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ABSTRACT: Ample evidence from earlier studies ofR-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptors, GluR3 included, suggests that alternative splicing not only enriches AMPA receptor
diversity but also, more importantly, creates receptor variants that are functionally different. However, it
is not known whether alternative splicing affects the receptor channel opening that occurs in the microsecond
time domain. Using a laser-pulse photolysis technique combined with whole-cell recording, we characterized
the channel opening rate process for two alternatively spliced variants of GluR3, i.e., GluR3flip and GluR3flop.
We show that the alternative splicing that generates flip and flop variants of GluR3 receptors regulates
the channel opening process by controlling the rate of channel closing but not the rate of channel opening
or the glutamate binding affinity. Specifically, the flop variant closes its channel almost 4-fold faster than
the flip variant. We therefore propose that the function of the flip-flop sequence module in the channel
opening process of AMPA receptors is to stabilize the open channel conformation, presumably by its
pivotal structural location. Furthermore, a comparison of the flip isoform among all AMPA receptor
subunits, based on the magnitude of the channel opening rate constant, suggests that GluR3 is kinetically
more similar to GluR2 and GluR4 than to GluR1.

As a post-transcriptional regulatory mechanism (1), alter-
native splicing generates two molecular entities known as
“flip” and “flop” in each of the four AMPA1 receptor
subunits, i.e., GluR1-4 or GluRA-D (2). The alternative
splicing correlates to a 38-amino acid sequence in the
extracellular binding domain between the M3 and M4
transmembrane segments but results in a difference of only
9-11 amino acids between the flip and flop isoforms (2).
Since its discovery in AMPA receptors (2), the alternative
splicing has been recognized as a unique molecular deter-
minant giving rise to both structural and functional diversities
in AMPA receptors (3-6). For example, flop variants
desensitize (i.e., become inactivated when glutamate remains
bound to the receptor) at least 3 times faster than the flip
counterparts for GluR2-4 (7). Flip and flop variants have
different sensitivity to allosteric modulators, such as cy-
clothiazide (CTZ) (8-10) and metal ions (11, 12). In the
brain, the expression of alternatively spliced variants is
tissue-, cell type-, and age-dependent (2, 7, 13, 14). In some
neurological disorders, the relative level of expression of the
flip to the flop isoforms is aberrant (15-18). For instance,
in the spinal motor neurons of patients with amyotrophic
lateral sclerosis (ALS), the level of the AMPA receptor flip

variants is significantly elevated relative to that of the flop
variants (18). Such an increase in the level of flip isoform
expression is thought to make those neurons especially
vulnerable to glutamate insult (18, 19).

Despite a wealth of knowledge about alternative splicing,
whether it affects the channel opening process of AMPA
receptors is currently unknown. To address this question,
we focus our initial attention on characterizing the channel
opening kinetics for the two alternatively spliced variants
of the GluR3 AMPA receptor, i.e., GluR3flip and GluR3flop.

GluR3 plays a specific functional role in the central
nervous system. For instance, GluR3 assembled with GluR2,
one of the two major AMPA receptor populations in adult
hippocampus, strengthens the synapses and stabilizes long-
term changes in synaptic efficacy (20). The level of expres-
sion of GluR3 in the hippocampus, together with GluR1 and
GluR2 but not with GluR4, increases with development (21).
GluR3 is also involved in neurological diseases. For instance,
the production of autoantibodies against GluR3 contributes
to the etiology of several types of human epilepsies (22, 23).
Interestingly, GluR3 is expressed on the surface of most
normal, cancerous, and autoimmune-associated T cells (24).
Furthermore, GluR3 is upregulated in the spinal cord of
transgenic mice with the copper zinc superoxide dismutase
(SOD1) mutation (G93A), a familial ALS mouse model (25).
At the molecular level, GluR3 is less well understood than
other AMPA receptor subunits. For instance, the mean
lifetime of the GluR3 open channel, determined traditionally
using single-channel recording, is lacking, unlike other
AMPA receptor subunits (26-28). Thus far, there is no
systematic study of the phosphorylation of GluR3 (6), yet
such studies have revealed how phosphorylation can modu-
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late the receptor properties in trafficking, surface expression,
and synaptic plasticity in other AMPA receptor subunits (6).

Here we report the kinetic characterization of the channel
opening rate constants for GluR3flip and GluR3flop variants
using a laser-pulse photolysis technique, together with a
photolabile precursor of glutamate [γ-O-(R-carboxy-2-ni-
trobenzyl)glutamate] or caged glutamate. Photolysis of the
caged glutamate rapidly liberates free glutamate with at1/2

of ∼30 µs (29). Using this technique, we previously
characterized the channel opening kinetic mechanism for the
flip variants of GluR1, GluR2, and GluR4 AMPA receptor
channels (30-32). Thus, this work also completed a sys-
tematic study of all flip AMPA receptor variants. We found
that the alternative splicing affects the channel opening
process by controlling the rate of channel closing but not
the rate of channel opening. Specifically, the flop variant
shuts the channel almost 4-fold faster than the flip variant.
Furthermore, both the flip and flop channels of GluR3, like
GluR2 and GluR4, but unlike GluR1, are among some of
the fastest channels known to date.

