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Summary

Input to the central nervous system from olfactory
sensory neurons (OSNs) is modulated presynapti-
cally. We investigated the functional organization of
this inhibition and its role in odor coding by imaging
neurotransmitter release from OSNs in slices and in
vivo in mice expressing synaptopHluorin, an optical
indicator of vesicle exocytosis. Release from OSNs
was strongly suppressed by heterosynaptic, intraglo-
merular inhibition. In contrast, inhibitory connections
between glomeruli mediated only weak lateral inhibi-
tion of OSN inputs in slices and did not do so in re-
sponse to odorant stimulation in vivo. Blocking pre-
synaptic inhibition in vivo increased the amplitude of
odorant-evoked input to glomeruli but had little effect
on spatial patterns of glomerular input. Thus, intra-
glomerular inhibition limits the strength of olfactory
input to the CNS, whereas interglomerular inhibition
plays little or no role. This organization allows for con-
trol of input sensitivity while maintaining the spatial
maps of glomerular activity thought to encode odorant
identity.

Introduction

The first synapse in the olfactory pathway is critical in
generating central representations of odors. Here, sev-
eral thousand olfactory sensory neurons (OSNs), all ex-
pressing the same olfactory receptor protein, converge
onto many fewer postsynaptic targets within an ana-
tomically discrete neuropile called a glomerulus (Mom-
baerts et al., 1996; Treloar et al., 2002). Each glomerulus
represents a single olfactory receptor type and serves
as a functional unit for processing and coding olfactory
information (Shepherd et al., 2004; Bozza et al., 2002;
Wachowiak et al., 2004). The most abundant synaptic
connection within each glomerulus is the excitatory, glu-
tamatergic contact between OSNs and second-order
neurons (Kasowski et al., 1999). Signal transmission at
this synapse can be modulated presynaptically via sev-
eral pathways, including depression intrinsic to the pre-
synaptic terminal (Murphy et al., 2004) and GABA- and
dopaminergic synaptic inhibition (Aroniadou-Anderjaska
et al., 2000; Ennis et al., 2001; Wachowiak and Cohen,
1999; Wachowiak et al., 2005). Despite its importance
in controlling information flow in the olfactory bulb, the
role of presynaptic inhibition in odor coding remains
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unexplored. A number of functions have been hypothe-
sized, including modulating sensitivity, attenuating post-
synaptic responses during repeated sniffing, and sharp-
ening odorant response patterns via lateral inhibition
(Aroniadou-Anderjaska et al., 2000; Aungst et al., 2003;
Duchamp-Viret et al., 2000; Ennis et al., 2001). Ultimately,
the role of presynapitic inhibition in odor coding depends
on the functional organization of the underlying circuitry
and the nature of its activation by odorants.

Understanding this organization is difficult because of
the complex synaptic connections within and between
glomeruli. For example, feedback inhibition within a glo-
merulus can occur when periglomerular interneurons
(PG cells) are excited by OSNs and in turn presynapti-
cally inhibit further OSN input (Murphy et al., 2005;
Wachowiak et al., 2005). But PG cells are also activated
by other sources, including mitral and tufted cell den-
drites in the same glomerulus (Murphy et al., 2005),
and short-axon cells originating in neighboring glomeruli
(Aungst et al., 2003). The short-axon cell connections
mediate inhibition between glomeruli by activating in-
hibitory, PG cell input to mitral cells, which may serve
to sharpen odorant representations (Aungst et al., 2003).
However, whether this circuit also presynaptically inhib-
its OSN input is unclear. Testing these and other hypoth-
eses has been limited in part because of the difficulty
in measuring presynaptic inhibition directly: OSN termi-
nals are inaccessible to electrodes and the complex glo-
merular circuitry makes it difficult to infer presynaptic
mechanisms based on electrophysiological recordings
from postsynaptic cells.

Here, we address this problem by imaging transmitter
release directly from OSN axon terminals using synapto-
pHluorin (spH), a genetically-encoded indicator of vesi-
cle exocytosis (Miesenbock et al., 1998; Ng et al.,
2002; Bozza et al., 2004). We first used in vitro slice
preparations to characterize three pathways by which
transmitter release is modulated by prior olfactory input:
intrinsic paired-pulse depression of release; intraglo-
merular, feedback inhibition of release; and lateral, inter-
glomerular inhibition. We then asked how the latter two
pathways shape odor representations in vivo. We found
that intraglomerular feedback inhibition strongly modu-
lates the magnitude of OSN input to the glomerulus but
that interglomerular presynaptic inhibition plays little or
no role in shaping relative patterns of glomerular input.
We conclude that presynaptic inhibition regulates the
strength of olfactory input to the CNS while maintaining
spatial representations of odor information.

Results

Imaging Transmitter Release from OSNs

To monitor the presynaptic modulation of transmitter re-
lease from OSN axons, we imaged evoked fluorescence
signals in mice (OMP-spH) in which spH expression is
driven from the olfactory marker protein (OMP) locus.
OMP-spH mice show strong and selective expression
of spH in virtually all OSNs (Bozza et al., 2004). We earlier
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Figure 1. SynaptopHlIuorin Signals Imaged from OSN Terminals In Vitro

(A-C) Resting fluorescence of an olfactory bulb slice from an OMP-spH mouse. Individual glomeruli and a bundle of OSN axons are visible. The
position of the stimulating electrode used to evoke the signal in (B) and (C) is indicated in gray. (B) Pseudocolor map of the fluorescence increase
evoked by a single ON shock. The frames used for creating the response map are indicated in (C). The signal is strongest in the glomerulus near-
est the stimulating electrode; a small response is also visible in a second glomerulus that is slightly out of focus. (C) Time course of the ON-
evoked spH signal measured from the glomerulus in (A). Black trace shows the unfiltered spH fluorescence from a single trial, imaged at 125
Hz. Green trace shows the signal averaged across eight trials and low-pass filtered at 20 Hz. Red trace shows the signal from pixels overlying
the axon, also averaged and filtered. Gray bars indicate the frames used to produce the response map in (B). Thin vertical line indicates time of
ON shock.

(D) Long imaging record, obtained from a different preparation, demonstrating the slow decay of the ON-evoked spH signal. Trace is average of
four trials, imaged at 40 Hz.

(E) Trace of ON-evoked spH signal imaged from a different glomerulus at 1 kHz frame rate reveals complex signal kinetics. The response begins
with a small and rapid decrease in fluorescence (arrow), followed by a slower rise and an initial decay with time constant of ~90 ms. Trace is
average of four trials and is unfiltered.

(F) Black trace shows the spH signal measured from the same glomerulus as in (E) after switching to aCSF containing 20 mM HEPES. The initial
fluorescence decrease is eliminated and the rise time is faster. The difference between the traces in (E) and (F) (red trace) reveals the buffering-
dependent component of the evoked signal, which consists of a rapid acidification of the synaptic cleft followed by a slower alkalization.

(G) The slower alkalization is mediated by glutamate transporters. Left trace shows ON-evoked spH signal imaged from a different glomerulus in
control aCSF (four-trial average, imaged at 125 Hz). Right trace shows response in 50 1M TBOA (black) and difference between control and TBOA
traces (red). The alkalization is likely due to cotransport of protons by the glutamate transporter.

