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The synapses formed by the olfactory nerve (ON) convey sensory information to olfactory glomeruli, the first stage of central odor
processing. Morphological and behavioral studies suggest that glomerular odor processing is plastic in neonate rodents. However,
long-term synaptic plasticity, a cellular correlate of functional and structural plasticity, has not yet been demonstrated in this system.
Here, we report that ON3mitral cell (MC) synapses of 5- to 8-d-old mice express long-term depression (LTD) after brief low-frequency
ON stimulation. Pharmacological techniques and imaging of presynaptic calcium signals demonstrate that ON–MC LTD is expressed
presynaptically and requires the activation of metabotropic glutamate receptors but does not require fast synaptic transmission. LTD at
the ON3MC synapse is potentially relevant for the establishment, maintenance, and experience-dependent refinement of odor maps in
the olfactory bulb.
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Introduction
The olfactory system detects and discriminates thousands of dif-
ferent odorant molecules in the environment, an ability that is
critical for development and survival for many animals. In mam-
mals, odor signals are converted into electrical signals by olfac-
tory receptor neurons in the neuroepithelium of the nasal cavi-
ties. These receptor neurons express one or a small number of
�1000 olfactory receptor proteins (Chess et al., 1994; Serizawa et
al., 2003), each of which binds odorants with particular molecu-
lar features. The axons of all of the 10,000 –20,000 neurons ex-
pressing the same receptor protein converge onto a few (one to
three) glomeruli (Vassar et al., 1994; Mombaerts et al., 1996),
where they form synapses with the distally tufted single primary
dendrites of mitral cells (MCs), with dendrites of tufted cells, and
with periglomerular cells. The convergence of axons of sensory
neurons expressing the same receptor onto topographically de-
fined glomeruli creates a spatial map of the molecular features of
the odor in the glomerular layer of the olfactory bulb (Vassar et
al., 1994; Mombaerts et al., 1996; Wachowiak and Cohen, 2001).
Glomerular “odor images” are reproducible within and across
animals and are similar for similar odorant molecular structures
(Wachowiak and Cohen, 2001; Takahashi et al., 2004). In ro-
dents, odor maps are present soon after birth (Guthrie and Gall,
2003). Synaptogenesis between olfactory receptor neurons and
MCs continues postnatally, suggesting that odor maps are likely
refined during early postnatal development and by exposure to
odorants from the environment (Guthrie and Gall, 2003). Post-

natal synaptogenesis is paralleled by synaptic regression of early
formed synaptic contacts as MC dendrites develop a single apical
dendrite from multiple immature dendritic processes into several
adjacent glomeruli (Lin et al., 2000; Zou et al., 2004). Further-
more, axons from sensory neurons expressing different receptor
types can initially intermingle and even mistarget in the glomer-
ular layer, only gradually segregating and retracting to appropri-
ate glomerular positions during the first postnatal days (Zou et
al., 2004). Structural plasticity involving synaptic regression and
circuit refinement has often been associated with functional plas-
ticity. Indeed, behavioral and functional mapping experiments
indicate functional plasticity at the level of olfactory glomeruli
both during early odor preference learning and also in adult ro-
dents (Yuan et al., 2002; Fletcher and Wilson, 2003; McLean and
Harley, 2004). Despite these data on the system level, there has to
date been little evidence for olfactory plasticity at the level of
olfactory nerve (ON)3MC synapses except one report suggest-
ing that ON3MC synapses can express long-term potentiation
(LTP) (Ennis et al., 1998).

Here, we find that ON3MC synapses can express a long-
lasting depression of synaptic efficacy [referred to as ON–MC
long-term depression (LTD)]. We use pharmacological and cal-
cium imaging techniques to demonstrate that ON–MC LTD is
expressed presynaptically and is mediated by metabotropic glu-
tamate receptors (mGluRs). ON–MC LTD may provide a cellular
model for the structural and behavioral plasticity and the dy-
namic maintenance of odor maps that occur at the level of
ON3MC synapses.

