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A Molecular Determinant for Submillisecond
Desensitization in Glutamate Receptors

J. Mosbacher, R. Schoepfer, H. Monyer, N. Burnashev,
P. H. Seeburg, J. P. Ruppersberg*

The decay of excitatory postsynaptic currents in central neurons mediated by a-amino-
3-hydroxy-5-methyl-4-isoxazole-propionate (AMPA) receptors is likely to be shaped ei-
ther by receptor desensitization or by offset after removal of glutamate from the synaptic
cleft. Native AMPA receptors show desensitization time constants of 1 to about 10
milliseconds, but the underlying molecular determinants of these large differences are
unknown. Cloned AMPA receptors carrying the “flop” splice variants of glutamate re-
ceptor subtype C (GluR-C) and GluR-D are shown to have desensitization time constants
of around 1 millisecond, whereas those with the “flip” variants are about four times slower.
Cerebellar granule cells switch their expression of GIUR-D splice variants from mostly flip
forms in early stages to predominantly flop forms in the adult rat brain. These findings
suggest that rapid desensitization of AMPA receptors can be regulated by the expression
and alternative splicing of GIUR-D gene transcripts.

Native AMPA receptors have been stud-
ied in outside-out patches with rapid so-
lution exchange techniques that allow ag-
onist application times of less than 0.3 ms
(1, 2). These studies have allowed an es-
timate of the correlation between channel
kinetics and the time course of synaptic
events. Because data for the four cloned
AMPA receptor subunits were obtained
from whole-cell recordings (3-6) where
the speed of agonist application is not
faster than about 3 ms, current kinetics in
the range between 1 and 3 ms will be
underestimated. We therefore measured
desensitization of different homo- and
heterooligomeric AMPA receptors recom-
binantly expressed in Xenopus laevis oo-
cytes in outside-out patches with a piezo-
driven application technique (I, 7, 8).
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Homomeric AMPA receptor channels
formed by the glutamate receptor Dg,,
(GluR-D,) subunit desensitize four times
faster than GluR-Dg,, (GluR-D;) channels
(Fig. 1A and Table 1). The decay time
constant of currents mediated by homo-
meric GluR-D, channels in response to a
60-ms pulse of 1 mM glutamate (7g4.;) was
0.9 = 0.1 ms (mean * SD). In contrast, for
the splice variant GluR-D,, which differs
from the flop variant in only 11 amino acid
residues (3), the corresponding value was
3.6 * 0.6 ms. A similar difference in desen-
sitization was found for GluR-C, and GluR-
C, channels (Table 1). The occurrence of
differences in desensitization time course is,
however, not a general property of the
splice variants for all four subunits. For
GluR-A channels, there was no statistically
significant difference between the flip-flop
splice variants (Fig. 1B) (74, = 3.7 * 0.7
ms for GluR-A, and 3.4 * 0.6 ms for
GluR-A)). GluR-B channels could not be
measured in outside-out patches because of
the small currents mediated by homooligo-
meric GluR-B channels.

We also investigated the current re-
sponse to shorter glutamate pulses, where
desensitization was incomplete and the
offset after rapid removal of glutamate
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could be measured. The difference in de-
sensitization between the two GluR-D
variants determines whether the decay
phase of the currents depends on the du-
ration of the glutamate application (Fig.
1C). Currents mediated by GluR-D_ were
almost unchanged when the duration of
glutamate pulses was increased stepwise
from 1 to 8 ms. In contrast, the shape of
GluR-D,~mediated currents clearly de-
pended on the duration of transmitter ap-
plication. In GluR-D, channels, desensiti-
zation was almost as fast as the offset (7 4
= 0.6 = 0.1 ms, n = 7). Thus, the time
course of removal of glutamate should not
have a large influence on the time course
of current decay. This is not the case for
GluR-D,, where desensitization is much
slower than the offset of the current (74
= 0.6 £ 0.1 ms, n = 7). As for GluR-D,
the flip-flop splice variants of GluR-A did
not differ in the offset time constants even
though these were significantly slower
than for GluR-D [r 4 = 1.1 * 0.2 ms for
GluR-A_ (n = 9) and 1.1 * 0.1 ms for
GluR-A, (n = 5)].