EXPERIMENTAL PROCEDURES

cDNA Expression and Cell Culture.The cDNAs encoding
rat GluR3flip and GluR3flop separately in the pBluescript
vector were provided by S. Heinemann and were individually
cloned into pcDNA3.1 (Invitrogen, Carlsbad, CA). The
GluR3flip or GluR3flop homomeric channels were transiently
expressed in human embryonic kidney (HEK) 293S cells.
HEK-293S cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum
in a 37°C, 5% CO2, humidified incubator. Unless otherwise
noted, HEK-293S cells were also cotransfected with a
plasmid encoding green fluorescent protein (GFP) and
another plasmid encoding simian virus 40 large T-antigen
(TAg) (33). GFP was used as a transfection marker for cell
recording; TAg was used to potentiate the GluR3 expression
(see the text). The weight ratio of the plasmid for GFP and
TAg to that of GluR3 was 1:3:30, and the GluR3 cDNA
used for transfection was∼15-20 µg/35 mm dish. Cells
were used 48 h after transfection.

Whole-Cell Recording.All experiments were preformed
with HEK-293S cells voltage-clamped at-60 mV and 22
°C. The recording of glutamate-induced whole-cell current
was described previously (30). In brief, an Axopatch-200B
amplifier (Axon Instruments, Union City, CA) was used in
whole-cell recording at a cutoff frequency of 2-20 kHz by
a built-in, eight-pole Bessel filter and digitized at a 5-50
kHz sampling frequency with a Digidata 1322A device
(Axon Instruments). The resistance of recording electrodes
was ∼3 MΩ when filled with the electrode solution
containing 110 mM CsF, 30 mM CsCl, 4 mM NaCl, 0.5
mM CaCl2, 5 mM EGTA, and 10 mM HEPES (pH 7.4
adjusted with CsOH). The external bath solution contained
150 mM NaCl, 3 mM KCl, 1 mM CaCl2, 1 mM MgCl2, and
10 mM HEPES (pH 7.4 adjusted with NaOH). The GFP
fluorescence in transfected cells was visualized using a Zeiss
(Thornwood, NY) Axiovert S100 microscope with a fluo-
rescence detection system. To initiate whole-cell current
response, solutions containing free glutamate were applied
using a flow device (30, 34), and the rise time was typically

∼1-2 ms (10-90%). When free glutamate was used, the
whole-cell current was corrected for desensitization during
the rise time by a previously described method (34).

Laser-Pulse Photolysis. The use of the laser-pulse pho-
tolysis technique and the caged glutamate (29) (Invitrogen,
Carlsbad, CA) to measure the rate of an AMPA receptor
channel opening with a time resolution of∼60 µs were
described previously (30). Briefly, a Minilite II pulsed
Q-switched Nd:YAG laser (Continuum, Santa Clara, CA)
delivered single pulses at 355 nm, tuned by a third harmonic
generator, with a pulse length of 8 ns. The laser light was
coupled to a fiber optic, and the energy was adjusted to 200-
800 µJ. To determine the concentration of glutamate pho-
tolytically released from the caged glutamate, at least two
solutions with known concentrations of free glutamate were
used to calibrate the current amplitude from the same cell
before and after a laser pulse. The current amplitudes
obtained from the flow measurements were compared with
the amplitude from the laser measurement with reference to
the dose-response relation. In addition, the concentration
of photolytically released glutamate was considered constant
during the rise time in which the observed rate constant was
measured (see Figure 4A; thekobs was determined from the
rise time of <1 ms). In 1 ms, for instance, a glutamate
molecule could have only diffused a root-mean-square
distance of∼1.2 µm, estimated by Fick’s second law, yet
the laser irradiation area around a HEK-293 cell of∼10 µm
in diameter was 400-500 µm. Thus, the diffusion of
glutamate after photolysis, but within the time frame of our
measurement of channel opening rate constants, was incon-
spicuous. It should be noted that in this estimate, we assumed
the diffusion coefficient of glutamate was 7.5× 10-6 cm2/
s, based on the measured value for glutamine at room
temperature (35).

Data Analysis.On the basis of the kinetic mechanism of
channel opening in Figure 1, the observed rate constant,kobs,
for the whole-cell current rise in response to glutamate is
given by eq 1

All of the terms are defined in the legend of Figure 1. In
the derivation of eq 1, the ligand binding rate was assumed
to be fast relative to the channel opening rate. This as-
sumption was supported by the consistent observation of

FIGURE 1: General mechanism of channel opening for GluR3. Here,
A represents the active, unliganded form of the receptor, L the
ligand or glutamate, ALn the closed channel states withn ligand
molecules bound, andALn the open channel states. The number of
glutamate molecules to bind to the receptor and to open its channel,
n, can be from 1 to 4, assuming that a recombinant GluR3 receptor
channel is a tetrameric complex, and each subunit has one glutamate
binding site. It is further assumed that a ligand does not dissociate
from the open channel state.kop and kcl are the channel opening
and channel closing rate constants, respectively. For simplicity and
without contrary evidence, it is assumed that glutamate binds with
equal affinity orK1, the intrinsic equilibrium dissociation constant,
at all binding steps.

kobs) kcl + kop( L
L + K1

)n
(1)
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a single first-order rate process for the whole-cell current
rise (see the results and discussion in the text), given by eq
2

whereIt represents the whole-cell current amplitude at time
t andImax represents the maximum current amplitude. Using
eq 2, the kobs at a given glutamate concentration was
calculated. A set ofkcl and kop values corresponding to a
particular number of ligand(s) required to bind and open the
channel, i.e.,n ) 1-4, was obtained using eq 1. Furthermore,
K1 was separately estimated from the dose-response rela-
tionship, using eq 3; the derivation of eq 3 was based on the
general mechanism of channel opening in Figure 1.

whereIA represents the current amplitude,IM the current per
mole of receptor,RM the number of moles of receptors on
the cell surface, andΦ-1 the channel opening equilibrium
constant. Other terms have already been defined. The
corrected current amplitude (31, 34) was used to construct
the dose-response relationship. Unless otherwise noted,
triplicate data from three cells were collected in all measure-
ments. Linear regression and nonlinear fitting were performed
using Origin version 7 (Origin Lab, Northampton, MA).

