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Behavioral state-dependent changes in the information processing
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Changes in behavioral state are accompanied by coordinated
changes in the information processing mode in the hippocampus
and neocortex of the brain. We review here the recent progress
in the knowledge of behavioral state-dependent changes in the
information processing mode in the central olfactory system.
Olfactory cortex shows state-dependent gating of afferent sensory
inputs. In the olfactory bulb, granule-to-mitral dendrodendritic
synaptic inhibition is enhanced and the frequency of synchro-
nized oscillatory activity of bulbar output neurons decreases
during slow-wave sleep or deeply anesthetized state. These results
suggest that the information processing mode in the whole olfac-
tory system changes in a behavioral state-dependent manner to
keep the neuronal circuits functioning optimally in each behav-
ioral state.

Mammalian brains have a remarkable ability to use sensory
information about the external world and the interoceptive state to
choose an appropriate behavior from among a wide repertoire of
behavioral responses. Changes in behavioral state are accompanied
by internally coordinated changes in the information processing
mode of local neuronal circuits, including those in the cerebral
neocortex and hippocampus.!

Sleep-wake alternation is a characteristic change in behavioral
state that is reflected in the information processing mode in the
brain. When animals explore for food, for example, they are in
the awake exploratory behavior state and the neocortex processes
sensory information from the external world. During the explor-
atory behavior, the neocortical EEG shows fast-wave activity,
whereas the hippocampal EEG is characterized by theta-wave
oscillations. 23 During the slow-wave sleep state, in contrast, the
neocortex shows large slow-wave oscillations, and sensory gating
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at the level of the thalamus prevents most of the sensory informa-
tion from reaching the neocortex.*> The functional meaning of
the slow-wave activity during slow-wave sleep is a topic of active
research and debate. One hypothesis is that slow waves function
to reconstruct neuronal circuits and to consolidate memory traces
acquired during wakefulness."®7 Another hypothesis is that slow
waves downscale the strengths of synapses that were both strength-
ened and not strengthened during wakefulness.® This is called
synaptic homeostasis hypothesis.

In the mammalian olfactory system, odor signals detected by
sensory neurons in the olfactory epithelium are sent via olfactory
axons to the olfactory bulb, synaptically relayed to mitral cells, and
then sent via mitral cell axons to pyramidal cells in the olfactory
cortex (Fig. 1). Thus, the olfactory sensory pathway to the olfactory
cortex (olfactory epithelium — olfactory bulb — olfactory cortex)
does not contain a thalamic relay. This is in a striking contrast with
the visual, auditory, and somatosensory pathways, in which sensory
information reaches the neocortex via the thalamus and receives
thalamic gating,9’12
to understand the behavioral state-dependent changes in the infor-
mation processing mode of the central olfactory system. In 2005,
Murakami and colleagues demonstrated state-dependent sensory

and it was only recently that researchers began

gating in the rat olfactory cortex that occurs in synchrony with
the thalamic gating of other sensory systems.!? During the fast-
wave state (FWS; lightly anesthetized) of urethane-anesthetized
rats, each olfactory cortex neuron shows robust spike responses to
specific odorants, whereas they show only weak responses during
the slow-wave state (SWS; deeply anesthetized). The finding of
state-dependent sensory gating in the olfactory sensory pathway,
which lacks a thalamic relay, indicates that neuronal circuits within
the olfactory cortex have a mechanism for the state-dependent
gating of olfactory information.

Mitral cells in the olfactory bulb project their lateral dendrites
over a long distance and form numerous dendrodendritic synaptic
connections with spines of granule cells (Fig. 1).14 A dendroden-
dritic reciprocal synapse consists of a mitral-to-granule excitatory
synapse and a granule-to-mitral inhibitory synapse. We showed that
granule-to-mitral dendrodendritic synaptic inhibition is much lower
during FWS than during SWS, and this state-dependent change is
regulated by cholinergic input.!®> The dendrodendritic synaptic
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interactions are thought to be responsible
for the generation of synchronized oscilla-
tory discharges of mitral cells that account
for the gamma-range oscillation of local field
potentials in the olfactory bulb.!6-18 We
showed that the frequencies of the oscillatory
discharges of mitral cells and the oscillatory
local field potential are higher during FWS
than during SWS.!> This state-dependent
change of granule-to-mitral inhibition is also
observed in freely behaving animals. Granule-
to-mitral inhibition is the smallest during the
awake moving state and gets gradually larger
during the awake immobility state, light
sleep state, and slow-wave sleep state.