Many types of native neuronal AMPA
receptors show only a small Ca?* permeabil-
ity, which is probably a result of the high
expression levels of the edited form of the
GluR-B  subunit in the brain and
its incorporation into heterooligomeric
AMPA receptors (4, 9-12). We therefore
studied desensitization of flip-flop variants in
heteromeric AMPA receptor channels con-
taining the GluR-B subunit. The formation
of heteromeric channels was verified by the
shape of their current-voltage (I-V) relation.
Heteromeric  channels containing the
GluR-B subunit have a more linear I-V re-
lation than homomeric GluR-A, -C, and -D
channels have (Fig. 2B). This I-V relation is
not a superimposition of the I-V values of the
homomeric channels because of the small
currents mediated by homomeric GluR-B
channels. The GluR-D subunit variants also
determined the desensitization time course
of GluR-B or -D heteromeric channels (Fig.
2A and Table 1) in the same way as observed
for the GluR-D homomeric channels (Fig. 1,
A and C). Similarly, heterooligomers con-
taining the GluR-C subunit showed a differ-
ence in their speed of desensitization, which
was less pronounced than the difference be-
tween the GluR-D subunits (Table 1). The
influence of the splice variants of GluR-B in
heterooligomers was significant but weaker
than for GluR-C and -D channels (Table 1).
Similar to the behavior of homooligomeric
GluR-A channels, the splice variants of the
GluR-A subunit coexpressed with GluR-B
showed no detectable differences in their
time constants (Table 1). However, even
with a similar time course of desensitization,
subunit combinations containing the flip or
flop variants of GluR-A differed in the ratio
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of their peak current (Ipeak) to steady-state
current (), which can explain the differ-
ence of steady-state components shown (3):
I . JI(GluR-A/B,) = 108 * 26 (mean *
SEM; n = 23) and I,/ (GluR-A /B) =
237 = 33 (n = 18). These results indicate
that the influence of flip-flop splice variants
on desensitization is specific to each subunit
and is strongest for the GluR-C and, partic-
ularly, the GluR-D subunits.

Besides desensitization, the flip and
flop modules also influenced the rise time
of the currents (the current rise from 20 to
80% of the peak was 0.53 ms for GluR-B,/
D, channels but was only 0.18 ms for
GluR-B,/D, channels) (Fig. 2C). Howev-
er, this could also be explained by the
different desensitization time courses with
identical activation time constants, as-
suming that desensitization starts immedi-
ately with glutamate application. Results

Fig. 1. Currents mediated by re-
combinant homomeric AMPA re-
ceptor channels differ in their time

>

1 mM glutamate

consistent with this hypothesis are shown
in Fig. 2C, where currents are scaled with
respect to the maximal slope of their rising
phase. This scaling resulted in all four fits
to the desensitization phase crossing al-
most at the same point at the beginning of
glutamate application. Hence, it seems
likely that the activation rate is approxi-
mately the same for the different combi-
nations but that the rising phase is cut at
different time points, depending on desen-
sitization rate. Although how far desensi-
tization contributes to the decay phase of
excitatory postsynaptic currents (I, 13—
19) is still under discussion, the decay rate
of currents mediated by AMPA receptors
containing GluR-C, or -D, subunits can-
not be slower than their desensitization
rate, even though glutamate may still be
present in the synaptic cleft.
In situ hybridization (9, 20, 21) and

C

__ 1 mM glutamate

course of desensitization. (A) GluR-
D, channels desensitize four times
faster in response to a 60-ms gluta-
mate pulse (1 mM) at —40 mV than
GIuR-D, channels. (B) GluR-A, and
GIuR-A, channels show no signifi-
cant difference in desensitization
[same conditions as in (A)]. In (A) and
(B), averages of 10 to 40 single re-
sponses to glutamate application
are displayed. (C) Responses of

GIuR-D,

GIuR-D,
v 200 pA

GIUR-D,

200 pA
1100 pA

GIuR-D

GIluR-D, and GIuR-D, channels as in
(A) but to short glutamate pulses of
1, 2, 4, and 8 ms in duration. (D)
Estimated time course of applica-
tion. After disrupting the patch, we
switched the open pipette between
normal and 10X diluted NFR solu-
tion (8). Solution exchange could be
achieved in less than 100 ps (20 to

GluR-A;

B
9{?

