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This Frontiers Research Topic on “Neural Circuits: Japan”
explores the diversity of innovative neural circuit research occur-
ring across Japan. This issue brings together papers revealing
the development, structure, and physiology of neuronal circuits
involved in sensory perception, sleep and wakefulness, behavioral
selection, and motor command generation in a range of species,
from nematode to primate.

One area of interest includes cerebellar local and efferent cir-
cuits, as well as mechanisms underlying synaptic plasticity in
Purkinje cells, which have been a focus of intensive investigation
by many Japanese researchers. Long-term depression at connec-
tions between parallel fibers and Purkinje cells is thought to play
a critical role in motor learning. In mice without Cbinl, delay eye
blink conditioning, as well as LTD at the parallel fiber to Purkinje
cell synapse, were impaired, even as previously formed condi-
tioning responses were retained, suggesting a necessity for LTD
selectively in conditioning formation (Emi et al., 2013). The cere-
bellar cortex is composed of functionally different microzones.
Investigation of microzonal organization in glutamate receptor 62
knockout mice revealed that proper innervation by individual
climbing fibers is necessary for functional microzone formation
(Hashizume et al., 2013). In dystonia, the cerebellum as well as
the basal ganglia may be involved in its pathogenesis. Deletion
of type 1 inositol 1,4,5-trisphosphate receptors in the cerebellum
induced dystonic movements and abnormal movement-coupled
firing in Purkinje cells, while inactivation of the inferior olive sup-
pressed abnormal movements. These results suggest the involve-
ment of the olivo-cerebellar pathway in dystonia (Hisatsune et al.,
2013).

For analysis of synaptic plasticity in the cerebral cortex, diverse
imaging techniques and optical probes have been used. Among
them, Forster resonance energy transfer (FRET), combined with
newly developed probes, will greatly contribute to our under-
standing of synaptic plasticity mechanisms at the molecular
level (Ueda et al., 2013). During normal formation of corti-
cal circuits, axons and dendrites need to generate boutons and
spines at proper locations, respectively. In the cerebral cortex,
collateralization of thalamocortical fibers depends on concen-
trations of brain-derived neurotrophic factor (BDNF), and this
BDNF-dependent collateralization was absent after suppression
of synaptic vesicle recycling (Granseth et al., 2013). In hippocam-
pal CA3 neurons, application of corticosterone increased the den-
sity of dendritic thorny excrescences in pyramidal cells for short
time. Similarly, acute stress increases the connectional strength of

dentate gyrus to CA3 synapses (Yoshiya et al., 2013). Neocortical
pyramidal cells are composed of multiple subtypes that differ in
their subcortical projection targets. The subtype composition of
layer 5 pyramidal cells connecting cortical areas is also variable,
and depends on the target area (Ueta et al., 2013). These obser-
vations suggest that cortical neurons are selectively connected
according to their individual identities. Further, the temporal pat-
tern of spike discharges may reflect the connectional selectivity of
cortical neurons. Large scale activity recordings in the CA3 region
of the hippocampus have revealed that temporal firing sequences
among a given group of pyramidal cells are repeated among spon-
taneous spikes of hippocampal neurons ex vivo (Matsumoto et al.,
2013).

Compared to projections from the retina to primary visual
cortex (V1), connections between higher visual centers are less
understood. In mice, axons from V1 respond differently to visual
input depending on their projection to higher visual areas (Matsui
and Ohki, 2013). These results suggest that different V1 cells
with distinct visual responses project to different higher visual
areas. In Drosophila, analysis of visual stimuli-dependent behav-
iors revealed visual response differences among higher visual
centers (Otsuna et al., 2014). On the other hand, in the olfac-
tory system, newly generated neurons are continually integrated
into neuronal circuits, and the survival of new neurons is depen-
dent on sleep following food consumption. The olfactory bulb
and cortex are suitable for the analysis of sleep-dependent plastic
mechanisms in the brain (Yamaguchi et al., 2013).

To understand the switching mechanism between sleep and
wakefulness, it is necessary to understand the synaptic inter-
actions between hypothalamic nuclei participating this pro-
cess. Optogenetic analysis has revealed inhibitory connections
from GABAergic cells in the preoptic area to Orexin cells in
the lateral hypothalamic area (Saito et al., 2013). The plan-
ning and execution of behavior require computation in the
basal ganglia and frontal cortex, as well as cortical output to
the spinal cord. Conventional electrophysiological and anatom-
ical methods have proven insufficient to clarify these com-
plex circuits. On the other hand, the combined use of local
transfection and retrograde transport of viruses were able to
block synaptic outputs in the crossed tecto-reticular pathway
to suppress motor function (Sooksawate et al., 2013). The
combination of retrogradely-transported virus and immunotox-
ins have also successfully blocked synaptic transmission from
motor-related cortical areas to the subthalamic nucleus (Takada
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et al., 2013). Pathway-selective inhibition using retrogradely-
transported viruses will continue to be a critical tool for eluci-
dating the functions of individual projection systems. The con-
nection loops formed by the basal ganglia and frontal cortex
participate in selection of proper movements depending on sen-
sory information. The globus pallidus and frontal areas, such as
the dorsal premotor cortex, the dorsolateral prefrontal cortex, and
the ventrolateral prefrontal cortex, participate in setting behav-
ioral goals according to cues in the external environment (Hoshi,
2013).

On the other hand, C. elegans is an excellent model organ-
ism for circuit function analysis because its neuronal organization
has been well-characterized, and diverse genetic manipulations
are easily achievable. Using C. elegans, Japanese researchers have
made significant contributions to the understanding of neural
circuit that generate behaviors in response to sensory informa-
tion such as odor and temperature (Sasakura et al., 2013). Thus,
as in the USA and Europe, researchers in Japan are now focus-
ing efforts to elucidate the function of neural circuits in diverse
organisms by taking advantage of optogenetics, genetic manipu-
lations, and traditional physiological and anatomical approaches,
as well as neural pathway-selective inactivation techniques that
have recently been developed in Japan.
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INTRODUCTION

Plastic changes in neuronal circuits often occur in association with specific behavioral
states. In this review, we focus on an emerging view that neuronal circuits in the olfactory
system are reorganized along the wake-sleep cycle. Olfaction is crucial to sustaining
the animals’ life, and odor-guided behaviors have to be newly acquired or updated to
successfully cope with a changing odor world. It is therefore likely that neuronal circuits
in the olfactory system are highly plastic and undergo repeated reorganization in daily
life. A remarkably plastic feature of the olfactory system is that newly generated neurons
are continually integrated into neuronal circuits of the olfactory bulb (OB) throughout life.
New neurons in the OB undergo an extensive selection process, during which many
are eliminated by apoptosis for the fine tuning of neuronal circuits. The life and death
decision of new neurons occurs extensively during a short time window of sleep after
food consumption (postprandial sleep), a typical daily olfactory behavior. We review recent
studies that explain how olfactory information is transferred between the OB and the
olfactory cortex (OC) along the course of the wake-sleep cycle. Olfactory sensory input is
effectively transferred from the OB to the OC during waking, while synchronized top-down
inputs from the OC to the OB are promoted during the slow-wave sleep. We discuss
possible neuronal circuit mechanisms for the selection of new neurons in the OB, which
involves the encoding of olfactory sensory inputs and memory trace formation during
waking and internally generated activities in the OC and OB during subsequent sleep.
The plastic changes in the OB and OC are well coordinated along the course of olfactory
behavior during wakefulness and postbehavioral rest and sleep. We therefore propose
that the olfactory system provides an excellent model in which to understand behavioral
state-dependent plastic mechanisms of the neuronal circuits in the brain.

Keywords: olfactory bulb, olfactory cortex, adult neurogenesis, cell elimination, behavioral state, slow-wave sleep,
sharp waves, sensory experience

of hippocampal SPW/ripple activities (Buzsaki, 1989; Hasselmo,

We sleep every night after experiencing a variety of events and
happenings during the day. Recent studies on neuronal activi-
ties during sleep have begun to elucidate the adaptive value of
postbehavioral sleep. For example, accumulating evidence has
shown that the hippocampus and neocortex actively undertake
the reorganization of their neural circuitry during postbehav-
ioral sleep (Buzsaki, 1989; Diekelmann and Born, 2010). In the
rodent hippocampus, synchronized activities of CA1 pyramidal
cells occur in association with sharp wave (SPW)/ripple events
during postbehavioral rest and sleep periods (Buzsaki, 1989).
These self-organized activities during rest and sleep represent the
replay of place cell activities in the CA1 region based on memory
traces stored in the CA3—-CA1 regions of the hippocampus during
the preceding behavioral stage (Wilson and McNaughton, 1994;
Lee and Wilson, 2002; Foster and Wilson, 2006). The SPW/ripple-
associated replay activities of hippocampal neurons are thought
to play an important role in spatial and episodic memory con-
solidation and concomitant reorganization of neuronal circuitry
not only in the hippocampus but also in the neocortex, the target
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1999).

Recent studies have shown that neuronal circuitries in the cen-
tral olfactory system are reorganized during postbehavioral rest
and sleep (Yokoyama et al., 2011). Here, we review accumulat-
ing evidence that support the idea that neuronal circuitries of the
olfactory cortex (OC) and olfactory bulb (OB) undergo substan-
tial reorganization during the rest and sleep periods subsequent
to eating. In particular, we focus on the reorganization of the OB
circuitry that involves incorporation or elimination of newly gen-
erated adult-born neurons into or from the preexisting neuronal
circuitry in the OB.