Materials and Methods
Electrophysiology. The olfactory bulb was dissected from 5- to 8-d-old
ICR mice. Horizontal slices (300 –370 �m thick) were cut and recovered
at 32°C for the first hour and then at room temperature (23–25°C). After
�1 h of recovery, a slice was transferred into the recording chamber and
perfused with artificial CSF (ACSF) containing the following (in mM):
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118 NaCl, 25 NaHCO3, 1 NaH2PO4, 3 KCl, 1
MgCl2, 2 CaCl2, and 10 glucose, equilibrated
with 95% O2 and 5% CO2. Experiments were
performed at room temperature (23–25°C).

Field potentials were recorded in the glomer-
ular layer with glass pipettes (filled with ACSF;
1.0 –2.0 M�). Patch-clamp recordings were
performed in the whole-cell configuration.
Glass pipettes (resistance, 3.5– 4.5 M�) were
pulled from borosilicate glass using a two-stage
vertical puller (Narishige, Tokyo, Japan). Pi-
pettes contained the following (in mM): 9 KCl,
10 KOH, 120 K-gluconate, 3.48 MgCl2, 4 NaCl, 10
HEPES, 17.5 sucrose, 4 Na2ATP, and 0.4 Na3GTP,
pH 7.25. In some recordings, the internal solution
contained 3 mM N-(2,6-dimethylphenylcar-
bamoylmethyl)triethylammonium bromide
(QX-314) to block action potential generation. A
20 mM BAPTA-containing internal solution was
made by replacing 80 mM K-gluconate with 20
mM K4-BAPTA. The osmolarity change was com-
pensated for by addition of sucrose.

Constant-current stimulation pulses (5–100
�A, 300 �s) were applied to the ON layer using
glass electrodes (filled with ACSF; 0.5–1.5 M�).
Test stimuli were delivered every 30 s.

For each cell or slice, the peak amplitude of
the evoked EPSPs or field EPSP (fEPSP) com-
ponent was normalized to the mean response
amplitude obtained during the baseline record-
ing period. The amplitude of the NMDA
receptor-mediated component of the fEPSP
was measured at 20 –30 ms after stimulation.
Values are reported as percentage change from
the mean of the baseline value. Population data
are expressed as mean � SEM, where n repre-
sents the number of experiments performed on
different MCs (EPSPs) or slices (fEPSPs).

Calcium imaging. Mice [postnatal day 2
(P2)–P5] were anesthetized on ice. Olfactory
receptor neurons in nasal cavities were exposed
to 2 �l of 0.25% Triton X-100 in physiological
saline for 5 min. Subsequently, nasal cavities
were injected with 8 �l of 4% Calcium Green-1
dextran (10 kDa; Molecular Probes, Eugene,
OR) in physiological saline, and mice were re-
covered from anesthesia. After 2– 6 d, dye-
injected mice were used for slice preparation.
Fluorescence of Calcium Green-1 was excited
by epi-illumination (480 nm), with light pro-
vided by a monochromator (Polychrome IV;
TILL Photonics, Gräfelfing, Germany) and de-
tected by a cooled 12-bit charge-coupled device
under control of TILL Vision (TILL Photonics)
software. A filter set consisting of a dichroic beam
splitter (DCLP 505 LP; Chroma Technology,
Brattleboro, VT) and emission filter (535 � 25
nm) was used. Fluorescence signals were con-
verted to �F/F values, where F is the baseline flu-
orescence and �F is the change in fluorescence.
Color-coded maps of �F/F were prepared using
custom-made macros under Image-Pro Plus
(Media Cybernetics, Silver Spring, MD).

