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Presynaptic ionotropic glutamate receptors are emerging as key
players in the regulation of synaptic transmission. Here we identify
GluR?7, a kainate receptor (KAR) subunit with no known function in
the brain, as an essential subunit of presynaptic autoreceptors that
facilitate hippocampal mossy fiber synaptic transmission. GIuR7~/~
mice display markedly reduced short- and long-term synaptic
potentiation. Our data suggest that presynaptic KARs are GIuR6/
GluR7 heteromers that coassemble and are localized within syn-
apses. We show that recombinant GIuR6/GIluR7 KARs exhibit low
sensitivity to glutamate, and we provide evidence that presynaptic
KARs at mossy fiber synapses are likely activated by high concen-
trations of glutamate. Overall, from our data, we propose a model
whereby presynaptic KARs are localized in the presynaptic active
zone close to release sites, display low affinity for glutamate, are
likely Ca2*-permeable, are activated by single release events, and
operate within a short time window to facilitate the subsequent
release of glutamate.

kainate receptors | presynaptic glutamate receptors | short-term
plasticity | synaptic plasticity

I onotropic glutamate receptors can regulate axonal excitability or
transmitter release by acting as autoreceptors or heteroreceptors
(1). Among these, presynaptic kainate receptors (KARs) play a
prominent role in the regulation of synaptic transmission. Their
pharmacological activation can either facilitate or depress
GABAergic or glutamatergic synaptic transmission in several brain
regions (2, 3). In comparison, relatively few reports describe a
physiological role for presynaptic KARs activated by synaptically
released glutamate. The most compelling example is found at the
synapses between mossy fibers (MF) and CA3 pyramidal cells in the
hippocampus (MF-CA3 synapses), where KARs contribute to
several forms of short- and long-term synaptic plasticity (4-8). A
crucial step toward understanding the molecular and biophysical
mechanisms by which presynaptic KARs modulate synaptic trans-
mission is to determine the subunit composition of the receptors
involved in these processes; at MF-CA3 synapses, this is still a
matter of debate. Antagonists for GluR5-containing receptors
block the presynaptic action of KARs (refs. 6 and 9, but see ref. 10),
leaving postsynaptic KAR-mediated excitatory postsynaptic cur-
rents (EPSCs) unaffected. However, these data are at odds with the
analysis of GIuR5~/~ and GluR6~/~ mice, because only the latter
show altered MF-CA3 synaptic transmission (5, 11). In addition,
GluR5 mRNA is not detected in dentate granule cells (12, 13),
where MFs originate. These cells, however, express GluR7 mRNA,
making it a possible candidate for presynaptic KARs at MF-CA3
synapses. No physiological function is known for GluR7, although
it is abundantly expressed in the brain (14). One explanation for the
elusive function of GluR7 may reside in the fact that it responds only
to high concentrations of glutamate (15), thus questioning the
physiological conditions under which native receptors can be acti-
vated. Here, we show that GIuR7 participates to presynaptic KARs
at the MF-CA3 synapse. We propose that, assembled with GluR6,

www.pnas.org/cgi/doi/10.1073/pnas.0608891104

it forms presynaptic receptors that are likely Ca?*-permeable,
exhibit low sensitivity to glutamate, and facilitate synaptic plasticity.