RESULTS

Expression of GluR3 in HEK-293 Cells and Whole-Cell
Current Recording.We first established a condition under
which the GluR3 receptor could be sufficiently expressed
in HEK-293 cells for whole-cell recording even at low
glutamate concentrations. Earlier studies of GluR3 are
primarily involved in the use ofXenopusoocytes (36, 37),
where the expression of the receptor is more readily
detectable but typically at the cost of obscuring the rapid
channel desensitization and thus an accurate measurement
of the receptor response; this is apparently due to the sheer
size of an oocyte. Although using smaller HEK-293 cells
achieves a better solution exchange rate, thus permitting a
more accurate study of the kinetic properties of GluR3, a
lower level of expression in single HEK-293 cells is entailed.
Perhaps it is not coincidental that very few studies of GluR3
have used HEK-293 cells for expression, and when those
studies were actually performed, often a high glutamate
concentration was required to elicit a detectable response.
In fact, we observed the average response at saturating
concentrations of glutamate was∼130 pA for GluR3flip-
expressing HEK-293 cells, similar to literature values (38).
A small magnitude of whole-cell current response presented
a challenge in measuring the GluR3 channel activity at low
agonist concentrations, which was required in our experiment
to measure the channel closing rate constant (the rationale
is presented below).

To improve the receptor expression in single HEK-293
cells and consequently augment the average magnitude of a
whole-cell response, we coexpressed TAg with the GluR3
receptor (Figure 2A). TAg is a powerful oncoprotein capable
of disrupting cell cycle control (39). Coexpression of TAg

increased the average whole-cell response of GluR3flip to
glutamate at saturating concentrations to∼650 pA (the
number of cells tested was 20 orn ) 20), compared to∼130
pA without TAg (n ) 3). For GluR3flop, which was usually
expressed less robustly, the average current amplitude was
∼250 pA (n ) 5) when TAg was coexpressed. The largest
current amplitudes observed for GluR3flip and GluR3flop were
1.9 and 1.7 nA, respectively. As controls, expressing either
TAg alone, GFP alone, or the two together in HEK-293S
cells, did not lead to current response (33). Coexpressing
TAg and GFP with GluR3 did not affect the GluR3 activity
either, as evidenced by an identical desensitization rate at a
given glutamate concentration from cells transfected with
GluR3 only and cells additionally transfected with TAg and
GFP. These results are therefore consistent with our earlier
report of using TAg to successfully potentiate GluR2Qflip

expression in HEK-293S cells (33). Furthermore, the method
we described, i.e., coexpressing TAg in the same cell, made
it possible to assay the GluR3 activity at low concentrations
of glutamate.

Inspection of the rate of desensitization with different
concentrations of glutamate showed that the flop isoform
always desensitized more than 3 times faster than the flip
isoform (Figure 2A, B). For instance, the largest rate constant
we observed for GluR3flip and GluR3flop were 230 and 820
s-1, respectively. These values agree with those obtained
using outside-out patches excised from either HEK-293 cells
(38) or Xenopusoocytes (7). That the desensitization rate
constants we determined are identical to those published
previously is further consistent with the fact that coexpressing
TAg in the same cells did not affect the GluR3 channel
activity.

Characterization of Caged Glutamate with GluR3 Ex-
pressed in HEK-293 Cells.To characterize the channel
opening rate constants of the GluR3 receptors, we used a
laser-pulse photolysis technique, together with the caged
glutamate (Figure 3A), which releases free glutamate upon
photolysis with at1/2 of ∼30 µs (29). To ensure that the
receptor kinetics can be measured, the caged glutamate must
be biologically inert on the receptor. In a series of experi-

It ) Imax(1 - e-kobst) (2)

IA ) IMRM
Ln

Ln + Φ(L + K1)
n

(3)

FIGURE 2: Glutamate-induced whole-cell response of GluR3flip and
GluR3flop expressed in HEK-293 cells. (A) Representative whole-
cell current responses via GluR3flip channels (left) and GluR3flop
channels (right) to application of 500µM glutamate. The amplitude
of the current response is 520 and 370 pA for the flip and flop
channels, respectively, but the two traces are scaled vertically for
comparison of the desensitization rate profile. The GluR3flop channel
was desensitized with a rate constant of 470 s-1 at this glutamate
concentration, whereas the GluR3flip channel was desensitized with
a rate constant of only 130 s-1. Note that a first-order rate was
adequate for describing the desensitization for both isoforms of
GluR3. (B) Dependence of the desensitization rate constant (kdes)
on glutamate concentration for GluR3flip (O) and GluR3flop (b)
channels. Each data point is an average of at least three measure-
ments from at least three cells. An error bar represents the standard
error of the mean.
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ments (Figure 3B-F) designed to test the biological proper-
ties of the caged glutamate, we found, on the same cell that
expressed the GluR3 channel (as seen by a current response
to free glutamate, Figure 3B), the caged glutamate did not
activate the GluR3 channel without the laser flash (Figure
3C). Firing the laser in the absence of the caged glutamate
did not induce current response from cells that expressed
GluR3 (Figure 3D). The caged glutamate did not inhibit or
potentiate the GluR3 response when the receptor was
activated by free glutamate, as evidenced by identical current
amplitudes in the presence and absence of caged glutamate
(Figure 3E). Furthermore, the side product(s) generated from
photolyzing the caged glutamate (Figure 3A) did not affect
the glutamate-induced receptor response (Figure 3F). To-
gether, these results show that the caged glutamate was
biologically inert and thus suitable for studying the GluR3
channels. This conclusion is consistent with the initial finding
with rat hippocampal neurons that expressed endogenous
AMPA receptors (29) and our previous studies of other
AMPA receptors (30-32).

