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Abstract

Endogenous polyamines profoundly affect the activity of various ion channels, including that of
calcium-permeable AMPA-type glutamate receptors (CP-AMPARS). Here we show that stargazin,
a transmembrane AMPAR regulatory protein (TARP) known to influence transport, gating and
desensitization of AMPARS, greatly reduces block of CP-AMPARSs by intracellular polyamines.
By decreasing CP-AMPAR affinity for cytoplasmic polyamines, stargazin enhances the charge
transfer following single glutamate applications and eliminates the frequency-dependent
facilitation seen with repeated applications. In cerebellar stellate cells, which express both
synaptic CP-AMPARs and stargazin, we found that the rectification and unitary conductance of
channels underlying excitatory postsynaptic currents were matched by those of recombinant
AMPARSs only when the latter were associated with stargazin. Taken together, our observations
establish modulatory actions of stargazin specific to CP-AMPARSs, and suggest that during
synaptic transmission the activity of such receptors, and thus calcium influx, is fundamentally
changed by TARPs.

INTRODUCTION

AMPA type glutamate receptors mediate most fast excitatory synaptic transmission in the
brain. The AMPAR subunits (GluR1-GluR4) form tetrameric assemblies with properties that
depend crucially on their constituent subunits — in particular, the presence of GIUR2. This
subunit is modified at its Q/R site in the pore-lining region by posttranscriptional RNA
editingl. Unlike other AMPARS, those lacking the edited GIuR2 subunit are permeable to
Ca?* ions2, possess a high single-channel conductance3,4, and are subject to a block by
endogenous intracellular polyamines that confers profound rectification on the responses5-7
and influences frequency-dependent facilitation at synapses expressing these receptors8,9.
CP-AMPARSs have also been implicated in the induction of NMDAR-dependent long-term
potentiation10 (but see also ref. 11) and in various neurological conditions4,12-15, and are
themselves subject to dynamic regulation15-19.

AMPARs are modulated by interaction with stargazin, a TARP that is crucial for their
surface expression20-22, synaptic targeting and stabilization23, and recycling24.1n addition,
stargazin interacts with AMPARSs to slow channel deactivation and desensitization25-29 and
to increase the rate of channel opening26. Previous studies, however, have not revealed
functional effects of stargazin on the characteristic rectification of CP--AMPARs26,30.

Here we describe how stargazin regulates the functional properties of recombinant
homomeric CP-AMPARs (comprising GIuR1, GIuR3 or GluR4) by influencing block by
polyamines and enhancing Ca2* transfer. We show that stargazin reduces the sensitivity of
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CP-AMPARSs to polyamine block at both positive and negative membrane potentials. This
effect, which is not accompanied by modification in the permeability of channels to Ca2*
ions, is associated with a marked increase in single-channel conductance. These altered
channel properties, combined with a slowed channel deactivation time, are expected to
enhance the macroscopic conductance, to increase Ca%* influx, and to alter frequency-
dependent facilitation.

To determine whether stargazin exerts a similar influence on the properties of native CP-
AMPARSs, we also examined synaptic currents in cerebellar stellate cells. These cells show
strongly rectifying synaptic currents, indicative of the presence of GluR2-lacking
AMPARSs16,18,31, and are known to express stargazin32-34. We find that AMPARS
underlying stellate cell excitatory postsynaptic currents (EPSCs) show rectification and
single-channel properties that correspond well to those of recombinant AMPARS
coexpressed with stargazin. Our results support the view that TARPS play an essential part
in determining basic EPSC properties in neurons expressing CP-AMPARS.

Stargazin alters rectification of recombinant CP-AMPARs

To examine the effect of stargazin on CP-AMPARS, we recorded glutamate-evoked currents
from recombinant receptors expressed in tsA201 cells (M ethods and Supplementary
Methods online), and measured the effect of stargazin on current-voltage (/-V) relationships
obtained in response to rapid applications of glutamate (10 mM, 100 ms) to outside-out
membrane patches (Fig. 1). The glutamate-evoked responses from homomeric AMPARS
composed of GIuR1 (Fig. 1a) or GluR4 (Fig. 1b) showed characteristic inwardly rectifying
/-Vplots due to block by intracellular polyamine (100 M added spermine). In the presence
of stargazin, rectification was markedly reduced, although not abolished, at both negative
and positive potentials (Fig. 1a, b). Similar results were obtained for homomeric GIuR3
(data not shown). Stargazin greatly reduced rectification of glutamate-evoked currents from
outside-out patches taken from cells expressing GluR4 (Fig. 1c). By contrast, Ca2*-
impermeable AMPARs (heteromeric GIuR2/GIuR4) generated linear /-Vplots (Fig. 1d) that
were unchanged by stargazin. The stargazin used in these experiments was tagged at the
carboxy-terminus with enhanced green fluorescent protein (EGFP29), but identical effects
were obtained with stargazin that lacked EGFP (data not shown).