Results
LTD at olfactory nerve synapses
Field potential recordings and whole-cell
patch-clamp recordings were made in hor-

Figure 1. Synaptic responses evoked by ON stimulation in olfactory glomeruli and mitral cells. A, Scheme of the recording
configurations for glomerular field potentials, intracellular recordings from mitral cells, and stimulation of the olfactory nerve. GL,
Glomerular layer. B, Glomerular field potentials (fEPSPs) evoked by ON stimulation. B1, The first and second rows show successive
recordings in control saline (ACSF), after adding 50 �M D-APV (APV), after washout of D-APV, after adding 20 �M NBQX, after
supplementing NBQX with D-APV, and after returning to NBQX (NBQX/APV wash). The third row shows the initial fEPSP compo-
nent (note expanded time scale) in the presence of NBQX, after adding 1 �M TTX, and after washout of TTX. B2, Allocation of fEPSP
components to presynaptic action potentials (Pre), two AMPAR-mediated postsynaptic components (AMPA1 and AMPA2), and a
slow NMDAR-mediated component (NMDA). C, EPSPs induced by test stimulus to ON and recorded from the soma of MCs. First
row, Successive recordings in control saline (ACSF), after adding 50 �M D-APV (APV), and after washout of D-APV. Second row,
Recording in control ACSF and after adding 20 �M NBQX (note expanded time scale). The traces to the right show superposition of
an AMPAR-mediated EPSP recorded in D-APV and subtraction of the control recording by the recording in NBQX.
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izontal olfactory bulb slices prepared from
young mice (P5–P8). ON3MC synapses
were activated by stimuli delivered via an
electrode placed on the ON. fEPSPs were
recorded with an electrode placed into an
adjacent glomerulus, and EPSPs were re-
corded from the cell body of MCs with a
patch-clamp electrode (Fig. 1A). Single
ON stimuli induced glomerular fEPSPs
that consisted of two distinct postsynaptic
components. The first was pharmacologi-
cally identified as a slow NMDA receptor
(NMDAR)-mediated component that was
blocked by 50 �M D-APV (Fig. 1B1,B2).
The second was identified as an AMPA re-
ceptor (AMPAR)-mediated component
that was blocked by 20 �M 2,3-dioxo-6-
nitro-1,2,3,4-tetrahydrobenzo[f]quinoxa-
line-7-sulfonamide (NBQX) (Fig. 1 B1)
(Aroniadou-Anderjaska et al., 2000). The
AMPAR-mediated fEPSP component con-
sisted of an initial fast spike-like potential
that most likely represents action potentials
triggered by the ON–MC EPSP and a second
slower potential (Fig. 1B2, AMPA1 and
AMPA2, respectively). The initial deflection
of the fEPSP was resistant to application of
NBQX and D-APV but was abolished by
TTX and, therefore, represents action poten-
tials of the ON (Fig. 1B1,B2). ON–MC EP-
SPs exhibited corresponding pharmacologi-
cal properties: a slow NMDAR-mediated
component and a faster AMPAR-mediated
component (Fig. 1C) (Aroniadou-Ander-
jaska et al., 2000).

After baseline recordings of ON-
induced glomerular fEPSPs with test
pulses applied every 30 s, 100 stimulation
pulses were delivered at 5 Hz and test pulse
intensity. Return to the test stimulation
frequency revealed a depression of glomer-
ular fEPSPs that initially exceeded 50% and
then stabilized to a persistent depression of
all postsynaptic fEPSP components
(AMPA1 component, 92.3 � 2%; AMPA2
component, 88.9 � 3%; NMDA compo-
nent, 87.1 � 3% of baseline values at 29–31
min after tetanization; n � 10). In contrast,
the presynaptic component of the glomeru-
lar fEPSPs remained stable (105 � 5% of
baseline). Matching results were obtained
when ON–MC EPSPs were tested (Fig. 2B).
In these experiments, the internal solution
contained 3 mM QX-314 to block action po-
tential generation in MCs. Tetanization of
the ON depressed all components of the
ON–MC EPSPs (EPSP peak amplitude,
90.5 � 4% of baseline at 29–31 min; n � 13).