Results

GluR7-Containing Presynaptic KARs Facilitate MF Short-Term Synaptic
Plasticity. We examined the possible contribution of GluR7 to
synaptic transmission at hippocampal MF synapses by the genera-
tion and analysis of GluR7~/~ mice [supporting information (SI)
Fig. 7]. MF EPSCs elicited in GluR7~/~ mice displayed a large
component mediated by AMPA receptors and a smaller compo-
nent mediated by KARs that, as expected, did not differ from WT
mice (SI Fig. 8), because CA3 pyramidal cells do not express GluR7
(12). Paired-pulse facilitation (PPF), measured at interstimulus
intervals (ISIs) ranging from 10 to 200 ms, was markedly smaller in
GIuR7~/~ mice at short ISIs (for 40-ms IS, 4.3 = 0.3, n = 14 for
wild-type; 2.5 = 0.2, n = 10 for GluR7~/~; P = 0.0002). Interest-
ingly, at ISIs =100 ms, PPF was not altered in GluR7~/~ mice (Fig.
1a). These results show that GluR7-containing KARs, in response
to a single stimulus, facilitate subsequent MF-EPSCs within a
restricted temporal frame. MF-CA3 synapses also display low-
frequency facilitation (LFF), which develops over a slower time
scale with repetitive stimulation. We tested LFF by increasing the
stimulation frequency from a basal rate of 0.1 Hz to higher
frequencies (0.2-3 Hz). LFF was reduced at rates of stimulation
>0.2 Hz (e.g., 767 £ 75%,n = 8 for WT; 356 = 15%, n = 8 for
GIuR7~/~ at 3 Hz; P = 0.0001; Fig. 1b) (time courses are shown in
SI Fig. 9). Therefore, presynaptic GluR7-containing KARs mark-
edly facilitate PPF and LFF, but the expression of these forms of
short-term plasticity (STP) does not absolutely require functional
presynaptic KARs. STP was reduced in GluR6™/~ mice to the same
extent as in GluR7~/~ mice [LFF at 1 Hz was 61 * 4% of WT in
GIuR7~/~ mice and 59 * 8% in GluR6™/~ (n = 10), P > 0.05; PPF
at 40-ms ISI was 58 = 4% of WT in GluR7 /" and 71 = 6% in
GluR6~/~ (n = 8), P> 0.05] but was not affected in GluR5~/~ mice
(not shown), as reported (5). These results indicate that both GluR6
and GluR?7 are necessary for the facilitatory action of presynaptic
KARs at MF-CA3 synapses.
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Fig. 1. MF short-term synaptic plasticity is impaired in GIuR7~~ mice. (a) PPF
was found to be significantly reduced in GluR7~/~ mice for short ISIs. (Left)
Representative traces of averaged MF-EPSCs evoked by paired stimuli delivered at
intervals of 20, 40, and 200 ms for WT and GIuR7 ~/~ mice. [Scale, 60 pA for WT and
50 pA for GIuR7~/~ (50 ms).] (Right) Summary graph of paired-pulse ratios at
intervals ranging from 10 to 200 ms. **, P<<0.01; ***, P < 0.001. (b) LFF, recorded
when increasing the stimulation frequency from a basal value of 0.1 Hz, was also
much reduced in GIuR7~/~ mice. (Left) Representative traces of averaged MF-
EPSCs at stimulation frequencies of 0.1-3 Hz for WT and GIuR7 '~ mice. [Scale, 100
pA for WT and 50 pA for GIuR7~/~ (25 ms).] (Right) Summary graph of MF-EPSC
amplitudes for stimulation frequencies of 0.2-3 Hz normalized to the amplitude
of the responses at 0.1 Hz. *, P < 0.05; ***, P < 0.001.

Long-Term Potentiation (LTP) Is Impaired in GIuR7—/~ Mice. MF LTP
is an NMDA receptor-independent presynaptic form of plasticity
(16) that depends on Ca®* entry at the MF terminal (but see ref.
17). KARs play an important role in MF LTP (5, 18), but the
identity of the receptors involved also remains controversial. We
examined the potential contribution of GluR7 to MF LTP induced

by high-frequency stimulation (see SI Text). In the first minute after
the last tetanic burst, a significant difference in the magnitude of
post-tetanic potentiation (PTP) was observed between the two
genotypes (902 £ 71%, n = 12 for WT and 534 + 86%, n = 9 for
GIluR7~/7; P = 0.0036; Fig. 2 a and d). LTP was also markedly
reduced but not completely abolished in GluR7~/~ mice (181
+ 10%, n = 12 for WT and 119 * 6%, n = 9 for GluR7/~—; P
< 0.0001), supporting the notion that KARs play a facilitating
rather than an inducting role in MF LTP (18). We thus examined
whether LTP could be rescued in GluR7~/~ mice under conditions
that enhance presynaptic excitability. First, we increased the con-
centration of extracellular K* to 5 mM before and during the
induction protocol. This caused a slight increase in the amplitude
of MF-EPSCs and the tetanus that previously induced partial LTP
in GluR7~/~ mice now induced a large enhancement of MF-EPSC
amplitude (172 + 39%,n = 7; Fig. 2b and e). Second, a more robust
induction protocol, consisting of nine bursts of 100 Hz instead of 3,
also rescued LTP in GluR7~/~ mice (177 = 19%, n = 5; Fig. 2 ¢ and
e). Both protocols also restored PTP but had no effect when tested
in WT mice (Fig. 2d and ¢). Forskolin can directly activate adenylyl
cyclases and induce a long-lasting enhancement of MF-EPSCs that
occludes burst-induced LTP (19), bypassing the need for synaptic
activity. Application of forskolin (10 uM, 15 min) increased MF-
EPSCs to the same extent in both genotypes (177 = 39%,n = 5 for
WT and 184 = 29%, n = 8 for GluR7~/~; P = 0.89; Fig. 2f),
indicating that the impairment of MF LTP in GluR7~/~ mice
occurred upstream of PKA activation.

