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Behavioral State Regulation of Dendrodendritic Synaptic
Inhibition in the Olfactory Bulb
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Behavioral states regulate how information is processed in local neuronal circuits. Here, we asked whether dendrodendritic synaptic
interactions in the olfactory bulb vary with brain and behavioral states. To examine the state-dependent change of the dendrodendritic
synaptic transmission, we monitored changes in field potential responses in the olfactory bulb of urethane-anesthetized and freely
behaving rats. In urethane-anesthetized rats, granule-to-mitral dendrodendritic synaptic inhibition was larger and longer when slow
waves were present in the electroencephalogram (slow-wave state) than during the fast-wave state. The state-dependent alternating
change in the granule-to-mitral inhibition was regulated by the cholinergic system. In addition, the frequency of the spontaneous
oscillatory activity of local field potentials and periodic discharges of mitral cells in the olfactory bulb shifted in synchrony with shifts in
the neocortical brain state. Freely behaving rats showed multilevel changes in dendrodendritic synaptic inhibition that corresponded to
diverse behavioral states; the inhibition was the largest during slow-wave sleep state, and successively smaller during light sleep, awake
immobility, and awake moving states. These results provide evidence that behavioral state-dependent global changes in cholinergic tone
modulate dendrodendritic synaptic inhibition and the information processing mode in the olfactory bulb.
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Introduction
The mode of information processing in local neuronal circuits in
the brain changes with different behavioral states and has been
associated with local oscillatory activity or electroencephalogram
(EEG) patterns (Steriade et al., 1993). The hippocampus, for ex-
ample, shows theta-band oscillatory activity during exploratory
behavior, when it processes neocortical inputs, and shows irreg-
ular slow waves with sharp waves and ripples during slow-wave
sleep, quiet wakefulness, and consummatory behavior, when it
presumably transfers temporarily stored information to the neo-
cortex (Buzsáki, 1989). To functionally analyze the CNS, it is thus
critical to understand the state-dependent changes in informa-
tion processing modes within particular functional regions of the
brain.

The olfactory bulb (OB) is the first processing center of the
olfactory system in the vertebrate brain and contains maps rep-
resenting the molecular features of odorants (Mori et al., 1999,
2006; Takahashi et al., 2004). The OB has a cortical structure with
well-ordered neuronal circuits and a characteristic synaptic orga-
nization (Shepherd et al., 2004). Mitral cells, the principal neu-

rons in the OB, extend their long lateral dendrites in the external
plexiform layer (EPL) and form numerous dendrodendritic re-
ciprocal synaptic connections with the spines of granule cells
(Rall and Shepherd, 1968; Price and Powell, 1970) (see Fig. 1A).
The dendrodendritic synapses mediate recurrent and lateral in-
hibition and the synchronized periodic activity of mitral cells
(Rall and Shepherd, 1968; Yokoi et al., 1995; Kashiwadani et al.,
1999; Schoppa, 2006). Although the molecular and cellular
mechanisms of dendrodendritic synaptic transmission have been
studied extensively (Isaacson and Strowbridge, 1998; Schoppa et
al., 1998; Chen et al., 2000; Xiong and Chen, 2002), it remains
unknown whether and how the internal state of the brain mod-
ulates dendrodendritic synaptic transmission and local circuit
activity in the OB.

The OB receives centrifugal inputs from neuromodulatory
systems, including cholinergic (Ichikawa and Hirata, 1986), nor-
adrenergic (McLean et al., 1989), and serotonergic (McLean and
Shipley, 1987) systems. The activity of the neuromodulatory sys-
tems changes with the behavioral state of the animal. Because
granule cells in the OB express muscarinic acetylcholine recep-
tors on their spines in the EPL (Crespo et al., 2000), we hypoth-
esized that the state-dependent change in cholinergic input might
regulate dendrodendritic synaptic transmission in the OB in a
state-dependent manner.

As a first step to examine whether brain states regulate the
dendrodendritic synaptic interactions, we recorded field poten-
tials in the EPL of the OB evoked by stimulation of the lateral
olfactory tract (LOT) in urethane-anesthetized rats while using
neocortical EEG to monitor the global brain state. Under ure-
thane anesthesia, the cortical EEG shows a periodic alternation
between a slow-wave state (SWS) and a fast-wave state (FWS)
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(Détári et al., 1997; Balatoni and Détári, 2003; Murakami et al.,
2005). The former resembles the EEG pattern during the slow-
wave sleep state, and the latter corresponds to the shallower stage
of anesthesia stage III-3 of the Guedel stage of anesthesia (Fried-
berg et al., 1999). Furthermore, we recorded LOT-evoked field
potentials in freely behaving animals to examine the behavioral
state-dependent change of granule-to-mitral inhibition.

Materials and Methods
Recordings from anesthetized animals. Experiments were performed on 30
male adult Wistar rats (9 –13 weeks old; 225–295 g; Japan SLC). Animals
were anesthetized with an intraperitoneal injection of urethane (1.2
g/kg), prepared for acute electrophysiological recording from the OB
according to methods described previously (Nagayama et al., 2004; Mu-
rakami et al., 2005), and placed in a stereotaxic apparatus (SR-6N; Nar-
ishige). Body temperature was maintained at 37.5°C using a homeother-
mic heating pad (ATB-1100; Nihon Kohden). Respiratory rhythms were
detected using a piezo transducer (MLT 1010; AD Instruments). Before
the surgery, 0.1% lidocaine was injected subcutaneously at the site of the
incision. All experiments were performed in accordance with the guide-
lines of the Physiological Society of Japan and the animal experiment
committee of The University of Tokyo.

For EEG recordings, a stainless-steel screw was threaded into the bone
above the occipital cortex (6 mm posterior to bregma, 3.5 mm lateral to
the midline). Another screw was threaded into the bone above the cere-
bellum (1.5 mm posterior to lambda) as a reference. For recording LOT-
evoked field EPSPs (fEPSPs) and oscillatory local field potentials
(OLFPs), one or two tungsten electrodes (0.1 M�; Microprobe) were
inserted to the OB in the EPL and/or granule cell layer (GCL). For re-
cording extracellular single units, a tungsten electrode (5.0 M�; Micro-
probe) was inserted to the OB. Single-unit activities were recorded ex-
clusively from the EPL or mitral cell layer. The recorded potentials were
amplified (AB-610J; Nihon Kohden) and filtered (0.5–100 Hz for occip-
ital EEG, 0.08 Hz to 10 kHz for fEPSP, 0.5–100 or 0.08 Hz to 10 kHz for
OLFP, and 150 Hz to 3 kHz for single-unit recording; AB-610J and
EW-610J; Nihon Kohden). The recorded signals were stored in a com-
puter via an analog-to-digital (A/D) converter with Spike2 software
(Cambridge Electronic Design). For intracellular recordings from mitral
cells, we used a glass micropipette (40 –120 M�) filled with 2 M potas-
sium acetate. The CSF was drained from the cisterna magna to minimize
the pulsation of the brain. The recorded membrane potentials were am-
plified (MEZ-8300 and JZ-102J; Nihon Kohden) and stored in a com-
puter with the EEG signals.