Rate of Channel Opening.Using the laser-pulse photolysis
technique with the caged glutamate, we determined the rate
constants for the opening of the GluR3flip and GluR3flop

channels. Upon laser photolysis, free glutamate was liberated,
leading to a rapid increase in the whole-cell current
representing the opening of the receptor channel (Figure 4A).
The rising phase of the current obeyed a single-exponential
rate throughout the entire concentration range of glutamate
(i.e., 80-260µM), which supported the assumption that the
rate of channel opening was slow compared to the rate of
glutamate binding. Thus, the observed rate reflected channel

opening. The result was inconsistent with the assumption
that the channel opening rate was either comparable to or
faster than the ligand binding rate (note that all of these
kinetic scenarios have been discussed in detail in our previous
studies; see ref31). Accordingly, a general kinetic rate
expression, i.e., eq 1 (in Experimental Procedures), was
derived for the observed rate constant,kobs, with n ligand
molecules bound to open the channel,ALn, as a function of
ligand concentration.

Using eq 1, we estimated the channel opening rate
constant,kop, and the channel closing rate constant,kcl,
together with the correspondingK1 value, from the plot of
kobs versus the concentration of glutamate for GluR3flip and
GluR3flop (Figure 4B). Table 1 lists four sets ofkop, kcl, and
K1 values, corresponding to ann of 1-4. Then of 1-4 was
based on the assumption that a recombinant GluR3 receptor
is a tetramer (40, 41), and each subunit contains one
glutamate binding site. From our results, the following
conclusions can be drawn. First, the fitting was satisfactory
whenn equaled 2-4, but not whenn equaled 1 (seeR2 values
in Table 1). Second, the fitting results are statistically
identical whenn ) 2-4. For instance, whenn increased
from 2 to 4, the fittedkop changed little (see Table 1). Third,
the conclusions described above applied to the kinetic results
of both GluR3flip and GluR3flop. As an independent estimate
of K1 with respect to different numbers of ligands bound to
a receptor complex, we determined the dose-response
relationship for both GluR3flip and GluR3flop (Figure 5). Using
eq 3, we found that the dose-response relationship of both
variants showed a similar pattern in that the fitting was
satisfactory whenn equaled 2-4 but poor whenn equaled
1 (Table 2). Furthermore, aK1 value obtained from the dose-
response curve (Figure 5) agreed with that obtained
from kinetic measurement (Figure 4B) at a givenn, with

FIGURE 3: Caged glutamate is biologically inert as characterized
with GluR3flip expressed in HEK-293 cells voltage-clamped at-60
mV. (A) Photolysis of the caged glutamate releases free glutamate
and the side product as shown. (B) Displayed is the whole-cell
current response from a cell expressing GluR3flip to 100 µM
glutamate. Glutamate (and any other compound or compounds) was
applied to the cell using a solution flow device (see Experimental
Procedures). The flow-pulse protocol is shown above the current
response. (C) The caged glutamate at a concentration of 2 mM
(i.e., the highest concentration used in this study), dissolved in the
external buffer and applied to the same cell as in panel B, did not
induce any detectable whole-cell current response in the absence
of laser light. (D) Firing of a laser at a cell exposed to external
buffer which contained no caged glutamate did not induce any
current response from the cell. The arrow indicates the timing of
the laser pulse. (E) Superimposed are the whole-cell current
responses to 500µM free glutamate in the absence (s) and presence
(O) of 2 mM caged glutamate from the same cell. The number of
the data point for the current trace containing the caged glutamate
was reduced for the clarity of presentation. (F) Whole-cell responses
to 350µM free glutamate in the absence (left) and presence (right)
of 350 µM side product from photolysis.

FIGURE 4: Laser-pulse photolysis measurement of the channel
opening kinetics for GluR3flip and GluR3flop. (A) Representative
whole-cell current from the opening of the GluR3flip channel
initiated by the laser-pulse photolysis of caged glutamate at time
zero. The fitting of the current rise using eq 2 (in Experimental
Procedures) is shown as the solid line superimposed with the
experimental data points. For clarity, the number of data points
was reduced in the rising phase of the current. The observed rate
constant (kobs) of 2400 s-1 obtained from this trace corresponds to
a glutamate concentration of 170µM. Note that the direction of
the current response was plotted as the opposite of that recorded.
(B) Plot of kobs vs glutamate concentration by eq 1 in the linear
form. The empty circles representkobsvalues for GluR3flip and filled
circles represent those for GluR3flop. Each data point represents one
kobsobtained at a particular concentration of photolytically released
glutamate. Thekcl andkop values were determined by linear fit to
be (1.1( 0.2) × 103 and (9.6( 1.1) × 104 s-1 for GluR3flip and
(3.8 ( 0.1) × 103 and (9.9 ( 0.5) × 104 s-1 for GluR3flop,
respectively. In the linear fitting, we chose ann of 2; K1 ) 1.0
mM for GluR3flip and 0.95 mM for GluR3flop.
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the exception, in both isoforms, of ann of 1 (see Tables 1
and 2).