Subcellular Localization, Coassembly, and Properties of GluR6/GIluR7
Receptors. Both GluR6 and GIuR7 appear necessary for the
facilitatory effects of KARs on MF synaptic transmission, suggest-
ing they may coassemble to form functional presynaptic KARs. We
examined whether GluR6 and GluR?7 colocalize in synapses using
a biochemical fractionation procedure (20). Several synaptic pro-
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Fig.3. Subcellular localization and association of GIuR6 and GIuR7 subunits.
(a) Immunoblots of hippocampal synaptosomal membranes (input) and from
nonsynapticand synaptic fractions prepared from WT, GluR6~/~, and GIuR7 ~/~
mice. PSD95, a characteristic protein of the postsynaptic density, was present
in the synaptic junctions but excluded from the nonsynaptic fraction. The
same separation occurred with the metabotropic receptor mGIuR7, which is
known to be present almost exclusively within the presynaptic active zone
(21). On the contrary, the adhesion molecule NCAM and the synaptic vesicle
protein synaptophysin were detected only in the nonsynaptic fraction. Anal-
ysis of the protein fractions with an anti-GluR6/7 antibody revealed that, in the
absence of the GIuR6 subunit, GIuR7 is found at synapses, and vice versa. (b)
KARs were purified by immunoprecipitation from mouse brains of different
genotypes (WT, mycGluR6, and mycGluR6XGIuR6~/~), with an anti-myc anti-
body. Western blots were probed with an anti-GluR6/7 antibody. In brains
from mycGluR6XGIuR6~/~ mice, the upper band (135 kDa) corresponds to the
immunoprecipitated transgene product (myc-GluR6a) and the lower band
(115 kDa) to GIuR7.

teins were enriched in fractions corresponding to synaptic junctions
isolated from the hippocampi of WT, GluR6~/~ and GIuR7 /"~
mice (Fig. 3a; details in figure legend). In the absence of subunit-
selective antibodies, we used an anti-GluR6/7 antibody in GluR6™/~
and GluR7~/~ mice to label GluR7 and GluRe6, respectively. These
experiments indicate that both subunits are present in synaptic
junctions (Fig. 3a). Second, we investigated the coassembly of the
two subunits in vivo by coimmunoprecipitation. It is already known
that GluR6 and GluR7 can coassemble in recombinant systems (22,
23). In the absence of a suitable anti-GluR7 antibody, we used
transgenic mice expressing myc-GluR6a under the control of the
a-Ca?*/calmodulin-dependent kinase IT (CAMKII) promoter on a
GluR6/~ background [myc-GluR6X GIuR6 '~ mice (24)]. Immu-
noprecipitation with an anti-myc antibody yielded two bands cor-
responding to myc-GluR6 (135 kDa) and GluR7 (115 kDa; Fig. 3b),
indicating that myc-GluR6 and GluR7 were associated within a
heteromeric complex in vivo.

