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Presynaptic Kainate Receptor
Mediation of Frequency
Facilitation at Hippocampal
Mossy Fiber Synapses

Dietmar Schmitz, Jack Mellor, Roger A. Nicoll*

Inhibition of transmitter release by presynaptic receptors is widespread in the
central nervous system and is typically mediated via metabotropic receptors.
In contrast, very little is known about facilitatory receptors, and synaptic
activation of a facilitatory autoreceptor has not been established. Here we
show that activation of presynaptic kainate receptors can facilitate trans-
mitter release from hippocampal mossy fiber synapses. Synaptic activation
of these presumed ionotropic kainate receptors is very fast (<10 ms) and lasts
for seconds. Thus, these presynaptic kainate receptors contribute to the short-
term plasticity characteristics of mossy fiber synapses, which were previously
thought to be an intrinsic property of the synapse.

Neurotransmitter receptors are located on the
presynaptic, as well as the postsynaptic, side
of the synapse. In vertebrates these presynap-
tic receptors are typically metabotropic re-
ceptors and inhibit transmitter release (1, 2),
although in invertebrates facilitatory metabo-
tropic actions have also been described (3, 4).
Ionotropic receptors are also present on pre-
synaptic terminals (5), and their activation
generally inhibits synaptic transmission (6—
11). Although facilitation has been observed,
there is no evidence that synaptically released
transmitter could have access to these recep-
tors (5). Kainate receptors (KARs) have re-
cently been shown to exert presynaptic ef-
fects on glutamatergic (10, 12) as well as
GABAergic terminals (9, /3). However, at
both types of terminals activation of kainate
receptors causes an inhibition of release. Here
we report that activation of presynaptic kai-
nate receptors by low levels of synaptically
released glutamate enhances transmitter re-
lease at hippocampal mossy fiber synapses.
Previous studies found that application of
kainate inhibits synaptic transmission at hip-
pocampal mossy fiber synapses (/4-16).
However, kainate applied at concentrations
considerably below those used in these pre-
vious studies strongly facilitates synaptic
transmission. Kainate (50 nM) produced a
robust and reversible enhancement of a-ami-
no-3-hydroxy-5-methyl-4-isoxazolepropri-
onic acid receptor (AMPAR) mediated exci-
tatory postsynaptic currents (EPSCs) (Fig.
1A) (17), and this enhancement was associ-
ated with a decrease in paired pulse facilita-
tion (PPF) (P2/P1. control, 2.95 = 0.15;
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kainate, 1.9 = 0.16) (Fig. 1A), suggesting
that the enhancement is mediated by an in-
crease in the probability of transmitter release
(18). Kainate (50 nM) also produced a robust
and reversible enhancement in the synaptic
field potential responses (170 = 9%), and
this enhancement was also associated with a
decrease in PPF (control, 2.7 = 0.16; kainate,
1.9 £ 0.17) (19). To study the mechanism
involved in this facilitation, AMPA and
GABA, receptors were selectively blocked
by GYKI 53655 and picrotoxin, respectively,
and N-methyl-D-aspartate (NMDA) receptor
(NMDAR)-mediated EPSCs were recorded
at positive holding potentials. We used the
non-NMDAR antagonists CNQX or NBQX,
which block KARs, to identify effects of
bath-applied kainate and synaptically re-
leased glutamate that are due to KAR activa-
tion. Low concentrations of kainate (50 nM)
also reversibly enhanced NMDAR EPSCs,
and this effect was completely blocked by
CNQX (10 uM), indicating that the enhance-
ment was mediated by high-affinity KARs
(Fig. 1B). The enhancement of AMPAR- and
NMDAR-mediated EPSCs occurred in the
absence of any change in the rise time,
indicating that no polysynaptic inputs were
recruited (Fig. 1, A and B, insets). This same
concentration of kainate also enhanced the
size of the presynaptic fiber volley, and this
effect was also blocked by CNQX (see Fig.
1E).