Difference in the Channel Opening Properties of GluR3flip

and GluR3flop. Comparison of the corresponding set of rate
constants, excludingn ) 1, shows that GluR3flop closes its
channel more than 3-fold faster than GluR3flip, yet both open
their respective channels with an identical rate constant.
Therefore, the flip-flop module of GluR3 regulates the
channel opening process by controlling how fast the open
channel closes. It should be especially emphasized that the
same conclusion could be made empirically fromkobswithout
even knowing the values ofkop andkcl. If L , K1 or at low
agonist concentrations,kobs ≈ kcl (see eq 1), suggesting that
the evaluation ofkcl was independent of whatever then value
was (in fact, estimatingkcl was independent of thekop term
altogether; see eq 1). Thus, that thekobsvalue of GluR3flip at
the low glutamate concentration was 3-fold smaller than that
of GluR3flop (in Figure 4B) led naturally to the same
conclusion.

Furthermore, both the rate and the dose-response data
suggest thatK1 is the same for both GluR3 variants (Tables
1 and 2). For instance, whenn ) 2, K1 is 1.0 ( 0.70 mM
for GluR3flip and 0.95( 0.65 mM for GluR3flop, suggesting
that the flip-flop module does not affect the binding affinity
of glutamate. The same conclusion can be qualitatively made
from the analysis of the dose-response relationships using
the Hill equation (42). The EC50 value or the ligand
concentration that corresponds to 50% of the maximum
response is 1.0( 0.20 mM for GluR3flip and 1.1( 0.30
mM for GluR3flop with Hill coefficients of 1.8 and 1.7,
respectively. Again, the EC50 values for GluR3flip and
GluR3flop are identical. In fact, EC50 is similar to K1

numerically (note that the Hill equation does not specify the
number of bound ligand molecules). Interestingly, the flip
and flop isoforms of GluR2, another AMPA receptor subunit,
also have identical EC50 values: 1.39 mM for GluR2Qflip
and 1.38 mM for GluR2Qflop (43).

The Channel Opening Rate Was Measured Separately from
Channel Desensitization.Our analysis of the channel opening

kinetics was based on the mechanism for channel opening
(Figure 1), which did not involve channel desensitization.
We reasoned that the desensitization reaction could not have
proceeded appreciably during the current rise, assuming that
the desensitization had occurred simultaneously upon binding
of glutamate (44, 45). As shown in Figure 4A, thekobs of
2400 s-1, calculated from the current rise for the GluR3flip

channel opening, was∼30 times larger than the desensitiza-
tion rate of 80 s-1 in Figure 2B at the same glutamate
concentration, i.e., 170µM. As such, when the current
increased to 95%, during which thekobs of 2400 s-1 was
calculated, the desensitization reaction with a rate constant
of 80 s-1 proceeded only∼4%. Thus, the kinetic process
occurring within the current rising phase was dominated by
the channel opening reaction, and its rate constant could be
calculated using a simple kinetic rate expression (eq 2). It
should be noted that the estimate of the “contamination” of
the desensitization reaction within the rise time was reason-
ably accurate because the receptor was exposed to glutamate
in a microsecond “concentration jump” triggered by laser
photolysis, and consequently, the start of the glutamate-
induced reactions was virtually synchronized. In addition, a
simultaneous fit of both the rising and falling phases (in
Figure 4A) by two first-order rate equations, one representing
channel opening and the other representing desensitization,
yielded a kobs value identical ((5% error range) to that
obtained using a single-exponential fit of the rising phase
only (using eq 2). Together, the whole-cell current rise
representing the channel opening reaction can be treated as
a kinetically distinct process in our measurement. Indeed, it
has been proposed previously that the channel opening
reaction or the gating pathway can be considered a kinetic
process separate from desensitization (44, 46), and the open
channel state is thought to preferentially return to the closed
state and can open again, without entering the desensitization
state (47).

DISCUSSION

We have investigated the kinetic mechanism of channel
opening for the two alternatively spliced variants of GluR3.
We find the alternative splicing that generates flip and flop
variants of GluR3 AMPA receptors controls the channel
opening process by regulating the rate of channel closing
but not the rate of channel opening. Below, we discuss the
use of the channel opening and channel closing rate constants
in an effort to understand the receptor properties and offer
implications of alternative splicing in regulating the channel
function.