(H) ON-evoked spH signals show a rapid and simple fluorescence increase in 20 mM HEPES-buffered aCSF and TBOA (red) without the complex
kinetics seen in control aCSF (black). Traces are four-trial averages imaged at 2 kHz and unfiltered. Inset (above) shows the evoked signal in
HEPES and TBOA on an expanded time scale. The rise time of the spH signal is <10 ms.

used OMP-spH mice to image odor representations
in vivo (Bozza et al., 2004) and more recently demon-
strated their ability to report olfactory nerve (ON) shock
evoked transmitter release in olfactory bulb slice prepa-
rations (Wachowiak et al., 2005). Figure 1 illustrates ba-
sic features of the ON-evoked spH signal. A single ON
shock evokes a fluorescence increase in one or more
glomeruli (Figures 1A-1C). No fluorescence change is
observed in axons distal to the glomerulus or in subglo-
merular layers (Figures 1B and 1C). Application of 1 uM
tetrodotoxin to block axonal conduction completely
eliminated evoked spH signals (reduced to 0.0% =
1.0% of control; n = 9 glomeruli from two slices). SpH
signal amplitude is graded with stimulus intensity, likely
reflecting increases in the number of activated OSN
fibers (not shown, but see Figure 5 from Wachowiak

et al., [2005]). In slices, spH signals typically have a max-
imal amplitude of 1%-2% AF/F.

In cultured neurons imaged at low temporal resolu-
tion, presynaptic stimulus trains elicit a rapid fluores-
cence increase followed by a slow decay lasting many
seconds to minutes (Sankaranarayanan and Ryan
2000; Gandhi and Stevens 2003; Li et al., 2005). ON-
evoked spH signals in olfactory bulb slices showed
asimilarly slow decay, with an 83% =+ 3% return to base-
line fluorescence 50 s after a single ON shock (n = 8 glo-
meruli, three slices) (Figure 1D). High frame-rate imaging
revealed that the onset kinetics of the spH signal were
more complex than reported previously. The ON-evoked
fluorescence increase was unexpectedly slow, with a
half-maximal rise time of 32.2 + 2.6 msec (mean =
SEM; n = 16 glomeruli; four slices) and time to peak of
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94.7 = 5.4 msec. In addition, the fluorescence increase
was preceded by a brief decrease in fluorescence
(Figure 1E). This initial response was followed by a some-
what rapid decay in fluorescence (90 ms decay time con-
stant; n = 11 glomeruli from six slices; Figure 1D), after
which the fluorescence decayed slowly as described
above.

These complex kinetics may reflect pH changes in the
synaptic cleft because of the synchronous release and
removal of transmitter (and associated protons) from
many OSN terminals. To test this idea, we first tested
the effects of a modified artificial cerebrospinal fluid
(aCSF) containing 20 mM HEPES to increase its pH-
buffering capacity (see Experimental Procedures). In
this HEPES-aCSF, the initial fluorescence decrease
was eliminated, and the kinetics of the fluorescence in-
crease were accelerated (Figure 1F). Subtracting the re-
sponse traces obtained before and after switching to
HEPES-aCSF revealed a transient fluorescence de-
crease representing an acidification of the synaptic cleft
(Figure 1F). The transient had a latency of 3.3 = 0.3 ms
(n = 15 glomeruli, three slices), a time to peak (maximal
fluorescence decrease) of 5.3 + 0.3 ms (n=15) and ade-
cay time constant of 32 + 4 ms (n = 15). Because protons
are cotransported during glutamate reuptake, reuptake
of glutamate from the synaptic cleft may also alter local
pH (Zerangue and Kavanaugh, 1996). To test this, we
blocked glutamate reuptake (in normal aCSF) with the
nonspecific excitatory amino acid transporter blocker
DL-threo-b-benzyloxyaspartate (TBOA). TBOA slowed
the initial fluorescence increase and eliminated the rapid
decay phase of the ON-evoked spH signal (Figure 1G).
Subtracting traces obtained before and after TBOA ad-
dition revealed a transient alkalization after ON shock
(Figure 1G). The reuptake transient had a latency of
9.6 = 0.7 msec (n = 4 glomeruli sampled at 2 kHz frame
rate), reached peak amplitude 96 = 6 ms after ON shock
(n = 9 glomeruli; two slices), and decayed with a time
constant of 109 + 25 ms (n = 5 glomeruli; two slices).
Adding HEPES and TBOA simultaneously nearly elimi-
nated all complex kinetics, resulting in a simple fluores-
cence increase with short but measurable latency (3.4 =
0.3 ms) and rapid rise time (time-to-half max, 4.7 +
0.4 ms; n = 5 glomeruli measured at 2 kHz frame rate),
consistent with the kinetics of ON-evoked transmitter
release from OSN terminals (Keller et al., 1998; Wacho-
wiak et al., 2005). Thus, pH changes in the synaptic cleft
because of transmitter release and reuptake can con-
tribute significantly to the initial kinetics of the ON-
evoked spH signal.

Despite the contributions of these additional sources,
we have reported that peak spH signal amplitude is line-
arly related to the amplitude of monosynaptic EPSCs re-
corded electrophysiologically and supralinearly related
to [Ca®*]ex: and that the rise time of the spH signal
is independent of its amplitude (Wachowiak et al.,
2005).These results suggest that both the direct and in-
direct release-related components of the spH signal
scale approximately linearly with the amount of trans-
mitter released from OSN terminals. Thus, to simplify
the design and analysis of subsequent experiments,
we used peak spH amplitude (typically measured at
~100 ms post ON shock) to measure the presynaptic
modaulation of transmitter release from OSNs.

Suppression of Transmitter Release from OSNs
Transmitter release from OSNs is regulated by multiple
mechanisms, including activity-dependent depression
intrinsic to the presynaptic terminal (Murphy et al.,
2004) and synaptically mediated presynaptic inhibition
(Aroniadou-Anderjaska et al., 2000; Ennis et al., 2001;
Wachowiak et al., 2005). As expected, ON-evoked spH
signals showed strong paired-pulse suppression. The
time course of this suppression was biphasic, with
a slow onset and a slower recovery (Figures 2A and
2B). The suppression ratio (SR, test response/control re-
sponse) at an interstimulus interval (ISI) of 10 ms was
0.60 = 0.05 (n = 9 glomeruli, five slices) but decreased
to a minimum of 0.09 + 0.02 (n = 23 glomeruli, nine
slices) at 200 msec ISls and recovered slowly over
the next 10 s (Figures 2A and 2B). This time course is
much slower than the recovery cycle of the olfactory
nerve, which has been reported to have an absolute re-
fractory period of ~3 ms and relative refractory period
that ends within 15-30 ms (Getchell and Shepherd,
1975). To minimize the confound of the initial response
kinetics in this analysis, we made all test response
measurements at ISIs < 300 ms after subtracting traces
evoked by the conditioning stimulus alone (see Experi-
mental Procedures for details). Further, in a subset of
glomeruli analyzed, the initial kinetics of the in vitro
spH signal did not appear to affect the measurement
of presynaptic inhibition, as the suppression ratio com-
puted from the peaks of the spH responses was not
different than that by measuring response amplitude
at 280 msec poststimulus, after the pH- and reuptake-
dependent components of the response had decayed,
and found identical paired-pulse suppression (400 ms
ISI; PPR measured at peak: 0.14 += 0.02; PPR mea-
sured 280 ms after peak: 0.11 = 0.02; paired t test; p =
0.17).