The enhancing action of kainate, both on
the NMDAR EPSC (Fig. 1, A and B) and on
the fiber volley, was mimicked by the addi-
tion of 4 mM K™ to the superfusing medium
(Fig. 1C), suggesting that the effect of kainate
was mediated by a depolarizing action on the
terminal. Neither kainate nor K* had any
effect on the holding current, making a
postsynaptic site of action most unlikely. In
addition, kainate (50 nM) had no effect on

SCIENCE www.sciencemag.org


mailto:nicoll@phy.ucsf.edu

the responses to iontophoretically applied
NMDA in S. lucidum (96 = 6%, n = 4) (19).
These findings, along with the finding that
the AMPAR EPSP was enhanced to the same
degree as the NMDAR EPSC and was asso-
ciated with a reduction in PPF, imply that the
enhancement is due to an increase in trans-
mitter release.

Higher concentrations of kainate depress
mossy fiber synaptic transmission (/4-16),
and Fig. 1D shows this biphasic effect in field
potential recordings. As the kainate (500 nM)
washes into the slice, the EPSP and fiber
volley initially increase in size. As the con-
centration rises, the enhancement gives way
to a depression of the EPSP, although the size
of the fiber volley continues to increase. The
dose-response characteristics of kainate were
analyzed on the NMDAR EPSC (Fig. 1E)
and confirmed the dose dependent bidirec-
tional modification of synaptic transmission
by exogenous kainate. These effects were
accompanied by an increase in the size of the
fiber volley, although at high concentrations
of kainate the fiber volley was substantially
depressed. The actions of kainate on the

Fig. 1. Bidirectional control (1)
control of synaptic
transmission by kai-
nate and presynaptic
membrane potential.
(A) Averaged traces
of AMPAR-EPSCs re-
corded at -70 mV
holding potential in
the presence of picro-
toxin (100 pM). 50
nM kainate increases
the amplitude of the
first synaptic current,
whereas the second is
unchanged, thereby
changing PPF. Note
that the increase is
not associated with a
change in the rising

150

<100
phase of the EPSC. . ] ! %90%3
(B) Averaged traces 50 1EE

40 ms
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EPSC and the fiber volley were entirely mim-
icked by K* (Fig. 1E). A rather trivial expla-
nation for the enhancement of synaptic re-
sponses is that kainate acts at the site of
stimulation to recruit more fibers. Three ob-
servations rule out this possibility. First, it is
possible to dissociate the enhancement of the
NMDAR EPSC from the enhancement of the
fiber volley by low concentrations of kainate
(20 nM) and K* (2 mM) (Fig. 1E). Second,
local application of kainate (50 to 200 nM) or
K* (5 mM) to the recording site still en-
hanced synaptic transmission (n = 4 each)
(19). Third, we previously reported that local
application of CNQX to the site of stimula-
tion has no effect on the kainate-induced
enhancement of the fiber volley recorded in
the CA3 region (/5).

One might expect that if synaptically re-
leased glutamate activated these receptors,
transmission would be facilitated. Repetitive
stimulation at 25 Hz resulted in an envelope of
outward current, which was largely blocked by
D, L-2-amino-5-phosphonovaleric acid (APV),
indicating that it was mediated by NMDAR
activation (Fig. 2, A and B). Application of

control (1)

J

1 +2 scaled
Lms

wash (3)

N

50 pA
200 ms

CNQX reversibly decreased the size of this
envelope but, unlike APV, had no effect on the
size of the first NMDAR EPSC of the train
(Fig. 2, A and B). This action of CNQX cannot
be accounted for by blockade of an underlying
KAR-mediated EPSC (20-22), because com-
pared with the NMDARs the contribution of
KARs to the overall synaptic response in these
experiments was less than 10% (Fig. 2A). Ap-
plication of the group II mGIuR agonist DCG-
IV (2 pM) essentially abolished the response,
indicating that it was generated by mossy fibers.
Close examination indicates that CNQX re-
duced the second response during the train
(Fig. 2A). NBQX (50 pM) had similar effects
on the peak and second response (n = 3).
Qualitatively similar results were observed
when a brief 100-Hz tetanus was used (Fig. 2,
C and D), indicating that the onset of the
facilitation occurred within 10 ms (n = 5 for
CNQX; n = 3 for NBQX). The results from
five experiments with 25 Hz and five exper-
iments with 100 Hz are summarized in Fig.
2E. It should be noted that the magnitude of
the KAR induced facilitation of the NMDAR
EPSC will be underestimated because of the
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(2+3)
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holding potential in
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53655 (20 M) and
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50 nM kainate revers-
ibly increases the am-
plitude of the synap-
tic current. The in-
crease is not associat-
ed with a change in
kinetics of the EPSC.

