLA. After incu-
bation, the labeled medium was removed, and the oocytes were
washed rapidly 5 times with Ringer’s solution (or Ringer’s
solution plus MLA) and counted in a Beckman Coulter y
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counter. The nonspecific binding was measured in noninjected
oocytes.

Confocal Imaging. Two laser confocal microscopes were used to
examine the oocytes: a Bio-Rad MRC600 with an argon-ion laser
and filters set to observe GFP fluorescence and a homemade
confocal microscope built by I. Parker and N. Callamaras (Univ.
of California, Irvine), which allowed for a more detailed z-scan
imaging.

Results

Functional Expression of Human wta7-GFP Receptors. Oocytes in-
jected with wra7 subunit cDNA (wta7 oocytes) and held at —60
to —100 mV responded to AcCho (100 uM =~ ECsp; refs. 4, 7, and
8) with inward currents (AcCho currents), whose amplitude
depended on the donors and varied greatly from oocyte to
oocyte, ranging from about 50 nA to over 50 nA. Independently
of their amplitude, AcCho currents decayed rapidly with a Ty s
of 0.29 = 0.08 s (mean *= SE 15 oocytes held at —100 mV, 2
donors; e.g., Fig. 14). Repetitive applications of AcCho did not
substantially modify the peak amplitude or decay of the AcCho
currents, indicating a fast recovery from receptor desensitization
(Fig. 1B). The Ty s values remained substantially the same after
raising the AcCho concentration to 1 mM (0.20 = 0.05s; n = 5)
or after depolarizing the oocytes from —100 to —60 mV (0.23 =
0.03 s; n = 5; e.g., Fig. 14). Thus, under our experimental
conditions, the current desensitization of wta7 receptors seems
to be maximal at —60 mV and 100 uM AcCho.

Oocytes injected with wta7-GFP ¢cDNA also expressed func-
tional receptors, but the AcCho currents generated were gen-
erally smaller than those of the wta7 oocytes (cf. Fig. 1 4 and C).
Nevertheless, many “wta7-GFP oocytes” generated very large
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Fig. 2. Increase of consecutive AcCho currents in an oocyte expressing

wta7-GFP. The oocyte was held at —60 mV and repetitively exposed to AcCho
100 uM for ~30s.

currents (up to 50 A at —60 mV), indicating a strong expression
of functional wta7-GFP chimeric receptors. The AcCho currents
had again a fast desensitization and recovered promptly after
AcCho washout. During repetitive AcCho applications, the
AcCho-current amplitude was well maintained in some experi-
ments (Fig. 1B), but in others with longer applications of AcCho,
the amplitude of successive responses increased and reached a
value that was 2-3 times that of the first AcCho response (Fig.
2). The current decay was not greatly altered by raising the
AcCho concentration to 1 mM (e.g., cf. Fig. 1 C and A).
However, with 100 uM AcCho, the Tys values at —100 mV
matched (0.29 + 0.09 s; 11/2) and at —60 mV were significantly
larger (Tos = 0.53 = 0.09 s; Student’s ¢ test, P < 0.001; e.g., Fig.
1A4 and C) than those of wta7 oocytes, indicating both a different
voltage-dependence and a slowing of the AcCho-current desen-
sitization at —60 mV. The decreased rate of wta7-GFP receptor
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desensitization was not caused by a change in receptor affinity,
because the ECsy values of wta7 and wta7-GFP oocytes were
similar (Fig. 1D).

Functional Expression of Human muta7-GFP Receptors. It is known
that mutation of Leu-to-Thr 248, within the AcChoR-channel
domain, considerably slows down the process of a7 receptor
desensitization (8), offering a model of AcChoR dysfunction
possibly associated with neurodegenerative diseases (24). To
gain further insights on the behavior of homomeric o7 receptors
fused to GFP, experiments were also performed in oocytes
injected with the muta7 subunit or with the muta7-GFP chimera.