Channel conductance, but not Ca2* permeability is modified

The spermine sensitivity of AMPARs is determined by Q/R editing in the channel pore,
which is also critical for their Ca2* permeability. To determine whether the decrease in
spermine sensitivity of GluR2-lacking (Ca2*-permeable) AMPARSs was accompanied by a
change in their Ca2* permeability, we compared the reversal potentials of glutamate-evoked
currents in solutions containing low (1 mM) or high (30 mM) Ca2* (Fig. 2). For receptors
with high Ca2* permeability, partial replacement of external Na* with CaZ* should not
change the reversal potential. Indeed, we found no shift with homomeric GluR4 AMPARs
(Fig. 2a). We obtained similar results when GIuR4 was coexpressed with stargazin (Fig. 2c),
suggesting that the Ca2* permeability of the channels was unaltered. From the reversal
potentials, we estimated the relative Ca2* permeability (Pca/Pna) and obtained similar
values for GIuR4 (0.87) and GIuR4 with stargazin (0.82). This values contrasted with those
obtained for heteromeric GIuR2/GluR4 AMPARs, which, as expected for Ca%*-
impermeable receptors, showed a large negative shift in reversal potential in high-Ca2*
(-1.1 £ 1.3 mV in Na* -rich solution, as compared with —=57.8 + 3.3 mV in Ca2* -rich
solution; n =4, Pca/Pya = 0.04).
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Although stargazin did not modify Ca?* permeability, it caused a significant increase in
AMPAR single-channel conductance26. Non-stationary fluctuation analysis of responses
evoked by 10mM glutamate yielded conductance estimates of 17.6 + 2.7pS for homomeric
GluR4 AMPARSs (Fig. 2b), and 25.4 + 2.0pS when GluR4 was expressed with stargazin
(Fig. 2d; n=15 and 16 cells, respectively; £=0.013). By contrast, the maximum open
probability of the channels (A, max) Was unchanged (0.61 + 0.05 versus 0.68 + 0.04,
P=0.336).

What are the overall effects of stargazin on charge transfer and Ca2* influx through CP-
AMPARSs? As indicated above, stargazin increased the single-channel conductance of
GluR4 by ~40% (Fig 2). For a 1ms application of glutamate, stargazin also slowed
deactivation by ~140% (Fig. 3a). By plotting conductance against voltage35 it can be seen
that stargazin induced a +33 mV shift in the voltage for half-maximal block by spermine
(Fig. 3b). Consequently, in response to a brief pulse of glutamate at a typical neuronal
resting potential of —-60mV, the alleviation of spermine block by stargazin resulted in an
additional increase in the macroscopic conductance of ~30%. Although the stargazin-
induced change in single-channel conductance and kinetics may be similar for all AMPARS,
the modulation of spermine action by stargazin is specific to Ca2*-permeable receptors.
Given the lack of change in Ca2* permeability, this modulation would result in an additional
increase in Ca2* influx.

Stargazin reduces channel block by polyamines

We tested whether stargazin altered the time course of spermine open-channel block.
Although the mechanism by which endogenous intracellular polyamines block CP-AMPARS
is not fully understood, they seem to act as an open-channel blocker and to bind to closed-
channel states8. Because the onset and recovery of AMPAR block by polyamines is rapid,
we applied voltage steps in the presence of 1mM glutamate and 50 .M cyclothiazide to
patches expressing GIuR4 with and without stargazin (Fig. 4a-d).

Peak current responses to voltage steps were followed by clear relaxations in patches
expressing GIuR4 alone, as expected for open-channel block by spermine (Fig. 4a). These
relaxations were greatly slowed when stargazin was coexpressed with GIuR4 (Fig. 4b),
suggesting that stargazin reduced sensitivity to spermine. The /-V/relationships constructed
for the peak responses showed relatively weak rectification, regardless of the presence of
stargazin (Fig. 4a, b, bottom). This observation contrasted with that for steady-state currents,
which yielded a markedly rectifying /-Vplot only in the absence of stargazin (Fig. 4a versus
b).

To examine recovery from spermine block, patches were stepped from a holding potential of
+20mV to —-80mV in —20 mV increments. The re-equilibration rates of the current (from
blocked to unblocked state) were significantly faster with stargazin present (Fig. 4c,d). For
GluR4 alone, the equilibration when stepping from +20 to —-60mV was described by a
double exponential (7 = 67£11 s (679 %), s = 339x101 ps; 7, = 158+27 ps, n = 6),
whereas for GIuR4 plus stargazin only a single exponential was required (z = 38£1us, n = 4,
P=0.007 versus =, of GIuR4). These results indicate a markedly accelerated spermine
unblock occurred in the presence of stargazin.

Stargazin alters frequency-dependent facilitation

We considered whether this change in polyamine block could have physiological
consequences. Polyamines produce a closed-channel block that is voltage insensitive but
relieved by cation influx, giving rise to an activity-dependent postsynaptic facilitation (or
reduced depression) at physiologically relevant frequencies of activation8,36. To determine
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whether stargazin altered this facilitation, we applied trains of glutamate pulses (1ms, 1mM,
14 Hz) to patches (Fig. 4e, f). We obtained modest facilitation with GluR4 alone (+12.2 +
3.1%, n=16; Fig. 4e, g) but no facilitation when stargazin was present; instead, the currents
showed clear depression (=8.2 + 2.9%, /7=9: Fig. 4f, g), consistent with incomplete recovery
from desensitization at this frequency (which was also evident in the absence of spermine;
data not shown).