For electrical stimulation of the LOT, we applied square current pulses
(0.1 ms in duration, 0.1–1.5 mA) using a concentric stainless-steel elec-
trode (EKB-5002K; diameter, 240 �m; Eikou Kagaku). The stimulus
intensity was set to the minimum voltage that evoked the maximal LOT-
evoked field potential in the OB. The position of the recording micro-
electrode in different layers of the OB was determined by monitoring the
configuration of the LOT-evoked field potential (Rall and Shepherd,
1968). We used the paired LOT stimulation method (Mori and Takagi,
1978) to estimate the strength of granule-to-mitral inhibition. In the
paired LOT stimulation method, the LOT was stimulated twice with
equal intensity at various interstimulus intervals (ISIs). For the intracel-
lular recording experiment, single LOT stimulation was used.

For drug application, we made a plastic pool, glued it onto the skull
around the dorsal surface of the OB, and perfused oxygenated artificial
CSF (ACSF; 37.5°C) through it continuously (flow rate, 1 ml/min). The
ACSF contained (in mM) 124 NaCl, 3 KCl, 1.3 MgSO4, 2 CaCl2, 1.25
NaH2PO4, 26 NaHCO3, and 10 glucose, and was bubbled with 95% O2

and 5% CO2 (Chen et al., 2000). In pharmacological experiments, we
used paired LOT stimulation at a 50 ms ISI to optimize the observation of
state-dependent changes. The dura was removed locally around the re-
cording site. The drug concentration was 10 times higher than usual for
in vitro studies because of the difficulties of permeation. Picrotoxin, (�)-
scopolamine hydrobromide, and carbamylcholine chloride (carbachol)
were purchased from Sigma, and DL-APV was purchased from Tocris
Bioscience.

Recordings from freely behaving animals. Six male adult rats were anes-
thetized with intraperitoneal injections of medetomidine (0.50 mg/kg)
and ketamine (75.0 mg/kg). Additional doses of medetomidine (0.13
mg/kg) and ketamine (18.8 mg/kg) were given every 3 h. Animals were
mounted in a stereotaxic apparatus and body temperature was main-
tained at 37.5°C by a heating pad (ATB-1100; Nihon Kohden).

For recording electromyograms (EMGs), Teflon-insulated stainless-
steel electrodes (catalog #790900; A-M Systems) were implanted in the
neck muscle. For recording EEGs, a stainless-steel screw was threaded
into the bone above the occipital cortex (6 mm posterior to bregma, 3.5
mm lateral to the midline). Another screw was threaded into the bone
above the cerebellum (1.5 mm posterior to lambda) as a reference. Ad-
ditional screws were threaded into the bone as anchors. For recording
LOT-evoked fEPSPs, twisted stainless-steel electrodes (catalog #790900;
A-M Systems) were implanted in the GCL of the OB and the LOT (1.7
mm anterior to bregma, 4.0 mm lateral to the midline). All of these
electrodes were fixed by dental cement, connected to an electrode inter-
face board (EIB-27; Neuralynx), and covered with a polypropylene cap.

After a 1 week recovery period, the neck muscle EMG, neocortical
EEG, and LOT-evoked fEPSP in the GCL were recorded simultaneously.
Animals moved freely within an acrylic cage to which they were habitu-
ated, and recording was performed during the light period (5:00 A.M. to
5:00 P.M.). The neck muscle EMG, neocortical EEG, and fEPSP in the
GCL were amplified with a headstage preamplifier (HS-27; Neuralynx)
and amplifier (Lynx-8, Neuralynx; AB-610J, Nihon Kohden), filtered
(0.5 Hz to 1 kHz for neocortical EEG, 0.08 Hz to 10 kHz for fEPSP in the
GCL, 50 Hz to 10 kHz for neck muscle EMG; AB-610J; Nihon Kohden),
and stored in a computer via an A/D converter with Spike2 software
(Cambridge Electronic Design). We chose the intensity of paired LOT
stimulation such that the change in the response to the test stimulus was
observed clearly in each animal. The ISI was 20 ms. Paired LOT stimula-
tion was performed once per minute for a total of 100 times per day. We
only used the data in which the response to the conditioning stimulus did
not change clearly after the paired LOT stimulation experiments. No rats
showed startle responses to LOT stimulation.

We classified behavioral states into five categories: awake moving,
awake immobility, light sleep, slow-wave sleep, and rapid eye movement
(REM) sleep (see Fig. 7A). To evaluate the behavioral states, we moni-
tored the neck muscle EMG, neocortical EEG, and the animal’s behavior
on-line. The awake moving and awake immobility states were character-
ized by the presence of tonic activity of the neck muscle and a fast neo-
cortical EEG (see Fig. 7B). The two awake states were differentiated by the
movement and posture of the rats. Sleep states (light sleep, slow-wave
sleep, and REM sleep) were determined by the absence of tonic activity of
the neck muscle. The three sleep states were differentiated by the pattern
of the neocortical EEG (Radulovacki et al., 1984). Light sleep was char-
acterized by spindles and �50% � slow waves, slow-wave sleep was char-
acterized by having 50% or more � slow waves, and REM sleep was
characterized by a high-frequency, low-amplitude EEG and by the ab-
sence of neck muscle activity except for occasional muscle twitches. The
behavioral states of the animals were determined finally by off-line ob-
servation during the 10 s before and after the LOT stimulation.

Analysis. To distinguish the SWS from the FWS using EEG in anesthe-
tized animals, we calculated the ratio of slow-wave (0.5–2 Hz) EEG
power to total (0.25–500 Hz) EEG power for 5 s before and 5 s after the
onset of the LOT stimulation. If this ratio was �0.5, the LOT stimulation
trial was assigned to the SWS, and if �0.3, to the FWS (Murakami et al.,
2005). Otherwise, the trial was assigned to the transient state.