To examine whether the 5 Hz/100 pulse stimulation protocol
induced a saturating amount of ON–MC LTD, tetanic stimula-
tion was applied twice with a 30 min interval (Fig. 3). The second
tetanic stimulation did not induce further depression, demon-
strating that saturation had occurred with the first tetanus. No-

tably, this experiment, along with the stable presynaptic signals in
the fEPSP recordings, also demonstrated that the observed ON–MC
LTD was not caused by deterioration of presynaptic or postsynaptic
elements during tetanization. The depression of synaptic transmis-
sion induced by the 5 Hz/100 pulse stimulation lasted up to at least
2 h, a duration that justifies the term ON–MC LTD.

Figure 2. Tetanization induces long-term depression at ON synapses. A, Top, Glomerular fEPSPs during baseline recording (a)
and 30 min after tetanization at 5 Hz for 20 s (b). Bottom, Time course of glomerular fEPSPs. In this and all following figures, time
of tetanization is indicated by a downward arrow. Symbols represent values (mean � SEM; n � 10) of the presynaptic compo-
nent (Pre), AMPAR-mediated components (AMPA1 and AMPA2), and NMDAR-mediated component (NMDA). B, Top, ON–MC
EPSPs during baseline recording (a) and 30 min after tetanization (b). Bottom, Time course of EPSPs (mean � SEM; n � 13).
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LTD at olfactory nerve synapses does not require activation of
NMDA receptors or postsynaptic
calcium signaling
LTD at several synapses depends on the activation of NMDARs
leading to postsynaptic Ca 2� elevation (Dudek and Bear, 1992;
Lei and McBain, 2004; Liu et al., 2004). To test whether NMDAR
activation is necessary for ON–MC LTD, tetanization was per-
formed in the presence of 50 �M D-APV (Fig. 4A). ON–MC LTD
was not prevented by blockade of NMDAR (control, 87.3 � 3%,
n � 17; D-APV, 91.9 � 2%, n � 13; percentage of baseline at t �
20 min after tetanization). Postsynaptic Ca 2� elevation is pre-
vented when the cell is loaded with the Ca 2� chelator BAPTA, a
manipulation that blocks several forms of presynaptically and
postsynaptically expressed LTD (Sakurai, 1990; Hansel and Lin-
den, 2000; Lei and McBain, 2004). ON–MC LTD did not differ
between cells recorded with 20 mM BAPTA-containing pipette
solution and controls (control, 90.5 � 4%, n � 13; BAPTA,
91.3 � 4%, n � 10; percentage of baseline at t � 30 min) (Fig.
4B). The fact that postsynaptic Ca 2� elevation is not required for

the induction of ON–MC LTD points to-
ward a presynaptic mechanism.

LTD at olfactory nerve synapses is
expressed presynaptically
One possible mechanism for presynapti-
cally expressed LTD is the downregulation
of voltage-dependent calcium channels
that mediate glutamate release from ON
terminals. To monitor presynaptic cal-
cium signals in the ON, we applied the cal-
cium indicator Calcium Green-1 dextran
into the nasal cavities of P2–P5 mice
(Wachowiak et al., 2000; Murphy and
Isaacson, 2003). Two to six days later,
these mice were used to prepare olfactory
slices in which the ON fibers were selec-
tively loaded with the calcium indicator.
Figure 5A shows a fluorescence image of
an indicator-loaded slice with two stimu-
lation electrodes placed onto the ON. Sin-
gle stimulus to the ON induced calcium
signals with amplitudes that were largest
within the glomeruli underlying the tip of
the activated stimulation electrode, sug-
gesting a higher calcium channel density in
olfactory receptor cell terminals than in
their axons (Fig. 5A).

Figure 5B illustrates an experiment in
which ON–MC LTD was induced at one
site, whereas a second site served as con-
trol. Induction of ON–MC LTD resulted
in a marked depression of the ON calcium
transient at the tetanized site; in contrast,
the Ca 2� transient of the control site re-
mained unchanged (Fig. 5B,C). On aver-
age, the depression of the calcium tran-
sient amounted to 18.6 � 5.8% of control
values at 10 –20 min after tetanus (n � 5;
controls, 3.5 � 2.8%, n � 9) (Fig. 5D).
Interestingly, not only the amplitude but
also the time course of the depression of
the calcium transient closely matched that
of the fEPSPs recorded in the same set of

experiments (Fig. 5E).
These experiments clearly demonstrate a presynaptic mecha-

nism for expression of ON–MC LTD that involves the downregu-
lation of presynaptic calcium influx.