Neuronal circuitry in the rodent central olfactory system
mediates a vast variety of odor-guided behavioral responses,
including approaching behaviors to the odor of foods or to the
odor (or pheromone) of partners, and flight behaviors to predator
odors (Doty, 1986). Although innately determined neuronal cir-
cuits mediate some of the basic odor-induced behaviors, includ-
ing freezing response to the fox odor trimethylthiazoline (TMT)
(Morrow et al., 2000; Kobayakawa et al., 2007), a majority of
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odor-guided behaviors are heavily dependent on previous expe-
rience of the odor and memory of the odor objects or odor
environments. It is therefore likely that neuronal circuits in the
central olfactory system are highly plastic, and reorganized on a
daily basis according to the experiences of odor-guided behav-
iors and their consequences with the aim of improving behavioral
responses to the ever-changing external odor world. It is also likely
that a culminating feature of the high plasticity of the olfactory
neuronal circuitry is that new neurons are continually integrated
into the circuitry throughout life (Lledo et al., 2006).

Because knowledge of structure is prerequisite to an under-
standing of function (Crick and Koch, 2005), we first summarize
the structural features of neuronal circuits in the olfactory sys-
tem. We then discuss the life and death decision of adult-born
new neurons along the course of the wake-sleep cycle and possible
underlying mechanisms. The olfactory system consists of two par-
allel olfactory pathways, the main olfactory system and accessory
olfactory system; in this review we focus on the main olfactory
system.

NEURONAL CIRCUITRY OF THE MAIN OLFACTORY SYSTEM
Olfaction is mediated by odor molecules, small volatile com-
pounds with a molecular weight of around 25-300 daltons. To
enable reception of a huge variety of odor molecules, the rodent
olfactory system has developed 1,000 types of odorant receptors
(ORs), each encoded by distinct gene (Buck and Axel, 1991). ORs
are G-protein-coupled seven-transmembrane proteins expressed
on the cilial surface membrane of olfactory sensory neurons
(OSNs) in the olfactory epithelium (OE). Individual ORs respond
to a range of odor molecules that share specific molecular features
(Malnic et al., 1999). Individual odor molecules bind to and are
received by a specific combination of ORs.

Individual OSNs in the OE express a single type of OR (called
“one cell-one receptor rule”) (Chess et al., 1994). Each OSN
projects a single axon to a single glomerulus at the surface of
the OB, the first relay center in the central olfactory system
(Figure 1). Each OB contains about 1,800 glomeruli in mice.
OSNs expressing a given OR project and converge their axons to
a few topographically fixed glomeruli (“glomerular convergence
rule”). Because of this axonal convergence of OSNs, individual
glomeruli represent a single type of OR (“one glomerulus-one
receptor rule™). Accordingly, the spatial arrangement of glomeruli
in the OB can be viewed as a sensory map which represents
numerous types of ORs (Mori et al., 2006; Mori and Sakano,
2011). It should be noted that OSNs are continuously turning
over. Despite this, however, the “one glomerulus-one receptor
rule” is maintained throughout life in rodents (Gogos et al.,
2000).

Within glomeruli, OSN axons form excitatory synaptic con-
nections on primary dendrites of mitral and tufted cells, the
glutamatergic projection neurons in the OB (Figure 1C) (Mori,
1987; Shepherd et al., 2004). Each mitral/tufted cell projects a
single primary dendrite to a single glomerulus, and thus each
glomerulus and its associated mitral and tufted cells form a struc-
tural and functional module which represents a single OR. Cell
bodies of mitral cells are aligned in the mitral cell layer (MCL),
while those of tufted cells distribute in the external plexiform
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FIGURE 1 | Neuronal circuit of the olfactory system. (A) A picture of the
mouse olfactory system. The olfactory epithelium (OE), olfactory bulb (OB),
and olfactory cortex (OC) are shown. (B) Layer structure of the OB.

A nissl-stained coronal section is shown. ONL, olfactory nerve layer; GL,
glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer; IPL,
internal plexiform layer; GCL, granule cell layer. (C) Schematic diagram of
the neuronal circuit of the olfactory system. Connectivity of olfactory
sensory neurons (OSNs) in the OE, projection neurons and local
interneurons in the OB, and pyramidal cells in the anterior olfactory nucleus
(AON) and anterior piriform cortex (APC) are shown. sEPL, superficial EPL;
dEPL, deep EPL; M, mitral cell; T, tufted cell; GC(T), tufted cell-targeted GC;
GC(M), mitral cell-targeted GC; Py;, pyramidal cell in layer Il of the AON; Py,
pyramidal cell in layer IlIb of the APC; Py, pyramidal cell in layer Il of the
APC; PPC, posterior piriform cortex.

layer (EPL) (Figures 1B,C). A single glomerulus is estimated to
receive primary dendrites from several tens of mitral and tufted
cells (Allison and Warwick, 1949).

Mitral and tufted cells project their axons to the OC and make
excitatory synapses with apical dendrites of pyramidal cells in the
OC (Figure 1C). The OC is divided into several areas (Neville
and Haberly, 2004). The largest of these is the piriform cortex,
which is further subdivided into the anterior piriform cortex
(APC) and posterior piriform cortex (PPC). In addition, the OC
includes small areas of the olfactory peduncle (anterior olfac-
tory nucleus (AON), tenia tecta and dorsal peduncular cortex),
olfactory tubercle, cortical amygdaloid nuclei, lateral entorhinal
cortex, and agranular insula.

Tufted cells project axons to focal targets within the rostral
areas, including the AON, tenia tecta, rostrolateral part of the
olfactory tubercle, and rostroventral part of the APC (Nagayama
et al., 2010; lgarashi et al., 2012). In striking contrast, individ-
ual mitral cells project axons in a dispersed manner to nearly
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all areas of the OC (Nagayama et al., 2010; Ghosh et al., 2011;
Sosulski et al., 2011; lgarashi et al., 2012). While mitral cells send
signals directly to the piriform cortex, signals conveyed by tufted
cells are relayed via pyramidal cells in the olfactory peduncle areas
(e.g., AON) and then sent to the piriform cortex via Ib association
fibers of pyramidal cells in the olfactory peduncle areas.

Each area of the OC has a pyramidal cell-based cortical struc-
ture with three distinct layers (Figure 1C). Pyramidal cells in layer
IIb and 111 of the OC extend apical dendrites superficially into
layer | and receive glutamatergic excitatory synaptic inputs from
mitral/tufted cell axons (in layer 1a). Pyramidal cells give rise to
association fibers that terminate in layers Ib, Il and Il of the
same or other areas of the OC. The OC pyramidal cells send
axons within the OC and outside the OC, including to the ventral
agranular insular cortex, orbitofrontal cortex, amygdaloid com-
plex, thalamus and hypothalamus (Shipley and Ennis, 1996). In
addition, pyramidal cells in the AON and APC project axon col-
laterals massively back to the OB. The top-down centrifugal axons
of the pyramidal cells distribute mostly to the GCL of the OB
and terminate on inhibitory interneurons such as GCs and short
axon cells (Luskin and Price, 1983; Boyd et al., 2012; Markopoulos
etal., 2012).

The local neuronal circuitry in the OB is unique among corti-
cal regions in that inhibitory interneurons outnumber excitatory
projection neurons. The two most abundant populations of local
interneurons in the OB are granule cells (GCs) and periglomeru-
lar cells (PGCs) (Mori, 1987; Shepherd et al., 2004). Both GCs
and PGCs are continually generated even in adulthood. The num-
ber of GCs is about one order larger than that of PGCs. The
total number of GCs in the adult rat OB is calculated to be
around ten million, which is two orders of magnitude larger
than that of mitral/tufted cells (Kaplan et al., 1985; Parrish-
Aungst et al., 2007). GCs are axonless inhibitory interneurons.
They have soma in the granule cell layer (GCL), and extend api-
cal dendrites into the EPL and basal dendrites within the GCL
(Figures 1B,C). Apical dendrites of GCs form dendrodendritic
reciprocal synapses with lateral dendrites of mitral/tufted cells
in the EPL. The dendrodendritic reciprocal synapse consists of
a mitral/tufted-to-granule glutamatergic excitatory synapse and a

granule-to-mitral/tufted GABAergic inhibitory synapse. A given
GC makes such dendrodendritic reciprocal synapses with sis-
ter mitral/tufted cells belonging to the same glomerulus and
with mitral/tufted cells belonging to different glomeruli, thereby
modulating OB output through the synchronization and lateral
inhibition of mitral/tufted cells (Yokoi et al., 1995; Kashiwadani
etal., 1999).

A subset of GCs preferentially forms dendrodendritic synapses
with mitral cells (mitral cell-targeted GCs) in the deep sublam-
ina of the EPL (Figure 1C). Another subset of GCs preferentially
forms dendrodendritic synapses with tufted cells (tufted cell-
targeted GCs) in the superficial EPL. Soma of mitral cell-targeted
GCs tend to distribute to the deep portion of the GCL while those
of tufted cell-targeted GCs distribute to the MCL and superficial
portion of the GCL.