We measured the peak amplitude of the fEPSP evoked by the condi-
tioning stimulus and that of test stimulus. The peak amplitude of the
fEPSP evoked by the conditioning stimulus was measured from the base-
line (Rcond). The peak amplitude of the fEPSP evoked by the test stimulus
was measured by subtracting the averaged traces of responses to single
LOT stimulations from the trace of the response to the second LOT
stimulation of a pair (Rtest). Then, the ratio Rtest/Rcond was calculated. For
chronological plots of fEPSP amplitude, paired LOT stimulation was
delivered every 30 or 60 s. To measure the duration of suppression, we
compared Rcond and Rtest in each ISI and each state, and defined the
duration of suppression as the period in which Rtest is significantly
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smaller than Rcond ( p � 0.05, two-tailed t test). In intracellular recording
experiments, the peak amplitude of the LOT-evoked IPSP was measured
from the resting membrane potential (IPSP amplitude). The IPSP dura-
tion was measured by the period from LOT stimulation to the time when
the membrane potential was back to resting level. The IPSP decay time
was measured as the period from the peak amplitude of the IPSP to 1/e
amplitude of the IPSP. The value of IPSP integral was calculated by
measuring the area under resting membrane potential during IPSP du-
ration. We only used the data in which resting membrane potential was
stable (less than �40 mV) and LOT-evoked IPSP was clearly observed
(�5 mV). For statistical analysis, 31– 40 recordings were used in each
state and each cell. The duration of the LOT-evoked suppression of spon-
taneous spike discharges of mitral/tufted cells were determined by the

period in which the firing rate was less than half
of the spontaneous firing rate.

The cross-correlograms of OLFPs in the EPL
and GCL (see Fig. 5A2) were calculated during
selected 200 s periods after bandpass filtering
between 20 and 100 Hz using Spike2 software.
The power spectra of OLFPs in the EPL (see Fig.
5A3) were calculated during selected 200 s pe-
riods using Spike2 software. To create the
pseudocolor spectrogram of OLFP (see Fig.
5B), the recording period (1600 s) was divided
into 320 partitions (5 s each). The power spec-
tra of OLFPs in the GCL were calculated during
each 5 s period. The resolution of the frequency
of the power spectra was 0.24 Hz. The power of
each frequency of the OLFP was given a color
and aligned chronologically by using IGOR Pro
(WaveMetrics). Maximum power (indicated by
red) was set to 0.0004 mV 2. The peak frequen-
cies of OLFPs in the GCL (see Fig. 5C) were
determined by the frequency that had the stron-
gest power between 30 and 120 Hz during se-
lected 100 s periods in each state. The resolution
of the power spectra was 0.49 Hz.

To obtain phase histograms of the spike dis-
charges of mitral cells, OLFPs in the GCL were
filtered (40 – 80 Hz), and filtered OLFP peaks
were detected. One cycle of the OLFP (peak-to-
peak period) was divided into 360° (bin, 2°),
and all spike discharges of a mitral cell (during
200 s) were plotted in raster plots and histo-
grams during both FWS and SWS to determine
the phase relationship. An averaged field poten-
tial of the GCL was also calculated in the same
200 s. Time 0 refers to the time of the OLFP
peak. Spike autocorrelograms of discharges of
mitral cells were calculated both during FWS
and during SWS in selected 800 s periods and
are shown as raster plots and spike rates created
using Spike2 software. The peak of the spike
rate at time 0 was eliminated from the
autocorrelogram.

In chronic experiments, the amplitudes of
Rcond and Rtest were measured as described
above. For statistical analysis, the data obtained
during 3 d (297–300 recordings) was used in
each animal. The power of the frequency range
from 60 to 90 Hz of OLFP was calculated during
10 s in each state. We used the data during the
period in which LOT stimulation was not per-
formed. The statistical significance of behav-
ioral state-dependent changes of the ampli-
tudes of Rcond, Rtest, and their ratio (Rtest/Rcond)
were examined by ANOVA combined with
Tukey’s post hoc test. Other statistical compari-
sons were made with two-tailed t tests.

Results
Enhanced granule-to-mitral dendrodendritic inhibition
during the slow-wave state in anesthetized rats
To monitor changes in dendrodendritic synaptic transmission
between mitral cells and granule cells during changes in brain
state, we delivered paired stimulations to the LOT during SWS
and FWS and recorded the field potentials evoked in the EPL of
the OB of urethane-anesthetized rats (Fig. 1B). A conditioning
LOT stimulation (open arrowhead) elicited an initial transient
negativity, which reflects the antidromic spike activity of mitral
cells, followed by a large negativity (fEPSP), which reflects the

Figure 1. Granule-to-mitral inhibition is stronger during SWS than during FWS in the OB of urethane-anesthetized rats. A, A
schematic diagram of dendrodendritic reciprocal synapses between mitral cell lateral dendrites and granule cell spines. Open
arrows, glutamatergic excitatory input; closed arrows, GABAergic inhibitory input; white square, AMPA receptor; shaded square,
NMDA receptor; gray square, GABAA receptor. B, Field potential responses in the EPL evoked by paired LOT stimulation. The ISI was
30 ms. Six traces obtained during the fast-wave state (red traces, FWS) and slow-wave state (blue traces, SWS) are overlaid.
Responses to the conditioning stimulus (an arrow with asterisk) showed only small changes with behavioral state, whereas
responses to the test stimulus (an arrow with two asterisks) changed dramatically between FWS and SWS. C, Chronological plots
of the amplitudes of responses to the conditioning LOT stimulation (Rcond, open squares) and to the test LOT stimulation (Rtest,
circles). The colors of the circles indicate the brain state of the animal when paired LOT stimulation was applied. Red, FWS; blue,
SWS; white, transient state. The bottom trace indicates the neocortical EEG. Under urethane anesthesia, the neocortical EEG
typically shows a periodic alternation between FWS and SWS. The periods of typical FWS are shown by red bars and typical SWS by
blue bars. D1–D3, Averaged amplitudes of Rcond (D1), Rtest (D2), and their ratio (Rtest/Rcond; D3) in individual animals. The ISI was
30 ms. Each connected pair of marks represents the data from a single animal. The open circles in D1 indicate that Rcond was
significantly larger during SWS than during FWS ( p � 0.01, two-tailed t test). The closed circles in D2 and D3 indicate that Rtest

and the ratio Rtest/Rcond were significantly smaller during SWS than during FWS, respectively ( p � 0.01, two-tailed t test). Cross
marks indicate that the values were not significantly different between the two states.

Tsuno et al. • Enhanced Dendrodendritic Inhibition during Sleep J. Neurosci., September 10, 2008 • 28(37):9227–9238 • 9229



activity of mitral-to-granule dendrodendritic excitatory synapses
(Rall and Shepherd, 1968). We then applied a test LOT stimula-
tion (closed arrowhead) with the same intensity 30 ms after the
conditioning stimulus. The test LOT-evoked fEPSP was sup-
pressed by the conditioning LOT stimulation, as reported previ-
ously (Nicoll, 1969, 1971; Shepherd, 1972; Stewart and Scott,
1976; Mori and Takagi, 1978).