However, presynaptic expression of ON–MC LTD does not
exclude the possible participation of postsynaptic activity. To test
whether EPSPs are required for induction of ON–MC LTD, we
tetanized the calcium-indicator loaded ON when synaptic trans-
mission was also blocked by NBQX (40 �M) and D-APV (50 �M)
and monitored the ON calcium signals. LTD of the presynaptic
calcium transients was not affected by the blockade of fast synap-
tic transmission (no tetanization in control ACSF, 95.1 � 2.2%;
no tetanization in NBQX and D-APV control, 99.3 � 1.5%; teta-
nization in control ACSF, 84.1 � 3.8%; tetanization in NBQX
and D-APV, 82 � 2.8% of baseline at 14 –18 min after tetaniza-
tion; n � 6 –7) (Fig. 6A).

Next, we tested whether mGluRs might be involved in the
induction of LTD. LTD of glomerular fEPSPs was antagonized by
(S)-a-methyl-4-carboxyphenylglycine (MCPG), a prototypic

Figure 3. ON–MC LTD saturates. Time course of glomerular fEPSPs during two tetanizations (downward arrows) at an interval
of 30 min. Open triangles and filled circles represent values of presynaptic and AMPAR-mediated components, respectively
(mean � SEM; n � 5).

Figure 4. ON–MC LTD is not dependent on NMDAR and postsynaptic calcium signaling. A, Time course of LTD of glomerular
fEPSPs in control ACSF (n � 17) and in the presence of 50 �M D-APV (APV; n � 13). B, Time course of ON–MC EPSPs recorded with
control patch pipette solution (n � 13) and with 20 mM BAPTA-containing pipettes (n � 10). The arrows represent the time of
tetanization. Error bars represent SEM.
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mGluR antagonist (control, 92.0 � 2%,
n � 17; MCPG, 97.9 � 1%, n � 14; per-
centage of baseline at t � 25 min) (Fig.
6B). Importantly, MCPG also antagonized
LTD of the presynaptic calcium signals
when ionotropic glutamate receptors were
blocked by 40 �M NBQX and 50 �M

D-APV (control, 83.7 � 3%, n � 6; MCPG,
95 � 4.2% of baseline at t � 10 –18 min
after tetanization, n � 5) (Fig. 6C).

The above sets of experiments demon-
strate a presynaptic expression mechanism
of ON–MC LTD. Are the mGluRs that me-
diate induction of ON–MC LTD also lo-
calized presynaptically? If so, the mGluR1
that is expressed at high levels in olfactory
glomeruli (Ferraguti et al., 1998; Hein-
bockel et al., 2004) would be the most ob-
vious mGluR subtype to be considered. To
test for functional expression of group I
mGluRs in the ON terminals, we investi-
gated the effect of (RS)-3,5-
dihydroxyphenylglycine (DHPG), a group
I mGluR agonist, on ON calcium signals.
Bath application of DHPG (50 �M, 5 min)
in the presence of 40 �M NBQX and 50 �M

D-APV reversibly decreased ON resting
calcium levels (by 1.1 � 0.2% of baseline;
n � 11) (Fig. 7A), indicating functional
expression of group I mGluR in the ON.