Stargazin influences properties of synaptic CP-AMPARS

To assess whether spermine modulation of synaptically activated CP-AMPAR:s is likely to
be altered by stargazin, we examined EPSCs in cerebellar stellate cells. These cells show
rectifying EPSCs, indicative of the presence of GluR2-lacking AMPARs16, and also express
stargazin32-34. We reasoned that, if stargazin is bound to synaptic CP-AMPARS, then it is
likely to influence EPSC rectification and to increase the underlying single-channel
conductance26.

Our experiments showed that rectification of these EPSCs was strongest in young rats, when
AMPARSs are likely to be homomeric GIuR3 assemblies, and decreased during development,
reflecting the expression of mainly heteromeric GluR2/3 assemblies37,38. Figure 5 shows
families of parallel fibre-evoked EPSCs, recorded over a range of membrane voltages from
stellate cells taken from rats at postnatal day 8 (P8), P18 and P28 (100 tM added spermine).
Rectification (calculated as rectification index; M ethods) was greatest at P8 (0.34 £+ 0.03, n
= 23) when the EPSCs are mediated almost completely by CP-AMPARs16. In cells from
P18 and P28 rats the /-Vrelationships were less rectifying, as indicated by higher
rectification index values (0.60 £ 0.04 and 0.48 + 0.06, respectively; n =19 and 8, A<0.0001
and P=0.02 versus P8, Mann-Whitney U-test). EPSC rectification was due to the blocking
action of intracellular spermine: with a spermine-free intracellular solution, rectification was
absent and the rectification index was consistent across all ages (mean 1.00 = 0.01 (n = 6) at
P8, 1.00 £ 0.01 (n = 4) at P18 and 1.00 £ 0.07 (n = 4) at P28).

We applied peak-scaled non-stationary fluctuation analysis (psNSFA; M ethods) to
spontaneous EPSCs to estimate the single-channel conductance of synaptic AMPARs39.
Single-channel conductance was greatest in young rats and decreased with age (Fig. 5b; n =
36, P=0.022, Spearman rank-order correlation), consistent with the insertion of GluR2-
containing AMPARSs at older synapses3. The rectification and single-channel conductance
of synaptic AMPARSs are expected to reflect not only their subunit composition, but also the
presence of stargazin. Comparison of stellate cell data with conductance and rectification
measures obtained from GIuR3 and GIuR2/GIuR3 recombinant AMPARSs (Fig. 5¢) showed
that the properties of the native channels were matched only by those of recombinant
receptors coexpressed with stargazin. Of note, all EPSCs showed a rectification index
greater than 0.15. When GIuR3 was expressed without stargazin, by contrast, it gave average
rectification index values of 0.01 £ 0.01 (n = 8). In fact, 75% of patches expressing GIuR3
alone showed no outward current at +40mV (rectification index 0). When GIuR3 was
expressed with stargazin, the rectification index (0.13 £ 0.03, n = 8, £=0.0013) moved closer
to that shown by EPSCs mediated predominantly by CP-AMPARSs.

Mechanism of altered channel block

Although the experiments shown in Figure 4a,b suggest that stargazin modulates the /-V/
relationship of CP-AMPARS by altering sensitivity to polyamines, such a result could arise
from a change in intrinsic properties of channel gating. To test this possibility, we examined
the /-Vrelationship of GIuR4 AMPARs with and without stargazin in the absence of any
intracellular polyamines. Endogenous polyamines were chelated by inclusion of 20 mM
Na,ATP in the internal solution, and experiments were performed >10 min after patch
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excision. There was identical outward rectification in the two conditions (Fig. 6). Thus, we
conclude that the effects of stargazin on GIluR4 AMPAR inward rectification in the presence
of polyamines are mediated solely by modulation of polyamine block.

We considered how the binding of stargazin to CP-AMPAR channels could produce a
change in spermine block. To determine whether the affinity of the channels for spermine
was changed in the presence of stargazin, we examined /-V/relationships obtained with
different concentrations of added spermine (1-500 wM; Fig. 7a, b). Plots of normalized
conductance against free spermine concentration (M ethods) were used to estimate the
apparent affinity of the channels for spermine at various membrane voltages. The half-
maximal inhibitory concentration (ICsg) values decreased as the patch was depolarized, both
in the presence and absence of stargazin (Fig. 7c,d; for clarity, only negative voltages are
shown). For AMPARSs coexpressed with stargazin, the 1Csy was markedly reduced at both
negative and positive potentials (Fig. 7e); extrapolated linear fits of the data indicated a 22-
fold decrease in apparent affinity at 0 mV in the presence of stargazin. The effect of
stargazin appeared broadly similar at both negative and positive membrane potentials,
suggesting that its action could be adequately explained by a change in spermine affinity. It
was not possible to quantify separately the contribution of any change in spermine
permeation. Specifically, the pronounced attenuation of spermine block meant that, from our
kinetic data (Fig. 4b), we were unable to derive the constraints necessary to enable
resolution of all parameters of a Woodhull-type model for a weakly permeating blocker35.