Another type of major interneuron in the OB, PGCs, have
soma in the glomerular layer (GL), and typically extend dendrites
into a single glomerulus. Within the glomerulus, PGC dendrites
receive excitatory inputs from the OSNs and mitral/tufted cell pri-
mary dendrites, and send output via dendrodendritic inhibitory
synapses to mitral/tufted cell primary dendrites (Shepherd et al.,
2004). PGCs modulate the activity of mitral/tufted cells belong-
ing to the same glomerulus and those belonging to different
glomeruli. Thus, these two types of OB local interneurons sub-
stantially modulate responses of mitral/tufted cells to olfactory
sensory input. The OB also contains other types of inhibitory
neurons called short axon cells, whose function has attracted
recent interest but remains largely unknown (Schneider and
Macrides, 1978; Eyre et al., 2008; Arenkiel et al., 2011; Boyd et al.,
2012; Deshpande et al., 2013).

REMARKABLE PLASTICITY IN THE OLFACTORY SYSTEM:
ADULT NEUROGENESIS

The two major types of inhibitory interneuron in the OB,
GCs and PGCs, are continually generated in the adult brain
(Lledo et al., 2006). Precursors of these inhibitory interneu-
rons are produced in the subventricular zone (SVZ) of the
lateral ventricle (Figure 2A), to which ganglionic eminence-
and neocortex-derived embryonic precursors for interneurons
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FIGURE 2 | Adult neurogenesis in the OB. (A) Neuronal precursors are
generated in the subventricular zone (SVZ) around the lateral ventricle and
migrate to the OB via a specific route called the rostral migratory stream
(RMS). (B) In the OB, neuronal precursors differentiate into GCs. Their apical

adult-born new neurons DAPI
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MCL

GCL
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dendrites form synaptic contacts with lateral dendrites of mitral cells.

(C) Adult-born GCs are visualized by retrovirus-mediated GFP expression
(green). GFP-expressing retrovirus was injected in the SVZ and the OB was
analyzed 28 days after the injection. Blue, nuclear staining with DAPI.
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immigrate (Young et al., 2007). The newly generated neuronal
precursors migrate along a specific route called the rostral migra-
tory stream (RMS) to the OB (Figure 2A), where they mature
to become GCs and PGCs (Figures 2B,C). While the produc-
tion of mitral/tufted cells is limited only during the mid- to late
embryonic period (Hinds, 1968; Bayer, 1983), GCs and PGCs are
generated extensively during the late embryonic and early neona-
tal periods, with substantial production continuing in adulthood.
The number of adult-born OB interneurons is very large. In
rodents, at least several tens of thousands of neurons enter the
OB each day (Alvarez-Buylla et al., 2001; Winner et al., 2002;
Lledo et al., 2006), corresponding to roughly one percent of the
total number of OB interneurons. Thus, a simple calculation sug-
gests that adult-born interneurons will outnumber preexisting
interneurons within 100 days. Although the exact percentage of
adult-born interneurons in the entire interneuron population has
been unclear, recent advances in molecular and developmental
biology provide an estimated figure (Lagace et al., 2007; Ninkovic
et al., 2007; Imayoshi et al., 2008). One report indicates that
roughly 70% of GCs in the adult OB are adult-born (Imayoshi
et al., 2008), suggesting that odor information processing in the
adult OB is heavily dependent on adult-born GCs.

An outstanding feature of adult neurogenesis is that new
neurons are synaptically integrated into preexisting neuronal cir-
cuits. Similar to embryonic- and neonatal-born GCs, adult-born
GCs receive glutamatergic synaptic contact from the same two
major sources, namely mitral/tufted cells via dendrodendritic
synapses in the EPL and pyramidal cells in the OC via axoden-
dritic synapses in the GCL (Figure 1C). Such synaptic incorpo-
ration of adult-born GCs occurs roughly within a month after
their generation (Petreanu and Alvarez-Buylla, 2002; Carleton
et al., 2003; Whitman and Greer, 2007; Kelsch et al., 2008,
2010; Katagiri et al., 2011). Axodendritic synaptic contacts from
axons of OC pyramidal cells occurs earlier, at around day 14.
Synaptic contacts from mitral/tufted cell dendrites become appar-
ent later, at around day 21, and by day 28, all synaptic struc-
tures become indistinguishable from those of preexisting mature
GCs. Both types of glutamatergic synapse appear to be cru-
cial to the proper selection of new GCs for incorporation or
elimination.

ADULT-BORN GCs ARE UNDER A SELECTION PROCESS, AND
EITHER INCORPORATED INTO OR ELIMINATED FROM THE
NEURONAL CIRCUITRY

Although a majority of adult-born GCs initially enter into the
bulbar circuitry by forming immature synaptic contacts, many
of these GCs are eliminated during maturation. Under normal
conditions only half of new GCs succeed in living longer than
one month after generation, while the other half are eliminated
by apoptosis (Petreanu and Alvarez-Buylla, 2002; Winner et al.,
2002; Yamaguchi and Mori, 2005). Initial excess neurogenesis
and subsequent apoptotic elimination occur in both embryonic
and adult neurogenesis. This selection process during embryonic
development is crucial to ensuring that the neuronal circuitry
has been appropriately tuned to the provision of proper infor-
mation processing (Buss et al., 2006). This process also appears
crucial for adult neurogenesis. When apoptotic elimination of
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adult-born neurons is suppressed by a caspase inhibitor, odor dis-
crimination ability is disturbed (Mouret et al., 2009), presumably
because of the presence of inappropriately incorporated adult-
born GCs. However, the cellular and molecular mechanisms by
which adult-born GCs are selected to survive or die is not well
understood.

Survival and death of adult-born GCs depends on olfactory
sensory experience. An increased survival rate of adult-born GCs
was observed in those mice that were repeatedly exposed to novel
odors (odor-enriched environment) (Rochefort et al., 2002).
Conversely, the survival rate of adult-born GCs was decreased
in anosmic mice lacking a cyclic nucleotide-gated channel in
OSNs (Petreanu and Alvarez-Buylla, 2002) and in the ipsilateral
OB of mice with unilateral sensory input deprivation (Corotto
et al., 1994; Saghatelyan et al., 2005; Yamaguchi and Mori, 2005;
Mandairon et al., 2006). GC elimination appears to be driven by
an apoptotic pathway. Olfactory sensory deprivation by nostril
occlusion remarkably increased apoptotic GCs, as immunohisto-
chemically detected by the activation of caspase-3 (Figures 3A,B)
(Yamaguchi and Mori, 2005).

Sensory experience-dependent plastic change in the develop-
ing central nervous system occurs during specific time windows,
called critical periods. For example, ocular dominance plasticity
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FIGURE 3 | Sensory experience-dependent life and death decision of
adult-born GCs. (A) Deprivation of olfactory sensory input by single-nostril
occlusion. Olfactory sensory input is conducted from an open nostril (left)
to the same side of the OE and OB, while input is not conducted to the
occluded side (right) of the OE and OB. (B) Caspase-3-activated apoptotic
GCs in the OB (green). Compared to the control (sensory input-intact) OB, a
large number of apoptotic GCs are seen in the sensory-deprived OB. (C)
Number of BrdU-labeled new GCs at various periods after labeling in the
control OB (black triangles), sensory input-intact OB of mice under
unilateral sensory deprivation (open circles), and sensory input-deprived OB
(closed circles). Sensory deprivation remarkably decreased the number of
new GCs during days 14-28 after labeling. (D) Effect of sensory deprivation
for 14 days at various periods after BrdU labeling on the survival of
BrdU-labeled new GCs. Sensory deprivation during day 14-28 decreased
survival, while deprivation before or after this period showed no significant
effect on survival. Modified from Yamaguchi and Mori (2005).
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in the primary visual cortex occurs selectively during the critical
period after birth (Hensch, 2005). We examined whether there is
a critical period for adult-born GCs during which their survival
and death is strongly influenced by olfactory sensory experience.
Newly generated GCs in adult mice were labeled by systemic BrdU
injection, and the mice were then deprived of olfactory sensory
input by nostril occlusion at various time periods after labeling.
The results showed that sensory deprivation during days 14-28
after GC generation greatly reduced the survival of GCs, whereas
deprivation before or after this period had no significant effect
(Figures 3C,D) (Yamaguchi and Mori, 2005). Consistent with this
observation, most apoptotic GCs showing caspase-3 activation
were aged 14-28 days. These observations indicate that the sen-
sory experience-dependent life and death decision of new GCs
occurs during a critical time window at days 14-28 after their
generation.

Importantly, this time window corresponds to the period when
adult-born GCs make and maturate synaptic contacts with preex-
isting neurons (Petreanu and Alvarez-Buylla, 2002; Carleton et al.,
2003; Whitman and Greer, 2007; Kelsch et al., 2008, 2010; Katagiri
et al., 2011), suggesting that synaptic input plays a crucial role in
the selection of adult-born GCs. Morphological examination of
adult-born GCs in anosmic mice showed that young GCs destined
for later elimination had already developed many synaptic struc-
tures in the EPL (Petreanu and Alvarez-Buylla, 2002). Thus, the
basic strategy for GC selection appears to be that most new GCs
temporally establish immature synaptic contacts with preexisting
neurons before their life or death decision is made. Subsequent to
the formation of immature synapses, they may undergo a “qual-
ity check” by the activity of the synapses they have made with
preexisting neurons. Some are successfully incorporated for long-
term function while others are eliminated by apoptosis. Although
apoptotic cells are found throughout the neurogenic routes in
the SVZ, RMS and OB (Biebl et al., 2000; Mandairon et al.,
2003), close to 80% of apoptotic cells are found within the OB
(Biebl et al., 2000). This observation further supports the notion
that selection of adult-born GCs is primarily conducted at their
final destination, namely neuronal circuits in the OB, where their
usability might be determined by interaction with preexisting
neuronal circuits.