These results indicate that the informa-
tion processing mode in the olfactory system
changes in a state-dependent manner. Gating
in the olfactory cortex and the enhance-
ment of granule-to-mitral inhibition in the
olfactory bulb during SWS may reflect a
global and coordinated change of informa-
tion processing across the whole brain. The
olfactory bulb and cortex receive neuro-
modulatory inputs from cholinergic neurons
in the basal forebrain that shows behavioral
state-dependent changes in their activity
(Fig. 1).19:20 Previous studies in slice prepa-
rations showed that association fiber inputs
in the piriform cortex and the olfactory
tubercle receive presynaptic cholinergic inhi-
bition, whereas the cholinergic system has
lictle influence on afferent inputs from the
olfactory bulb to the olfactory cortex.?!:??
In addition, the muscarinic cholinergic
system enables long-term potentiation of
association fiber inputs in the piriform
cortex by reducing the dendritic inhibitory
postsynaptic potential that follows associa-
tion fiber stimulation.?324

During awake states with high cholinergic
input, granule-to-mitral inhibition is set to
an appropriate level, and mitral cells can fire
in synchrony at high frequency in response
to odor stimulation. Therefore, the olfactory
information is effectively transmitted to the
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Figure 1. Behavioral state-dependent change in information flow in the olfactory system. Schematic
diagrams of the neuronal circuit of the olfactory system. The odor information is detected by the
olfactory sensory neurons in the olfactory epithelium (OE). Mitral cells in the olfactory bulb (OB)
receive excitafory synaptic input from the olfactory sensory neurons and send their axons to the
olfactory cortex, including the piriform cortex (PC). The afferent axons from mitral cells of the OB
terminate on the dendrites of the pyramidal cells of the PC within layer la, whereas the associa-
tional fibers from the olfactory cortex terminate in layer Ib or layer Ill. During awake states or the
fastwave state (FWS) in urethane-anesthetized animals (upper diagram), cholinergic input from the
basal forebrain is strong. During the slow-wave sleep state or slow-wave state (SWS) in urethane-
anesthetized animals (lower diagram), cholinergic input is weak. During the slow-wave sleep state,
(1) olfactory sensory gating occurs in the olfactory cortex, (2) granuleto-mitral dendrodendritic
synaptic inhibition is enhanced in the OB and the frequency of gamma oscillation of local field
potential (sinusoidal waves, inset) in the OB decreases, (3) the associational input to the PC is
enhanced, and (4) the centrifugal input from the PC to the OB granule cells might be enhanced.
These state-dependent changes occur coordinately in the whole brain to keep the neuronal circuits
functioning optimally in each behavioral state.

piriform cortex at the same time that the associational fiber inputs
within the olfactory cortex are partially inhibited. The cholinergic
system regulates the dendritic inhibition in the piriform cortex to
enable long-term plasticity of association fiber inputs. During sleep
states, especially during the slow-wave sleep state when cholinergic
input is low, granule-to-mitral inhibition is enhanced, and the
frequency of the synchronized oscillatory firing of mitral cells
decreases. Although the activity of mitral cells is transmitted to the
olfactory cortex, the olfactory cortex neurons do not respond to the
afferent inputs, because of the olfactory sensory gating. During this
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slow-wave sleep state, the suppression of associational fiber inputs
within the olfactory cortex may be released, and centrally generated
slow-wave activity may travel from the olfactory cortex to granule
cells in the olfactory bulb via centrifugal input. In agreement with
this idea, our preliminary data suggest that the centrifugal input
from the olfactory cortex to granule cells in the olfactory bulb also
changes depending on state (Tsuno Y, unpublished observation).
Thus, the state-dependent change in the centrifugal input to the
olfactory bulb may be coordinated with the change in the informa-
tion processing mode in the entire olfactory system.
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Changes in the information processing mode occur even
within the awake or sleep state. Within the awake state, animals
show distinct sub-states that include the exploratory behavior
state, awake resting state, and consummatory behavior state. The
brain’s information processing modes change according to the
awake behavioral sub-state. The respiration rate also changes in
a sub-state-dependent manner. During consummatory behavior
or resting, respiration is slow. In contrast, during exploratory
behavior, rats perform theta-frequency sniffing, and theta-wave
oscillations are observed in the hippocampus.’ There might be
some coordination between sniffing-related signals in the olfactory
system and hippocampal theta-wave activity.?> During exploratory
behavior, the central olfactory system is effectively processing odor
signals from the external world, and animals can discriminate
odorants in only one sniff.?” The central olfactory system may
therefore show the behavioral sub-state-dependent changes in the
information processing modes.

The molecular mechanisms of the state-dependent changes in
the information processing mode are not clear yet, but trafficking
of neurotransmitter receptors changes with behavioral state. For
example, excitatory inputs to rat cerebral cortex and hippocampus
are regulated by trafficking of GluR1, an AMPA receptor subunit.”8
Similarly, inhibitory inputs to rat visual cortex are regulated by traf-
ficking of GABA, receptors.? Behavioral state-dependent receptor
trafficking might also occur in the olfactory bulb and the olfactory
cortex. Further studies at the molecular, cellular and network levels
should shed light on the functional implications of the behavioral
state-dependent changes of the information processing mode in
the central olfactory system.
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