To assess what portion of paired-pulse suppression is
synaptically mediated, we blocked evoked postsynaptic
activity with NBQX and AP-5 (20 uM and 100 uM, respec-
tively). NBQX/AP-5 had no effect on the conditioning
response (amplitude: 96% =+ 3% of control; n = 19;
one-group t test, p = 0.471) but reduced paired-pulse
suppression (Figures 2C and 2D). Application of AP-5
alone (to preferentially block dendritic glutamate re-
lease) (see Isaacson and Strowbridge, 1998; Chen
et al., 2000) produced only a small reduction in paired-
pulse suppression (15 glomeruli in four slices) (see
Figure 2E). Selectively blocking GABAg-mediated pre-
synaptic inhibition with CGP55845 (50 uM) had a similar
effect to glutamate receptor blockade (Figures 2C and
2D). CGP55845 did not change the amplitude of the con-
ditioning response, nor did it alter the time constant
of the initial decay phase of the response (predrug:
89.9 msec; postdrug = 78.7 msec; averaged waveform
across five glomeruli from two slices) or the later,
slowly-decaying phase (summed difference between
control and CGP55845 responses for all frames 3 s post-
stimulus, 0.23% = 0.03% AF/F versus 0.12% = .004%
AF/F for 3 s prestimulus; paired t test, p = 0.08; n =9 glo-
meruli, three slices) (Figure 2D). As in control aCSF, the
suppression ratio observed in CGP55845 was the same
whether it was measured at the peak of the spH re-
sponse or 280 msec after the peak (paired t test; p =
0.11). With both CGP and NBQX/AP-5, suppression



Neuron

1042
A 1
10+
094
084
2 074
& o6
[ =
2 054
0.5% @ 034
AFIF 024
1ot t 200ms 1 011
12 3 4 0.0+ r T T
10 ms 200 ms 800 ms 1500 ms 10 100 1000 10000
Interstimulus Interval (msec)
C NBQX/D-AP5 D
control
1%
AFIF
1 i 200 ms
control
CGP55845
CGP55845
control
41% t
AFIF
1sec
T T 200 ms
g R 1.0 =— Control A
094 091 —o— CGP55845 =
081 084 —+— NBQX/AP-5 N /r’
g 07 o 074 '/
06+ 8 o8 ;
k] N
05 5 054
gon- g 044
@ 03 g: 0.3
02 @ 024
ol L - IRERER N =26 [[IERES ook, . . .
Control AP-5 NBQX/ CGP Cockiail 10 100 1000 10000
AP-5 Interstimulus Interval (msec)

Figure 2. Paired-Pulse Suppression of Transmitter Release Imaged with spH

(A) Overlaid traces showing spH signals evoked by paired-pulse stimulation at four different ISls. Large downward arrow indicates the time of the
conditioning pulse. Small numbered arrows correspond to each trace and indicate time of test pulse and ISI. The test response at 10 ms ISI (1) is
large but is almost completely suppressed at 200 msec ISI (2). There is gradual recovery of test response amplitude over 1.5 s.

(B) Plot of suppression ratio (SR) versus ISI, with time plotted logarithmically. Paired-pulse suppression is apparent immediately but reaches
peak amplitude only after 100-200 msec and recovers over the next 10 s. Symbols and error bars in this and all other plots indicate mean *
SEM. Numbers below each point indicate number of glomeruli tested at each interval.

(C) Blockade of ionotropic glutamate receptors with NBQX/AP-5 (upper traces) reduces paired-pulse suppression without affecting the re-
sponse to the conditioning pulse. Blockade of GABAg receptors with CGP55845 produces a comparable effect (lower traces). Traces show re-
sponses to paired ON shock at 400 ms ISI.

(D) CGP55845 has no effect on either the amplitude or long-term kinetics of the spH signal evoked by a single ON shock. Traces show the evoked
signal (seven-trial average; 40 Hz frame rate) for 6 s after ON shock before and after CGP55845 addition.

(E) Summary data of effect of 100 uM AP-5, 20 1M NBQX/100 uM AP-5, 50 uM CGP55845, or a cocktail of all three plus 100 uM sulpiride, a D,
dopamine receptor antagonist, on paired-pulse suppression (400 ms ISI), compared to control values. Each treatment relieved suppression, but
significant suppression remained in all cases.

(F) Plot of SR versus ISI after glutamate receptor blockade (NBQX/AP-5 plot) or GABAg receptor blockade (CGP55845 plot), compared with con-
trol values (control plot, same data as shown in [B]). Asterisks indicate ISIs showing a significant difference between synaptically and nonsynap-
tically mediated suppression (p < 0.05 for both drugs). Note that there is no difference at ISIs <100 msec.

was unchanged by drug application at ISIs < 50 ms
(Figure 2F; Fisher’'s PLSD, all p > 0.10) but was signifi-
cantly reduced by both drugs at ISIs from 100 ms to
3 s (Figure 2F; Fisher’s PLSD, p < 0.05). Blocking all
known sources of presynaptic inhibition with a cocktail
of AP-5 (100 uM), CNQX (20 uM), CGP55845 (50 uM)

and the D, antagonist sulpiride (100 pM) increased
the SR from 0.11 £+ 0.01 to 0.56 = 0.02 (400 ms ISI;
n = 13), a value similar to the effect of NBQX/AP-5 or
CGP55845 alone (Figure 2E).

Thus, synaptically mediated inhibition of transmit-
ter release from OSNs has a slow onset and an even
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Figure 3. Heterosynaptic, Intraglomerular Presynaptic Inhibition of Transmitter Release from OSNs

(A) Experimental configuration for heterosynaptic inhibition experiments. (A1) Confocal image of a glomerulus innervated by two separate bun-
dles of OSN axons. The positions of the two stimulating electrodes (see A2) are drawn in gray. (A2) Resting fluorescence of the same glomerulus
and stimulating electrodes as imaged during the experiment. (A3-A4) Pseudocolor maps of the fluorescence increase evoked by a single ON
shock from electrodes 1 (A3) and 2 (A4). (A5) Traces showing the spH signals from the glomerulus evoked by each electrode. (A6) Traces showing
the actual signal evoked by stimulating with both electrodes simultaneously (black trace) and the linear sum of the signals evoked by each elec-
trode alone (green trace). The similar amplitude of these traces demonstrates that the electrodes activate nonoverlapping populations of axons.
(B) Traces from the glomerulus shown in (A) illustrating suppression of the spH signal evoked by electrode 1 after a conditioning stimulus on
electrode 2 (400 msec ISI).

(C) Plot of average SR across experiments versus ISI. Note the difference from Figure 2B at short ISIs. Numbers below each point indicate the
number of glomeruli tested at each ISI. Error bars indicate SEM.

(D) Blockade of ionotropic glutamate receptors with NBQX /AP-5 (left traces) reduces paired-pulse suppression. Blockade of GABAg receptors
with CGP55845 produces a comparable effect (right traces). Traces show responses to paired ON shock (400 ms ISI).

(E) Summary data showing the effects of NBQX /AP-5 or CGP55845 (400 msec ISl). Dotted line indicates an SR of 1 (no suppression).

slower decay, consistent with its being mediated by
metabotropic GABAg and D, dopamine receptors
(Aroniadou-Anderjaska et al., 2000; Ennis et al., 2001),
and has its largest impact on release at ISIs between
100-1000 msec. We next designed a series of experiments
to understand the functional organization of presynaptic
inhibition within the glomerular layer of the olfactory bulb
and its potential role in odor coding.

Intraglomerular Feedback Inhibition of Transmitter
Release Is Strong In Vitro

We first asked whether inhibition within a glomerulus
modulates transmitter release from OSNs. To eliminate
the contribution of intrinsic synaptic depression, we
used atwo-electrode stimulation paradigm to selectively
activate different OSNs innervating the same glomeru-
lus. Figure 3A1 shows an example of this configuration;
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typically, it was possible to visually place each electrode
on a separate fiber bundle innervating the glomerulus of
interest. In most cases, each electrode evoked spH sig-
nals in the same area within the glomerulus (Figures
3A2-3A4), indicating that the axon terminals from each
bundle were intermingled. We ensured the selective ac-
tivation of different OSN axons by each electrode by re-
quiring that simultaneous stimulation with both elec-
trodes evoke a fluorescence increase >80% of the
sum of the responses to each electrode individually (Fig-
ure 3A5 and 3A6). In some experiments (n = 6), we further
confirmed that the stimulated bundles innervated the
same glomerulus by post-hoc three-dimensional recon-
struction on a confocal microscope.