control

M
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(Bottom) Time course of this experiment and summarizing bar graphs for
six experiments with 50 nM kainate on AMPAR-mediated EPSCs, seven
experiments with 50 nM kainate on NMDAR-mediated EPSCs, and five
experiments with 50 nM kainate and 10 .M CNQX on NMDAR-mediated
EPSCs. (C) Extracellular potassium mimics the kainate effects. Addition
of 4 mM K™ facilitates NMDAR EPSCs to a similar extent as 50 nM
kainate. Note again that the time course of the EPSCs is not changed.
(D) (Top) 500 nM kainate causes an initial increase in field EPSP (fEPSP)
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(open circles) amplitude (trace 2) followed by a decrease (trace 3). (Bottom)
During the same experiment, the fiber volley (filled squares) only increases.
(E) Concentration dependency of the effects of kainate and K* additions on
NMDAR EPSCs and afferent volley size. Note that 20 nM kainate and 2 mM
K™ significantly increase the amplitude of the NMDAR EPSC, whereas the
fiber volley is not affected. Note also that 500 nM kainate and 8 mM K*
cause an enhancement of the afferent volley, whereas synaptic trans-
mission is strongly suppressed. (n = 5 for each experiment.)
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Fig. 2. Presynaptic kainate recep-
tors are involved in homosynap-
tic facilitation. (A and B) A short A
train of six pulses at 25 Hz to
mossy fibers elicited a long-lasting,
NMDAR-mediated synaptic current
in a CA3 pyramidal neuron held at
+40 mV. CNQX (10 puM) reduces
the peak response of the synaptic
current (A). Note on the expanded
time and amplitude scale that the
second pulse is reduced by CNQX,
whereas the first one is not. Bar, 10
ms and 10 pA. (B) Time course for
the same experiment. APV (20 uM) B
blocks the first response (filled tri-

angles) as well as the peak response 100
(open circles) to the same extent, 2
thereby leaving the ratio (filled cir- s 50
cle) of both unaffected. CNQX < )
leaves the first response unaffected,

whereas the peak response of the

current is strongly reduced, thereby )
depressing the ratio of both. (C and g 210
D) Higher stimulation-frequencies ~ § s g,
(five pulses at 100 Hz) revealed that s
kainate receptors are activated s 8 9
within 10 ms [see the first three

responses during the train on the © 150
expanded time scale in (C)]. Bar, 10 s

ms and 20 pA. (D) Time course of g 100
the same experiment, where the 2 50
open circles show the peak re- & 0

sponse and the closed circles the
ratio of the peak response and the
first response. (E) Summary bar
graphs of the effects of CNQX
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shown in (A) through (D), showing the ratios of the second and the peak response versus the first response for 25 Hz and 100 Hz stimulation (n =

5 for each).

Fig. 3. Kainate receptors contribute
to low-frequency facilitation. (A)
After a conditioning train of five
stimuli at 25 Hz, a test pulse to the
same fibers was given 1.5 s after
the last stimulus within the train.
The test response is enhanced in
comparison to the first response
within the train, but more impor-
tantly this enhancement is reduced
by CNQX (10 uM). The first three o
responses from the conditioning
train are shown enlarged below.
The first response is unaffected by
CNQX. (Bottom) Test responses on
an expanded time and amplitude
scale. Five experiments are summa-
rized in the scatter plot (ratio of the
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test response to the first train response) on the right. (B and C) Changing the frequency of stimulation from 0.05 to 0.33 Hz results in a facilitation
of the NMDAR EPSC, which is depressed by CNQX (10 wM). This is demonstrated in both the trial-by-trial plot (B) and the example traces below (C).
(D) Graph showing the results from six such experiments.

slow unbinding of glutamate from the
NMDARs and NMDAR desensitization.
Given the very high affinity for the presyn-
aptic KAR, one might expect the facilitation to
persist long after the tetanus. We examined this
possibility by applying a test stimulus after the
initial conditioning train (Fig. 3A). Application
of CNQX reduced the size of the test EPSC, but
had no effect on the size of the first EPSC in the
tetanus. The long duration of the KAR-mediat-
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ed enhancement suggests that these receptors
may contribute to the unusually strong frequen-
cy facilitation observed at mossy fiber synapses
(23, 24). When the frequency of stimulation
was increased from 0.05 to 0.33 Hz, the size of
the NMDAR EPSCs increased (Fig. 3, B
through D). Application of CNQX had no ef-
fect on the baseline responses but reversibly
reduced the frequency facilitation. Thus, it ap-
pears that presynaptic KARs are primarily re-

VOL 291

sponsible for frequency facilitation at mossy
fiber synapses.