SELECTION OF ADULT-BORN GCs DURING A BEHAVIORAL
STATE-DEPENDENT TIME WINDOW

Neuronal plasticity is tightly linked to the behavioral state of
animals. A conspicuous alteration in behavioral state is the
wake-sleep cycle. Neuronal plasticity is well organized along the
wake-sleep cycle and sleep plays a critical role in the long-
lasting neuronal plasticity that accompanies memory consolida-
tion (Buzsaki, 1989; Diekelmann and Born, 2010).

Temporal incorporation and later elimination of newly gen-
erated GCs in the OB are accompanied by substantial structural
reorganization of the neuronal circuitry. Because olfactory sen-
sory experience determines the magnitude of the elimination and
survival of new GCs (Corotto et al., 1994; Petreanu and Alvarez-
Buylla, 2002; Rochefort et al., 2002; Saghatelyan et al., 2005;
Yamaguchi and Mori, 2005; Mandairon et al., 2006), we hypoth-
esized that structural reorganization of the OB circuitry occurs
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during the time course of olfactory sensory experience followed
by sleep. To examine the time course of this reorganization, we
thus looked for typical and appropriate behaviors of rodents that
included olfactory experience and sleep.

Finding and eating foods are typical daily olfactory behaviors
(Doty, 1986). Olfactory memory of a food encoded during the
search and eating plays a key role in subsequent odor cue-based
decision making as to the whether the animal will eat or reject the
food. We therefore selected feeding behavior and subsequent sleep
as a candidate behavioral sequence which accompanies structural
reorganization of the OB circuitry, including the elimination of
newly generated GCs.

Under ad libitum feeding conditions, mice show sporadic eat-
ing behavior which is unsuitable for experimental analysis. We
therefore controlled feeding behavior using a restricted feed-
ing paradigm. Food pellets were available only during a fixed
4-h time window (11:00-15:00) (Figure 4A). After habituation
to this schedule for 9 days, all mice showed extensive eating
behavior followed by postprandial (after-meal) behaviors such as
grooming, resting and sleeping. During the first hour of food
availability (11:00-12:00), mice were mostly devoted to con-
suming behavior, namely food eating and water drinking. In
this eating period, no increase in apoptotic GCs was observed
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FIGURE 4 | GC elimination is promoted during the postprandial period.
(A) Apoptotic GCs increase during the feeding and postprandial periods.
Mice were under restricted feeding in which food is supplied for only 4 h
(11:00-15:00; an orange bar) per day. On day 10 of restricted feeding, mice
were analyzed at various circadian time points for caspase-3-activated
apoptotic GCs in the OB. Each dot represents the number of
caspase-3-activated GCs in one animal (average of left and right OBs), and
bars indicate the average number at respective time points. (B)
Postprandial behaviors including sleep are crucial to the increase in GC
elimination. After food delivery, mice were allowed to behave freely (blue)
for 1 or 2 h and then analyzed for caspase-3-activated apoptotic GCs. At 1 h
after food presentation (No disturb: 1h), the number of apoptotic GCs was
not increased compared to just before food delivery (pre). In contrast, at 2h
after food presentation (No disturb: 2 h), the apoptotic GC number was
considerably increased. When postprandial behaviors including rest,
grooming and sleep were disturbed during the postprandial period
(between 1 and 2 h after food delivery) (red, Disturb: 2 h), the apoptotic GC
number was significantly suppressed. In (A) and (B), each dot represents
the number of caspase-3-activated GCs in one animal (average of left and
right OBs), and bars indicate the average number at respective time points.

,p<0.01; ,p<0.001; n.s., not significant; One-Way ANOVA with
post-hoc Bonferroni test. Modified from Yokoyama et al. (2011) with
permission.
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(Figure 4B). During the subsequent hour (12:00-13:00), mice
appeared to be satiated with food, and instead showed groom-
ing, resting and sleeping. Surprisingly, the number of apoptotic
GCs increased  2-fold during this time window of postpran-
dial behaviors (Figure 4). Most of the apoptotic GCs were newly
generated GCs aged 14-28 days after generation, which cor-
responded to the critical period for the sensory experience-
dependent survival and death decision. Perturbation of these
postprandial behaviors by gently touching the mouse’s body
remarkably suppressed the GC apoptosis, suggesting the impor-
tance of these postprandial behaviors to the increased GC
elimination.

Sleep is the most characteristic behavior during the post-
prandial period and includes various stages (light sleep, slow-
wave sleep and REM sleep). We then asked during which
sleep stage does the increase in the number of apoptotic GCs
occur. To address this question, we examined the correla-
tion between the length of each sleep stage and the mag-
nitude of the GC apoptosis (Figure5). Mice showed several
tens of minutes of slow-wave sleep during the first one hour
of the postprandial period, and the length of the slow-wave
sleep roughly correlated with the number of apoptotic GCs
in the OB (Figure5, middle). In contrast, REM sleep was
rarely observed during this period, and the length of REM
sleep when it did occur showed no significant correlation
with the magnitude of GC apoptosis (Figure5, right). These
observations suggest that postprandial slow-wave sleep plays
an important role in promoting GC elimination. It should
be emphasized that the length of slow-wave sleep during the
first one hour of the postprandial period is only 10-30min
in total, indicating that short time periods of slow-wave sleep
in the range of a “nap” can nevertheless strongly promote GC
elimination.

Does the increase in GC apoptosis occur during all sleep
episodes or only during postprandial sleep? Of course, food-
restricted mice sleep not only during the feeding time but
also without preceding feeding. We observed that GC apoptosis
did not increase during sleep periods outside the feeding time
(Yokoyama et al., 2011). Thus, the increased GC apoptosis is

dependent not on the sleep alone, but on the combination of
feeding and subsequent sleep episodes.

OLFACTORY SENSORY EXPERIENCE INFLUENCES

THE EXTENT OF GC ELIMINATION DURING

THE POSTPRANDIAL PERIOD

The above findings indicate that the survival and death of adult-
born GCs are regulated by olfactory sensory experience. We then
asked whether olfactory sensory experience influences the extent
of GC elimination during the postprandial period. Mice received
unilateral sensory deprivation by chronic occlusion of one nos-
tril, and were then subjected to restricted feeding. As expected, the
number of apoptotic GCs increased dramatically in the sensory-
deprived OB during the postprandial period, at about 7-fold
larger than that in the sensory input-intact OB of the same mice
(Figure 6, 13:00). Intriguingly, the number of apoptotic GCs just
before feeding time (11:00) was comparable to that in the con-
trol OB without sensory deprivation. Moreover, the number of
apoptotic GCs at any period outside the feeding time did not dif-
fer from that in the OB without sensory deprivation, in spite of
the fact that sensory deprivation was continuously maintained by
chronic occlusion of the nostril. These results indicate that (1)
olfactory sensory experience influences the extent of GC elimi-
nation during the postprandial period, and that (2) the increase
in GC apoptosis in the sensory-deprived OB is restricted to a
specific time window of feeding and subsequent sleep period
in food-restricted mice. The sensory experience-dependent life
and death decision of new GCs does not appear to be a “pas-
sive” phenomenon which is present at any behavioral period, but
rather an “active” phenomenon which is tightly regulated by the
sequence of olfactory sensory experience during feeding followed
by postprandial sleep.

TWO-STAGE MODEL FOR SENSORY
EXPERIENCE-DEPENDENT GC SELECTION

The majority of apoptotic GCs observed during postpran-
dial sleep were newly generated GCs aged days 14-28 after
generation, the period in which new GCs establish exten-
sive synaptic contacts with preexisting neuronal circuitry in

Total sleep time (min)

FIGURE 5 | GC elimination correlates with the occurrence of postprandial
slow-wave sleep. Behavioral state of mice during the first hour of the
postprandial period is classified into waking, and the light sleep, slow-wave
sleep, and REM sleep states according to neocortical EEG, neck muscle EMG
and behavior. Correlation of the number of caspase-3-activated GCs with the
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total time length of sleep (left), slow-wave sleep (middle), and REM sleep (right)
during the first hour of the postprandial period were examined. Each dot
represents the data from one animal. Regression line, Pearson’s r-value and
p-value are indicated (left, middle). Modified from Yokoyama et al. (2011) with
permission.
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the OB. These observations led us to propose a “two-
stage model” for the sensory experience-dependent selection
of new GCs, in which the two stages represent olfactory
sensory experience during food search and eating (sensory
experience-stage) followed by postprandial sleep (sleep-stage)
(Figure 7).