Successive shocks delivered to the two ON elec-
trodes (n =12 glomeruli) revealed strong heterosynaptic,
feedback inhibition of transmitter release from OSNs
(Figure 3B). The mean SR evoked by a single condition-
ing pulse (tested at 400 ms ISI) was 0.42 + 0.06 (n =12
glomeruli). Heterosynaptic inhibition had a slow onset,
reaching peak magnitude 100 msec after the condition-
ing pulse and decaying slowly over the next 1-3 s
(Figure 3C). This suppression was nearly eliminated by
NBQX/AP-5 (SR = 0.84 + 0.05; n = 5) and completely
eliminated by CGP55845 (SR = 0.95 + 0.06; n = 5) (Fig-
ures 3D and 3E). The small residual inhibition in the pres-
ence of NBQX/AP-5 may reflect direct activation of
GABAergic PG cells by the stimulating electrode. In
two experiments, we measured intraglomerular inhibi-
tion at 36°C in addition to our normal measurement at
30°C. In both cases the suppression was weaker at the
higher temperature but still strong (SR, 400 ms ISI, at
30°C = 0.30 + 0.06; SR at 36°C = 0.52 = 0.07).

These experiments show that feedback inhibition from
GABAergic local interneurons can strongly suppress
OSN input to a glomerulus and further show that activa-
tion of one set of glomerular inputs can suppress release
from another set of inputs to the same glomerulus.

Lateral Presynaptic Inhibition between Glomeruli Is
Weak In Vitro

A subclass of juxtaglomerular interneurons—the short
axon cells—mediate lateral inhibitory interactions be-
tween nearby glomeruli by exciting periglomerular inter-
neurons, which in turn inhibit mitral cells (Aungst et al.,
2003). Periglomerular cell activation can also cause pre-
synaptic inhibition of OSN input (Murphy et al., 2005).
We asked whether lateral, interglomerular inhibition
acts presynaptically, with OSN input to one glomerulus
inhibiting afferent input to neighboring glomeruli. We
again used a dual-electrode stimulus paradigm, but
this time, each electrode selectively activated different
glomeruli (Figures 4A and 4B). In these experiments,
the interglomerular synaptic network was preserved
with “surface slices” cut tangentially from the dorsal or
lateral bulb (Aungst et al., 2003). Similar results were ob-
tained in a small number of transverse slices (data not
shown).

In 18 experiments (slices from 13 mice), we imaged
from 45 glomeruli that exhibited a response to only one
of the two electrodes (see Figures 4A and 4B). For each
glomerulus, we compared its evoked response alone
and after evoking input to its neighbors with the other
electrode (Figure 4B). Using this paradigm, we found

that activation of neighboring glomeruli could, in some
cases, suppress the ON-evoked spH signal in the test
glomerulus, demonstrating that lateral connections in
the glomerular layer can in fact mediate presynaptic inhi-
bition between glomeruli.

Compared to the intraglomerular inhibition experi-
ments, lateral inhibition of OSN input was weak. For all
glomeruli less than 400 um from an activated neighbor,
the mean SR was 0.88 + 0.03 (400 ms ISI; n = 33) (Figure
4C), which was statistically significant (one-group t test,
p < 0.001) but much weaker than the SR for the hetero-
synaptic intraglomerular inhibition experiments (SR =
0.42). The lowest SR ever observed was 0.46, compared
with a minimum SR of 0.07 for the intraglomerular experi-
ments. Lateral inhibition was also limited by distance:
glomeruli more than 400 um from the nearest activated
neighbor showed no significant suppression (mean
SR =1.02 = 0.03; n = 8; unpaired t test test) (Figure 4C).

We further characterized interglomerular inhibition in
a subset of glomeruli showing an SR of 0.9 or less. Al-
though lateral inhibition showed the same delayed onset
as did intraglomerular feedback inhibition, its magnitude
was smaller at all ISls, and the duration of detectable
suppression was shorter (Figure 4D). As expected, sup-
pression by neighboring glomeruli was eliminated by
NBQX/AP-5 (SRpre = 0.70 + 0.04; SRyryg = 0.97 + 0.02;
n = 5; p = 0.005) and by CGP55845 (SR, = 0.74 *
0.02; SRyryg = 0.98 + 0.01; n = 5; p < 0.001) (Figure 4E).
Finally, as for intraglomerular inhibition, increasing the
bath temperature from 30°C to 36°C caused a small
but significant reduction in lateral inhibition (SR, 30°C =
0.71 = 0.08; SR, 36°C = 0.80 + 0.06; paired t test; n = 4
glomeruli from three slices; p < 0.026). Thus, OSN inputs
to a glomerulus can suppress input to its neighbors, but
this inhibition is much weaker than feedback inhibition
within the same glomerulus.

Lateral Presynaptic Inhibition Does Not Alter
Odorant Representations In Vivo

Having characterized these two modes of presynaptic
inhibition in slices, we next asked how each mode af-
fects odorant representations in vivo. First, to address
whether lateral inhibition modulates odorant-evoked
input to glomeruli, we designed an in vivo analog to the
slice experiments with different odorants to selectively
evoke input to neighboring glomeruli. We reasoned
that if interglomerular inhibition modulates OSN input
in vivo, then the odorant-evoked spH signal in a test glo-
merulus would be suppressed when its neighbor was
coactivated by a different odorant.

The experimental design is illustrated in Figure 5B. In
this example, butyl acetate evokes strong input to a sin-
gle glomerulus (the “test glomerulus”) in the anterior-
medial domain of the dorsal bulb and weaker input to
additional glomeruli (Figure 5B, left). A different odorant,
methyl valerate, evokes strong input to many glomeruli
surrounding the test glomerulus but evokes little input
to the test glomerulus itself (Figure 5B, middle). We
then asked whether coactivation of the surrounding glo-
meruli by methyl valerate suppressed the response of
the test glomerulus to butyl acetate by presenting the
two odorants as a binary mixture (Figure 5B, right). As
shown in Figure 5C, the test glomerulus’ response to
the mixture was identical in both amplitude and time
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Figure 4. Interglomerular Presynaptic Inhibition of Transmitter Release In Vitro

(A) Experimental configuration of interglomerular inhibition experiments. (Left) Resting spH fluorescence of glomeruliin an olfactory bulb surface
slice. Certain responsive glomeruli are outlined, as are the two stimulating electrodes. Pseudocolor maps show the fluorescence increase
evoked by a single ON shock on electrodes 1 (middle) and 2 (right). Each outlined glomerulus is activated by only one electrode.

(B) Response in glomerulus A (from [A]) is slightly reduced (right traces) when stimulated 400 msec after its neighbors (for example, glomerulus B)
have been activated by stimulation on electrode 2 (left traces). This inhibition must be interglomerular because electrode 2 does not activate
glomerulus A (the slight deflection in glomerulus A’s fluorescence after electrode 2 stimulation [left] is scattered light from adjacent, activated
glomeruli; note that no signal focus appears in the response map—see [A], right).

(C) SR of glomeruli tested in this series of experiments as a function of their distance to the nearest glomerulus activated by the conditioning
stimulus. Lateral inhibition was significant only for those glomeruli within 400 um of another glomerulus. Dashed line indicates no suppression.
Error bars indicate SEM.

(D) Plot showing average SR versus IS for those glomeruli showing an interglomerular SR < 0.9 at 400 msec ISI. Data for intraglomerular inhibition
from Figure 3C are plotted on the dashed line for comparison.

(E) Blockade of ionotropic glutamate receptors (with NBQX/AP-5) or GABAg receptors (with CGP55845) completely relieves lateral presynaptic
inhibition in five experiments with strongly inhibited glomeruli.

course to the response to butyl acetate alone. To visual-
ize any potential inhibition more globally, we summed
the response maps evoked by each odorant and sub-
tracted the map of the response to the mixture (Fig-
ure 5D). In this example, the difference map reveals little
or no suppression in any glomeruli in the imaged region.