We next tested DHPG on ON
stimulation-induced presynaptic Ca 2�

transients (Fig. 7B). Bath application of
DHPG (100 �M) reduced ON stimulation-
induced Ca 2� transients by 28 � 2.6% of
baseline (n � 8; at t � 30 min after DHPG
application) and ON resting calcium levels by 1.3 � 0.5% of
baseline (n � 8; peak response) (Fig. 7B). Importantly, the de-
pression of the evoked presynaptic calcium transient was long
lasting, whereas the effect on resting calcium concentration re-
versed after washout of DHPG. ON stimulation (in the absence of
blockers of fast synaptic transmission) or DHPG application may
lead to release of GABA and dopamine from juxtaglomerular
cells, causing a component of the transient or lasting depression
of ON signals. In fact, it is well known that both GABAB and
dopamine D2 receptors mediate a (reversible) depression of
ON–MC EPSPs via presynaptic mechanisms (Hsia et al., 1999;
Ennis et al., 2001). To investigate a possible involvement of these
receptors in ON–MC LTD, DHPG-induced depression of ON
stimulation-induced presynaptic Ca 2� transients was tested in
the presence of the D2 dopamine receptor antagonist sulpiride
(100 �M). Blockade of D2 receptors had no effect on the LTD of
the presynaptic calcium signals (control, 73 � 4%, n � 5;
sulpiride, 78 � 4%, n � 5) (Fig. 7C). LTD of ON fEPSP was also
not affected in the presence of the GABAB antagonists saclofen
(100 �M; n � 10; data not shown) or CGP55845 [(2S)-3-[[(1S)-1-
(3,4-dichlorophenyl)ethyl]amino-2-hydroxypropyl](phenylmeth-
yl)phosphinic acid] (5 �M; n � 15; data not shown).

Finally, if DHPG induced LTD of the presynaptic calcium
signals, we would expect ON–MC EPSPs to be expressed after
direct activation of group I mGluRs. The results illustrated in
Figure 7D show that this is in fact the case. Application of
DHPG (50 �m, 2 min) resulted in a reversible depolarization

(5.6 � 1 mV; n � 9) of the MCs and a lasting depression of
EPSP amplitude (to 78 � 12% of baseline levels at t � 24 min
after DHPG application; n � 4).

Discussion
We found that synapses formed between the ON and MCs can
express LTD after a brief tetanic stimulation. We concluded that
the expression of ON–MC LTD is presynaptically located based
on the depression of presynaptic calcium transients after induc-
tion of ON–MC LTD and further substantiated by the ineffective-
ness of manipulations that usually affect postsynaptic mecha-
nisms (blockade of NMDA receptors, postsynaptic calcium
buffering).

Is ON–MC LTD restricted to synapses at MCs, or do synapses
formed between the ON and periglomerular or tufted cells also
express LTD? We performed intracellular recordings only from
MCs. These other cell types are also activated together with MCs
after ON stimulation and may be involved in the generation of
the fEPSPs. Because ON–MC LTD is presynaptically expressed, it
is likely that ON synapses formed with periglomerular or tufted
cells are also affected by ON–MC LTD. In the young animals used
in this study, the number of periglomerular cells is smaller than in
adults in which synaptic plasticity between the ON and periglo-
merular cells may be more significant. Indeed, preliminary ex-
periments indicate that glomerular fEPSPs also express LTD in
young adult mice (P20 –P30; n � 3; data not shown).

We did not systematically investigate whether stimulation

Figure 5. ON–MC LTD reduces calcium transients in ON terminals. A, Calcium signals in olfactory nerve terminals loaded with
a calcium indicator. Left, Fluorescence image of a dye-loaded horizontal slice, arrangement of two stimulation electrodes (S1 and
S2), and an outline of two regions of interest (ROI 1 and ROI 2). ONL, Olfactory nerve layer; GL, glomerular layer; EPL, external
plexiform layer. The traces show calcium signals induced in ROI 1 (blue symbols) and ROI 2 (green symbols) by stimuli delivered via
S1, S2, or S1 and S2. Above each trace is a color-coded map of peak calcium signal. B, Experimental setting as above. Color-coded
maps show calcium signals evoked by test stimuli delivered to S1 and S2 during baseline recordings (left) and 10 –20 min after
tetanization of S1 (right). C, Time course of ON Ca 2� signals with test stimuli delivered to S1 and S2 and tetanization delivered to
S1 from the experiment illustrated in B. D, Pooled data of ON Ca 2� signals at tetanized (filled symbols; mean � SEM; n � 9) and
control (open symbols; n � 9) ROIs. E, Time course of glomerular fEPSPs acquired during the same set of experiments.
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protocols other than the 100 pulses at 5 Hz induce plasticity at
ON3MC synapses. We only explored brief high-frequency
stimulation (100 pulses at 100 Hz), the most often used protocol
for induction of LTP in the hippocampus. Our preliminary ex-
ploration (data not shown) suggested that high-frequency stim-
ulation also induces LTD [rather than LTP as suggested in a
previous report (Ennis et al., 1998)].