We also considered whether modulation by stargazin similarly affected block by spermidine,
another endogenous polyamine. Spermine and spermidine differ both in their chain length
(ten and seven CH> groups, respectively) and the number of positively charged groups (four
and three NH, groups, respectively). Comparison of the GIuR4 /-V'relationships (Figure
8a,b) shows that stargazin had a similar influence on the action of both polyamines (100 uM
added). To estimate the effect of stargazin on polyamine affinity, we plotted normalized
conductance against voltage (Fig. 8c,d; corrected for the outward rectification seen in the
absence of polyamines, Fig. 6). The data at negative potentials (describing the onset of
polyamine block) were fitted to a Woodhull model for an impermeable blocker according to
Ky = Ky) exp(= Vi 4 A RT), where Ky is the apparent dissociation constant at 0 mV, zis
the valence of the polyamine, V4, is the membrane voltage, @is the fraction of the
membrane electric field experienced by the polyamine, and 7, 7and Fhave their
conventional meanings8,35. For both polyamines, stargazin produced a roughly tenfold
increase in Ky(g), from 0.49 to 4.54 LM with spermine, and from 0.98 to 9.1 uM with
spermidine. By contrast, |, was essentially unchanged for both polyamines (6 = 0.40 versus
0.36, z6= 1.6 versus 1.44 with spermine; 6= 0.6 versus 0.55, z6= 1.8 versus 1.65 with
spermidine). The fact that the values of Kj(q) for spermine differ from the extrapolated
values of ICgg at 0 mV (Fig. 7) is not unexpected, given that the Woodhull model is not
formally applicable in this case35. Nevertheless, it is clear that stargazin produced a
comparable shift in the affinity of GIuR4 receptors for both spermine and spermidine.

DISCUSSION

We have shown that channel properties of all three homomeric CP-AMPAR subtypes
(comprising GIuR1, GIuR3 and GluR4) are modified by coassembly with the membrane
spanning protein stargazin. In particular, we found that channel block by intracellular
polyamines is markedly reduced at all potentials. AMPARS are considered to be physically
associated with TARPs and are anchored by them in the postsynaptic membrane23,24. Our
experiments on synaptic CP-AMPARs suggest that the associated TARP is crucial in
determining the sensitivity of the native channels to endogenous cytoplasmic polyamines.
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Stargazin enhances charge transfer by modifying polyamine block

In the presence of stargazin, we found that block of recombinant CP-AMPARsS by
intracellular polyamines is reduced, unblock of channels is accelerated, and single-channel
conductance is increased. Because these modifications are not associated with a reduction in
maximum open probability, we estimate that the total charge transfer will be at least
doubled. In addition, because Ca2* permeability of the channels is unaltered, there will be a
corresponding increase in Ca2* entry. These changes are likely to influence several key
aspects of transmission at synapses with CP-AMPARSs (see below).

We considered possible ways in which the presence of stargazin might influence the
mechanism of spermine block. The more than 20-fold shift in spermine ICgg at both
negative and positive potentials suggests that a simple reduction in the affinity of the
channel for polyamine molecules can account for the change in the /-Vrelationship; this
possibility does not exclude involvement of other factors. Our data concerning the block
produced by spermine and spermidine is consistent with the idea that, as previously found
for kainate receptors5,35, both polyamines can permeate CP-AMPAR channels. In
preliminary experiments, we have found that other TARPS (y-4 and -y-8), which show subtle
differences in structure from stargazin, have a qualitatively similar effect on polyamine
block (data not shown).

Are native postsynaptic receptors similarly affected by stargazin?

Stargazin and other members of the TARP family interact with all four AMPAR
subunits26,29, and are involved in the surface expression and synaptic localization of
AMPARs20,21,23. Our experiments on cerebellar stellate cells, which express both Ca2*-
permeable and -impermeable synaptic AMPARs16,31, suggest that both AMPAR subtypes
show properties expected of TARP-associated receptors.

The conductance and rectification properties of AMPARSs underlying the EPSCs in stellate
cells corresponded well to the properties of recombinant AMPAR subunits only when the
latter subunits were coexpressed with stargazin. In young rats, stellate cell EPSCs are
predominantly mediated by CP-AMPARs (most probably homomeric GIuR3; refs. 16,31,38)
and there is a gradual switch to Ca*-impermeable AMPARs (GIuR2-GIuR3; refs. 16,31,
38). Thus, during development, the synaptic AMPARS show a continuum of conductance
and rectification properties, reflecting a gradual developmental increase in the proportion of
Ca?*-impermeable receptors. In recordings from recombinant GIuR3 and GIuR2/GIuR3
AMPARSs, we found that this continuum was poorly followed by receptors lacking stargazin
but was matched well by those containing this TARP. In keeping with this finding, stellate
cells are known to express stargazin32-34. We do not, of course, exclude the possibility that
other TARPs also contribute to the synaptic channels in stellate cells. Our observations
strongly support the view that postsynaptic CP-AMPARSs are modified by TARPs /in situ,
and that this modification enhances charge transfer and thus Ca2* entry.