Because odorants evoke input to widespread glomer-
uli, we also searched for suppressive interactions when

imaging across the entire dorsal bulb (Figures 6A-6C).
As in the previous example, directly adjacent glomeruli
selectively activated by butyl acetate and methyl valer-
ate show identical responses to the single odorant
and to the binary mixture (Figure 6D). In addition, the
global difference map (Figure 6E) shows that none of
the selectively activated glomeruli show any suppres-
sion by the mixture. Two glomeruli that do show mixture
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Figure 5. Odorant-Evoked Activation of Neighboring Glomeruli Does Not Inhibit Transmitter Release In Vivo

(A) Schematic and field of view of in vivo imaging experiment from the dorsal surface of the mouse olfactory bulb. Resting fluorescence of imaged
area (field of view, 1340 um) shown on right.

(B) Pseudocolor maps of the increase in fluorescence evoked by butyl acetate (BA, left, 0.7% s.v.), methyl valerate (MV, middle, 12% s.v.), or
a mixture of BA and MV at the same concentrations (right). BA evoked strong signals in one glomerulus (white arrow) that was not activated
by MV, and MV evoked signals in many surrounding glomeruli but not in the glomerulus responding to BA.

(C-D) Traces showing response of the glomerulus from (B) evoked by BA (red), MV (blue), or a mixture of BA and MV (green). Time of odorant
presentation is indicated by the horizontal line, and shaded regions indicate the frames used to compute the response maps shown in (B)
and (D). The response of this glomerulus to the mixture is no different than the response to BA alone. (D) Pseudocolor maps showing the
pixel-by-pixel sum of responses to BA and MV (left) and the difference between this sum and the actual response to the mixture (right). The right
map is the difference between the left map of (D) and the right map of (B). Suppressed glomeruli would appear bright in this difference map ([D],

right).

suppression are activated by both odorants (Figure 6E,
arrows), an effect we observed in several preparations
(see below).

To test for lateral inhibition between as many different
glomeruli as possible, we performed the above experi-
ment for six different odorant pairings (see Experimental
Procedures) in five preparations. Our analysis included
79 glomeruli that responded selectively to one odorant
in a pair. For each glomerulus, we calculated SR as the
ratio of the response evoked by the binary mixture to
that evoked by the test odorant alone. There was no sig-
nificant suppression across these glomeruli (Figure 6F;
SR =0.98 = 0.02; n = 79; one-group t test; p = 0.36). Re-
stricting the analysis to include only glomeruli within
400 um of a glomerulus activated by the other odorant
in the pair gave the same result (Figure 6F; SR = 1.01
+ 0.03; n = 44; one group t test; p = 0.70). Our analysis

also included 19 glomeruli that were activated by both
test odorants. For these glomeruli, we calculated SR
as the ratio of the mixture response to that of the sum
of the responses to each individual odorant and did
find significant suppression (Figure 6G; mean SR =
0.76 = 0.04; one group t test; p < 0.001). This suppres-
sion likely reflects nonlinearities (i.e., saturation) in the
concentration-response functions of the activated
OSNs (Tabor et al., 2004) and may also reflect feedback,
intraglomerular presynaptic inhibition of transmitter re-
lease, whose effects in vivo we describe below.

These results constitute a strong test of the hypothe-
sis that presynaptic inhibition between neighboring glo-
meruli affects the input to the bulb and suggest that it
does not. Instead, the magnitude of sensory input to
a glomerulus appears to be independent of the input
to neighboring glomeruli.
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Figure 6. No Evidence for Interglomerular Presynaptic Inhibition on Any Spatial Scale

(A) Pseudocolor map of the spH signal evoked by butyl acetate (BA; 1% vapor dilution from BA diluted 1:100 in mineral oil) or methyl valerate (MV;
4% vapor dilution from MV diluted 1:200 in mineral oil), overlaid on an image of the resting fluorescence of the entire dorsal surface of one ol-
factory bulb (different preparation than in Figure 5; field of view, 1.7 x 2.4 mm). Arrows indicate two glomeruli activated by both odorants. Dashed
box indicates region shown in (B). Each map is normalized to its own maximum.

(B) Enlarged image showing adjacent glomeruli selectively activated by BA (top) and MV (bottom).

(C) Pseudocolor map of the spH signal evoked by simultaneous presentation of BA and MV.

(D) Traces showing the spH signal evoked in glomeruli A (top) and B (bottom) by each odorant. Each glomerulus is selectively activated by one of
the two odorants. For each glomerulus, the response to the binary mixture is no different from its response to the single component presented
alone.

(E) Pseudocolor map showing the difference between the response to the mixture and the sum of the responses to BA and MV individually. The
two glomeruli activated by both odorants (arrows) appear in this map, reflecting a sublinear addition of their response to each odorant. Scaling on
this map is to half the level of the map in (C) to highlight even small levels of suppression. None of the glomeruli selectively activated by one
odorant show suppression.

(F) Summary data showing SR calculated for all glomeruli activated by only one of the pair of odorants (green) and for the subset of these glo-
meruli within 400 um of a glomerulus activated by the other odorant (red). Neither group shows any significant suppression.

(G) Summary data showing that glomeruli activated by both odorants in a pair show sublinear summation in their responses to the binary mixture.

Intraglomerular Presynaptic Inhibition Strongly
Modulates Odorant-Evoked Input to Glomeruli

We next asked whether feedback inhibition within a glo-
merulus modulates odorant-evoked input. Because GA-
BAg antagonists eliminated heterosynaptic inhibition in
slices, we addressed this question by comparing odor-
ant-evoked spH signals before and after blocking GA-
BAg receptors in vivo. Drugs were applied directly to

the dorsal surface of the olfactory bulb. The GABAg ag-
onist baclofen, which strongly suppresses ON shock-
evoked spH signals in vitro (Wachowiak et al., 2005),
nearly eliminated odorant-evoked signals when applied
at high concentration (1 mM), reducing spH signal ampli-
tudes t0 9.4% = 5.5% of predrug levels (n = 9 glomeruli,
one preparation). To confirm GABAg receptor blockade
invivo, in one preparation (Figure 7A), we applied alower
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Figure 7. GABAg Receptor Blockade Increases Odorant-Evoked Transmitter Release In Vivo

(A) Maps of the spH signal evoked by butyl acetate (0.4% s.v.). The GABAg receptor agonist baclofen (5 M) reduced the amplitude of the odor-
ant-evoked response (middle) in all three activated glomeruli compared to control levels (left). The reduction was reversed by coapplication with
the GABAg receptor antagonist CGP35348 (1 mM; right). All maps scaled to the maximum of the control response. Normalized maximal signal
amplitudes are shown at the bottom of each map. Maps and traces in this figure show AF (arbitrary units) to control for drug-induced changes in
resting fluorescence (see text).

(B-D) Resting fluorescence of the dorsal olfactory bulb used in the experiment shown in (C) and (D). Inset shows resting fluorescence of the re-
gion imaged for data collection (field of view, 666 um). (C) Maps of the spH signal evoked by methyl valerate (0.6% s.v.) before (left) and after
(right) application of CGP35348. Maps are scaled to the maximum of the control response. Although CGP increased the amplitude of the odor-
ant-evoked responses, the set of responsive glomeruli did not change. (D) Traces showing the effect of CGP35348 on the odorant-evoked spH
signal in two glomeruli from (C). Horizontal bars indicate time of odorant presentation (4 s).

(E) Same traces from Glom 2 in (D) normalized to their maxima to illustrate the slight increase in the response kinetics produced by CGP35348.

baclofen concentration (5 M), which reduced odorant-
evoked signals to 58.0% =+ 4.1% of control values (n =3
glomeruli), and then coapplied the water-soluble GABAg
antagonist CGP35348 (1 mM). CGP35348 reversed the
effect of baclofen (response amplitude, 112.6% =
12.7% of control; n = 3 glomeruli), confirming that this
concentration effectively blocked presynaptic GABAg
receptors when applied to the dorsal bulb.