During the waking period when mice show food-searching
and eating behaviors, one subset of newly generated adult-born
GCs receives olfactory sensory inputs mainly via dendroden-
dritic synapses from mitral/tufted cells in the EPL, while the
remaining subset does not (Figure 7, left). We assume that new
GCs that are activated by the olfactory sensory inputs receive

a kind of synaptic tagging that works as a substrate for sub-
sequent plastic change (Frey and Morris, 1997; Redondo and
Morris, 2011). These GCs may be “tagged” in the dendroden-
dritic synapses or the cells themselves, while other GCs that are
not activated by olfactory sensory input remain “non-tagged.”
Alternatively, new GCs might instead receive a “survival tag”
when they receive strong synaptic input during the experience
of salient olfactory-guided behaviors. New GCs that were not
activated might receive a “death tag.” It is also possible that
top-down axodendritic synapses from the OC pyramidal cells to
new GCs are tagged by olfactory sensory experience, although
whether and how a subset of new GCs receives olfactory sensory
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FIGURE 6 | Olfactory sensory experience influences the magnitude of GC
apoptosis during the postprandial period. In food-restricted mice (food
delivery at 11:00-15:00; orange bars), olfactory sensory input was deprived
unilaterally by chronic occlusion of one nostril. The number of
caspase-3-activated apoptotic GCs was examined at various circadian time
points in the sensory input-intact (left) and sensory input-deprived (right) OB.
The number of apoptotic GCs increased dramatically in the sensory-deprived OB
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during the postprandial period (13:00) compared to the sensory input-intact OB.
The apoptotic GC numbers just before the feeding time (11:00) and at any time
period outside the feeding time were comparable between sensory-deprived
and sensory input-intact OB. Each dot represents the number of
caspase-3-activated GCs in one animal. Bars represent the average. ,p < 0.05;
,p <0.01; ,p <0.001;n.s., notsignificant; One-Way ANOVA with post-hoc
Bonferroni test. Modified from Yokoyama et al. (2011) with permission.
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FIGURE 7 | “Two-stage model” for behavioral state-dependent GC
elimination. Adult-born GCs (green) make dendrodendritic reciprocal synapses
with mitral/tufted cells (yellow, M/T) and receive top-down synaptic contacts
from pyramidal cells in the OC (blue, Py). Left panel, during the waking period
of olfactory behavior (sensory experience-stage), local sensory input from the
OSNSs (red arrows) activates a subset of mitral/tufted cells. Activated
mitral/tufted cells activate a subset of adult-born GCs. The activated GCs might
deposit “sensory experience-dependent tags” in the dendrodendritic
reciprocal synapses or the cells themselves (red marks). Other adult-born GCs
lacking activation by sensory experience are left “non-tagged.” Activated
mitral/tufted cells further activate pyramidal cells in the OC. The memory trace
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of the odor experience is deposited in the association fiber synapses among
pyramidal cells in the OC (red marks). Right panel, during the subsequent
sleep period (sleep-stage), association fiber synapses among pyramidal cells in
the OC are reactivated and induce synchronized firing of the pyramidal cells.
This self-organized internal activity of OC pyramidal cells (a blue oval) is
transferred to the adult-born GCs as synchronized top-down synaptic inputs (a
thick blue arrow). The synchronized top-down synaptic inputs may contribute to
the putative “reorganizing signal” that promotes GC elimination during the
postbehavioral sleep period. Adult-born GCs which are tagged by sensory
experience during the preceding waking period survive while adult-born GCs
which are not tagged are eliminated by the ““reorganizing signal.”
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experience-dependent top-down inputs is totally unknown at
present.

Importantly, although differential tagging of new GCs might
occur during feeding behavior, the life and death decision of GCs
is not made during feeding. During the subsequent postpran-
dial period, food-searching and eating behaviors are overtaken
by postprandial behaviors, including sleeping, and the increased
GC apoptosis occurs during this period. We thus hypothesized
that some sort of “reorganizing signal” enters the OB during
the postprandial period and promotes GC selection accord-
ing to the presence or absence or type of tag that the GCs
received during the preceding waking period. Adult-born GCs
“survival-tagged” by sensory experience might be selected to sur-
vive by this “reorganizing signal,” whereas other “non-tagged”
or “death-tagged” adult-born GCs might be eliminated by it
(Figure 7, right). Thus, the fate of individual adult-born GCs
might be determined by the interplay between tagging, reflect-
ing the memory trace of sensory experience during the waking
period, and the reorganizing signal that enters the OB during
the subsequent sleep period. This idea of a two-stage model
of GC elimination is based on the two-stage model of mem-
ory formation and consolidation in the hippocampus, which
proposes that sensory input induces memory trace formation
during awake learning experience and that replay of the expe-
rience occurs for neuronal circuit reorganization during sub-
sequent sleep or rest (Buzsaki, 1989; Diekelmann and Born,
2010).

Enhanced GC elimination during the postprandial period
also resembles homeostatic synaptic downscaling during sleep
(Tononi and Cirelli, 2006). It has been shown in the rodent neo-
cortex and hippocampus that behavioral state modulates synaptic
strength. Synapses become potentiated and contain more synaptic
proteins and AMPA receptors after waking, while they are glob-
ally depressed (downscaled) during sleep (Vyazovskiy et al., 2008;
Maret et al., 2011). In the fly brain also, synaptic size or number
increases during wakefulness and decreases after sleep (Bushey
et al., 2011). Importantly, sleep deprivation inhibits the synaptic
homeostasis.

It is not clear whether behavioral states modulate the strength
of dendrodendritic synapses on new GCs in the EPL and the top-
down centrifugal fiber synapses on new GCs in the GCL. Based
on the finding that GC elimination is enhanced during postpran-
dial sleep, we speculate that the strength of these synapses on new
GCs is under the modulation of behavioral state. One possibility
is that new GCs lacking a net increase in total synaptic strength
during feeding behavior might be eliminated by apoptosis dur-
ing subsequent sleep. Sensory experience-dependent elimination
of adult-born GCs during the postprandial period downscales
the GC number. Because a large number of adult-born GCs are
recruited in the OB every day, elimination of adult-born GCs
is necessary to maintaining the overall number of GCs in the
entire OB within an appropriate range. This downscaling may
increase the ratio of useful vs. useless GCs, thereby improving
the signal-to-noise ratio for olfactory information processing,
and may make room for a successive cohort of new GCs to be
integrated in preparation for the next round of new olfactory
experience.
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BEHAVIORAL STATE-DEPENDENT SIGNAL FLOW IN THE
OLFACTORY SYSTEM: INTERACTION BETWEEN THE OB

AND THE OC

To investigate neural circuit mechanisms in the life and death
decision of new GCs during the sequence of eating and subse-
quent rest/sleep, we need to understand how the central olfactory
system works not only in encoding olfactory memory of food dur-
ing the waking period but also in stabilizing the resulting memory
traces during the subsequent rest/sleep period.

During the waking period, odor inhalation induces spike
responses of mitral/tufted cells in the OB. These activated
mitral/tufted cells then activate GCs via mitral/tufted-to-granule
dendrodendritic excitatory synapses in the EPL (Figure 10,
upper). Mitral/tufted cells also activate pyramidal cells of the
AON and APC via axons that terminate in layer la. Activated pyra-
midal cells of the AON send signals via Ib associational fibers to
APC pyramidal cells. During waking states, therefore, odor infor-
mation is conveyed by pathways consisting of OSNs-mitral/tufted
cells-pyramidal cells in the AON and APC (Figure 10, upper).
During the slow-wave sleep state, however, the OC is isolated
from the external odor world by sensory gating mechanisms that
diminish signal transmission from the OB to the OC (Figure 10,
lower) (Murakami et al., 2005; Manabe et al., unpublished). The
mechanism of this behavioral state-dependent olfactory sensory
gating is not yet understood.

What types of neural activity occur in the isolated OC dur-
ing sleep? Local field potential (LFP) recording in the deep layer
(layer 111) of the APC during the slow-wave sleep state in freely-
behaving rats revealed that the APC generates repetitive sharp
negative potentials that resemble hippocampal SPWs in shape
and duration (100 ms) (Figure 8A) (Manabeetal., 2011). These
sharp waves were observed in wide areas of the APC and AON and
are called “olfactory cortex sharp waves” (OC-SPWs). OC-SPWs
are associated with synchronized spike discharges of numerous
neurons in the APC and AON (Figure 8A).

As described in the Introduction, hippocampal SPWs are
thought to play an important role in memory consolidation
and concomitant reorganization of the neuronal circuitry in the
hippocampus and neocortex. In analogy with the function of hip-
pocampal SPWs, we speculate that OC-SPWs might be involved
in the olfactory memory consolidation and reorganization of
neuronal circuitry in the central olfactory system.