The results thus far show that synaptically
released glutamate can activate a presynaptic
facilitatory autoreceptor. However, it is not
clear whether the release of glutamate from one
mossy fiber synapse can also gain access to
neighboring presynaptic kainate receptors. To
test this, the stimulus intensity of the condition-
ing train was initially the same as for the test

SCIENCE www.sciencemag.org



Fig. 4. Kainate receptor
activation causes hetero- A
synaptic facilitation. (A
through C) Kainate re-
ceptors are responsible
for mossy fiber het-
erosynaptic facilitation.
(A) Increasing the stimu-
lation intensity (arrows)
of a conditioning train
(five pulses, 25 Hz) given

EPSP-ampl. (mV)

REPORTS

D

[
stim.-test
MF

to the granule cell layer 0 20
causes an increase in the
test fEPSP response given
1's after the conditioning
train. The test stimulus
intensity is kept con-
stant. The amplitudes of
the first fEPSP in the con-
ditioning train (filled cir-
cles) and test fEPSP
(open circles) are shown
in the graph. Bar, left: 1
mV and 50 ms. Bar, right:
0.5 mV and 2 ms. (B) The
same protocol causes an
increase in facilitation of o
NMDA responses during

the train (top), which is

suppressed by CNQX (10

nM) (bottom). Enlarged

traces shown on the
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right. Bar graph and scat-
ter plot show the same
test pulse data from five
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experiments (C). (D through F) Synaptic activation of kainate receptors
bidirectionally modifies mossy fiber synaptic strength. (D) Diagram of the
stimulation protocol used. (E) Test responses of mossy fiber NMDAR EPSCs
are depressed by a long train (10 pulses, 200 Hz) and facilitated by a short
train (three pulses, 200 Hz) of stimuli to A/C fibers. The A/C NMDAR

stimulus, but was then increased approximately
twofold to recruit more mossy fibers, while the
test stimulus intensity was kept constant. Field
potential recordings (Fig. 4A) clearly showed
that when more fibers were recruited with the
conditioning tetanus, the test response was en-
hanced. To characterize the receptor mecha-
nisms involved in this heterosynaptic facilita-
tion, we repeated the experiments using the
NMDAR EPSC (Fig. 4, B and C). As expected
for the involvement of kainate receptors, the
facilitation was largely prevented by CNQX.
Results from five different cells are summa-
rized in Fig. 4C. In the presence of CNQX, the
size of the response to the conditioning train at
high stimulus strength was 26 * 10% (n = 5)
larger than the size for the lower stimulus
strength. This experiment indicates that as more
mossy fiber synapses are recruited glutamate
can act heterosynaptically on presynaptic
KARs.

We have previously shown that activation of
presynaptic KARs on mossy fibers by synapti-
cally released glutamate can inhibit transmitter
release from mossy fibers (/5). On the basis of
the dose-dependent bidirectional action of kai-
nate (Fig. 1E), one might expect that the amount
of synaptically released glutamate would deter-
mine whether a facilitation or inhibition is gen-
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erated. We tested this hypothesis by comparing
the effect of a weak and strong tetanus to the
neighboring  associational/commissural  syn-
apses (A/C). When a brief conditioning tetanus
was applied to the A/C fibers, the mossy fiber
test response was enhanced (filled triangles in
Fig. 4E). However, when the conditioning teta-
nus was prolonged, the test response was de-
pressed (open circles in Fig. 4E). This bidirec-
tional control of synaptic transmission was ob-
served in five experiments, and, importantly,
both the enhancement and depression were al-
most completely blocked by CNQX in the three
cells tested (Fig. 4G), indicating that the two
actions were mediated by KAR activation.