A conditioning LOT stimulation elicits large and prolonged
IPSPs in mitral cells (Mori and Takagi, 1978) that prevent the
antidromic spikes evoked by test LOT stimulation from invading
the somata or backpropagating along the lateral dendrites of mi-
tral cells (Xiong and Chen, 2002); this in turn prevents the acti-
vation of mitral-to-granule dendrodendritic excitatory synapses.
Thus, the magnitude and time course of the suppression of the
test LOT-evoked fEPSP faithfully reflect the magnitude and time
course of IPSPs in mitral cells evoked by the conditioning LOT
stimulation (Mori and Takagi, 1978). We examined whether
there is a state-dependent change in the magnitude of granule-
to-mitral dendrodendritic inhibition by recording the fEPSP re-
sponses to paired LOT stimulation while simultaneously moni-
toring the brain state by recording the EEG from the neocortex.
Whereas the amplitudes of the fEPSPs evoked by the condition-
ing stimulus changed only slightly between the brain states, the
amplitude of the LOT-evoked test fEPSP changed dramatically
depending on the brain state (Fig. 1B). A chronological compar-
ison of the neocortical EEG and the LOT-evoked fEPSP (Fig. 1C)
showed that the alternation in the amplitude of the test LOT-
evoked fEPSP was clearly in phase with the alternation of the EEG
pattern between FWS and SWS. During the gradual transition
from FWS to SWS, the suppression of the test LOT-evoked field
potential gradually increased to reach a maximum at the SWS. At
the transition from SWS to FWS, the suppression rapidly de-
creased and only a small suppression was observed during the
FWS.

In nine urethane-anesthetized rats, we compared the averaged
amplitudes of the conditioning LOT-evoked fEPSP (Fig. 1D1,
Rcond), test LOT-evoked fEPSP (Fig. 1D2, Rtest), and their ratio
(Fig. 1D3, Rtest/Rcond) during FWS and SWS. In five of nine ani-
mals, Rcond was slightly but significantly larger during SWS than
during FWS (mean increase 5%; p � 0.01, two-tailed t test). In
eight animals, Rtest was significantly and clearly smaller during
SWS than during FWS (mean decrease, 49%; p � 0.01, two-tailed
t test). And in all nine animals, the ratio Rtest/Rcond was signifi-
cantly and clearly smaller during SWS than during FWS (mean
decrease, 52%; p � 0.01, two-tailed t test). These results indicate
that LOT-evoked granule-to-mitral dendrodendritic synaptic in-
hibition is larger during SWS than during FWS in urethane-
anesthetized rats. We next measured the suppression of the test
LOT-evoked fEPSP during SWS and during FWS at various
conditioning-to-test intervals. The suppression lasted longer
during SWS than during FWS (Figs. 2A,B). The mean duration
of suppression was 35– 45 ms during FWS and 63–73 ms during
SWS (n � 4 rats).

To examine state-dependent changes in granule-to-mitral
dendrodendritic inhibition directly, we simultaneously recorded
intracellular LOT-evoked IPSPs and neocortical EEG. In a repre-
sentative mitral cell, LOT stimulation elicited an antidromic
spike and a large IPSP (Fig. 2C). The LOT-evoked IPSP tended to
be larger and longer during SWS than during FWS. In seven
mitral cells, we obtained stable intracellular recordings that lasted
for �6 min and compared the averaged IPSP amplitude (Fig.
2D1), IPSP duration (Fig. 2D2), IPSP decay time (Fig. 2D3),
IPSP integral (Fig. 2D4), and resting membrane potential (Fig.

2D5) in each state. Six of the seven mitral cells had significantly
higher IPSP amplitudes during SWS than during FWS ( p � 0.05,
two-tailed t test). In addition, IPSP duration increased during
SWS in four cells, IPSP decay time was longer during SWS than
during FWS in six cells ( p � 0.05, two-tailed t test), and in six
cells the value of IPSP integral was larger during SWS than during
FWS ( p � 0.05, two-tailed t test). Resting membrane potential
was slightly more hyperpolarized during SWS in four cells,
whereas it was slightly more depolarized during SWS in two cells.
Thus, during SWS, resting membrane potential tended to be
more hyperpolarized whereas the IPSP amplitude increased sig-
nificantly in most cells. This suggests that the increase in IPSP is
not attributable to a change in the IPSP driving force caused by a
change in the resting membrane potential of mitral cells, but to
the increase in the granule-to-mitral synaptic inhibition. Using
extracellular single-unit recordings from mitral cells, we also
found that the duration of the LOT-evoked suppression of spike
discharges tended to be longer during SWS than during FWS
(data not shown) (n � 4 mitral cells), again indicating that the
granule-to-mitral inhibition tend to be longer during SWS than
during FWS.

To confirm that the observed state-dependent change in the
magnitude of the test LOT-evoked fEPSP was caused by the
change in the granule-to-mitral dendrodendritic inhibition, we
examined the effects of pharmacological blockers of dendroden-
dritic synaptic transmission. As illustrated in Figure 1A, the LOT-
evoked activation of mitral-to-granule dendrodendritic excita-
tory synapses activates NMDA receptors on granule cell spines,
which results in the activation of granule-to-mitral dendroden-
dritic inhibitory synapses and the activation of GABAA receptors
on mitral cell dendrites (Schoppa et al., 1998; Chen et al., 2000).
Thus, blocking the NMDA receptors on granule cell spines or
GABAA receptors on mitral cells should suppress the LOT-
evoked dendrodendritic inhibition of mitral cells. We made a
pool on the dorsal surface of the OB and perfused ACSF, ACSF
containing the NMDA receptor antagonist APV (500 �M), or
ACSF containing the GABAA receptor antagonist picrotoxin (500
�M) through the pool while we recorded the fEPSP responses to
the paired LOT stimulation from the EPL of the dorsal OB. APV
application completely eliminated the suppression of the test
LOT-evoked fEPSP, Rtest, induced by the conditioning LOT stim-
ulation (Fig. 3A) (n � 5/5). This is consistent with the idea that
the blockade of the NMDA receptors on granule cells prevents
conditioning LOT-evoked activation of mitral-to-granule excita-
tory synapses from activating granule-to-mitral inhibitory syn-
apses, resulting in the diminished suppression of the test LOT-
induced fEPSP. Picrotoxin also completely eliminated the
suppression of the test LOT-evoked fEPSP (Fig. 3B) (n � 3/4),
supporting the idea that conditioning LOT-evoked IPSPs in-
duced by granule-to-mitral dendrodendritic inhibition suppress
test LOT-induced fEPSPs.

Cholinergic regulation of granule-to-mitral dendrodendritic
inhibition in anesthetized rats
The OB receives neuromodulatory inputs from cholinergic neu-
rons in the basal forebrain that show behavioral state-dependent
changes in their activity (Manns et al., 2000; Lee et al., 2005). This
raises the possibility that the state-dependent change in the den-
drodendritic inhibition is caused by the state-dependent change
in the cholinergic input to the OB. To examine this possibility, we
perfused a cholinergic antagonist and agonist over the dorsal
surface of the OB using the perfusion method described above.
Blocking the muscarinic acetylcholine receptors with (�)-
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scopolamine hydrobromide (300 �M) in-
creased the suppression of Rtest measured
during FWS to the level of suppression of
Rtest measured during SWS, so that the
state-dependent alternating change in the
amplitude of Rtest disappeared (Fig. 4A1–
B). However, scopolamine had little effect
on Rcond. In all three rats examined, sco-
polamine perfusion caused a significant
decrease in the Rtest/Rcond ratio measured
during FWS ( p � 0.01) (Fig. 4C). The re-
sults are consistent with the idea that the
enhanced cholinergic inputs suppress the
granule-to-mitral dendrodendritic inhibi-
tion more during FWS than during SWS.