\ / | 40 pA
20 ms

|20 pA |50 pA

2ms

D 12 mM NaCl
Open pipette

| 2nA

80%) with our fast application system. The desensitization time constants of currents mediated by GluR-D,
and GluR-D,, showed no large concentration dependence. For 0.3 and 3 mM glutamate, 7 4, was 4.2 =
0.1 ms and 3.8 = 0.5 ms (n = 3) for GluR-D, and 0.9 = 0.2 ms and 0.7 = 0.2 ms (n = 3) for GIuR-D,,,

respectively.

Table 1. Desensitization time constants of all AMPA receptor subunit combinations investigated. Values
were obtained by monoexponential fits to the decay phase of the currents and are given in milliseconds
(mean * standard deviation); the number of patches is in parentheses. Desensitization was tested
independently in a different expression system (HEK293 cells) (28) but also with outside-out patches and
fast glutamate application. Here, only the highly expressing combination GIuR-A/B, could be tested, and
in two experiments desensitization time constants of 4.2 and 4.9 ms were obtained. These values were
within the range of those obtained in patches from Xenopus oocytes, indicating the absence of system-

specific differences.

Desensitization time constants for glutamate receptor subunit

Channel type

Aﬂlp Aﬂop Cfllp Cﬂop Dﬂlp Dflop
Homomeric channels 34+06 37*x07 48x06 14*x04 36+06 09=01
(11 (17 ®) @8 (10) (19)
Combinations with 5109 562+x08 49+x11 23x06 6115 1.1=x02
GIUR-Bﬂ,p 27) (20) (14) (12) (23) (15)
Combinations with 3404 28x04 29+x05 11x02 37=x10 08=0.1
GIuR-Bflop 8) 21) 6) ) (17) 8)
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single-cell polymerase chain reaction ex-
periments (12, 22, 23) have shown tissue-
specific and developmentally regulated ex-
pression of AMPA receptor splice vari-
ants. Figure 3 shows the developmentally
controlled switch of GIuR-D transcript

splicing in cerebellar granule cells. In rats
younger than 9 days, little GluR-D, is
expressed, but GluR-D, mRNA is promi-
nent in the granule cell layer. AMPA
receptors studied in cultures of granule
cells from 6-day-old rats show a desensiti-

Fig. 2. Desensitization of hetero- B

meric AMPA receptors containing 1 mM glutamate Normalized . GlUR-BD;

the GIuR-B subunit. (A) AMPA re- GIuR-BD, peak current r

ceptors formed upon co-injection

into Xenopus oocytes of equal |200 pA GIuR-B,D,
amounts of GIuR-D- and GIuR-B- GIuR-D,
specific CRNAs were fast desensi-

tizing if GIuR-D was in the flop form. GluR-BD;

The flip and flop variants of the lzoo pA GIuR-D,
GluR-B subunit had less influence

on the time course of desensitiza-

tion. (B) Difference between the /-V

relations of homomeric and GIuR- GIUR-B.D 100 50 0 50 100mV
B-containing heteromeric chan- 070 c

nels. Peak /-V relations were ob- | 200 pA 1 mM glutamate
tained from three averaged re- GIUR-B.D

sponses to 60-ms glutamate puls- GIUR-BD,

es as in (A) at test potentials from GIuR-B,D;