Table 1 summarizes a comparison of the properties of hip-
pocampal SPWs and OC-SPWs. Hippocampal SPWs are a self-
organized activity originating in recurrent excitatory synaptic
connections among CA3 pyramidal cells (Csicsvari et al., 2000).
Transient memory traces of experienced episodes are thought to
be deposited in the recurrent excitatory synaptic connections.
Similarly, OC-SPWs are generated by pyramidal cells of the pir-
iform cortex and also by neurons in the endopiriform nucleus,
which is located just deep to the piriform cortex. The recurrent
excitatory synaptic connections among piriform cortex pyrami-
dal cells are thought to be involved in the generation of OC-SPWs.
Current source density analysis of OC-SPWs in the APC during
slow-wave sleep revealed the existence of a dense current sink in
layers Il and I11, which are deep layers in which association fibers
of APC pyramidal cells form excitatory synaptic connections on
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FIGURE 8 | SPW generation in the OC and its transmission to the OB
during slow-wave sleep. (A) The occurrence of OC-SPWs is associated
with synchronized spike discharges of APC neurons. Simultaneous
recordings of local field potentials in layer Ill (APC-LFP) and multiunit spike
activity (APC-units) of the APC during slow-wave sleep of freely-behaving
rats. OC-SPWs are indicated by red arrows. (B) OC-SPWSs occur repeatedly
during slow-wave sleep. The frequency and amplitude of OC-SPWs (top
two histograms), neocortical EEG pattern (cEEG, shown by a spectrogram),
and behavioral states (bottom bar). The spectrogram of the neocortical EEG
chronologically represents the intensity of power (shown by color, right
inset) at each frequency. The x-axis indicates time and the y-axis indicates
frequency. In the bottom bar, different behavioral states are shown by
distinct colors as indicated. OC-SPWs occur repeatedly during slow-wave
sleep, while they are suppressed during waking and REM sleep. (C)
OC-SPW activity is transferred to the OB as synchronized top-down inputs.
Left, simultaneous recording of LFP in layer Il of the APC (APC-LFP) and
LFP in GCL of the OB (olfactory bulb-LFP). Arrows indicate SPWs. Right,
averaged time course of olfactory bulb SPWs (top trace), and the raster plot
(middle traces) and event-correlation histogram (bottom trace) of the nadir
of olfactory bulb SPWs in reference to the nadir of OC-SPWs are shown.
Time 0 indicates the time of nadir of OC-SPWSs. Modified from Manabe

et al. (2011).

dendritic spines of APC pyramidal cells (Figure 9) (Neville and
Haberly, 2004; Manabe et al., 2011). Memory traces of olfactory
images of objects are thought to be encoded in plastic changes
occurring in the recurrent association fiber synapses among pyra-
midal cells of the OC (Haberly, 2001; Neville and Haberly, 2004;
Wilson, 2010; Wilson and Sullivan, 2011).

While hippocampal SPWs are associated with synchro-
nized discharges of CA1 pyramidal cells, OC-SPWSs accompany
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Table 1 | Comparison between hippocampal sharp waves and
olfactory cortex sharp waves.

Hippocampal-SPWs Olfactory cortex

(OC)-SPWs

Origin CA3 pyramidal cells

(recurrent excitation path)

Piriform cortex pyramidal
cells

Endopiriform nucleus
(recurrent excitation path)
Synchronization CA1 pyramical cells Piriform cortex pyramical
cells

Replay/ Not known
reactivation

Place cell activity during
exploratory behavior

Target Hippocampus, Subiculum, Piriform cortex, Olfactory
Entorhinal cortex, bulb, Orbitofrontal cortex,
Neocortex Cortical amygdaloid nuclei,

Olfactory tubercle

Behavioral Awake resting Slow-wave sleep

states Slow-wave sleep

Possible Consolicdation of spatial Not known

function and episodic memory

Abnormal Hippocampal epilepsy The area tempestas

activity

synchronized discharges of piriform cortex pyramidal cells.
Replay of CA1 place cell ensemble activity occurs during the
short time window of individual hippocampal SPWs. However,
it is not known whether replay or reactivation of OC ensem-
ble activity occurs during OC-SPWs. Hippocampal SPWs travel
from the CAL region, through the subiculum, entorhinal cor-
tex and up to the wide areas of the neocortex. Similarly, OC-
SPWs travel to all parts of the piriform cortex, AON, OB,
cortical amygdaloid nuclei, olfactory tubercle and orbitofrontal
cortex.

Both hippocampal SPWs and OC-SPWSs occur in a behav-
ioral state-dependent manner. They are absent during awake
exploratory behavior and REM sleep. Hippocampal SPWs occur
selectively during slow-wave sleep, awake resting and consuming
behavior. OC-SPWs occur during slow-wave sleep, and SPW-
like potentials are present in the APC during postprandial rest
(Figure 8B) ((Manabe et al., 2011); Komano-Inoue et al., unpub-
lished).

Given that a large population of pyramidal cells in the AON
and APC send massive top-down centrifugal fibers to GCs in
the OB (Luskin and Price, 1983), the OC-SPW-associated syn-
chronized discharges of numerous AON and APC neurons would
likely cause massive synchronous excitatory synaptic inputs to
GCs. Indeed, simultaneous recording of LFP in the ipsilateral
APC layer 111 and OB GCL showed that SPW-like potentials
in the OB occurred in close temporal proximity to OC-SPWs
(Figure 8C). Synchronous discharge of APC neurons occurs
repeatedly during slow-wave sleep and causes repeated strong and
synchronized synaptic excitation of GCs in the OB (Figure 10,
lower).
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FIGURE 9 | Association fiber excitatory synapses on OC pyramidal
cells participate in the generation of OC-SPWs. Left, schematic diagram
illustrating mitral cell axon (afferent fiber) excitatory synapses that
terminate in layer la (aff. f.; dark blue lines), association fiber excitatory
synapses from pyramidal cells of the AON that terminate in layer Ib (Ib
assoc. f.; a light blue line), and deep recurrent association fiber (d. assoc. f.;
green) excitatory synapses of APC pyramidal cells on APC pyramidal cells
that terminate in layer Il and Ill. Association fiber terminals are under the
control of cholinergic presynaptic inhibition (black bars with Ach). Top-down
projection from the APC pyramidal cells to the OB is also shown. Right,
current source density analysis of averaged OC-SPWs in a rat under
urethane anesthesia. The depth profile of averaged OC-SPW potentials is
shown. Pseudo-color representation of current sink (red) and current
source (blue) is also shown. Red arrows indicate the nadir of OC-SPW.
OC-SPWs generate a large current sink in layer 1l and the adjacent
superficial part of layer Ill. Modified from Manabe et al. (2011).

OC-SPWs occur in the absence of olfactory sensory inputs,
suggesting that they are a self-organized activity originating in the
piriform cortex. During awake states, recurrent association fiber
synapses on APC pyramidal cells are presynaptically inhibited
by tonic cholinergic tone (Hasselmo and Bower, 1992). During
slow-wave sleep, however, reduced cholinergic tone liberates the
recurrent association fiber from this cholinergic suppression to
promote the generation of highly synchronized discharges of
pyramidal cells and OC-SPWs (Figures 9, 10).

POSSIBLE MECHANISMS UNDERLYING THE BEHAVIORAL
STATE-DEPENDENT SELECTION OF ADULT-BORN GCs

The finding of increased GC death during postprandial sleep
raises a number of interesting questions. One major question is
what kind of signals new GCs receive during the sequence of eat-
ing behavior and postprandial sleep. A second is how these signals
relate to the life and death decision of new GCs during sleep.
One possible scenarios is that (1) new GCs receive odor-induced
signals from mitral and tufted cells during eating, but repeti-
tively receive OC-SPW-associated synchronized top-down inputs
from the OC during subsequent sleep; and that (2) the synchro-
nized top-down inputs are crucial in promoting GC elimination
(Figures 7, 10, 11).
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In this scenario, olfactory sensory input is transmitted from
mitral/tufted cells to new GCs via the dendrodendritic synapses
in the EPL. Some GCs might be “tagged” by the synaptic inputs
while others are left “non-tagged.” In spite of the tagging, the life
and death decision of new GCs is not conducted during wak-
ing states. Rather, only during the subsequent sleep period do
OC neurons generate memory trace-based synchronized activ-
ity (OC-SPWs) and send synchronized top-down inputs to
new GCs. This signal may trigger mechanisms that eliminate
“non-tagged” GCs while promoting long-lasting incorporation of
“tagged” GCs.

We are currently examining this hypothesis, and have observed
that pharmacological suppression of the synchronized top-down
inputs during the postprandial period in freely-behaving mice
inhibits the increased GC apoptosis (Komano-Inoue et al.,
unpublished observation). This observation favors the notion
that the major contributor to the putative “reorganizing signal”
that promotes GC elimination during the postprandial period
is the synchronized top-down input from the OC to the OB
(Figures 7, 10, 11).

Enhanced GC death occurs during postprandial sleep but not
during sleep without preceding eating. In contrast, OC-SPW-
associated synchronized top-down inputs to GCs always occur
during slow-wave sleep regardless of the presence or absence of
preceding eating. Thus, the synchronized top-down inputs from
the OC alone may not be sufficient to trigger GC elimination.
Deposition of putative tag signals during preceding waking may
be prerequisite, and the life and death decision of new GCs
might be determined after collation of the top-down reorgani-
zation signal with the putative deposited tag signals. Further,
other behavioral state-dependent signals such as neuromodula-
tory and hormonal signals might also be involved in triggering
GC elimination.

A Kkey question yet to be answered is how neuromodulatory
inputs to the OB influence GC elimination during postprandial
sleep. The OB is targeted by subcortical neuromodulatory sys-
tems (Shipley and Ennis, 1996) that include cholinergic input
from the horizontal limb of the diagonal band of Broca, nora-
drenergic input from the locus ceruleus, and serotonergic input
from the raphe nuclei (Figure 11). Olfactory sensory experience
during feeding and mating strongly increase noradrenergic sig-
nals (Brennan et al., 1990; Wellman, 2000). In addition, a variety
of olfactory learning depends on neuromodulatory signals to
the OB. Blockade of noradrenergic (Sullivan et al., 1989; Veyrac
et al., 2009) or cholinergic signals (Devore et al., 2012) in the OB
perturbs olfactory learning.