In six additional experiments, we imaged odorant-
evoked spH signals before and after application of
CGP35348. CGP35348 dramatically increased the am-
plitude of the odorant-evoked signal (Figures 7B-7D).
On average, CGP35348 increased the response ampli-
tude to 178% = 6.7% of control (n = 91 glomeruli). The
rise time of the response also decreased slightly, with
the time to half maximum for a 4 s odorant presentation
decreasing from 2.91 + 0.08 s to 2.60 + 0.07 s (n = 65
glomeruli in six preparations; paired t test, p < 0.001)
(Figure 7E). Because GABAg receptor blockade does
not affect the recovery rate of the ON-evoked spH signal
in vitro (see above), this result indicates an enhancement
of OSN input to glomeruli after blocking GABAergic

presynaptic inhibition. Thus, intraglomerular inhibition
regulates the magnitude of sensory input to the olfactory
bulb.

GABAg receptor blockade had little effect on relative
spatial patterns (i.e., maps) of glomerular input (Fig-
ures 7C and 8A). We addressed this issue quantita-
tively by correlating response maps before and after
CGP35348. Response amplitudes in every glomerulus
exhibiting a response at any concentration were mea-
sured on every trial, yielding an array of response ampli-
tudes for each trial. Response maps evoked by the same
odorant and concentration before and after drug appli-
cation were highly correlated (Figure 8C) (mean Pear-
son’sr=0.82 + 0.01; n = 333 comparisons; six prepara-
tions) and were nearly as similar as maps of repeated
presentations before application (mean Pearson’s r =
0.88 = 0.01; n = 123 comparisons; six preparations).
The correlation between response maps from control
and CGP35348 trials at the highest concentrations
tested (3%-5.4% s.v.) was no different than the overall
mean (paired t test; p = 0.55; four preparations). For com-
parison, response maps evoked by different odorants or



Presynaptic Modulation of Olfactory Bulb Input
1049

different concentrations showed much lower correla-
tions (see Figures 8A and 8B).

Thus, although presynaptic inhibition mediated by
GABAg receptors strongly modulates the magnitude of
odorant-evoked input to glomeruli, it does not signifi-
cantly alter spatial maps of activity across glomeruli.
This result is consistent with the slice experiments indi-
cating that interglomerular, lateral presynaptic inhibition
does not play a significant role modulating odorant-
evoked input to the bulb.

Discussion

We have characterized how olfactory receptor neuron
input to the CNS is regulated presynaptically by imaging
transmitter release directly from OSN axon terminals.
Both slice and in vivo experiments lead to similar con-
clusions. We find that input to the olfactory bulb is
strongly modulated by feedback inhibition from bulbar
interneurons; this inhibition is organized on a glomerular
level, such that release from OSN terminals is greatly af-
fected by feedback originating within the innervated glo-
merulus. In contrast, presynaptic inhibitory connections
between glomeruli are much weaker than intraglomeru-
lar connections and do not appear strong enough to sig-
nificantly shape spatial patterns of odorant-evoked in-
put in vivo.

Using spH Imaging to Evaluate Input to the Bulb

Our conclusions are based on optical signals generated
by the pH-sensitive GFP derivative synaptopHIluorin
(Miesenbock et al., 1998), expressed selectively in
OSNs (Bozza et al., 2004). The utility of spH as a reporter
of stimulus-evoked input to the bulb is well established
(Ng et al., 2002; Bozza et al., 2004; Wachowiak et al.,
2005). Nonetheless, its use as a reporter of transmitter
release, as opposed to vesicle recycling (Gandhi and
Stevens, 2003; Li et al., 2005), is unusual and deserves
further consideration. One potential confound in mea-
suring transmitter release in response to prolonged
(4 s, in these experiments) odorant stimulation is that re-
lease signals may be offset by fluorescence decreases
because of vesicle endocytosis (Miesenbock et al.,
1998; Sankaranarayanan and Ryan, 2000). However,
our in vivo experiments compared spH signals in condi-
tions in which recycling was unchanged. Thus, changes
in odorant-evoked spH signal amplitude after GABAg re-
ceptor blockade can safely be interpreted as reflecting
a modulation of transmitter release from OSN inputs.

A second potential confound in interpreting spH sig-
nal amplitudes is the effect of extracellular pH changes
in the synaptic cleft. We found that the initial kinetics
of the spH signal were shaped by a rapid, transient acid-
ification followed by a slower transient alkalization. The
acidification is likely due to the synchronous release of
protons into the cleft after vesicle fusion, whereas the al-
kalization is due to the cotransport of protons out of the
cleft by glutamate transporters. Both the rapid acidifica-
tion and slower alkalization have also been reported at
afferent terminals in hippocampal slices (Krishtal et al.,
1987), but to our knowledge, this result is the first report
of such phenomena shaping spH signals. Most earlier
spH imaging studies have been performed on cultured
neurons (Miesenbock et al., 1998; Sankaranarayanan

and Ryan, 2000; Gandhi and Stevens, 2003); extracellu-
lar pH effects may be enhanced in intact neuropile, and
particularly so in the glomerulus, which has a high den-
sity of OSN terminals surrounded by a glial compart-
ment (Kasowski et al., 1999). Despite this potential con-
found, in a recent study relating ON-evoked spH signal
amplitude to monosynaptic EPSCs in external tufted
cells, we found that the two measures show a nearly
identical supralinear dependence on [Ca®*]e. (Wacho-
wiak et al., 2005). We also found that measuring spH re-
sponse amplitude at latencies at which pH effects no
longer contribute to the signal, or after minimizing these
effects by increased buffering capacity, yielded identi-
cal conclusions about presynaptic inhibition of transmit-
ter release in slices. Thus, the evidence is strong that
spH signal amplitude, at least as measured in our slice
experiments, effectively reports relative levels of stimu-
lus-evoked release.

SpH signals evoked in olfactory bulb slices were
smaller than those observed in vivo (by a factor of 2-
10).This discrepancy likely reflects differences between
patterns of OSN activation evoked by electrical versus
odorant stimulation. Nerve shocks evoke single volleys
of synchronous action potentials in a small subset of af-
ferents near the electrode, whereas odorant stimulation
evokes prolonged activation of many, and potentially
all, afferents innervating a glomerulus. In addition, the
slow time-course of vesicle endocytosis permits “sum-
mation” of the spH signal during odorant stimulation
(Bozza et al., 2004), enhancing signal amplitude relative
to the shock-evoked response.

Multiple Pathways Modulating OSN Input to the
Olfactory Bulb
Activity-dependent suppression of release from OSNs
consists of both a synaptic feedback component and
a paired-pulse depression intrinsic to the presynaptic
terminal. Paired-pulse depression was evident immedi-
ately after a conditioning pulse and reached maximal
strengths of ~50% reductioninrelease. In contrast, het-
erosynaptic feedback inhibition suppressed transmitter
release by 60%-70%. Feedback inhibition was maximal
50-100 msec after a stimulus and strongly suppressed
release for up to several seconds, consistent with its
being mediated by presynaptic metabotropic recep-
tors. GABAg antagonists eliminated nearly all feedback
inhibition, implicating GABAergic periglomerular cells
as the primary interneuron type involved. We did not
investigate whether D, dopamine receptors also medi-
ate feedback inhibition, although earlier studies sug-
gest that they can modulate OSN input (Ennis et al.,
2001; Hsia et al., 1999; Wachowiak and Cohen, 1999),
and some PG cells receiving direct OSN input are dopa-
minergic (Toida et al., 2000). The fact that feedback inhi-
bition suppressed release from OSN axons other than
those providing the initial input suggests that OSN input
evokes inhibition that spreads throughout the glomeru-
lus. This organization strengthens the notion of the glo-
merulus as a functional unit, in that even intraglomerular
synaptic interactions appear to spread through the en-
tire glomerular neuropile.