In accordance with the idea that the
cholinergic inputs suppress the granule-
to-mitral dendrodendritic inhibition, per-
fusion of a nonselective acetylcholine re-
ceptor agonist, carbachol (500 �M),
diminished the suppression of Rtest such
that the state-dependent alternating
change in the degree of suppression of Rtest

was not detectable (Fig. 4D1–E). In all
three rats examined, carbachol perfusion
caused a significant increase in the Rtest/
Rcond ratio ( p � 0.01) (Fig. 4F). These re-
sults are also consistent with the idea that
the state-dependent change in the cholin-
ergic input to the OB causes a state-
dependent change in the granule-to-
mitral inhibition via muscarinic
acetylcholine receptors.

State-dependent changes in the
frequency of oscillatory local field
potentials in anesthetized rats
During the spontaneous inhalation of
room air or during odor stimulation, the
OB shows prominent and characteristic
OLFPs (30 – 80 Hz) that reflect synchro-
nized periodic synaptic inputs from mitral
cells to granule cells (Eeckman and Free-
man, 1990; Shepherd et al., 2004; Lagier et
al., 2007). Because granule-to-mitral den-
drodendritic synaptic inhibition contrib-
utes to the generation of the synchronized
oscillatory activity (Shepherd, 1972;
Schoppa, 2006), we hypothesized that if
the internal state of the brain modulates
the dendrodendritic synaptic inhibition, it
would also modulate the property of
OLFPs.

To examine this possibility, we re-
corded OLFPs in both the EPL and GCL of
urethane-anesthetized rats during the
spontaneous inhalation of room air (Fig.
5A1) and checked whether there was a
state-dependent change in the frequency
of the OLFPs. The cross-correlogram be-
tween OLFPs in the EPL and GCL showed
that these OLFPs had negative correlation
both during FWS and during SWS (Fig.

Figure 2. Granule-to-mitral inhibition is longer during SWS than during FWS in the OB of urethane-anesthetized rats. A, LOT-evoked
field potentials in the EPL were recorded at various conditioning-to-test intervals from 10 to 100 ms. Arrows indicate the times of the test
LOT stimulations. Artifacts of the test LOT stimulation were eliminated. Recordings during FWS are shown by red traces and those during
SWS by blue traces. B, The ratio of Rtest and Rcond (Rtest/Rcond, mean � SD) was plotted against ISI. Means and SD were calculated from 9
to20recordingsateachISIandineachstate inoneanimal(**p�0.01;***p�0.001,two-tailed t testswithBonferroni’scorrection).The
suppression of the test LOT-evoked response by the conditioning LOT stimulation was stronger and longer during SWS than during FWS. C,
An intracellular recording from a mitral cell showing an antidromic spike and a long-lasting IPSP induced by the LOT stimulation. LOT-
evokedIPSPsduringFWS(3redtraces)wereoverlaidwiththoseduringSWS(3bluetraces).TheIPSPtendedtobelargerandlongerduring
SWS than during FWS despite the same resting membrane potential. D1–D5, Averaged IPSP amplitude (D1), IPSP duration (onset-to-
offset; D2), IPSP decay time (peak-to-1/e; D3), IPSP integral (D4 ), and resting membrane potential (D5) in individual cells. Filled circles
and filled triangles in D1–D5 indicate that the value was significantly larger during SWS than during FWS (filled circles, p � 0.01; filled
triangles, p�0.05; two-tailed t test). Open circles and open triangles in D3 and D5 indicate that the value was significantly smaller during
SWS than during FWS (open circles, p � 0.01; open triangles, p � 0.05; two-tailed t test). Cross marks indicate that the value was not
significantly different between the two states.
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5A2), suggesting that granule cells extend-
ing their dendrites from the GCL to the
EPL participate in generating the OLFPs
(Shepherd et al., 2004). A power spectrum
analysis of the OLFPs showed a large peak
at a frequency of 42 Hz (half-width ranged
between 40 and 46 Hz) during SWS (Fig.
5A3) and a smaller peak at a much higher
frequency (65 Hz, half-width ranged be-
tween 59 and 66 Hz) during FWS. The
change in the frequency of the OLFP is
therefore precisely in synchrony with the
alternation of the neocortical EEG be-
tween FWS and SWS, as exemplified in
Figure 5B. In all rats examined (n � 10
animals), the frequency of the peak power
of the OLFP was higher during FWS (64
Hz in average, half-width ranged between
58 and 70 Hz) than during SWS (42 Hz in
average, half-width ranged between 36 and
49 Hz; p � 0.001) (Fig. 5C).

Because precisely timed granule-to-
mitral dendrodendritic inhibition plays a
key role in generating the synchronized oscillatory activity of
mitral cells (Kashiwadani et al., 1999; Schoppa, 2006), the state-
dependent change in the magnitude and duration of granule-to-
mitral inhibition is consistent with the state-dependent change in
the frequency of the OLFPs. The enhanced granule-to-mitral
synaptic inhibition during SWS would induce larger and longer
IPSPs in mitral cells, resulting in OLFPs of lower frequency. In
contrast, decreased granule-to-mitral inhibition during FWS
may cause weaker and shorter IPSPs in mitral cells resulting in a
higher frequency of the OLFPs.

To further examine these possibilities, we recorded spike dis-
charges of mitral cells during the spontaneous inhalation of room
air (Fig. 6A) and compared the periodic nature of the spike dis-
charges of mitral cells during FWS and SWS. The spike discharges
of mitral cells were in phase with the OLFPs both during FWS and
during SWS (Fig. 6B), and typically occurred during the peak of
the negativity and the rising phase of the OLFP in the GCL (ob-
servation in six mitral cells). In accordance with the higher-
frequency oscillation of the local potential during FWS than dur-
ing SWS, we observed a state-dependent change in the frequency
of periodic spike discharges of mitral cells. An autocorrelation
analysis showed that most mitral cells (four cells of five cells
examined in detail) tended to fire periodically at a higher fre-
quency (67 Hz) during FWS than during SWS (56 Hz) (Fig. 6C).
This observation is also consistent with the idea that enhanced
granule-to-mitral synaptic inhibition during SWS induces longer
IPSPs in mitral cells, resulting in a lower frequency of OLFPs.