The observation that the degree of depression of presynaptic
calcium transients was similar to that of postsynaptic signals was,
at first glance, surprising. At many synapses in the CNS, the mag-
nitude of presynaptic calcium transients is highly supra-linearly
related to glutamate release following a power law with an expo-
nent between three and four (Sabatini and Regehr, 1997; Murphy
et al., 2004). This relationship would predict that 15% depression
of the EPSP corresponds to only 4 –5% reduction of the presyn-
aptic calcium transient. However, it has been shown at synapses
formed by the ON in olfactory glomeruli that the relationship
between presynaptic calcium influx and glutamate release is al-
most linear (cooperativity coefficient, 1.5) (Murphy et al., 2004).
High cooperativity increases the steepness of the relationship be-
tween the amplitude of the presynaptic calcium transient and
transmitter release at calcium concentrations of the apparent dis-
sociation constant. In contrast, relationships with low cooperat-
ivity render release probability more sensitive to variations in the
amplitude of the calcium transient at calcium values that ap-
proach saturating levels under conditions of high cooperativity.
The relationship between presynaptic calcium and probability of
transmitter release is not known in detail for ON3MC synapses.
The high release probability of ON3MC synapses (Murphy et
al., 2004) suggests, however, that they operate under conditions
in which the low cooperativity of Ca 2� for triggering glutamate
release may render them particularly sensitive to both short-term
(Aroniadou-Anderjaska et al., 2000; Ennis et al., 2001; Murphy
and Isaacson, 2003) and long-term (as described here) modula-
tion of presynaptic calcium channel activity.

ON–MC LTD and LTD of evoked ON Ca 2� transients were
antagonized by MCPG, an antagonist for mGluRs. Group I
mGluRs, in particular the subtype mGluR1, are expressed at high
levels in olfactory glomeruli (Ferraguti et al., 1998; Heinbockel et
al., 2004), and the specific group I mGluR agonist DHPG induced
a long-lasting depression of both evoked ON calcium transients
and ON–MC EPSPs. In addition, DHPG induced a reversible
reduction of ON resting Ca 2� concentration and a reversible
depolarization of MCs. The mGluRs that mediate the transient
and the lasting effects of DHPG and induction of ON–MC LTD
could be localized at the ON as well as postsynaptically (Hein-
bockel et al., 2004). Our result that the group I mGluR agonist
DHPG decreased ON resting Ca 2� concentration in the absence
of fast synaptic transmission (Fig. 7A) and with GABAB and do-
pamine D2 receptors blocked (Fig. 7C) strongly indicates a func-
tional expression of group I mGluRs at ON terminals. The de-
crease in presynaptic calcium concentration is in line with
previous well documented systems in which group I mGluRs
mediate a downregulation of calcium channel activity (Faas et al.,
2002; Kitano et al., 2003).

The presence of presynaptic group I mGluRs and a presynap-
tic expression mechanism do not rule out the possibility that
ON–MC LTD is mediated via postsynaptic mGluR and retro-
grade messengers, but the simplest model that is compatible with
our data is that presynaptic mGluR1 involve in induction,
whereas presynaptic calcium channels mediate expression of
ON–MC plasticity.