Muta7 oocytes, held at =60 or —100 mV and exposed to 0.3
uM AcCho (=ECsp) (25), generated AcCho currents that
decayed slowly (To.; > 10 s), had peak amplitudes that ranged
from 1 to 40 nA, and recovered fully after a few minutes (Fig.
3). The peak amplitude increased by ~1.9-fold as the AcCho
concentration was raised to 100 uM (““plateau” concentration)
and even with this high concentration the Ty, was always
greater than 4 s. In parallel experiments, muta7-GFP oocytes
generated AcCho currents that were again of variable ampli-
tude but generally smaller then those of muta7 oocytes, rarely
as high as 40 pA. Similarly to muta7 oocytes, the AcCho-
current amplitude increased ~1.9-fold as the AcCho concen-
tration was raised from 0.3 to 100 uM (Fig. 3C), suggesting that
muta7 and muta7-GFP oocytes had similar AcCho sensitivi-
ties. However, and in sharp contrast to mut oocytes, mut-GFP
oocytes always generated AcCho currents that had a faster
decay: Ty values averaged 1.9 = 0.2 s (15 oocytes, 3 donors)
at —100 mV membrane potential and 0.3 uM AcCho and 0.8 +
0.1 s after raising the AcCho concentration to 100 uM (Fig.
3C), and 3.6 £ 1.2 s with 100 uM AcCho at —60 mV (data not
shown). Furthermore, the AcCho currents generated by muta7
receptors decreased only less than 10% during repetitive
activation (Fig. 3D). In contrast, repetitive activation of
muta7-GFP receptors led to a drastic decrease of the AcCho-
current amplitude. Specifically, at —60 mV and 100 uM
AcCho, the AcCho current decreased to ~30% of the control
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Fast decay and run-down of AcCho currents elicited by muta7-GFP receptors. AcCho currents evoked in oocytes expressing muta7 (A) or muta7-GFP (C)

receptors. Note the faster AcCho-current decay compared with A. (B) Superimposed traces of AcCho currents in two other oocytes. AcCho-current amplitudes:
7.3 pA (muta7); 1.4 A (muta7-GFP). Holding potential, —100 mV. (D) AcCho-current amplitudes of consecutive responses in oocytes injected with muta7 or
muta7-GFP subunit cDNAs. Points represent means (+ SE) of 7 oocytes (2 donors). AcCho (100 uM) applied at —100 mV as in A. Peak currents normalized to 5.1

A (muta7) or to 1.9 uA (muta7-GFP).
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Fig. 4. Run-down of AcCho currents in an oocyte expressing muta7-GFP
receptors. Oocyte held at —60 mV and repetitively exposed to AcCho for ~60
s at indicated concentrations. Open symbols show the first series of applica-
tion, which was repeated 24 h later (closed symbols). Note the partial recovery
and the similar run-down after 24 h.

in the experiments illustrated in Fig. 3D; and to 3% in that of
Fig. 4. After the AcCho-current run-down, some oocytes were
allowed to rest at 16°C for 18-24 h, after which they again
generated large AcCho currents with a similar run-down (Fig.
4). It seems that the AcCho-current run-down is not restricted
to applications of high concentrations of AcCho, because the
currents elicited by 0.1 uM AcCho also decreased progres-
sively in amplitude (e.g., in Fig. 4, first current = 142 nA,
third = 105 nA).

Because serotonin (SHT) is a competitive agonist of muta7
receptors (7), it was of interest to determine whether the
chimeric muta7-GFP receptors were also activated by SHT.
Muta7-GFP oocytes exposed to SHT (10 uM =~ ECsp; 25)
generated inward currents with profiles similar to those elicited
by 0.3 uM AcCho (not shown). The ratio of SHT currents elicited
by 10 uM vs. 1 mM (plateau concentration, 25) was 59% in
muta7vs. 56% in muta7-GFP oocytes, indicating that muta7 and
muta7-GFP receptors have a similar sensitivity to SHT. All this
evidence suggests that the agonist-binding sites of muta7 recep-
tors are not greatly modified by the fusion to GFP. Moreover, the
amplitude of the SHT current was also reduced during the
run-down caused by repetitive AcCho applications.