Our data are consistent with the view that polyamines block the closed state, in addition to
the open state of the CP-AMPARS,36, because stargazin modulation was sufficient to alter
polyamine-dependent facilitation. In fact, our data suggest that the facilitation associated
with postsynaptic CP-AMPARSs might be less profound than was previously thought9. In
addition, the enhancement in Ca2* influx due to stargazin is likely to be particularly
important in interneurons such as cerebellar stellate cells, where increased postsynaptic Ca2*
mediates both synaptic targeting of Ca2*-impermeable GluR2-containing AMPARSs15,16,18
and activation of intracellular signaling cascades associated with the production and release
of endocannabinoids 40,41.
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Compelling evidence indicates that changes in the intraneuronal concentration of
polyamines can dynamically modulate the CP-AMPARs underlying some EPSCs, both
during development42 and after sustained activity43. Whether modulation of polyamine
block also occurs as a result of dynamic changes in the binding/unbinding of stargazin to
AMPARSs, or indeed whether ‘TARP-less” AMPARSs exist either synaptic or extrasynaptic
sites, is at present unclear21,25. TARPs are differentially expressed with respect to brain
region and ontogeny, and it seems likely that different TARPs may vary markedly in their
influence on properties of individual CP-AMPAR subtypes29. If so, the level, species or
stoichiometry of TARP expressed might directly determine sensitivity to polyamine block at
particular synapses. It is clear that the relative abundance and targeting of GIuR2 can shape
EPSC properties and control Ca* permeability at central synapses 2,16,44-46. Our results
suggest that stargazin also has a decisive role in determining the properties CP-AMPAR
EPSCs.

Recombinant receptors

tsA201 cells were grown according to standard protocols and transfected with DNA
encoding AMPAR subunit and stargazin-EGFP by using Lipofectamine 2000
(Invitrogen;see Supplementary Methods).

Electrophysiology

Macroscopic currents were recorded at room temperature (22-24 °C) from outside-out
patches excised from EGFP-positive cells (see Supplementary Methods). The ‘external’
solution contained (in mM): 145 NaCl, 2.5 KCI, 1 CaCl,, 1 MgCl,, 10 glucose and 10
HEPES (pH 7.3 with NaOH). For agonist solutions, 1 or 10mM glutamate and, where
indicated 50 .M cyclothizaide (Tocris Bioscience) were added. The ‘internal’ (pipette)
solution contained: (in mM) 145 CsCl, 2.5 NaCl, 1 Cs-EGTA, 4 MgATP and 10 HEPES
(pH 7.3 with CsOH). Spermine tetrahydrochloride or spermidine trihydrochloride (Tocris
Bioscience) was added to the intracellular solution as indicated. Rapid solution switching
was achieved by piezoelectric translation of a theta-barrel application tool47 (see
Supplementary Methods).

Kinetics of spermine block

The rate of onset of spermine block was studied by using a series of voltage steps from a
holding potential of —80 mV to more depolarized potentials (-60 to +80 mV, 20 mV
increments, 5 ms duration). The rates of recovery from block were measured in patches held
at +20 mV for 15 ms, stepping to a range of more negative potentials (+20 to —80 mV, —20
mV increments). Leak and capacitive currents for each voltage were measured and
subtracted. We added 30 LM spermine to the internal solution. Analysis of current
waveforms and curve fitting was performed with IGOR Pro 5.05 (Wavemetrics) using
NeuroMatic (http://www.neuromatic.thinkrandom.com). Averaged currents describing
recovery from block at different potentials were fitted with a double-exponential function:

I=Agexp (t/7s) +Asexp (t/7s) (1)

where Ag and z; are the amplitude and time constant of the fast component of recovery and
As and t; are the amplitude and time constant of the slow component. If the calculated =g
was longer than 1s or within 10% of z, a single exponential was used. For double-
exponential fits, the weighted time constant of recovery (z,) was calculated according to:
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Measurement of Ca* permeability

NSFA

Voltage ramps from —80 to +60mV were applied in control and high-Ca2* (in mM: 30
CaCly, 110 A~methyl-o-glucamine, 5 HEPES and 50 sucrose; pH 7.3 with HCI) solutions,
and in the same solutions containing 1mM glutamate and 50pLM cyclothiazide. The internal
solution did not contain spermine; thus, the maximum current was obtained at all potentials
(limited rectification may be ascribed to residual endogenous polyamines). Data obtained
were then subtracted for leak and capacitative currents. The relative Ca?* permeability, Ao/
Pna» Was determined from the reversal potentials in low-Ca2* extracellular solution ( Veyna)
and the reversal in high-Ca2* extracellular solution (Vfeyca) by using the equation:

a 2V'€V a B ‘/rev a F ‘/I’CV a - ‘/I’CV a F
PCH/PNQ: 4aNa eXp ( revC: RT N ) +exp ( C: RT N: ) (3)
Ca

where an, and ac, represent the activities of Na* and Ca2* in the extracellular solutions
(0.87 and 0.64, respectively), and R, 7, and Fhave their conventional meanings2. Vieyna
and Veyca Values were corrected for liquid junction potentials of 4.8 mV (calculated with
Clampex 7.1, Molecular Devices Corporation).