In slices, lateral inhibition between neighboring glo-
meruli could modulate transmitter release from OSNs but
only weakly compared to the strength of intraglomerular
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Figure 8. GABAg Receptor Blockade Increases Odorant-Evoked Responses while Maintaining Relative Maps of Input to Glomeruli

(A) Maps of the spH signal evoked by different odorants in the same preparation before (upper panels) and after (lower panels) GABAg receptor
blockade by CGP35348. Absolute response amplitudes increased in CGP35348 (as shown by the increase in the maximum evoked fluorescence,
AF, in each map), but each map is scaled to its own maximum to compare relative response amplitudes across glomeruli before and after
CGP35348 application. The number between each vertical pair reports the correlation coefficient between the responses of 29 odorant-activated
glomeruli before and after drug application. Numbers across the top report the corresponding correlations between different odorants under
control conditions for comparison. All odorants were presented at 0.5% s.v. Scale bar, 1 mm. The approximate border of the dorsal bulb is in-
dicated in white.
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feedback inhibition or paired-pulse depression. In addi-
tion, although lateral presynaptic inhibition was weak
in vitro, we could find no evidence that it modulated
odorant-evoked OSN input to glomeruli in vivo. How
could we observe lateral inhibition in vitro but not in
vivo? The explanation may lie in the circuitry underlying
intra- versus interglomerular inhibition. Interglomerular
inhibitory interactions are mediated by the short-axon
cells, which are glutamatergic, branch extensively in
the glomerular layer, and excite PG cells in glomeruli sev-
eral hundred pm distant (Aungst et al., 2003) but do not
receive monosynaptic OSN input (Hayar et al., 2004a). In-
direct excitatory input to a glomerulus via the short-axon
cells is likely weaker than direct input via thousands of
convergent OSNs, and the slower-onset, asynchronous
OSN input evoked by odorant stimulation may fail to
evoke sufficient activation of PG cells in neighboring glo-
meruli to elicit presynaptic inhibition. Interestingly, how-
ever, interglomerular connections can potently inhibit
mitral cell responses in neighboring glomeruli (Aungst
et al., 2003), suggesting that postsynaptic interglomeru-
larinhibition may be more robust than presynaptic inhibi-
tion. One possible explanation for this difference is that
PG cells directly contact mitral cell dendrites (Pinching
and Powell, 1971), whereas PG cell-mediated presynap-
tic inhibition is likely mediated via a synaptic spillover
mechanism (Aroniadou-Anderjaska et al., 2000; Wacho-
wiak et al., 2005). These differences point to the com-
plexity of the glomerular neuronal network; for example,
PG cells are a heterogeneous population (Hayar et al.,
2004a), and short-axon cells may activate PG cells that
inhibit mitral cells but do not presynaptically inhibit
OSNs. Thus, interglomerular inhibition may shape odor-
ant representations at the level of output from the glo-
merulus even while input to the glomerulus is unaffected.

Presynaptic Inhibition and Odor Coding
How does presynaptic inhibition shape odor representa-
tions? Our data suggest that a primary role is to modu-
late the strength of olfactory input to the CNS without al-
tering the relative spatial patterns of glomerular activity
that are thought to encode odor identity. Blocking pre-
synaptic inhibition pharmacologically greatly enhanced
the magnitude of odorant-evoked transmitter release
and only minimally affected maps of odorant-evoked in-
put. One important implication of this result is that the
mapping of odorant identity onto space in the olfactory
bulb, at least at the level of glomerular input, is deter-
mined primarily by the convergence of OSNs onto glo-
meruli rather than by postsynaptic processing. Presyn-
aptic inhibition serves to modulate the strength of this
input.

The massive convergence of OSNs onto glomeruli
(Shepherd et al., 2004) and the unusually high release
probability of OSNs (Murphy et al., 2004) are specializa-

tions that likely improve odorant detection, but these
specializations invite saturation of postsynaptic re-
sponses at odorant concentrations above threshold.
Thus, feedback presynaptic inhibition may be important
in maintaining postsynaptic responsiveness at supra-
threshold concentrations. Feedback inhibition may
also be important in shaping olfactory bulb activity dur-
ing repeated odorant stimulation. Mice and other mam-
mals repeatedly sample odorants by rapid sniffing at fre-
quencies of 4-10 Hz (Youngentob et al., 1987; Uchida
and Mainen, 2003), which corresponds to the interval
of maximal feedback inhibition. Presynaptic inhibition
may reduce postsynaptic responses during sustained
rapid sniffing and enhance detection of new odorants
via different glomeruli by reducing downstream lateral
inhibition (Aroniadou-Anderjaska et al., 2000). Alter-
natively, by preventing saturation of postsynaptic re-
sponses, presynaptic inhibition could enhance the re-
sponsiveness of mitral and tufted cells, the principal
output neurons of the olfactory bulb. A similar mecha-
nism enables sustained postsynaptic responses of
second-order neurons activated by primary auditory af-
ferents (Brenowitz and Trussell, 2001). Finally, the de-
layed (~50 msec) onset of presynaptic inhibition could
shape temporal patterns of input. In the hippocampus,
for example, GABAg-mediated presynaptic inhibition
functions as a high-pass filter for transmission of affer-
ent signals (Ohliger-Frerking et al., 2003). In the olfactory
system such filtering could enhance the phasic compo-
nent of OSN inputs and help entrain postsynaptic neu-
rons to the ongoing sniff rhythm (Hayar et al., 2004b;
Schoppa and Westbrook, 2001).

Presynaptic inhibition may also modulate the sensitiv-
ity to olfactory input on a slower time scale. For exam-
ple, input sensitivity could be modulated by activity-
dependent changes in the production of transmitters
mediating presynaptic inhibition, as has been shown
for dopaminergic periglomerular cells (Cho et al., 1996),
or by changes in tonic levels of GABAergic inhibition
(Aroniadou-Anderjaska et al., 2000). In this context, the
predominance of intraglomerular over interglomerular
presynaptic inhibition may enable glomerulus-specific
control of olfactory input, potentially allowing for the se-
lection of inputs arising from select olfactory receptor
populations.

Experimental Procedures

Subjects

Experiments were performed on 71 transgenic mice expressing syn-
aptopHluorin (spH) from the OMP locus, as previously reported
(Bozza et al., 2004). OMP-spH mice are available commercially
(The Jackson Laboratory, Bar Harbor, Maine, stock #4946). For the
slice experiments, mice used ranged from 3 to 17 weeks old
(mean: 7 weeks). For the in vivo experiments, mice ranged from 8
to 19 weeks old (mean: 14 weeks). Although most mice were

(B) SpH signal maps evoked by methyl valerate (MV) at different concentrations before (upper panels) and during (lower panels) GABAg receptor
blockade by CGP35348. As in (A), each map is scaled to its own maximum and maximal response amplitude is indicated for each map. Numbers
between and above maps indicate correlation coefficients for select map pairs as in (A). Scale bar, 400 um.

(C) Concentration-response functions from two glomeruli (indicated in [B]) before and during CGP35348 application. Error bars indicate SEM and

are computed from three to four repeated trials at each concentration.

(D) Summary data showing the mean correlation between glomerular response patterns (six preparations) evoked by the same odorant and con-
centration between control and drug trials and among repeated control trials for all possible trial-to-trial comparisons. N indicates the number of

pairwise comparisons made.
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homozygous for spH (and were thus OMP null), a subset of experi-
ments performed in ten heterozygous mice produced similar results,
consistent with our previous report (Bozza et al., 2004). To improve
visibility of OSN axons in slice experiments, in some cases, we
loaded mouse OSNs with the red fluorescent marker Alexa 568 dex-
tran (10 kDa, Molecular Probes, Eugene, Oregon) 1-7 days prior to
the experiment, as previously reported (Wachowiak and Cohen,
2001). All animal procedures were approved by the Boston Univer-
sity Institutional Animal Care and Use Committee.