a-BuTX Binding Activity. To determine whether long-term expo-
sure to AcCho alters the number of receptors in the plasma
membrane, oocytes injected with either muta7 or muta7-GFP
cDNAs were assayed for a-BuTX binding activity before and
after a prolonged application of AcCho. The binding of a-BuTX
to muta’7 oocytes decreased only by ~11% after the oocytes had
been exposed to AcCho (1 mM) for 90 min. In sharp contrast,
the binding of a-BuTX to muta7-GFP oocytes decreased by
~04% after the same treatment (Fig. 5). It should be noted that
the binding of a-BuTX to both muta7 and muta7-GFP receptors
was blocked well by the «7 antagonist MLA, because in both
cases the binding was reduced to nearly that seen in noninjected
oocytes (Fig. 5).

Muta7 oocytes tested 30 min after the AcCho treatment
generated AcCho currents whose amplitudes were the same, or
only slightly smaller, than the control currents obtained before
AcCho treatment. On the other hand, after a similar treatment,
muta7-GFP oocytes generated little or no AcCho current.

Palma et al.
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Fig. 5. «-BuTX binding activity in oocytes injected with either muta7 or
muta7-GFP subunit cDNAs. Columns indicate a-BuTX binding to untreated
oocytes (black columns) or oocytes pretreated for 90 min with 1 mM AcCho
(open columns). MLA effectively blocked the binding of «-BuTX to both
receptors (striped columns). Each column represents data from 27 oocytes
(one experiment of two). The oocytes, tested for AcCho sensitivity (100 uM;
—100 mV) before the binding experiment, generated AcCho-current ampli-
tudes ranging from 1.5 to 2.3 uA (muta7 oocytes) and 0.3 to 2 pA (muta7-GFP
oocytes). (—), noninjected oocytes.

Fluorescent a7 Receptors. Most of the noninjected oocytes, as well
as oocytes injected with the wta7 and muta7 subunits, had a
marked native fluorescence. Nevertheless, oocytes expressing
the a7-GFP chimeras generated a fluorescence that was clearly
above the background at or near the cell surface (Fig. 6 A-E),
especially in oocytes that generated AcCho currents larger than
2 pA (1 uM AcCho). Oocytes injected with either of the o7-GFP
chimeras displayed similar fluorescence patterns (Fig. 6). It is
worth noting that many «7 chimera-injected oocytes did not
display clear additional GFP fluorescence above the general
background, even though they generated large AcCho currents
(>3 pA with 1 uM AcCho). The oocytes with low native
fluorescent background showed a strong green fluorescence in
the animal hemisphere (Fig. 64), whereas the vegetal hemi-
sphere displayed very low if any fluorescence. Z-scans showed
that the fluorescence was concentrated mainly over a region that
extended from the surface of the oocyte to a depth of about 5-10
pm (Fig. 6 B and C). The z-scans as well as the xy-scans (Fig. 6
D and E) of the surface of several oocytes indicate that the
receptors are distributed in clusters (Fig. 6 D and E), with highly
fluorescent “patches” mingling with nonfluorescent areas.
These patches were abundant in the animal hemisphere (Fig. 6
D and E) and were very sparse, and less bright, in the vegetal one
(Fig. 6 F-H).