We next examined some properties of recombinant GluR6/
GluR7 heteromers that putatively correspond to the presynaptic
KARs on MF terminals. When transfected, alone or in combina-
tion, in HEK 293 cells, the receptors colocalized at the cell surface
(Fig. 4a; see also ref. 23). Homomeric GluR7 receptors desensitized
rapidly and completely, as shown (15). Interestingly, current—
voltage (I-V) curves showed a very marked inward rectification; at
—40 mV, the chord conductance was only 6.9 * 0.8% of the one
at —80mV (n = 6), and no currents were detected at higher voltages
(Fig. 4b). To study GluR6/7 receptors, we cotransfected GluR7a
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and the edited (R) form of GluR6a that, once incorporated into a
receptor, yields an approximately linear [-V curve (25). I-V curves
recorded from GluR6/7 transfected cells displayed an almost linear
relationship, intermediate between those of GluR6R and GluR7
receptors (Fig. 4b). GluR6 and GluR7 also show very different
sensitivities to glutamate (15, 26). We measured an ECsy of 740
+ 50 uM for GluR6 [r = 3, Hill coefficient (h) = 0.95] and 12.4
+ 04 mM for GluR7 (n = 6, h = 1.49; Fig. 4c). For GluR6/7
transfected cells, the sensitivity to glutamate, measured at —60 mV,
was almost identical to that of GluR7 (Fig. 4c). To eliminate the
contribution of homomeric GluR7 receptors we held the cells at
+80 mV, at which these receptors do not generate any currents (Fig.
4b). In these conditions, the sensitivity to glutamate was still
markedly different from that of GluR6 and closer to GluR7 (Fig.
4c). This shows that the glutamate-activated currents arise mainly
from heteromeric GluR6/GluR7 receptors that display low sensi-
tivity to glutamate. Consequently, native receptors composed of
GluR6 and GIluR7 may be expected to require relatively high
concentrations of glutamate for effective activation.

Kynurenate, a low-affinity competitive antagonist of glutamate
receptors whose binding can be displaced by synaptically released
glutamate (27) can, at high concentrations, block MF LTP (4) (but
see refs. 17 and 28). We readdressed this issue by first testing its
effects on LFF. Kynurenate (1 mM) blocked MF-EPSCs by ~80%
(not shown) but did not reduce LFF at 1 Hz (513 % 69% for control
and 519 = 107% after kynurenate, n = 7; P = 0.93; Fig. 4d1). This
same concentration of antagonist reduced but did not completely
block LTP (140 = 11%, n = 7; Fig. 4d2). A higher concentration
of kynurenate (5 mM) completely blocked MF LTP (Fig. 4d3),
consistent with the hypothesis that the high concentration of
glutamate being sensed by presynaptic KARs receptors is able to
displace bound kynurenate. Recombinant GluR6/GIuR7 receptors
were blocked by kynurenate (not shown), ruling out the possibility
that the lack of effect of low concentrations of kynurenate on
synaptic plasticity was due to a poor block of these receptors.

Insights into the Mechanisms of Action of Presynaptic KARs. Presyn-
aptic KARs on MF-CA3 synapses may act by depolarizing the nerve
terminals (6, 8). It has also been proposed that they are Ca’*-
permeable, because their action is blocked by philanthotoxin-433
[PhTx (29)] that selectively targets unedited Ca?*-permeable glu-
tamate receptors (30). We therefore tested whether PhTx affected
synaptic plasticity in GluR7~/~ mice. To achieve a consistent block
of the receptors, we delivered brief trains of stimulation [30 pulses
at 50 Hz repeated five times at 2-min intervals (29)] in the presence
of PhTx after recording the protocols in control conditions. These
trains did not by themselves cause significant changes in synaptic
plasticity (not shown). When PhTx (3 uM) was added, it signifi-
cantly reduced LFF in WT mice (from 474 * 36% to 327 * 27%),
n = 7; P = 0.0003; Fig. 5al) without affecting EPSC amplitudes at
basal frequency, as reported (31). In contrast, it did not cause any
change in the already lower LFF in GluR7/~ mice (from
343 + 31% to 354 = 19%, n = 7; P = 0.69; Fig. 5a2). In a similar
manner, PPF was significantly reduced by 3 uM PhTx in WT but
not GluR7~/~ mice (at 40-ms ISI, from 3.7 = 0.2t0 2.6 = 0.2 in WT,
n="7,P=0.02;and from 2.8 = 03t02.7 = 0.3in GluR7/~,n = §;
P = 0.81; Fig. 5b). A similar lack of effect of PhTx was found in
GluR6~/~ mice (SI Fig. 10). These experiments show a selective
action of PhTx on GluR6/GluR7-containing presynaptic KARs at
MF-CA3 synapses, which are likely Ca?*-permeable. The AMPA
receptor/KAR antagonist 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX; 50 uM) was also able to reduce LFF in WT mice but not
in GluR7~/~ mice when monitoring the NMDA component of
MF-EPSC:s [LFF at 1 Hz, from 498 + 37% to 406 = 33% for WT,
n =7;P = 0.004; and from 402 = 34% to 423 =+ 61% for GluR7~/~,
n =T, P = 0389 (see SI Fig. 11)].