The exact mechanism involved in the pre-
synaptic facilitation described here is unclear.
The finding that the facilitation begins and is
maximal within 10 ms makes a metabotropic
action unlikely. The fact that low concentrations
of K™ mimic this facilitation suggests that KAR
activation may exert its effects by depolarizing
the terminal via its ionotropic action. For in-
stance, if depolarization were to inactivate some
of the K* channels involved in action potential
repolarization, the action potential would be
prolonged (25). This would enhance Ca®* entry
and transmitter release (25). The facilitation
could also be explained if the presynaptic KARs

9 MARCH 2001

5 trials control CNQX

response was previously selectively blocked by MK-801 (50 M) application
(75, 30). The bidirectional modification is blocked by application of CNQX
(10 wM). A trial-by-trial plot of the experiment is shown below (F). (G) Bar
graph (n = 3). SCH50911 (20 pM) and MCPG (500 wM) were present in all
whole-cell experiments.

were permeable to Ca®* (26-28). The above
scenarios imply that action potential-dependent
release of transmitter from mossy fiber synapses
is remarkably sensitive to changes in the mem-
brane potential of the terminal. An alternative
explanation is that the mimicry with K™ is co-
incidental and that the action of KARs. on re-
lease is independent of presynaptic membrane
potential.

In summary, contrary to the long-held as-
sumption that frequency facilitation is an in-
trinsic property of synapses due to Ca* chan-
nel activation and the cumulative effects of
intracellular Ca2* on release (29), the present
results indicate that at mossy fiber synapses
this short-term plasticity is mediated, at least
in part, by the long-lasting activation of a
kainate autoreceptor.
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Binding of DCC by Netrin-1 to
Mediate Axon Guidance
Independent of Adenosine A2B
Receptor Activation

Elke Stein," Yimin Zou,"* Mu-ming Poo,? Marc Tessier-Lavigne'f

Netrins stimulate and orient axon growth through a mechanism requiring
receptors of the DCC family. It has been unclear, however, whether DCC
proteins are involved directly in signaling or are mere accessory proteins in a
receptor complex. Further, although netrins bind cells expressing DCC, direct
binding to DCC has not been demonstrated. Here we show that netrin-1 binds
DCC and that the DCC cytoplasmic domain fused to a heterologous receptor
ectodomain can mediate guidance through a mechanism involving derepression
of cytoplasmic domain multimerization. Activation of the adenosine A2B re-
ceptor, proposed to contribute to netrin effects on axons, is not required for
rat commissural axon outgrowth or Xenopus spinal axon attraction to netrin-1.
Thus, DCC plays a central role in netrin signaling of axon growth and guidance

independent of A2B receptor activation.

Netrin-1 binds transfected cells expressing
DCC, and antibodies to DCC block netrin-1-
stimulated axon outgrowth and orientation in
vitro (/-5), suggesting that DCC is a receptor
or a necessary component of a receptor com-
plex required for the actions of netrin-1 on
axons. This possibility was supported by the
finding that DCC and netrin-1 knockout mice
have similar defects in axon guidance and by a
comparable coincidence of phenotypes of mu-
tants in DCC family receptors and their respec-
tive netrin ligands in invertebrates (5-9). Be-
cause the results in all species were based on
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loss of function of DCC family proteins, it was
still possible that a coreceptor(s) was required
for netrin function. These studies also did not
establish whether DCC proteins function in sig-
naling or are merely ligand-binding partners in
a receptor complex. Recently, the importance
of DCC for netrin signaling has been chal-
lenged (10, 11). First, no binding of a soluble
DCC ectodomain to netrin-1 was observed in
vitro, raising the possibility that DCC does not
even bind netrin directly but rather confers
binding to transfected cells by complexing with
some cellular cofactor (/0). Second, the report
that netrin-1 can activate the adenosine A2B
receptor and stimulate cyclic adenosine 3',5'-
monophosphate production by binding its ex-
tracellular portion, while a cytoplasmic portion
of A2B simultaneously binds the DCC cyto-
plasmic domain, led to the proposal that A2B is
the central mediator of netrin signaling. In sup-
port, A2B protein was detected immunohisto-
chemically on netrin-responsive commissural
axons in collagen gels, and inhibitors of A2B
function blocked commissural axon outgrowth
in response to netrin-1 (/7).
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