Channel Opening Rate Constants and Receptor Oc-
cupancy. The results from our study of GluR3 are consistent
with the minimal number of glutamate molecules required
to bind to and to open the channel being 2 (30-32). This is

Table 1: kop andkcl Values for GluR3flip and GluR3flop Whenn ) 1-4a

GluR3flip GluR3flop

n kop (×10-5 s-1) kcl (×10-3 s-1) K1 (mM) R2 kop (×10-5 s-1) kcl (×10-3 s-1) K1 (mM) R2

1 0.20( 1.6 1.2( 2.0 1.6( 16 0.679 0.15( 0.10 1.1( 1.0 0.34( 0.49 0.890
2 0.97( 1.2 1.0( 0.5 1.0( 0.90 0.908 0.99( 1.1 3.8( 0.3 0.97( 0.76 0.970
3 1.1( 2.0 1.4( 0.9 0.50( 0.50 0.901 1.1( 1.6 4.1( 0.6 0.50( 0.50 0.960
4 1.2( 1.9 1.7( 0.9 0.35( 0.25 0.895 1.3( 1.9 4.3( 0.9 0.33( 0.20 0.952
a n is the number of glutamate molecules required to bind and open the channel.

FIGURE 5: Dose-response relationship of the GluR3flip (O) and
GluR3flop (b) channels with glutamate. The whole-cell currents from
different cells were normalized to the current obtained at 0.5 mM
glutamate, and the current amplitude at 5 mM was set to 100%.
The solid lines represent the fits whenn ) 2 by eq 3, and theK1,
Φ, andIMRM values are listed in Table 2.
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true for both the flip and flop variants (see Table 1). For
either of the isoforms, our results show thatkop remains
essentially invariant whenn ) 2-4 (Table 1). If receptor
complexes bound with more than two glutamate molecules
have higher conductance levels, then the higher conductance
levels associated with higher agonist occupancy do not give
rise to different channel opening rate constants. Alternatively,
the receptor complexes with higher occupancy have different
rate constants of channel opening, but the fraction of these
complexes in the overall receptor population all bound with
glutamate is not high enough to significantly alterkobsvalues.
It is also possible that the concentration range of glutamate
released by photolysis may not be wide enough for our data
analysis (in Figure 4B). However, regardless of howkobs is
used to calculatekop andkcl with respect to a specificn value,
the set ofkop andkcl values whenn ) 2 is phenomenologi-
cally representative of the channel opening kinetics for both
GluR3flip and GluR3flop. We thus favor an interpretation of
kop andkcl with an n of 2 being the minimal values of the
channel opening and channel closing rate constants.

From the elegant study of the single-channel records of
both the wild-type and mutant GluR3 receptors, Rosenmund
and co-workers (40) suggested that binding of two agonist
molecules per tetrameric receptor complex is necessary to
open the channel, and binding of more than two agonist
molecules leads to the open channels with higher mean
single-channel conductance. Evidence that supports this
conclusion includes the single-channel study of native AMPA
receptors at varying glutamate concentrations (48) and the
single-channel/crystallographic studies of GluR2 with dif-
ferent agonists (28). Given that an AMPA receptor may be
a dimer of “dimers” (49), binding of one glutamate molecule
per dimer or two per tetramer as a minimal stoichiometry is
plausible (32). Furthermore, despite the fact that channel
conductance of AMPA receptors depends on agonist oc-
cupancy, it is unclear how a change in conductance affects
synaptic response seen as macroscopic current. It has been
suggested that glutamate at the synapse may not be able to
visit multiple conductance levels of synaptic AMPA receptors
(48), because glutamate cannot be present in the synaptic
cleft at concentrations of>1 mM for more than 100-200
µs or because the channels desensitize rapidly (50, 51).

AlternatiVe Splicing Regulates the GluR3 Channel Opening
Process. The channel opening rate constant defines how fast
a channel opens following the binding of glutamate. The
channel closing rate constant represents how fast an open
channel closes and thus is a measure of the lifetime of an
open channel with the relationshipkcl ) 1/τ, whereτ is the
lifetime expressed as a time constant (31). In this study, we
determinedkop to be 97 000 s-1 for GluR3flip and 99 000 s-1

for GluR3flop andkcl to be 1000 s-1 for GluR3flip and 3800
s-1 for GluR3flop. On the basis of these results, we conclude
that alternative splicing does not affect the channel opening

rate reaction but does affect the channel closing rate process
of GluR3 in that the flop variant has a markedly faster
channel closing rate than the flip counterpart. Furthermore,
on the basis that the flip and flop variants have identicalK1

values or EC50 values, the alternative splicing may not affect
the rate of binding of glutamate to the receptor.

Our findings also reveal how the alternative splicing
regulates the channel function. First, at high concentrations
of glutamate, the time course is unaffected by alternative
splicing, because for GluR3,kop . kcl, and the time constant
of the current rise, i.e., 1/(kop + kcl), is mainly determined
by kop. Second, because alternative splicing mainly affects
kcl, it will influence more effectively the channel activity of
GluR3 at lower glutamate concentrations. Third, alternative
splicing has little influence on the channel opening prob-
ability, Pop, or the probability that a channel can open once
it is bound with ligand(s) (31, 52, 53). This is becausePop

) kop/(kop + kcl), and again,kop . kcl. Specifically, thePop

values for GluR3flip and GluR3flop are estimated to be 0.99
( 0.12 and 0.96( 0.10, respectively, consistent with a high
Pop value in general for AMPA receptors (32). In fact,
becausekop . kcl, Pop naturally approaches unity; seePop )
kop/(kop + kcl), regardless of then value or agonist occupancy.
Physiologically, the synaptic concentration of glutamate can
be as high as 1 mM (50, 54). Therefore, it is unlikely that
alternative splicing plays a significant role in shaping the
initial events of synaptic activity when the glutamate
concentration is that high.