State-dependent multilevel change in granule-to-mitral
dendrodendritic inhibition in behaving rats
We next examined whether behavioral states also regulate
granule-to-mitral dendrodendritic synaptic inhibition in freely
behaving rats. We recorded LOT-evoked field potentials in the
GCL of the OB of freely behaving rats using electrodes implanted
in the GCL (Figs. 7). We classified behavioral states into five
different categories (awake moving, awake immobility, light
sleep, slow-wave sleep, and REM sleep states) (Fig. 7A) based on
the neck muscle EMG (Fig. 7B, top traces), neocortical EEG (Fig.
7B, bottom traces), and the behavior of the rats. We compared
the response to paired LOT stimulation recorded in the GCL to

estimate the magnitude of granule-to-mitral inhibition in each
behavioral state (Fig. 7C). For stable recording in freely behaving
animals, we recorded evoked field potentials in the GCL of the
OB, so the large positive deflection of the evoked field potentials
would also reflect mitral-to-granule excitatory synaptic inputs.
We found that the amplitude of the response to the test stimulus
was the smallest during slow-wave sleep.

The amplitudes of Rcond and Rtest during sleep-wake cycles are
plotted in Figure 7D. Changes in behavioral state caused little
change in the field potential responses to the conditioning LOT
stimulation (Fig. 7E1, Rcond), whereas it induced large and mul-
tilevel changes in the amplitudes of the responses to the test LOT
stimulation (Fig. 7E2, Rtest). Thus, the ratio (Rtest/Rcond) was also
the smallest during slow-wave sleep state and was successively
larger during the light sleep, awake immobility, and awake mov-
ing states (Fig. 7E3). The Rtest and Rtest/Rcond ratio during REM
sleep state were similar to that during light sleep state. In all six
animals examined, the amplitude of Rtest and the Rtest/Rcond ratio
were the smallest during slow-wave sleep state and became suc-
cessively larger during the light sleep, awake immobility, and
awake moving states (supplemental Fig. 1A2,A3, available at www.
jneurosci.org as supplemental material). These results suggest
that granule-to-mitral inhibition was the largest during slow-
wave sleep state, and successively smaller during light sleep,
awake immobility, and awake moving states. We also examined
whether the frequency of OLFP changes in state-dependent man-
ner in freely behaving animals. We compared the power of 60 –90
Hz range OLFP during awake moving state with that during slow-
wave sleep state. In all six animals, 60 –90 Hz power of OLFP was
significantly larger during awake moving state than during slow-
wave sleep state (supplemental Fig. 1B, available at www.jneurosci.
org as supplemental material) ( p � 0.001, two-tailed t test). This
result suggests that the probability of occurrence of high-
frequency gamma-range OLFP is higher during awake moving
state than during slow-wave sleep state, and is also consistent
with the idea that during the awake moving state, higher-
frequency of OLFP occurs via the partial suppression of granule-
to-mitral inhibition. These results provide evidence that behav-
ioral state-dependent changes of granule-to-mitral inhibition

Figure 3. Pharmacological blocking of dendrodendritic synaptic interaction abolishes state-dependent change of Rtest. A,
Chronological plots of the Rcond (squares) and Rtest (circles) generated by paired LOT stimulation during ACSF perfusion on the
dorsal surface of the OB. The ISI was 50 ms. Black circles indicate Rtest during perfusion with ACSF containing APV (NMDA receptor
antagonist, 500 �M). APV perfusion increased Rtest to the level of Rcond, indicating that the decrease of Rtest is mediated by NMDA
receptors. The bottom trace indicates the neocortical EEG. White bar, FWS; black bar, SWS. B, Chronological plots during perfusion
with ACSF containing picrotoxin (GABAA receptor antagonist, 500 �M). Picrotoxin perfusion increased Rtest, indicating that the
decrease of Rtest is mediated by GABAA receptors. The bottom trace indicates the neocortical EEG. White bar, FWS; black bar, SWS.
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and synchronized oscillatory activity occur not only in urethane-
anesthetized animals but also in freely behaving animals.

Discussion
State-dependent changes in granule-to-mitral
dendrodendritic synaptic inhibition
An overwhelming majority of synapses in the EPL of the OB are
dendrodendritic reciprocal synapses between granule cell spines
and mitral/tufted cell dendrites (Shepherd et al., 2004), suggest-

ing that dendrodendritic synapses have a dominant role in infor-
mation processing in the OB. The present results provide evi-
dence that granule-to-mitral dendrodendritic synaptic
inhibition is controlled not only by previous synaptic activity
(Nakanishi, 1995; Lüscher and Keller, 2004), but also by behav-
ioral state, and that the cholinergic system is a strong candidate
for the regulation of the granule-to-mitral inhibition in a state-
dependent manner (Fig. 8). The dendrodendritic synaptic inhi-

Figure 4. Cholinergic input regulates granule-to-mitral inhibition. A1, Field potential responses in the EPL evoked by paired LOT stimulation during FWS before (3 red traces) and during (3 black
traces) perfusion with scopolamine (muscarinic acetylcholine receptors antagonist, 300 �M) are overlaid. The ISI was 50 ms. Note that Rtest showed a large amount decrease during scopolamine
perfusion. A2, Field potential responses to paired LOT stimulation during SWS before (3 blue traces) and during (3 black traces) scopolamine perfusion are overlaid. B, Chronological plots of Rcond

(squares) and Rtest (circles) to paired LOT stimulation during ACSF perfusion on the dorsal surface of the OB. The colors of the circles indicate the brain state: red, FWS; blue, SWS; white, transient state.
Scopolamine perfusion decreased Rtest during FWS to the level of Rtest during SWS, indicating that granule-to-mitral inhibition is regulated by muscarinic acetylcholine receptors. The bottom trace
indicates the neocortical EEG. Red bar, FWS; blue bar, SWS. C, Summary plot of the averaged ratio (Rtest/Rcond) of paired LOT stimulation before and during scopolamine perfusion (n � 3). Filled
circles, p �0.01; filled triangles, p �0.05; cross marks, no significant difference; two-tailed t test. D1, Field potential responses to paired LOT stimulation during FWS before (3 red traces) and during
(3 black traces) perfusion with carbachol (nonselective acetylcholine receptor agonist, 500 �M) are overlaid. D2, Field potential responses to paired LOT stimulation during SWS before (3 blue traces)
and during (3 black traces) carbachol perfusion are overlaid. Note that Rtest increased during carbachol perfusion. E, Chronological plots of Rcond (squares) and Rtest (circles) to paired LOT stimulation
during ACSF perfusion on the dorsal surface of the OB. Carbachol perfusion increased Rtest during both FWS and SWS, indicating that granule-to-mitral inhibition is suppressed by cholinergic input.
The bottom trace is the neocortical EEG. F, Summary plot of the averaged ratio of paired LOT stimulation before and during carbachol perfusion (n � 3). Filled circles, p � 0.01; two-tailed t test.