—100 to +100 mV in 10-mV incre- GuR-BoD; GluR-BD;

ments as shown in the inset. Scale 200 pA

bars in the inset are 500 pA for
GluR-B/D, and 200 pA for GluR-

20 ms 2ms

D,. Heteromeric channels containing GIuR-B showed a more linear /-V relation of their peak currents,
whereas homomeric GIuR-D as well as GluR-A and GIuR-C (not shown) channels showed inward and
outward rectification. These results are similar to those found for the steady-state current in transfected
cells (28). Desensitization time constants showed a small voltage dependence [GIUR-B_/D,: 7, (—100
mV) =0.9ms, Ty, (+100mV) = 1.2 ms; GIUR-D,: Ty (—100mMV) = 0.9 mMs, 14, (+100 MV) = 1.3 ms;
these data are from traces shown in the inset]. (C) Current traces from (A) but scaled with respect to their
maximal slope of the activation phase (numerically calculated as the minimum of the first derivative), so
that the rising phases overlap maximally. Halftone traces represent monoexponential fits to the decays of
the currents obtained in a fitting range from the inflection point after the peak to the point measured about

40 ms after the peak.

l:)..
| .
PO

P9 P15

Fig. 3. Developmentally regulated expression of GluR-D, and GIuR-D,, in cerebellar granule cells. Shown
are in situ hybridizations with oligonucleotides specific to GIUR-D; and GIuR-D, mRNA (20) at cellular
resolution in cerebellar granule cells of postnatal day 0 (P0), P9, and P15 rat brains. Bar, 25 mm. All
panels show representative hybridization intensities as found for the cerebellar granule cell layer of

each respective age.

SCIENCE

VOL. 266 ¢ 11 NOVEMBER 1994

. REPORTS

zation time constant of about 3 ms (24).
By postnatal day 9, amounts of GluR-D,
mRNA have increased and appear to cor-
relate with fast synaptic transmission, with
decay time constants of about 1 ms ob-
served in cerebellar granule cells at this
age (25). Fast synaptic transmission and
submillisecond desensitization have also
been detected in other parts in the brain—
for example, in cells of the cochlear nu-
cleus (2, 16, 26). Our results emphasize
the importance of splice variant-specific
expression and support the hypothesis that
alternative splicing can change AMPA
receptor channel kinetics, which influenc-
es the shape of synaptic currents.
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GDNF: A Potent Survival Factor for Motoneurons
Present in Peripheral Nerve and Muscle

Christopher E. Henderson, Heidi S. Phillips, Richard A. Pollock,
Alun M. Davies, Corinne Lemeulle, Mark Armanini,
Lora C. Simpson, Barbara Moffet, Richard A. Vandlen,
Vassilis E. Koliatsos,* Arnon Rosenthal*t

For survival, embryonic motoneurons in vertebrates depend on as yet undefined neuro-
trophic factors present in the limb bud. Members of the neurotrophin family are currently
the best candidates for such neurotrophic factors, but inactivation of their receptor genes
leads to only partial loss of motoneurons, which suggests that other factors are involved.
Glial cell line—derived neurotrophic factor (GDNF), originally identified as a trophic factor
specific for dopaminergic neurons, was found to be 75-fold more potent than the neu-
rotrophins in supporting the survival of purified embryonic rat motoneurons in culture.
GDNF messenger RNA was found in the immediate vicinity of motoneurons during the
period of cell death in development. In vivo, GDNF rescues and prevents the atrophy of
facial motoneurons that have been deprived of target-derived survival factors by axotomy.
GDNF may therefore be a physiological trophic factor for spinal motoneurons. Its potency
and specificity in vitro and in vivo also make it a good candidate for treatment of mo-

toneuron disease.