Given the prediction that the flip-flop module affects
channel activity, it is plausible that alternative splicing has
a major impact on excitatory postsynaptic current (EPSC)
at low glutamate concentrations, such as in the slow-rising
component of the AMPA receptor-mediated conductance at
the cerebellar mossy fiber-granule cell synapse (55). Such a
slow synaptic current is mediated possibly by two mecha-
nisms, a prolonged local release of glutamate via a narrow
fusion pore and a spillover or the diffusion of glutamate from
distant sites (55). Both mechanisms may involve a low
synaptic glutamate concentration. For example, in the
cerebellar mossy fiber-granule cell synapse, a glutamate
concentration of∼130 µM through a spillover mechanism
is thought to be responsible for the slow-rising EPSC (55).
Moreover, both spillover and narrow fusion pore release are
believed to play important roles in developmental strengthen-
ing of central glutamatergic synaptic connections (55, 56).
Under such a condition where low glutamate concentrations
are prevalent, the kinetically distinct flip and flop variants
may be relevant for synaptic transmission. Furthermore,
because the flip isoform dwells on the open channel state
longer, more calcium can enter the cell that harbors the flip
isoform per unit time. This prediction is consistent with the
pathogenic hypothesis by which an elevated level of expres-

Table 2: K1 Values Estimated from Dose-Response Curve for GluR3flip and GluR3flop

GluR3flip GluR3flop

n K1 (mM) Φ ImRm (nA) R2 K1 (mM) Φ ImRm (nA) R2

1 2.6( 751 0.14( 45 88( 3479 0.780 7.0( 1252 0.12( 24 108( 2359 0.738
2 1.0( 0.70 0.55( 0.89 166( 90 0.997 0.95( 0.65 0.79( 0.40 190( 130 0.956
3 0.70( 0.50 0.35( 0.64 141( 80 0.990 0.62( 1.0 0.68( 3.2 177( 355 0.955
4 0.36( 0.30 0.75( 1.5 184( 169 0.989 0.43( 0.59 0.81( 3.6 188( 400 0.955

2032 Biochemistry, Vol. 46, No. 7, 2007 Pei et al.



sion of the flip isoforms of AMPA receptors in the spinal
motor neurons of ALS patients shall render those cells more
vulnerable to excitotoxicity (18).

The Flip-Flop AlternatiVe Splicing Sequence Is a Structure-
Stabilizing Module.Armstrong and Gouaux (41, 57) first
proposed that opening of an AMPA channel is initiated by
the closure of receptor domains or lobes 1 and 2, after agonist
binding, from their X-ray crystallographic study of the S1S2
extracellular binding domains of AMPA receptors. The
trapping of agonist bound to the extracellular domains causes
a conformational strain in the extracellular portion of the
receptor, leading to the opening of the gate in the trans-
membrane segment (41, 58). Using these structural concepts,
the kop obtained for the GluR3 channel may represent the
rate of domain closure induced by glutamate binding, and
the kcl should then correspond to the rate of re-opening of
the bilobe structure to return to its original active conforma-
tion. It should be noted that the magnitude of the channel
closing rate constant,kcl, or the mean lifetime of the open
channel,τ (kcl ) 1/τ), reflects the stability of the open channel
state of the receptor. Therefore, the flip sequence in the flip-
flop alternative splicing module promotes a more stable open
channel conformation than does the flop sequence, simply
because thekcl of GluR3flip is smaller than that of GluR3flop.
Consequently, the flip-flop module is hypothesized to
operate to “tune” the channel opening equilibrium. It should
be pointed out that generally for proteins, substrate-induced
conformational changes correlate to rate constants in the
range of 10-104 s-1 (59). Therefore, on the basis of the
values ofkop andkcl for the GluR3 receptors, the link ofkop

to the rate of bilobe closure and the link ofkcl to the rate of
re-opening of the closed bilobe as major conformational
changes are plausible.

It is worth noting that the alternatively spliced region of
AMPA receptors is located in the S2 extracellular domain
or right above the fourth transmembrane domain. Unless its
location is accidental, we hypothesize that the alternatively
spliced region in AMPA receptors is situated in a pivotal
position in that it serves as a structural “lamppost” involved
in stabilizing the extracellular binding domain when this
domain transiently changes its conformation upon binding
to glutamate or when the gate in the transmembrane domain
is open. Specifically, if the flip sequence is used as the
benchmark, the flop sequence corresponds to a structurally
weakened lamppost such that the closed bilobe structure is
less stable or the re-opening of this structure is kinetically
more favorable as it has a largerkcl. Obviously, further studies
are needed to test this hypothesis. If true, the alternative
splicing has a structural meaning: it regulates the stability
of the open channel conformation.

Time Course for GluR3flip and GluR3flop. The time course
of channel opening describes the speed by which channels
open, defined bykop, and the duration of the open channels,
defined bykcl, at a given concentration of ligand for the
ensemble rate process (31). Consequently, the time course
for the opening of GluR3flip and GluR3flop channels can be
constructed usingkcl andkop values as a function of glutamate
concentration, according to eq 1 (in Figure 6). Specifically,
the time course was calculated to be the rise time of the
whole-cell current increase from 20 to 80%. As expected,
when the glutamate concentration increases, the time course
decreases and the difference in the time course between the

flip and flop variants narrows (Figure 6). This is because at
high ligand concentrations, the magnitude ofkop dominates
the kinetic behavior of the channel, and thekop values for
GluR3flip and GluR3flop are identical (regardless of the number
of ligand molecules bound to a receptor to open its channel).
Consequently, the shortest rise time, which is achieved at a
saturating glutamate concentration, is∼14 and∼13 µs for
the flip and flop isoforms, respectively.