It has been shown that MF synaptic transmission is facilitated by
bath application of kainate at “low” concentration (=50 nM) and
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Fig.4. Properties of recombinant and native GluR7-containing KARs. (a) When cotransfected in HEK 293 cells, GFP-GIuR6 and myc-GluR7 colocalize at the cell
surface, as revealed after staining with anti-GFP and anti-myc antibodies. (b) I-V relationships recorded from HEK 293 cells transfected with GIuR6R alone (white
squares, n = 7), GIuR7 alone (white circles, n = 6), or both (black circles, n = 8). Current amplitudes are normalized to values at —80 mV. Traces show currents
evoked in a GluR7-transfected cell at —80 mV (Left) and +80 mV (Right). (Scale bars, 50 ms X 200 pA.) (c) Examples of currents evoked by 1 or 30 mM glutamate
in cells transfected with one or both subunits (Left). Holding potentials were —40 mV for GluR6 transfected cells, —60 mV (—) and +80 mV (+) for GIuR6/7
transfected cells, and —80 mV for GluR7-transfected cells. [Scale bars, 2 nA, GIuR6; 100 pA, GIuR6/GIuR7; and 400 pA, GIuR7 (50 ms).] (Right) Concentration-
response curves for three to six cells in each group. Symbols are the same as in Left. Black squares correspond to GIuR6/GluR7-transfected cells recorded at +80
mV. Data fitting was done with the Hill equation. (d) MF LFF, when shifting stimulation from 0.1 to 1 Hz, is not changed by 1 mM kynurenate (d7). At this
concentration, kynurenate does not completely block MF LTP (d2) but is effective in blocking LTP at a higher concentration (5 mM; d3). [Scale bars, 35 pA, d2;

46 pA, d3 (10 ms).]

depressed by higher doses (8, 32, 33). These effects are lost in
GIuR6~/~ mice, which also display impaired MF synaptic plasticity,
suggesting that the same KARs act in a bimodal manner depending
on the concentration of agonist (8). Given that GluR7~/~ mice
display a selective impairment of presynaptic KAR function, we
repeated these experiments to further clarify the nature of the
receptors involved in the effects of exogenous agonists on MF
synaptic transmission. However, and at odds with previous reports,
we were unable to observe any consistent facilitatory effect of
bath-applied kainate (50 nM) on MF synaptic transmission, even
when raising the extracellular Ca>* concentration (29) (Fig. 6 a and
¢). This phenomenon was nevertheless apparent in a subset of the
recordings (WT, three of 10 cells). However, this was also the case
for GluR7~/~ mice (three of eight cells). Bath application of 200 nM
kainate caused a large decrease in MF-EPSC amplitudes (Fig. 6 b
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Fig.5. KAR-dependent MF synaptic plasticity is blocked by PhTx. (a) MF LFF,
when shifting stimulation from 0.1 to 1 Hz, is significantly reduced by 3 uM
PhTx in slices from WT (a7) but not from GIuR7 ~/~ mice (a2). [Scale bars, WT,
100 pA X 20 ms; GIuR7~/~, 50 pA for control, 36 pA for PhTx (20 ms).] (b) MF
PPF, for an ISl of 40 ms, is also significantly reduced by 3 uM PhTx in WT but not
in GIUR7~/~ mice. [Scale bars, 53 pA, WT; 170 pA, GIuR7~/~ (10 ms).]
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and c) and the activation of an inward current on the recorded CA3
neurons (Fig. 6d) that were not different between genotypes. Thus,
presynaptic KARs activated by endogenous glutamate (those in-
volved in homosynaptic plasticity) are likely distinct from the KARs
that mediate the effects of bath-applied kainate.

Discussion

GluR7 forms functional recombinant receptors with very low
sensitivity to glutamate (15), suggesting it may play a unique role
in synaptic transmission. In this study, we show that GluR7 is a
key subunit of presynaptic KARs involved in facilitating synaptic
transmission at MF-CA3 synapses, and we provide insights into
the mechanism of action of these autoreceptors.