Tsuno et al. • Enhanced Dendrodendritic Inhibition during Sleep J. Neurosci., September 10, 2008 • 28(37):9227–9238 • 9233



bition, frequency of OLFPs, and periodic discharges of mitral
cells in the OB all shifted in synchrony with shifts in the brain
states. Under urethane anesthesia, we observed stronger and
longer granule-to-mitral inhibition and lower frequencies of
OLFPs and periodic spike discharges of mitral cells during SWS.
An increase in the magnitude and duration of granule-to-mitral
inhibition during SWS would result in the elongation of each
cycle of the oscillation and thus a decrease in the frequency of the
OLFPs and the periodic spike discharges of mitral cells. Further-
more, in freely behaving rats, the dendrodendritic inhibition was
the largest during slow-wave sleep state. The multilevel behav-

ioral state-dependent changes in granule-to-mitral inhibition
suggest that the magnitude of recurrent inhibition and lateral
inhibition of mitral and tufted cells differs among distinct behav-
ioral states. The present results thus suggest that the OB network
containing the dendrodendritic reciprocal synapses can produce
distinct synchronized firing patterns of output neurons in accor-
dance with the state-dependent change in the granule-to-mitral
dendrodendritic inhibition and engage in distinct information
processing modes that reflect diverse behavioral states.

We previously reported state-dependent sensory gating in the
olfactory cortex and noted that changes in behavioral state caused

Figure 5. State-dependent change in spontaneous OLFP in the OB of urethane-anesthetized rats. A1, Simultaneous recordings of OLFPs in the EPL (top trace) and GCL (bottom trace). The
oscillation frequency of the OLFP was higher during FWS than during SWS. A2, Cross-correlograms of OLFP recorded in the EPL and GCL during FWS (top graph; sampled for 200 s, filtered at 20 –100
Hz) and during SWS (bottom graph; 200 s, 20 –100 Hz). The dotted line indicates time 0. Note that the OLFPs in the EPL and in the GCL are negatively correlated. A3, Power spectrum of the OLFP
recorded in the EPL during FWS (top graph; sampled for 200 s) and during SWS (bottom graph; 200 s). B, The frequency of OLFP shifted in synchrony with the shift of brain states between FWS and
SWS. OLFPs in the GCL were recorded continuously, and the power spectrum during each 5 s was calculated. This pseudocolor display of the spectrogram chronologically represents the intensity of
power at each frequency. The magnitude of the power at each frequency is shown by color (right inset). x-Axis, Time (bin, 5 s); y-axis, frequency (bin, 0.24 Hz). The bottom trace indicates the
neocortical EEG. C, Summary plot of the state-dependent change of OLFP peak frequency in the GCL in each animal (n � 10).
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little change in the average magnitude of mitral cell responses to
odorants (Murakami et al., 2005). The present results indicate
that the oscillatory spike discharges of the mitral cells change in a
state-dependent manner (Fig. 6). The change in the synchronized

oscillatory activity of mitral cells may play a key role in the state-
dependent gating in the olfactory cortex (Murakami et al., 2005),
and in the different mitral cell responses to odorants in anesthe-
tized mice and awake mice (Rinberg et al., 2006).

Intracellular recording experiments confirmed the state-
dependent change in the magnitude of LOT-evoked IPSPs (Fig.
2C), although the observed change in the IPSP magnitude was
relatively small compared with the change in Rtest during paired
LOT stimulation. Intracellular recordings from the mitral cell
soma can effectively record IPSPs induced at the soma or proxi-
mal dendrites, but may not effectively record IPSPs induced at
distal parts of the long lateral dendrites of mitral cells. We spec-
ulate that changes in the amplitude and duration of IPSPs in the
lateral dendrites affect the spread of activation along the lateral
dendrites. This, in turn, greatly influences all of the mitral-to-
granule synapses located on distal parts of the lateral dendrites
and therefore the magnitude of Rtest.

The cholinergic system sets the dynamic states in the OB
The present results show that the state-dependent change in cho-
linergic inputs to the OB plays a pivotal role in the state-
dependent change in granule-to-mitral inhibition. The cholin-
ergic system has neuromodulatory effects on almost every region
of the brain (Everitt and Robbins, 1997), but targets its major
influence to selected synapses in each region. In the hippocam-
pus, it has been suggested that high levels of acetylcholine during
active waking set the appropriate conditions in the hippocampal
neuronal circuit for encoding new information from the entorhi-
nal cortex; this is accomplished by partially suppressing the re-
current excitatory connections in CA3 and the Schaffer collateral
synapses in CA1 (Hasselmo, 1999). In contrast, the lower levels of
acetylcholine during the slow-wave sleep state release this sup-
pression and may allow a stronger spread of activity within the
hippocampus and a stronger output from the hippocampus to
the entorhinal cortex.

In the OB, high levels of acetylcholine during awake states and
FWS may partially suppress the granule-to-mitral synaptic inhi-
bition, but not the mitral-to-granule synaptic excitation. The
partial suppression of granule-to-mitral inhibition may optimize
the dendrodendritic synaptic interactions to generate synchro-
nized oscillatory activity in mitral cells within an appropriate
range of frequencies. The precisely timed synchronized activity of
mitral cells associated with different glomeruli is presumably crit-
ical during awake states for effectively activating olfactory cortex
neurons that function as coincidence detectors (Kashiwadani et
al., 1999; Mori et al., 1999; Schoppa, 2006; Yoshida and Mori,
2007).

Because synaptic inhibition from granule cells to mitral cell
lateral dendrites may block the spread of action potentials along
the lateral dendrites (Xiong and Chen, 2002), the present results
suggest that the spread of spikes and the concomitant spread of
activation of mitral-to-granule synapses along the lateral den-
drites are regulated in a state-dependent manner. Partial suppres-
sion of granule-to-mitral inhibition caused by high cholinergic
tone during awake states might recruit an appropriate number of
mitral cells to synchronize their activity. In contrast, lower levels
of acetylcholine during the slow-wave sleep state release the par-
tial suppression of granule-to-mitral inhibition. During the slow-
wave sleep state or SWS with limited olfactory sensory inputs,
neuronal circuits in the OB may not be processing the olfactory
sensory inputs, but rather may be receiving synaptic inputs from
centrifugal fibers from the olfactory cortex.