In the description of the time course, the desensitization
was assumed not to occur appreciably in the same period of
time, and such an assumption was reasonable as discussed
earlier. However, the inclusion of the desensitization rate is
needed to define the total time duration (50, 60), which
further includes the current falling to the baseline, similar
to defining the size and duration of EPSP. Furthermore, to
define rigorously anin ViVo time course, additional factors
must be considered, such as the time of glutamate uptake
from the synaptic cleft and the relative location of receptors
in the postsynaptic density. Other factors that complicate the
measurement of anin ViVo time course include a prolonged
local release of glutamate and a slow rise time due to a low
synaptic concentration of glutamate. A prolonged local
release could occur because the neurotransmitter is released
through a narrow fusion pore or because the neurotransmitter
is diffused from distant sites, i.e., “spillover” (55). A slow
rise time has been recorded from AMPA synapses (56, 61-
63). Therefore, the time course we constructed (Figure 6)
only sets the upper limit for the early part of the channel
activity, assuming synchronized activation of the receptors
at the same location.

When the glutamate concentration is sufficiently low, the
rate of glutamate binding becomes rate-limiting because
ligand binding is a bimolecular process (Figure 1). Conse-
quently, an observed rate of current rise will no longer reflect
the channel opening (32). To ensure that the ligand binding
rate was fast enough during our laser-pulse photolysis
measurement so that the relatively slow channel opening
process was always observed, we only used thosekobsvalues
that corresponded to glutamate concentrations ofg80 µM
for data analysis (in Figure 4B). The glutamate concentration
of 80µM is equivalent to evoking∼4% of the channels (i.e.,
the fraction of the open channel state in all channel
populations, which is defined by eq 3 and shown in Figure
5 for both GluR3 isoforms). This kinetic rationale and the
resulting practice have been thoroughly discussed in our
previous studies of other AMPA receptor channels (31).

Knowing the time course of synaptic conductance is
necessary for investigation of information processing in the

FIGURE 6: Time course for GluR3flip and GluR3flop as a function
of glutamate concentration. The time course is expressed as the
rise time of the whole-cell current. The rise time is defined as the
time for the receptor current response to rise from 20 to 80% and
is obtained by converting akobsvalue by eq 1, using experimentally
determinedkop andkcl values atn ) 2 for a corresponding glutamate
concentration.
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brain, as it determines such basic properties as temporal
precision and reliability (64, 65) and the gain of rate-encoded
signals (66). It is also required to characterize the integration
of nerve impulses that arrive at a chemical synapse or that
originate from the same synapse but from different receptors
or even from different isoforms of the same receptor
responding to the same chemical signals, like glutamate. Such
a study is especially meaningful for ionotropic glutamate
receptors, because all three channel subtypes, namely,
NMDA, AMPA, and kainate channels, are known to have
different channel opening rate constants in response to the
same agonist, glutamate.

Comparison of the Channel Opening Rate Constants of
GluR3 with Those of Other Glutamate Receptors.Our study
of GluR3 channel opening kinetics also constitutes a
complete characterization of the channel opening rate
constants for the flip variants of all AMPA receptor channels
(Table 3). The comparison of the channel opening kinetics
among these receptor subunits reveals clear differences in
the channel opening and channel closing rate constants. Most
strikingly, the magnitude of thekop values for both GluR3flip
and GluR3flop channels suggests that both variants are fast-
activating channels, similar to GluR2 and GluR4 but different
from GluR1 (see Table 3). Any of thekop values in GluR2-4
are at least 3-fold larger than thekop of GluR1. In terms of
K1 and EC50 values, GluR3 is also more similar to GluR2
and GluR4, i.e.,∼1 mM (30, 32, 43), than to GluR1, i.e.,
∼0.5 mM (31). Interestingly, only the flip and flop variants
of GluR1 do not exhibit different rates of desensitization (7).
Our preliminary study of the channel opening kinetics of
GluR1Qflop (unpublished data) shows that itskcl andkop values
are identical to those of the GluR1Qflip channels (31).
Together, these results suggest that GluR2, GluR3, and
GluR4 are kinetically similar to each other, but different from
GluR1.

Because of a relatively lowK1 or EC50 for GluR1
compared to other AMPA channels, a greater proportion of
the GluR1 channel can open at a given concentration of
glutamate, such as 1 mM, albeit with a relatively slower rate,
compared with other AMPA channels. This difference is
particularly significant when the glutamate concentration is

low but disappears when the glutamate concentration reaches
saturation with respect to all AMPA channels. However,
whenkcl is used as a unifying standard for comparison, it is
apparent that GluR3flip has the smallestkcl, whereas GluR4flip
has the largestkcl; GluR1Qflip and GluR2Qflip, on the other
hand, seem to have similarkcl values. What this difference
means physiologically is not yet known. It is clear, however,
that functional differences among these channels should
manifest more pronouncedly at lower glutamate concentra-
tions. Finally, with limited information available, all AMPA
channels have nevertheless larger channel opening rate
constants, compared with the GluR6 kainate receptor channel
(67) (Table 3). Whether this difference represents general
kinetic properties between kainate and AMPA receptors also
merits future studies.
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