Identity of Presynaptic KARs on MF Synapses. The subunit compo-
sition of presynaptic KARs at MF synapses is still debated. It has
been reported that the GluR5-selective antagonists LY382884 (4,
6, 29, 34) and UBP302 (9) affect MF-CA3 synaptic plasticity.
However, and in substantiation of a previous report (10), we were
unable to find any effect of these antagonists on MF LFF by using
concentrations of LY382884 or UBP302 up to 50 uM, at which
MEF-EPSCs were already blocked by ~50% (data not shown). We
also found MF STP to be normal in GluR5~/~ mice (data not
shown; see also refs. 5 and 10). Instead, in GluR7~/~ mice, the
function of presynaptic KARs is selectively impaired, without any
effects on postsynaptic KARs. In addition, in WT but not in
GIuR7~/~ mice, STP was reduced by PhTx and 6-cyano-7-
nitroquinoxaline-2,3-dione, (CNQX), lending further support to
the participation of GluR7 to presynaptic KARs. GIuR7~/~ mice
displayed a reduction in synaptic plasticity that resembles the one
described for GIluR6~/~ mice, suggesting a functional interaction
between the two subunits. Indeed, we show that GluR6 and GluR7
are associated in vivo. Therefore, our studies clearly favor a crucial
role for GluR6/GluR?7 receptors in MF synaptic plasticity and not
for GluRS. The development of GluR7-selective antagonists, ex-
pected to target only presynaptic KARs and still be active in
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Fig. 6. GluR7-containing KARs are not involved in the depressing action of
kainate on MF-EPSCs. (a and b) Time course of the normalized MF-EPSC amplitude
during the application of 50 or 200 nM kainate in the extracellular medium,
respectively. Basal stimulation was performed at 0.05 Hz. (c) Summary graph for
the changes in MF-synaptic transmission upon application of 50 or 200 nM
kainate. In either case, no differences between genotypes are observed, and an
enhancing effect of kainate is not apparent even in the presence of higher
concentrations of divalent cations (4 mM Ca2* and 4 mM Mg?*). (d) Kainate (200
nM) activates a postsynaptic inward current, with similar average amplitude in
neurons recorded from slices of WT and GluR7~/~ mice.

GIluR5~/~ mice, could help in solving this apparent paradox. The
link between KARs involved in homosynaptic plasticity and KARs
activated by bath application of kainate is also unclear. It was
reported that MF synaptic transmission is facilitated by low con-
centrations of kainate (=50 nM) (8, 33) and depressed by higher
concentrations (8, 32). Both actions of kainate are absent in
GluR6™/~ mice (5, 32), along with a reduction of homosynaptic
facilitation (5). In contrast, in KA2~/~ mice, the facilitation by
kainate is lost, whereas homosynaptic facilitation is preserved (33).
We found no significant facilitation of MF-EPSCs by kainate both
in WT and GIuR7~/~ mice, despite considerable efforts to ap-
proach experimental conditions used by others. On the other hand,
inhibition by kainate was preserved in GluR7~/~ mice but absent in
GIluR6™/~ mice, although both genotypes show reduced homosyn-
aptic facilitation. Together, these results suggest that the KARs
involved in homosynaptic facilitation are distinct from the KARs
mediating the effects of bath applied kainate, which are likely
composed of GluR6 and KA2.

On the Mechanisms of Action of Presynaptic KARs at MF Synapses.
GIluR6~/~ mice display both pre- and postsynaptic phenotypes,
whereas only presynaptic KAR function is impaired in GluR7~/~
mice. These mice thus constitute a valuable tool to study the
mechanism of action of presynaptic KARs. PPF is severely reduced
in GluR7~/~ mice, suggesting that presynaptic KARs containing
GluR?7 can be activated by single-release events to facilitate sub-
sequent ones. The contribution of KARs to PPF is relevant only at
ISIs <100 ms (Fig. 1; see also ref. 5), a timing that tightly coincides
with the reported peak presynaptic intraterminal Ca®* changes
(35). This implies that, for short ISIs (<100 ms), presynaptic KARs
enhance the classical mechanisms operating for PPF, which are
attributed to residual presynaptic Ca>* (36). The fast time course
of action of presynaptic KARs tends to rule out the involvement of
a metabotropic process as the primary trigger for synaptic facilita-
tion. In addition to a possible depolarizing action, which could alter
resting Ca?* levels and heavily impact transmitter release (37),
presynaptic KARs may also contribute directly to Ca?* influx
through the receptor itself. Given the marked effects of PhTx on