How does ON–MC LTD compare with other forms of LTD at
central synapses? ON synapses resemble climbing fiber (CF) syn-
apses at Purkinje cells with respect to their high release probabil-
ity (Dittman and Regehr, 1998; Foster and Regehr, 2004; Murphy
et al., 2004). CFs, like ON, express LTD (Hansel and Linden,
2000). CF–Purkinje cell LTD is also mGluR dependent, but, in
contrast to ON–MC LTD, it is most likely mediated by postsyn-
aptic changes (Hansel and Linden, 2000; Shen et al., 2002). Al-

Figure 6. ON–MC LTD does not require activation of AMPA or NMDA receptors and is antag-
onized by the mGluR antagonist MCPG. A, Time course of ON Ca 2� signals in control saline and
in the presence of 40 �M NBQX and 50 �M D-APV (APV) with and without tetanization. B, Bath
application of 1 mM MCPG (black bar; n � 14) had no effect on test fEPSPs but depressed the
expression of ON–MC LTD compared with control (n � 14). C, Bath application of 1 mM MCPG
(black bar; n � 14) had no effect on baseline Ca 2� signals but depressed the reduction of the
ON Ca 2� signals during ON–MC LTD compared with control (n � 14). The arrows represent the
time of tetanization. Error bars represent SEM.
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though downregulation of presynaptic
Ca 2� channels is a classic target of short-
term receptor-mediated presynaptic inhi-
bition (Miller, 1990), this mechanism has
been linked previously to LTD only at a
few synapses such as prelimbic
cortex3nucleus accumbens synapses.
LTD at these synapses is mediated by
group II mGluRs (Robbe et al., 2002),
whereas the ON and MCs of the main ol-
factory bulb express only low levels of
group II mGluRs (Sahara et al., 2001), and
our pharmacological data demonstrate
that LTD of ON presynaptic calcium tran-
sients and of ON3MC synaptic transmis-
sion could be induced by direct activation
of group I mGluRs. A DHPG-induced and
presynaptically expressed form of LTD has
been described in the CA1 region of hip-
pocampal slices prepared from juvenile
rats (Fitzjohn et al., 2001). However, there
are also reports indicating postsynaptic in-
duction and presynaptic expression mech-
anisms for the hippocampal DHPG-
induced form of LTD (Watabe et al., 2002;
Hou and Klann, 2004)

ON–MC LTD may be involved in early
odor preference learning or central habit-
uation (Wilson, 2000; Fletcher and Wil-
son, 2003; Yuan et al., 2003; Best and Wil-
son, 2004; McLean and Harley, 2004), but
at present we have no positive evidence
that would point in this direction. Electro-
physiological mapping of MC activity has
demonstrated an MC “odor output map”
that differs from the ON “odor input map”
in the tuning to specific odors that are rep-
resented by different glomeruli (Buonviso
and Chaput, 1990; Mori et al., 1992; Yokoi,
1995; Luo and Katz, 2001). Activation of MC glomerular den-
dritic tufts, and hence MC output, depends on the balance be-
tween ON input and synaptic interactions between neighboring
glomeruli (e.g., via short axon juxtaglomerular cells). It is there-
fore conceivable that ON–MC LTD shifts this balance toward a
stronger influence of interglomerular interactions and thereby
contributes to the difference between ON odor input map and
MC odor output map (Buonviso and Chaput, 1990; Mori et al.,
1992; Yokoi, 1995; Luo and Katz, 2001).

Additionally, ON–MC LTD may be involved in the establish-
ment and maintenance of receptor cell-specific ON innervation
of glomeruli. In young animals, there is considerable regression
of ON fibers from aberrant innervations (Zou et al., 2004), and
receptor cells are continuously replaced in animals of all ages
(Schwob, 2002), a process that likely involves activity-dependent
mechanisms.

Finally, whatever the natural conditions are under which
ON–MC LTD occurs, plasticity at this synapse would implicate
that glomerular odor images are, even at the level of the ON
input, somehow less stable than generally assumed.
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