To deduce channel properties from macroscopic responses, glutamate (10 mM) was applied
to outside-out patches (100-ms duration, 1 Hz) and the ensemble variance of all successive
pairs of current responses was calculated. The single-channel current (), total number of
channels () and maximum open probability (7, max ) were then determined by plotting this
ensemble variance (o2 ) against mean current (/) and fitting with a parabolic function:

o?=iI -1 2/N+o> @

where o2 is the background variance48. Along with expected peak-to-peak variation in the
currents due to stochastic channel gating, some patches showed gradual changes in peak
amplitude. The mean response was calculated from epochs containing 20-200 stable
responses, which were identified by using a Spearman rank-order correlation test
(NeuroMatic). The weighted-mean single-channel conductance was calculated from the
single-channel current and the holding potential (corrected for the calculated liquid-junction
potential; see above). A, max Was estimated by dividing the average peak current by /.

Cerebellar slices

Coronal slices (200 tm) were cut from the cerebellar vermis of P8 (aged 7-8 d), P18 (17-19
d) and P28 Sprague-Dawley rats, in accordance with UK Animals (Scientific Procedures)
Act 1986, as described49. Whole-cell recordings were made from visually identified
interneurons in the outer third of the molecular layer (presumptive stellate cells) by using
standard procedures (see Supplementary Methods). The extracellular solution contained in
mM: 125 NaCl, 2.5 KCl, 2 CaCl,, 1 MgCls, 25 NaHCO3, 1.25 NaH,PO,4 and 25 glucose
(bubbled with 95% O, and 5% CO,). To block NMDA and GABAA, receptors, 20 pM o-
AP5 and 20 M bicuculline methobromide (Sigma) were added. The “internal” solution
contained (in mM): 128 CsCl, 10 HEPES, 10 EGTA, 10 TEACI, 1 QX314 (Tocris), 2
MgATP, 1 CaCl,, 2 NaCl, 0.25 D600 (Sigma) and 0.1 spermine (pH 7.4 with CsOH, final
osmolarity 285 £ 5 mOsmol/l). EPSCs were evoked by parallel fiber stimulation using a
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patch electrode filled with external solution placed in the molecular layer. Pulses of 60-99 V
were applied for 20-200 ps at 0.5 Hz.

EPSC I-V analysis

psNSFA

Evoked EPSCs were filtered at 2 kHz and digitized at 20 kHz. Events without a monotonic
rise were rejected. Averages waveforms at each holding potential were generated after
aligning a minimum of 20 events at their 20% rise (NeuroMatic, IGOR Pro). Mean EPSC
amplitudes were plotted against membrane potential and fitted with a third-order
polynomial. The rectification index was calculated by dividing the positive current at
+40mV by the negative current value obtained at the membrane voltage equidistant from the
reversal potential.

psNSFA was used to estimate the weighted mean single-channel conductance of synaptic
receptors39. Spontaneous EPSCs were recorded at —60 mV and detected with a scaled
template algorithm50 or by threshold crossing (EVAN software) only events with a fast
monotonic rise time and uncontaminated decay were selected for analysis. EPSCs were
aligned and averaged. The current was divided into 30 bins of equal amplitude and, within
each bin, the variance of the EPSC about the scaled average was computed. The variance
was plotted against the mean current value, and the weighted mean single-channel current
was estimated by fitting the full parabolic relationship with the equation:

o=i1—1%N+0? ()

where o2pg is the peak-scaled variance, 7is the mean current, 7is the weighted mean single-
channel current, A}, is the number of channels open at the peak of the EPSC, and o?gisthe
background variance. The mean chord conductance for each cell was calculated by using the
reversal potential for that cell.

Statistical analysis

Statistical analysis was performed using PRISM (GraphPad Software), with one- or two-
tailed Student's £tests (as appropriate), a Mann-Whitney U-test (when data were non-
normally distributed; Shapiro-Wilk normality test) or two-way repeated measures of
variance (ANOVA).

Free polyamine concentrations

Free spermine concentrations were calculated by using published affinity coefficients for the
binding of spermine by ATP and MgATP (see Supplementary Methods). Added
concentrations were 1, 3, 10, 30, 100, 300 and 500 .M, giving free concentrations of 0.159,
0.476, 1.59, 4.79, 16.2, 50.5 and 87.5 wM. For 100 M added spermidine, a free
concentration of 31.3 M was calculated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Stargazin modifies the /-Vrelationship of recombinant Ca2*-permeable AMPAR channels.
(a) Inwardly rectifying /-Vrelationships for peak currents evoked by glutamate (100 ms, 10
mM) applied to outside-out patches from tsA201 cells containing homomeric GluR1
AMPARSs alone (n7=5) or with stargazin (STG; n=15). The intracellular solution contained
100 M added spermine. In all panels, currents are normalized to —80 mV values, error bars
denote s.e.m. and lines are fits of fifth- to seventh-order polynomials. (b) /-Vrelationships
for homomeric GluR4 AMPARSs in the same conditions as in a. Subunits were expressed
alone (n7=4) or with stargazin (n=4). (c) Representative glutamate-evoked currents at +60
and —60 mV for Ca2*-permeable homomeric GluR4-containing AMPARSs in the absence or
presence of stargazin. Step denotes timing and duration of glutamate application. (d) /-V/
relationships for cells expressing Ca2*-impermeable AMPARSs formed from GIuR2 and
GluR4 subunits. The /-Vrelationships do not exhibit inward rectification in either the

absence (n=9) or the presence (/7= 9) of stargazin.
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Figure2.