Pinheiro et al.

synaptic facilitation in WT but not in GluR7~/~ mice, we conclude
that this toxin acts selectively on GluR7-containing presynaptic
KARs, which are, in all probability, Ca>*-permeable. This Ca>*
influx would enhance release by summating with Ca* entering the
terminals through voltage-gated Ca?* channels and/or triggering
release from intracellular stores (29) (but see ref. 10). It seems likely
that a similar mechanism of facilitation of Ca?* entry by presynaptic
KARs also operates in the induction of MF LTP, by lowering the
levels of activity required to attain sufficient activation of the
Ca?*-dependent adenylyl cyclases implicated in this form of plas-
ticity (38, 39). This is supported by the fact that chemical LTP is
normal in GluR7~/~ mice and that LTP can be rescued by
manipulations that boost Ca?* entry into the terminals (see also ref.
18). In addition, we found that KAR function can be bypassed in the
presence of high extracellular Ca?* such that short-term facilitation
is the same in WT, GluR6~/~, and GluR7~/~ mice (SI Fig. 12; see
also ref. 29). It should be noted that, although 100-Hz trains of
stimulation are routinely used for the induction of MF-LTP, the
activity of granule cells in vivo consists of short bursts of action
potentials (40).

LFF is another form of STP that develops upon repetitive
stimulation and involves CaMKII (41). That PPF was not impaired
in GluR7~/~ mice at ISIs >100 ms suggests LFF should be
unchanged in these mice at such comparatively longer ISIs, which
we found not to be the case. This implies that LFF probably relies
more on the sheer amount of Ca?* that enters the terminals at each
stimulus (and to which KARs contribute) and on the repetitive
nature of the protocol that will allow enough activated CaMKII to
exert its action on glutamate release and disfavors a mechanism
relying on Ca?* buildup inside the terminals. The presynaptic action
of KARs might also depend on specific interactions with other
proteins that require both GluR6 and GluR7 subunits; for example,
a close interaction with the protein complexes involved in synaptic
release might be important.

Properties and Localization of GluR6/GIuR7 Receptors: Possible Impli-
cations. Characterizing the functional properties and subcellular
localization of presynaptic KARs, which we identified as putative
GluR6/GluR7 heteromers, is an important step toward understand-
ing their mechanism of action. GluR6 and GIuR7 are enriched in
synaptic junctions and should, therefore, be localized within the
active zone at the presynaptic level. Additionally, recombinant
GluR6 and GluR7 coassemble and display low sensitivity to glu-
tamate. This suggests that presynaptic KARs on MF synapses are
localized close to glutamate release sites, where they would sense
concentrations of glutamate high enough for their activation,
because vesicular glutamate is estimated to be as high as 60-210
mM (42). This concurs with the need of high concentrations of the
low-affinity competitive antagonist kynurenate to block MF LTP
(see also ref. 4). However, previous studies reported that high
kynurenate could not block the induction of MF-LTP (28) (see also
ref. 17). A plausible explanation is that, in these studies, very low (or
no) EGTA was used in the intracellular solution. In fact, in the study
by Yeckel et al. (17), LTP induced by the same protocol as in our
study is blocked by kynurenate when 1 mM 1,2-bis(2-aminophe-
noxy)ethane-N,N,N',N'-tetraacetate (BAPTA) is included in the
recording pipette, suggesting that another form of LTP was prob-
ably being recorded with low postsynaptic Ca?* buffering.

The overall reduced facilitation of MF synaptic transmission in
the absence of functional presynaptic KARs may cause a severe
reduction in spike transmission at MF-CA3 pyramidal cell synapses.
This may lead to impairment in the pattern of activity of place cells
and, hence, in the definition of place fields in the CA3 region, that
should impact behaviorally relevant tasks relying on hippocampal-
dependent forms of learning. Genetic data suggest that GluR7 may
be implicated in complex neurological conditions, such as recurrent
major depressive disorder (43). This should fuel the study of the
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functions of GluR7 in a more widespread manner and possibly open
new therapeutic opportunities.