The survival of developing motoneurons
depends on trophic factors derived from
their target, the limb bud, and from in the
central nervous system (1). The best can-
didates for physiological motoneuron tro-
phic factors are currently the neurotro-
phins brain-derived neurotrophic factor
(BDNF), neurotrophin-3 (NT-3), and
neurotrophin-4/5 (NT-4/5): These mole-
cules are the most potent survival factors
known for motoneurons in vitro and in
vivo, are expressed in muscle during nat-
urally occurring motoneuron cell death,
and can be retrogradely transported by
motoneurons (2—4). Moreover, mice in
which TrkB and TrkC (the high-affinity
receptors for these factors) are inactivated
show a 30% loss of spinal motoneurons
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and 70% loss of facial motoneurons (5) at
the end of fetal development, which sug-
gests that at least a subpopulation of mo-
toneurons requires neurotrophins to sur-
vive. However, the incomplete motoneu-
ron loss in the null-mutant mice suggests
that some motoneurons have access to
other survival-promoting molecules. We
therefore searched for additional factors
that might act specifically on motoneu-
rons. GDNF, a distant member of the
transforming growth factor-f family, was
recently purified from the supernatant of
the B49 glial cell line. It has potent effects
on the survival and maturation of cultured
dopaminergic neurons from rat embryonic
midbrain and is expressed in the embryon-
ic striatum and other neuronal structures
(6).

To determine the effect of GDNF on
motoneurons, we prepared enriched cul-
tures from embryonic day 14 (E14) rat
spinal cord by a combination of metriz-
amide density gradient centrifugation and
“immunopanning” (adhesion to plates
coated with antibodies) with a specific
antibody to p75NCfR (where NGFR is the
nerve growth factor receptor) (4, 7). In
these cultures, 93 = 3% (mean = SEM; n
= 4) of the cells were typical motoneu-
rons. They were large and multipolar and
were stained by antibodies to the mo-
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toneuron-specific homeoprotein Islet-1
(8) (Fig. 1A). The remaining cells (~7%)
were smaller, did not stain for Islet-1, and
were excluded from the cell counts. As
reported (4, 9), a subpopulation of Islet-
1—positive motoneurons (33.4 * 0.6%; n
= 5) does not require trophic support
other than that provided by basal culture
medium. However, most motoneurons
(~67%) are dependent on trophic factors
and require muscle extract for survival (4).
We tested the ability of recombinant rat
GDNF to support the muscle-dependent
motoneuron population. Purified mo-
toneurons were seeded at low density in
the presence of serial dilutions of GDNF
(Fig. 1B). After 55 hours in culture, mo-
toneuron survival increased in a dose-de-
pendent manner with a median effective
concentration (ECs) of 0.2 = 0.1 pg/ml
(n = 3), equivalent to 7 fM GDNF dimer.
Concentrations above 10 pg/ml were sat-
urating, and 88.8 * 4.1% (n = 4) of viable
motoneurons were maintained (10).

We compared the potency of GDNF to
that of other factors with motoneuron sur-
vival activity. Dose-response analysis
demonstrated that in this in vitro assay,
GDNEF is 75-, 650-, and 2500-fold more
potent than recombinant rat BDNF, rat
ciliary neurotrophic factor (CNTF), and
human cholinergic differentiation factor—
leukemia inhibitory factor (CDF-LIF), re-
spectively. The ECs, values for the other
factors (BDNF, CNTF, and CDF-LIF)
were similar to those reported (4, 9, 11);
the rank order of potency presented here is
thus not a function of the culture system
used. GDNF also had the highest efficacy
in supporting motoneuron survival. Ex-
pressed relative to the value of the optimal
concentration of BDNF (defined as
100%), GDNF caused 115 = 8% (n = 5),
CNTF 51 * 7% (n = 4), and CDF-LIF 44
+ 6% (n = 4) of the motoneurons to
survive. Furthermore, no additive effect
was apparent, even when all factors were
combined. These findings demonstrate
that GDNF is the most potent survival
factor for motoneurons identified so far
and suggest that GDNF and BDNF each
support essentially all motoneurons puri-
fied by immunopanning, whereas CNTF
and CDF-LIF act on only approximately
half of the same population (9, 11).

In contrast to the neurotrophins,
GDNF had no effect on the survival of
peripheral sensory neurons from the E15
nodose, E15 trigeminal, or E18 trigeminal
ganglia or of E18 sympathetic neurons.
Among those, the only responsive neurons
were from a subpopulation of the E18
nodose neurons that also respond to
BDNEF (Table 1). The neurotrophic effects
of GDNF at the periphery are therefore
specific.