Stargazin alters conductance but not Ca2* permeability of AMPARS. (a) /-Vrelationship for
homomeric GIuR4 AMPARs. Plots were obtained by ramping membrane potential (duration
1.4s) from —80 to +60 mV in the presence of 1mM glutamate plus 50 M cyclothiazide.
[Ca%*], was changed from 1 mM (‘low-Ca2*’; 7= 4) to 30 mM (‘high-Ca2*’; n=4). No
spermine was added to the pipette solution. The reversal potentials in the two solutions were
not different (0.7 = 1.1 mV in low Ca?* versus 3.7 £ 0.9 mV in high Ca2*; n= 4; P=0.403).
(b) Currents evoked at —60 mV by rapid application of 10 mM glutamate (100 ms) to
outside-out patches from cells expressing homomeric GluR4 AMPARs. Black lines shows
mean of 84 traces; gray line showns a representative trace. Inset shows current-variance
relationship, the slope of which gave a weighted mean conductance of 15.6 pS for this cell.
Broken line denotes the baseline variance. Top data point represents the centre of the bin, so
the line stops of calculated maximum (£ max = 0.63) (c, d) As in aand b, but with GluR4
AMPAR subunits coexpressed with stargazin. The reversal potential was 0.3 £ 0.5 mV at 1
mM [Ca?*], and 3.4 + 0.9 mV at 30 mM [Ca2*], (both 7=5; P=0.254). A single
macroscopic response and the mean of 121 responses is shown in d. Inset shows current-
variance relationship, yielding a weighted mean conductance of 25.1 pS.
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Figure 3.

Effect of stargazin on polyamine block and deactivation of GIluR4 AMPARs. (a)
Representative current responses recorded from outside-out patches containing GluR4
receptors with and without stargazin (step denotes 1 ms application of 1 mM glutamate; —60
mV with 100 .M added spermine). Responses are scaled to the same peak amplitude and
their decays fitted with double exponentials: GIuR4, 7 = 0.40 £ 0.05 ms (71 £ 9.3%), 75 =
1.6 £ 0.5 ms; GIuR4 plus stargazin, 7z = 1.41 £ 0.33 ms (89.9 £ 3.4%) ts = 16.4 £ 7.1 ms
(both 17=4). 7, increased from 0.61 £ 0.14 to 2.52 + 0.64 ms (P=0.0271), and the normalised
charge transfer increased from 1.00 + 0.13 to 2.41 + 0.42 ms (+141%; P=0.0146). (b) Plot of
normalized conductance (G) against voltage (V) for GIuR4 receptors with and without
stargazin (data from Fig. 1b). Unbroken lines are fits (at negative voltages) to a Boltzmann
function:

1
M\ Lexp (Vi = Vip2) /6))

G=G

where Gnay is the maximal glutamate-activated conductance at hyperpolarized voltages, V4,
is the voltage at which spermine block is half-maximal (broken lines) and kis a slope factor
describing the membrane potential shift necessary to cause an e-fold change in conductance.
The slopes of the fits were not different (k= 15.5 mV for GluR4 and 14.4 mV for GIuR4
plus stargazin) but V4, shifted from -54.4 to —21.2 mV. Similar results were obtained with
GlIuR1).
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Figure4.

Stargazin alters the time course of spermine block and eliminates frequency-dependent
facilitation of Ca*-permeable GluR4 AMPARSs. (a, b) Top, representative responses of
homomeric GIuR4 AMPARs, alone (a) or with stargazin (b), to depolarizing voltage steps in
the presence of 1 mM glutamate. After a hyperpolarizing pre-pulse to —80 mV, outside-out
patches were stepped to +80 mV in 20 mV increments (inset). Cyclothiazide (50 wM) was
included in the extracellular medium to minimize desensitization, and the ‘intracellular’
solution contained spermine (30 wM). Broken line indicates zero current. Relaxations
following voltage steps were greatly diminished with stargazin. Bottom, corresponding /-V/
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relationships for peak and steady-state (5 ms) currents (n = 7 cells without and n = 5 cells
with stargazin). (c, d) Top, relaxation responses to hyperpolarizing voltage steps in the
presence of 1mM glutamate applied to patches containing GIuR4 (c) or GIuR4 plus stargazin
(d). The potential was stepped from +20 mV to =80 mV in —20 mV increments (after a pre-
pulse from 0 to +20 mV; inset). Cyclothiazide and spermine were included as in a,b.
Bottom, onset of the currents; those recorded at —80 to —40 mV were fitted with
exponentials. The kinetics of the currents following voltage steps was much faster in the
presence of stargazin. (e, f) Currents activated by a train of glutamate pulses (1 mM, 1 ms)
applied at 14 Hz to patches expressing GIuR4 (e) or GluR4 plus stargazin (f). Currents from
GluR4 alone increased in amplitude during the train, whereas those from GIuR4 plus
stargazin showed depression (—60 mV; 10 M intracellular spermine). Traces are averages
of 60 or 100 trials. (g) Pooled data from cells expressing GluR4 alone (7= 16) or GIuR4
with stargazin (7= 9; £<0.0001 by two-way repeated measures ANOVA).
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Figureb5.