Discussion

GFP has been used widely to construct chimeric proteins to study
their distribution and function in various expression systems. In
this work, we fused GFP to the human «7 subunit in its wild-type
and mutated (L248T) forms and expressed them in the Xenopus
oocyte, with the main following results. First, the chimeric «7
homomeric receptors are functionally expressed in clusters in the
oocyte surface and mainly in the animal hemisphere, as evi-
denced by robust fluorescence signals and AcCho-activated
currents. Second, the chimeric wta7-GFP receptors, activated by
AcCho, generate currents that have a slower decay than those of
the wta7 receptors. In contrast, the chimeric muta7-GFP recep-
tors generate AcCho currents that have a faster decay and show
a considerable run-down after repetitive AcCho stimulation.
Although the “patchy” distribution of fluorescence in the
oocyte membrane reported here for the human o7 receptor-GFP

PNAS | March 19,2002 | vol.99 | no.6 | 3953

NEUROBIOLOGY



Fig. 6.

chimeras has been observed with other receptor GFP constructs
(1, 26), some of our findings were unexpected, and are in marked
contrast to observations on other ligand-gated receptors fused to
GFP. For example, such fusion does not seem to alter greatly the
properties of N-methyl-D-aspartate (NMDA), glycine, GABAA,
and GABApl receptors (1, 26-28). Instead, in this work we show
that the kinetics of AcCho-current inactivation change appre-
ciably after receptor fusion with GFP, in such a way that
desensitization of the chimeric wta7-GFP receptor becomes
slower, whereas that of the chimeric muta7-GFP receptor be-
comes faster than their respective non-GFP controls. These
findings show that the functional properties of a7 receptors are
considerably modified after tagging them with GFP in their
carboxyl ends. We have also found important differences in the
single-channel kinetics of a7 receptors and their GFP-chimeric
counterparts (29).

Receptor desensitization and recovery from desensitization
are particularly fast events for wta7 receptors that, when stim-
ulated by AcCho, generate currents exhibiting a rapid decay in
the presence of the transmitter and a maintained amplitude after
brief repetitive applications of AcCho. Moreover, the L248T
mutation leads to a marked decrease of receptor desensitization.
Interestingly, after fusion of GFP to the muta7 receptor C
terminus, the AcCho-current decay becomes faster, and the peak
current amplitude is greatly reduced during repetitive AcCho
applications. A similar run-down occurs after a prolonged
application of AcCho, after which the AcCho current becomes
very small or undetectable.

Several mechanisms may account for the AcCho-current
run-down. For example, after a prolonged application of AcCho
the receptors might be internalized or they could be structurally
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Confocal microscope fluorescent images of oocytes expressing a7-GFP receptors. (A) An oocyte expressing muta7-GFP. Notice that fluorescence is
strongly polarized. Z-scans of animal hemisphere sections: wta7-GFP (B), muta7-GFP (C). Surface scans of the animal hemispheres of oocytes expressing wta7-GFP
(D) or muta7-GFP (E). Surface scan of the vegetal hemisphere of an oocyte expressing wta7-GFP (F). G and H show a detail (X8 magnification) of the fluorescent
clusters sparsely distributed in the vegetal hemisphere of the same oocyte. [Bars = 200 um (in A), 5 um (in B and C), and 20 um (in D-F).]

altered in such a way that they become fully refractory to gating
by AcCho and partially to binding of a-BuTX. The slow recovery
from the run-down (cf. Fig. 4) could be the result of reactivation
of the receptors or to membrane insertion of new receptors
derived from intracellular pools. Unfortunately, the results of the
a-BuTX binding experiments alone do not discriminate well
between these possibilities. But, whatever the explanation turns
out to be, the present work already suggests complex molecular
interactions between the C terminus domain fused with GFP and
the channel domain, interactions that considerably influence
receptor desensitization.

Altogether, our results show that the implicit assumption that
fusion of ligand-gated receptors with GFP does not alter recep-
tor function is not generally correct and suggests more extensive
investigations of chimeric receptors. Moreover, our findings
show that fusion of GFP to human neuronal nicotinic «7
receptors provides potent tools to study the synthesis, traffic, and
localization of a7 receptors, and it would be interesting to extend
this study to neuronal cells in various stages of development.
Finally, the functional changes that we found after fusing GFP
to the wta7 and the muta7 receptors may offer experimental
models to study receptor run-down and neurodegeneration
associated with receptor desensitization.
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