In the piriform cortex, acetylcholine partially and presynapti-

Figure 6. State-dependent change in the oscillatory spike discharges of mitral cells. A, Si-
multaneous recordings of mitral cell spike activity (top trace) and OLFPs in the GCL (bottom
trace) during the spontaneous respiration of room air. As a reference for the phase histogram of
mitral cell firing in B, the positive peaks of OLFP are noted (middle trace). B, Raster plots of spike
discharges (top traces) and corresponding histograms (phase histogram, middle) are shown in
relation to the phase of the OLFP (bottom trace, one averaged cycle of the OLFP). Both during
FWS (left) and during SWS (right), this mitral cell fired mostly in phase with the OLFP. Note that
the duration of one cycle of the oscillation is longer during SWS than during FWS. C, Spike
autocorrelogram of the spike discharges of a mitral cell during FWS (recorded for 800 s) and
during SWS (800 s). The highest peak of the autocorrelogram is located at 15 ms (67 Hz) during
FWS and at 18 ms (56 Hz) during SWS.
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Figure 7. Behavioral state-dependent multilevel changes in the granule-to-mitral inhibition in freely behaving rats. A, We classified behavioral states into five categories on the basis of the
behavior, neck muscle EMG, and neocortical EEG. B, Examples of neck muscle EMG and neocortical EEG in each behavioral state. During the awake moving and awake immobility states, we observed
tonic activity in the neck muscle and high-frequency waves in the EEG. During the slow-wave sleep state, the neck muscle showed no tonus and the neocortical EEG had a slow-wave pattern. The time
window of each trace is 20 s. C, Field potential responses recorded in the GCL of the OB to paired LOT stimulation in a freely behaving rat. LOT-evoked field potentials during awake moving (3 red
traces), awake immobility (3 yellow traces), light sleep (3 light blue traces), slow-wave sleep (3 dark blue traces), and REM sleep (3 green traces) states are overlaid. These traces were aligned by the
potential just before the test stimulus (indicated by arrow). The ISI was 20 ms. The broken black line indicates the average of 10 responses to a single LOT stimulation. Note that the amplitude of the
response to the test stimulus was the smallest during the slow-wave sleep state. D, Chronological plots of the amplitude of the test response (Rtest) and the conditioning response (Rcond). Paired LOT
stimulation was applied once every 60 s and 100 times per day. White squares indicate Rcond, and colored circles indicate Rtest. The different colors indicate behavioral states of the animal when paired
LOT stimulation was applied: red, awake moving; yellow, awake immobility; light blue, light sleep; dark blue, slow-wave sleep; green, REM sleep. Note that Rtest/Rcond decreases during sleep states,
and is lowest during the slow-wave sleep state. E1–E3, Quantitative comparison of the amplitude of Rcond (E1), Rtest (E2), and Rtest/Rcond (E3) across distinct behavioral states (red, awake moving;
yellow, awake immobility; light blue, light sleep; dark blue, slow-wave sleep; green, REM sleep; means � SD). The amplitude of Rcond did not show clear differences across behavioral states. In
contrast, the amplitude of Rtest and the ratio Rtest/Rcond were significantly different across the awake moving, awake immobility, light sleep, and slow-wave sleep states (**p � 0.01; ***p � 0.001,
ANOVA combined with Tukey’s post hoc test). The amplitude of Rtest and the ratio Rtest/Rcond did not show significant differences between the light sleep state and REM sleep state.
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cally suppress associational fiber excitatory synapses but not mi-
tral axon excitatory synapses on pyramidal cells during awake
states (Hasselmo and Bower, 1992). During SWS with low levels
of acetylcholine, the olfactory cortex is isolated from the olfactory
sensory inputs (Murakami et al., 2005) and is in the mode of
slow-wave oscillation presumably generated by release of the
cholinergic suppression of recurrent association fiber inputs to
pyramidal cells. In fact, we observed respiration rhythm-
independent slow-wave activity both in the olfactory cortex and
in the OB during slow-wave sleep (Y. Tsuno and H. Manabe,
unpublished observation), suggesting that the centrally gener-
ated slow-wave oscillation travels from the olfactory cortex to the
OB during the slow-wave sleep state. Thus, the cholinergic system
may coordinate a shift in the information processing mode in the
olfactory cortex and OB.

It remains unanswered whether the acetylcholine regulates
the dendrodendritic inhibition by directly affecting the granule
cells or affecting other types of bulbar neurons. A recent in vitro
study reported that activation of pirenzepine-sensitive M1 recep-
tors potentiates the excitability of granule cells by decreasing af-
terhyperpolarization and augmenting afterdepolarization
(Pressler et al., 2007). Thus, although cholinergic input potenti-
ates granule cell excitability, it causes suppression of granule-to-
mitral inhibition. Another in vitro study showed multiple and
opposing effect of cholinergic input to the OB (Castillo et al.,
1999), suggesting that cholinergic input has several different tar-
gets within the neuronal circuits of the OB in addition to regulat-
ing the granule-to-mitral dendrodendritic synapses.

Possible functional significance of
enhanced granule-to-mitral inhibition
during the slow-wave sleep state
A characteristic feature of dendrodendritic
reciprocal synapses is that the postsynaptic
machinery at the mitral-to-granule excita-
tory synapse can directly influence the pre-
synaptic machinery for GABA release at
the granule-to-mitral inhibitory synapse.
In fact, calcium influx through NMDA re-
ceptors into the granule cell spine can di-
rectly trigger the presynaptic release of
GABA without the activation of voltage-
gated Ca 2� channels at the presynaptic
spine (Isaacson and Strowbridge, 1998;
Schoppa et al., 1998; Chen et al., 2000;
Egger et al., 2005). Thus, a possible reason
for the enhancement of the granule-to-
mitral inhibition is the enhancement of
the intracellular Ca 2� concentration at the
granule cell spines during sleep states. The
elevation of Ca 2� might be critical for
plastic changes at the dendrodendritic
synapses in the main OB. Because the for-
mation of olfactory and pheromonal
memories involves long-lasting plastic
changes at dendrodendritic reciprocal
synapses in the main and accessory OBs,
respectively (Kaba and Nakanishi, 1995;
Brennan and Keverne, 1997), the en-
hanced granule-to-mitral inhibition
might be relevant to the long-lasting plas-
ticity of dendrodendritic synapses associ-
ated with olfactory memory during slow-

wave sleep. Odor learning induces a substantial increase in
inhibitory neurotransmission (Wilson et al., 1987; Brennan and
Keverne, 1997). In addition, the formation and persistence of
pheromonal memories have been associated with an increase in
the length of the postsynaptic densities of the dendrodendritic
synapses between mitral cells and granule cells in the accessory
OB (Matsuoka et al., 2004).

Recent in vitro study reported state-dependent insertion of
GABAA receptors in the pyramidal cells of the rat visual cortex
(Kurotani et al., 2008). Thus, state-dependent insertion or mod-
ulation of GABAA receptors of the postsynaptic membrane
(Gaiarsa et al., 2002; Jacob et al., 2008) of mitral cells might
explain our results of state-dependent change of granule-to-
mitral inhibition. Additional studies are necessary to systemati-
cally examine the time course and cellular mechanisms of the
state-dependent change in the granule-to-mitral dendroden-
dritic synaptic inhibition during olfactory learning and subse-
quent sleep states in behaving animals.

Dendrodendritic reciprocal synapses in the OB provide a sim-
ple and excellent model system with which to study the cellular
and circuit mechanisms for behavioral state-dependent memory
encoding and consolidation.
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