Rectification and conductance properties of synaptic AMPARS are consistent with the
presence of stargazin. (a) Top, representative stellate cell EPSCs evoked by parallel fiber
stimulation at three different ages (P8, 18 and 28). Bottom, corresponding peak /-V/
relationship. RI denotes the rectification index (Methods). (b) Plot of single-channel
conductance for AMPARs determined from spontaneous EPSCs at three different ages.
Values from individual cells are shown with box-and-whisker plots (indicating median,
25-75th and 10-90th percentiles). (c) Scatter plot of rectification index for stellate cell-
evoked EPSCs against single-channel conductance determined from psNSFA of
spontaneous EPSCs in the same cells. Filled circles represent individual cells; gray shading
indicates the 99% confidence limits of a linear fit to the data (7= 23; £=0.023 by Spearman
rank-order correlation; fit removed for clarity). Superimposed on this graph are
corresponding data from two sets of recombinant receptors (GIuR3 and GluR2/GIuR3) with
and without stargazin. Symbols indicate mean, and vertical and horizontal error bars denote
s.e.m. for each condition. Note that only receptors with stargazin mimic the properties of the
synaptic receptors.
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Figure6.

Stargazin does not affect rectification of GIuR4 in the absence of polyamines. (a) /-V
relationships for homomeric GluR4 receptors with and without stargazin in the absence of
spermine. Na,ATP (20 mM) was included in the patch pipette to chelate endogenous
polyamines. The /-Vrelationships are normalized to the current obtained at -80 mV and
show identical outward rectification in the presence and absence of stargazin (n = 5 each;
symbols as in b). Vertical error bars denote s.e.m. and fitted lines are fifth-order
polynomials. Inset shows a family of GIuR4 currents (=80 to +80 mV) in response to
application of 10 mM glutamate (indicated by the step). (b) Plots of normalized conductance
against voltage for the data shown in a. Fitted lines are drawn according to G = Gpin + (Gp
= Gmin )exp(Vj;; 1 V), where G is the conductance at 0 mV, Gpip is the minimal
conductance (normalized value of 1), and V4 is a constant. Without stargazin, Gy was 1.14
and V¢ 33.5 mV. With stargazin, the respective values were 1.09 and 29.4 mV.
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Figure7.

Stargazin reduces the apparent affinity of GIuR4 receptors for spermine. (a, b) /-V
relationships for homomeric GIuR4 receptors recorded with different concentrations of
added intracellular spermine in the absence (a) and presence (b) of stargazin. /-V/curves
were generated for added spermine concentrations of 1, 3, 10, 30, 100, 300 and 500 M, but
for clarity only three are shown. Currents from individual cells (7= 3-5) are normalised to
the response obtained at the largest negative voltage (—100 and =80 mV, respectively).
Vertical error bars denote s.e.m. Lines are fits of fifth- to seventh-order polynomials. (c, d)
Plots of normalized conductance at different voltages (derived from data in a and b). For
clarity, only data obtained at negative voltages are shown. Unbroken lines show global fits
of each data set (with and without stargazin) to the equation: G = 1/1+ (/Cso /[Spm])™ ,
where ICsq is the concentration of spermine (Spm) producing a half-maximal reduction in
the conductance and 7 is the slope factor (Hill coefficient). (€) Plot of I1Cgq against
membrane voltage. For the data obtained at negative voltages, fitted lines extrapolated to 0
mV (vertical broken line) indicate ICsg values at 0 mV of 21 and 460 nM for GIuR4 and
GluR4 plus stargazin, respectively. Broken lines also connect the 1Cgq values obtained at
positive voltages.
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Figure8.

Stargazin modifies spermidine block of GIuR4 receptors. (a,b) /-Vrelationships for GluR4
receptors obtained with spermine (a) or spermidine (b) added to the intracellular solution
(100 M). Data were recorded from cells with or without stargazin, as indicated. Currents
are normalized to —80 mV values (n = 3 in each condition), error bars denote s.e.m., and
lines are fits of fifth- to seventh-order polynomials. (c d) Plots of normalized conductance
against voltage for the data shown in aand b (corrected for the outward rectification
observed in the absence of polyamines; Fig. 6). Unbroken lines are fits to the data at
negative voltages of a Woodhull model for a non-permeable blocker (see text). This fit gave
values for Kg(g) of 0.49 and 4.54 M for spermine and 0.98 and 9.1 wM for spermidine in
the absence and presence of stargazin, respectively.
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