Female mice form olfactory recognition memory to male
mouse pheromones at mating. The memory trace for this is
deposited as the plastic change in the dendrodendritic reciprocal
synapses between mitral cells and GCs in the accessory OB (Kaba
and Nakanishi, 1995). The mating-induced increase in nora-
drenalin reduces granule-to-mitral dendrodendritic inhibitory
synaptic transmission and induces olfactory memory of male
pheromones. It is possible that an increase in neuromodulatory
tone during olfactory learning may be important to the formation
of memory traces in the dendrodendritic synapses, which can be
used later in the life and death decision of new GCs. In the main
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FIGURE 10 | Behavioral state-dependent signal flow between the OB
and OC. Upper panel, during the waking period (sensory experience-stage),
information about the external odor world is efficiently transferred from mitral
(M) and tufted (T) cells in the OB to pyramidal cells (P) in the AON, APC and
PPC (red arrows). Olfactory sensory inputs from the OE to the OB activate
synapses in the sEPL, dEPL and MCL of the OB. Outputs from mitral and
tufted cells in the OB to the OC activate synapses in the layer la of the AON
and APC. Activated pyramidal cells in the AON activate synapses in the layer
Ib of the APC via their association fibers (a red line in the deep layer). Layers
with activated synapses are highlighted with red. Synaptic inputs of recurrent

association fibers to pyramidal cells are reduced by cholinergic presynaptic
suppression. Lower panel, during the slow-wave sleep period (sleep-stage),
afferent fiber inputs to the OC are blocked by behavioral state-dependent
sensory gating. In contrast, synaptic inputs of recurrent association fibers to
pyramidal cells in layer Il and Il of the olfactory cortex are released from
cholinergic presynaptic inhibition and internally generate synchronized spike
discharges of pyramidal cells in the AON, APC and PPC. The synchronized
spike discharges of pyramidal cells in the OC travel back to GCs in the GCL of
the OB as synchronized top-down synaptic inputs (blue arrows). Layers with
activated synapses are highlighted with blue.

OB, noradrenergic fibers from the locus ceruleus are distributed
predominantly in the GCL (McLean et al., 1989), and GCs express
several subtypes of adrenergic receptors (MicCune et al., 1993; Nai
et al., 2010).

Cholinergic fibers primarily innervate the GL and GCL in
the OB (Kasa et al., 1995), and GCs express several subtypes of
cholinergic receptors (Le Jeune et al., 1995). During the wak-
ing period, enhanced cholinergic tone reduces granule-to-mitral
dendrodendritic synaptic transmission by a presynaptic inhibi-
tion mechanism (Tsuno et al., 2008). The top-down synaptic
inputs from the OC to GCs are also reduced during the wak-
ing period, presumably by cholinergic presynaptic inhibition
(Manabe et al., 2011). In the absence of cholinergic tone during
slow-wave sleep, both the granule-to-mitral synaptic transmis-
sion and top-down synaptic inputs are enhanced as a result of
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the release from cholinergic presynaptic inhibition. These results
suggest the involvement of a behavioral state-dependent change
in neuromodulatory inputs in the regulation of GC death during
postprandial sleep. In fact, the effects of systemic modulation of
noradrenergic or cholinergic signals on the survival of new GCs
have been well documented (Cooper-Kuhn et al., 2004; Kaneko
et al., 2006; Veyrac et al., 2009; Moreno et al., 2012). We thus
assume that the integration of odor-induced glutamatergic signals
that occur during odor experiences, synchronized top-down glu-
tamatergic inputs during sleep, and behavioral state-dependent
changes in neuromodulatory signals is the key mechanism for
sensory experience-dependent and behavioral state-dependent
GC selection (Figure 11). Further study is necessary to examine
how the neuromodulatory signals contribute to the life and death
decision of new GCs.
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FIGURE 11 | Possible contributors to the behavioral state-dependent
life and death decision of adult-born GCs. Adult-born GCs receive
excitatory synaptic inputs from mitral/tufted cells via dendrodendritic
synapses (red arrows). These inputs represent olfactory sensory inputs and
are strongly activated during waking olfactory behavior. Adult-born GCs also
receive excitatory synaptic inputs from pyramidal cells in the OC via
axodendritic synapses (blue arrows). These inputs represent self-organized
internal activity of OC pyramidal cells and are strongly activated during the
subsequent slow-wave sleep period. Adult-born GCs receive
neuromodulatory signals including noradrenergic, cholinergic, and
serotonergic inputs. These neuromodulatory inputs are elevated during
waking olfactory behavior and suppressed during the subsequent
slow-wave sleep period. Behavioral state-dependent hormonal signals may
be also involved in the life and death decision of adult-born GCs. Deep short
axon cells in the OB form GABAergic synapses onto adult-born GCs.
Top-down inputs from OC pyramidal cells may induce inhibitory synaptic
inputs on adult-born GCs via the activation of deep short axon cells.
Resident microglia in the OB play a crucial role in sensory
experience-dependent GC elimination. Behavioral state-dependent life and
death decision of adult-born GCs may operate with the cooperation of
these signal systems and cell types.

Hormonal signals also depend on behavioral state and
substantially influence olfactory neurogenesis (Figure 11). An
increase in prolactin secretion by sexual and social behaviors pro-
motes cell proliferation in the SVZ (Shingo et al., 2003; Mak
et al., 2007; Mak and Weiss, 2010). Food restriction and food
intake recruit a variety of stress- and energy status-related hor-
monal signals (Dallman et al., 1993; Gao and Horvath, 2007).
Stress-induced glucocorticoid decreases cell proliferation in the
SVZ (Lau et al., 2007). Although little is known at present, the life
and death decision of new GCs might be regulated by a behavioral
state-dependent change in hormonal signals.

Other potential contributors to the life and death decision
of new GCs are deep short-axon cells and microglia in the OB
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(Figure 11). In addition to glutamatergic inputs, new GCs receive
GABAergic synaptic inputs from deep short-axon cells in the
OB (Arenkiel et al., 2011; Deshpande et al., 2013). Because deep
short-axon cells receive direct top-down synaptic inputs from
the OC (Boyd et al., 2012), the top-down inputs may activate
inhibitory synaptic inputs onto new GCs via deep short-axon
cells, in addition to direct excitatory synaptic inputs. Microglial
cells are present at high density in the OB and contribute to
GC elimination. Activation of microglial cells is crucial to the
enhanced GC elimination by sensory deprivation (Lazarini et al.,
2012). An understanding of how these signal systems and cell
types work together in promoting the behavioral state-dependent
life and death decision of new GCs is therefore important.

SIGNIFICANCE OF BEHAVIORAL STATE-DEPENDENT
SELECTION OF ADULT-BORN GCs

Why is GC death enhanced during sleep? Cell death is an irre-
versible process: once the apoptotic machinery is initiated, the cell
is destined to be eliminated from the circuit. This suggests that
the cell death process of new GCs occurs under strict regulation
during slow-wave sleep, unperturbed by unpredictable olfactory
sensory inputs. Furthermore, if elimination or incorporation of
new neurons were to occur during awake behavior states, this
would cause severe disturbance in odor information processing.
Therefore, neuronal circuits in the olfactory system require that
the processing of external odor information and reorganization
of connectivity occur during different time windows. These ideas
are in accord with the notion that the brain requires separate time
windows (awake and sleep periods) for the active processing of
external sensory information and the structural reorganization of
its neuronal circuitry.

Refinement of OB circuits by the elimination of “non-tagged”
or “death-tagged” GCs during sleep may increase the signal-to-
noise ratio for odor information processing, as proposed for
synaptic downscaling during sleep (Tononi and Cirelli, 2006).
When animals wake up, their odor information processing ability
might be improved such that odor-cued behaviors can be more
efficiently executed. In addition, elimination of GCs may make
room for the integration of successive cohorts of new GCs during
subsequent wake-sleep cycles. We observed that enhanced elim-
ination of preexisting GCs in a local area of the OB by local
injection of immunotoxin facilitates the incorporation of newly
generated GCs in the local OB area (Murata et al., 2011). This
observation supports the idea that elimination of less useful GCs
during sleep would facilitate the incorporation of new useful
GCs during subsequent wake-sleep cycles. By using and repeating
the wake-sleep cycle as a single unit for olfactory experience-
based circuit reorganization, the olfactory neuronal circuit may
be continually remodeled to meet the ever-changing odor circum-
stances.

It has been demonstrated that odor learning, but not sim-
ple odor experience, is important for the survival of new GCs
(Alonso et al., 2006; Mouret et al., 2008, 2009; Sultan et al.,
2010). We speculate that food finding and eating periods pro-
vide rich opportunity for odor-food association learning with the
animal’s decision making to eat or reject the encountered food.
This notion is in agreement with the observation that the life and
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death decision of new GCs is promoted during postprandial sleep
but not during sleep without preceding eating. Beside the odor-
food association learning during the eating period, mice and rats
show olfactory learning in a variety of occasions, including mat-
ing, encountering danger (odor-danger association learning), and
social behaviors (Keverne, 2004; Sanchez-Andrade and Kendrick,
2009; Landers and Sullivan, 2012). It would be interesting to
examine which types of olfactory learning induce enhanced GC
death during postbehavioral sleep.