Methods

Subcellular Fractionation. Synaptic junctions were prepared as de-
scribed (20) with slight modifications (44). Briefly, the hippocampi
from six to eight mice were homogenized at 4°C in 3 ml of isolation
solution (320 mM sucrose, 0.1 mM CaCl,, 1 mM MgCl,, and 0.1
mM phenylmethylsulfonyl fluoride). The concentration of sucrose
was raised to 1.25 M, and the suspension was divided into ultra-
centrifuge tubes. The homogenate was overlaid with 1.0 M sucrose/
0.1 mM CaCl, and centrifuged (100,000 X gmax, 3 h at 4°C).
Synaptosomes were collected at the 1.25/1.0 M sucrose interface,
diluted 1:10 in cold 0.32 M sucrose with 0.1 mM CaCl,, and pelleted
(15,000 X gmax, 30 min, 4°C). Synaptosomes were then diluted 1:10
in ice-cold 0.1 mM CaCl, and added to an equal volume of
solubilization buffer (2% Triton X-100/40 mM Tris, pH 6.0).
Membranes were incubated for 30 min on ice with mild agitation,
and synaptic junctions were pelleted by centrifugation (40,000
X gmax, 30 min at 4°C). Proteins in the supernatant (nonsynaptic
proteins) were precipitated with acetone (6 volumes at —20°C) and
recovered by centrifugation (18,000 X gmax, 30 min at —10°C). The
proteins were resuspended in 5% SDS and quantified by the
bicinchoninic acid method. Samples were further treated with
SDS/PAGE sample buffer and analyzed by Western blotting (see
the list of antibodies in SI Text). Immunoprecipitation experiments
were performed by using a standard protocol (24) (details are in ST
Text).

Electrophysiological Recordings from CA3 Pyramidal Cells. Experi-
ments were performed on parasaggital hippocampal slices from 14-
to 21-day-old WT and GluR7~/~ mice by using standard techniques
(45). Whole-cell voltage—clamp recordings (3.5- to 4.5-M{) elec-
trodes, —70 mV holding potential) were made at room temperature
(22-24°C) from pyramidal cells of the CA3 field visualized by
infrared videomicroscopy. Slices were perfused with extracellular
solution composed of 125 mM NaCl, 2.5 mM KCI, 1.25 mM
NaH,PO,, 26 mM NaHCO3, 2.3 mM CaCl,, 1.3 mM MgCl,, and 25
mM glucose saturated with 95% O,/5% CO,. Bicuculline (10 uM)
was added to the bath to block GABA receptors. The intracellular
solution was composed of: 122 mM CsCl, 10 mM Hepes, 10 mM
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EGTA, 2 mM MgCl,, 2 mM NaCl, and 4 mM Na,ATP, pH 7.3.
EPSCs in CA3 pyramidal cells were evoked by stimulation of MFs
by using a patch pipette filled with a Hepes-based extracellular
solution placed in the hilus or in the stratum lucidum, in the vicinity
of the recorded cell. Minimal intensities of stimulation were used
to limit indirect activation of non-MFs (45).

Experiments on Recombinant Receptors. HEK 293 cells were trans-
fected and recorded as described (46). Cells were cotransfected
with GluR6a or GluR7a subunits and GFP at a cDNA ratio of 2:1.
To study heteromeric GluR6/GIluR7 receptors, GluR7a, and the
edited form of GluR6a (GluR6aR) were cotransfected with GFP at
aratio of 1:3:2. One day later, cells were bathed in a solution at room
temperature containing 145 mM NaCl, 2 mM KCl, 2 mM MgCl,,
2mM CaCl,, 10 mM glucose, and 10 mM Hepes (pH 7.4, 320 mOsm
per liter). Whole-cell recordings were performed on fluorescent
cells held at —80 to —40 mV. Recording pipettes (resistance 2—4
MQ) were filled with a solution containing 122 mM CsCl, 2 mM
NaCl, 2 mM MgCl,, 10 mM EGTA, 10 mM Hepes, 4 mM Na,ATP,
and 0.06 mM spermine (pH 7.2, 310 mOsm per liter) (detailed in
SI Text).

For immunocytochemical experiments, HEK 293 cells were
transfected with GFP-tagged GluR6a and myc-tagged GluR7a.
Detection of surface receptors was performed as described (23)
(detailed in SI Text).

Statistics. Results are presented as mean = SEM of # cells from at
least three to four different mice, where applicable. Comparison
between groups was performed by using the paired or unpaired
two-tailed ¢ test, as adequate.
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