Slice Preparation and Recording

Mice were anesthetized with halothane and decapitated. The head
was immediately submerged in ice-cold aCSF (composition, in mM:
124 NaCl, 3 KCl, 2 CaCl,, 1.3 MgSO,, 10 dextrose, 26 NaHCO3, 1.25
NaH,PO,) equilibrated with a mixture of 95% oxygen and 5% carbon
dioxide. The olfactory bulbs were quickly removed and submerged
in ice-cold aCSF. Each bulb was glued to a plastic block with cya-
noacrylate and sectioned with a custom vertical rotary slicer. Three
400 um thick sections were obtained from each bulb in either a sag-
ittal or horizontal orientation, including a “surface slice” cut tangen-
tially to the surface of the bulb. Slices were stored in an incubation
chamber in aCSF at 35°C for 30 min after slicing, after which the tem-
perature was reduced to 30°C.

For imaging, slices were transferred to a recording chamber and
continuously perfused with aCSF at approximately 2 ml/minute. Sli-
ces were maintained at 30°C throughout the recording (except in
experiments that explicitly varied temperature, see Results). For ex-
periments that used aCSF with extra pH-buffering capacity, 20 mM
HEPES was added to the aCSF, replacing 5 mM dextrose and
7.5 mM NaCl to maintain osmolarity, and the oxygenated solution
was pH-matched to the control aCSF.

Electrical stimuli were applied through concentric bipolar electro-
des with a tip diameter of 25 um (Frederick Haer, Bowdoinham,
Maine). Brief (100 psec) constant current stimuli (5-400 pA) were de-
livered through Isoflex stimulus isolation units (A.M.P.l., Jerusalem,
Israel) under the control of custom software written in LabView (Na-
tional Instruments, Austin, Texas).

Slices were imaged by wide-field epiillumination fluorescence
with an Olympus BX51 microscope and a 10x (0.3 NA) or 20x
(0.95 NA) objective. lllumination was provided by a 150W Xenon
arc lamp (Opti-Quip, New York) attenuated by 98.5%-75% with neu-
tral density filters. SpH was visualized with a filter set containing
HQ480/40 (excitation), Q505LP (dichroic), and HQ535/50 (emission)
filters. Optical signals were recorded with a back-illuminated CCD
camera (NeuroCCD, SM-80, RedShirtimaging, Fairfield, Connecti-
cut), at 80 x 80 pixel resolution and digitized by 14 bit analog-to-
digital conversion at a frame rate of 125 or 500 Hz. Data acquisition
was performed with Neuroplex software (RedShirtimaging).

Optical Imaging In Vivo

In vivo imaging from the dorsal olfactory bulb was performed in pen-
tobarbital-anesthetized mice, as described previously (Bozza et al.,
2004; Wachowiak and Cohen, 2001). For the mixture experiments,
signals were recorded through thinned bone. For the in vivo pharma-
cology experiments, the bone and dura were removed prior to imag-
ing. In most (8 of 10) mice, a double tracheotomy was performed and
a 3 Hz artificial sniffing protocol was used to control odorant inhala-
tion (Wachowiak and Cohen, 2001). In the other two experiments,
mice were freely breathing at ~2 Hz. Optical signals were recorded
with a back-illuminated CCD camera (NeuroCCD, SM-256, RedShirt-
Imaging, Fairfield, Connecticut) at 256 x 256 pixel resolution and
a frame rate of 7 Hz. Data were acquired and digitized as described
above.

The binary mixture experiments used the following odorant pairs
(n given in parentheses): methyl valerate/butyl acetate (2), methyl
valerate/isoamyl acetate (1), methyl benzoate/«-pinene (1), methyl
benzoate/2-heptanone (1), methyl valerate/2-heptanone (1), and
methyl valerate paired with a mixture of five of the preceding odor-
ants (1). All odorants were obtained at 95%-99% purity from Sigma
(St. Louis, Missouri) and stored under nitrogen. For delivery, a nitro-
gen stream was passed through a vial containing each odorant and
was then diluted to the working concentration in cleaned, desic-
cated air with a mass flow controller (Aalborg, Orangeburg, NY) un-
der computer control as described previously (Bozza et al., 2004).

Concentrations are expressed as percent dilutions of concentrated
vapor.

Drug Application

All drugs were obtained from Tocris Cookson (Ellisville, Missouri) or
Sigma (St. Louis, Missouri). In slice experiments, drugs were diluted
from frozen stocks and bath applied. During in vivo imaging, drugs
were applied by manually replacing our standard mouse ringers
superfusate (Bozza et al., 2004) with ringers containing CGP35348
or baclofen.

Data Analysis

In most cases, the signal-to-noise ratio of the data was improved by
averaging two to eight trials. Raw traces were corrected for photo-
bleaching by subtracting trials in which no stimulus was given. Fluo-
rescence traces from each pixel overlying a glomerulus were aver-
aged. Data from slice experiments were temporally low-pass
filtered at 20 Hz using a Gaussian filter with a low sharpness. Re-
sponse amplitudes in slice experiments were measured as the
peak deflection from baseline averaged over a 40 msec window after
the stimulus. Suppression of transmitter release in slice experiments
was quantified in terms of the suppression ratio, defined as the am-
plitude of the response to a test stimulus divided by the response to
a control stimulus. In most cases, trials with and without the condi-
tioning stimulus were interleaved and then averaged separately. Tri-
als were separated by a minimum of 60 s. No spatial filtering was
performed, although for display purposes the pixel resolution of re-
sponse maps was doubled via linear interpolation.

In the in vivo experiments, odorant response amplitudes were
measured using a 1.4 s temporal window positioned just after the
end of odorant presentation. spH response maps were constructed
by subtracting the temporal average of a 2 s time window just pre-
ceding stimulus onset from a 2 s time window at the peak of the re-
sponse. As in the slice experiments, no spatial filtering was per-
formed, although the pixel resolution of response maps was
doubled for display.

To analyze effects of CGP35348 in vivo, odorant-evoked spH sig-
nals were measured for each single trial for each responsive glomer-
ulus. Glomeruli were included in the final analysis if their response
amplitude was greater than three standard errors above zero given
at least three repeated odorant presentations. Correlation coeffi-
cients (Pearson’s r) were computed from the set of all responsive
glomeruli in a given preparation.

In all cases except for the in vivo pharmacology experiments (see
Figures 7 and 8), data were divided by the resting fluorescence for
display in the figures, in order to convey a useful sense of the signal
size. However, this number has limited interpretive meaning be-
cause evoked spH signals arise from a pool of intravesicular protein
that is largely nonfluorescent (Sankaranarayanan and Ryan, 2000).
Resting fluorescence did not change appreciably with stimulation
or drug treatment in the slice preparations (not shown). Because
resting fluorescence could vary after drug treatment in the in vivo ex-
periments (not shown), data were analyzed and presented without
dividing by resting fluorescence.

Data processing and analysis were performed with Neuroplex
software and custom software written in LabVIEW and MatLab
(The Mathworks, Natick, Massachusetts). Statistical comparisons
were performed with Origin and StatView. Least-squares curve fits
were performed with Igor Pro.
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Note Added in Proof

While this paper was in press, Vucini¢ et al. (2005) reported that
in vivo pharmacological blockade of GABAg-mediated presynaptic
inhibition produced modest changes in maps of OSN input to glo-
meruli measured by imaging presynaptic calcium influx in neonatal
mice. These changes were interpreted as evidence of interglomeru-
lar presynaptic inhibition. We replicated their analyses with the
in vivo spH data presented in this study and found no such changes
in maps at the level of transmitter release from OSNs.
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