COORDINATION OF PLASTIC CHANGE IN THE OB, OC AND
OTHER BRAIN REGIONS

Odor learning-induced plastic changes occur not only in the OB,
but widely in the central olfactory system. For example, major
plastic changes associated with olfactory memory are considered
to occur in association fiber synapses of pyramidal cells in the pir-
iform cortex. The association fiber synapses are active in odor
information processing during waking, causing odor-induced
activation of targeted pyramidal cells in the piriform cortex (Poo
and Isaacson, 2011). Association fiber synapses are highly plas-
tic. They exhibit NMDA-dependent long-term potentiation (LTP)
in vitro (Kanter and Haberly, 1990; Poo and Isaacson, 2007), and
synaptic transmission of association fibers is enhanced by asso-
ciative odor learning in rats (Saar et al., 2002). We speculate that
deposited memory traces in the association fiber synapses might
be consolidated by the reactivation of synaptic connections dur-
ing the subsequent sleep period, whose activity is represented as
OC-SPWs. In fact, firing activity of piriform cortical neurons dur-
ing the slow-wave state is influenced by odor stimulation during
the preceding fast-wave state (Wilson, 2010).

Because OC-SPW-associated activity during slow-wave sleep
presumably depends on the plastic changes in association fiber
synapses, top-down inputs from the OC to the OB reflect olfac-
tory memory information stored during the awake behavior
period. An intriguing possibility is that the top-down synaptic
inputs are not random but rather targeted to a selective popu-
lation of GCs. Only the targeted GCs might be plastically modu-
lated by the top-down inputs. Furthermore, the synaptic efficacy
of the top-down inputs onto GCs is plastic. LTP can be induced
in the top-down synapses both in vitro (Gao and Strowbridge,
2009; Nissant et al., 2009) and in vivo (Manabe et al., 2011). Thus,
plastic changes in connectivity may occur widely in a coordinated
manner across the entire neuronal circuitry of the OB and OC.

The neuronal circuitry of the OB and OC functions within
a large network of the central nervous system. The OC has
massive reciprocal connections with the amygdaloid complex
and orbitofrontal cortex (Shipley and Ennis, 1996). During
odor-guided behaviors, odor information is transferred from the
OB to these regions via the OC. During slow-wave sleep periods,
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Breakthroughs in imaging techniques and optical probes in recent years have
revolutionized the field of life sciences in ways that traditional methods could never match.
The spatial and temporal regulation of molecular events can now be studied with great
precision. There have been several key discoveries that have made this possible. Since
green fluorescent protein (GFP) was cloned in 1992, it has become the dominant tracer of
proteins in living cells. Then the evolution of color variants of GFP opened the door to the
application of Forster resonance energy transfer (FRET), which is now widely recognized as
a powerful tool to study complicated signal transduction events and interactions between
molecules. Employment of fluorescent lifetime imaging microscopy (FLIM) allows the
precise detection of FRET in small subcellular structures such as dendritic spines. In this
review, we provide an overview of the basic and practical aspects of FRET imaging and
discuss how different FRET probes have revealed insights into the molecular mechanisms
of synaptic plasticity and enabled visualization of neuronal network activity both in vitro
and in vivo.

Keywords: optical probes, synaptic plasticity, Forster resonance energy transfer, fluorescence lifetime imaging
microscopy

INTRODUCTION
The brain is a highly interconnected functional network com-
prised of billions of neurons that communicate with each other
at synapses. Throughout life, the neuronal connectivity that
subserves brain function is modified and refined in an activity-
dependent manner, a phenomenon termed neuronal plasticity.
Plasticity mechanisms can influence neuronal function and struc-
ture through modifications at the level of synapses, dendrites and
axons (Citri and Malenka, 2008; Holtmaat and Svoboda, 2009).
Different forms of plasticity are tightly regulated by a com-
plex network of signal transduction cascades, which are the
results of protein-protein interaction, posttranslational modifica-
tion, subcellular translocation of proteins, protein synthesis, etc.
Therefore, the temporal and spatial precision of these events is
critical to support proper brain function in the developing and
mature brain. The development of probes that offer spatiotem-
poral detection of these cellular events is vital to our ability to
examine these important molecular mechanisms in biological
systems. For this purpose, optical microscopic imaging enables
complex and varied neuronal signals to be captured with high
temporal and spatial resolution from live biological samples.
Technological advances in the past two decades have made
a significant contribution to our ability to extend fluorescent
imaging techniques beyond that of simple morphological anal-
ysis. One of the key developments is FOrster resonance energy
transfer (FRET). First reported by Forster (1946), the technique
describes how energy from a “donor” fluorophore can excite an
“acceptor” fluorophore, resulting in light emission from the latter.

The efficiency of FRET depends on two main factors, the distance
between the two fluorophores and their relative orientation. This
feature enables the change in distance and angle between two flu-
orophores to be calculated, leading Lubert Stryer to call FRET a
“molecular ruler” (Stryer, 1978). Using this property of FRET,
various optical probes have been designed to detect aspects of
different cellular functions in vitro and in vivo.

The sensitivity and compatibility of FRET imaging with live
imaging are critical for analyzing the molecular mechanisms of
neuronal circuit plasticity. In particular, much progress has been
made in recent years regarding the analysis of synaptic plasticity
of excitatory synapses in excitatory neurons, which are typically
formed on dendritic spines (Hayashi and Majewska, 2005; Bosch
and Hayashi, 2012). FRET imaging is now being applied in vivo
and offers a unique opportunity to study how and when neurons
or synapses change and which signaling events contribute to such
changes in response to stimuli in the intact brain.

In this article, we will provide an overview of the basic and
practical aspects of FRET imaging, summarize currently available
FRET-based probes and then discuss how these probes advanced
our understanding of the molecular mechanisms underlying
neuronal plasticity, mainly hippocampal long-term potentiation
(LTP).

MONITORING in situ BIOCHEMICAL PROCESSES USING FRET-BASED
PROBES

In 1991, Tsien’s group made the first attempt to image live cellu-
lar functions using FRET (Adams et al., 1991; Zhang et al., 2002).
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They attempted to visualize the intracellular dynamics of adeno-
sine 3, 5 - cyclic monophosphate (CAMP) by designing a probe
based on cAMP-dependent protein kinase, in which the regu-
latory and catalytic subunits were labeled with fluorescein and
rhodamine, respectively. Upon binding of cAMP, the regulatory
subunit dissociates from the catalytic subunit, thereby eliminating
FRET.

Subsequently, they also reported a voltage sensing FRET probe
utilizing fluorescein-labeled lectin as a donor and oxonol, an
anionic fluorescent compound, as an acceptor in living cells
(Gonzalez and Tsien, 1995). At resting membrane potential,
both dyes are localized on the outer leaflet of the plasma mem-
brane and FRET occurs. Upon depolarization, negatively charged
oxonol translocates to the inner leaflet of the plasma membrane
and increases the distance from the donor, leading to a reduction
in the efficiency of FRET.

However, FRET approaches using small molecular weight flu-
orescent compounds are technically demanding. For example,
generation of the cCAMP probe requires the cumbersome pro-
cess of protein purification, in vitro chemical coupling with dyes
and introduction into cells. The success of the oxonol-based
probe largely owed to the identification of oxonol as a fluorescent
molecule that travels across the plasma membrane upon a change
in membrane voltage.

The emergence of genetically encoded FRET probes in the
late 1990s dramatically changed the situation. This largely owes
to the development and expansion of green fluorescent pro-
tein (GFP) and its color variants (Shaner et al., 2005). In a
landmark study of genetically encoded FRET probes, Miyawaki
et al. developed the first GFP-based calcium indicator, cameleon
using cyan fluorescent protein (CFP) as a donor and yellow flu-
orescent protein (YFP) as an acceptor (Miyawaki et al., 1997).
Cameleon consists of a calmodulin (CaM) protein fused with a
M13 sequence (a 26-residue CaM binding peptide from myosin
light-chain kinase), flanked by CFP and YFP. The gly-gly motif
between CaM and the M13 peptide gives this probe its con-
formational flexibility. In the absence of calcium, CaM and the
M13 sequence do not interact with each other. However, in
the presence of calcium, they form a complex, which short-
ens the distance between the donor and acceptor fluorophores,
allowing FRET to occur. Using this probe, they observed cal-
cium dynamics in living cells and demonstrated the poten-
tial of FRET for the analysis of neuronal circuit dynamics.
Since then, probes for other molecules such as cAMP, guano-
sine 3, 5- cyclic monophosphate (cGMP), and CI~, small
GTP-binding protein (small G-protein), phosphoinositide and
signaling events e.g., phosphorylation have been developed
(Table 1).

Compared to small molecular weight fluorescent molecule-
based FRET probes, genetically encoded FRET probes offer a
number of advantages. They can be constructed easily with
standard molecular biological techniques, thus making probe
design simple and flexible. They can be expressed in cells by
simply introducing vector DNA into neurons without protein
purification and chemical labeling. Use of an appropriate DNA
transduction method or a promoter to express the probe allow
cell-type specific labeling. Due to these technical advantages, the

genetically-encoded FRET probes are now widely used standard
tools in biological systems.

STRATEGIES OF PROBE DESIGN

Multiple genetically-encoded FRET probes have been developed
for use in neuronal and non-neuronal cells. These probes can
be classified into several categories depending on the approach
used to detect different types of biological phenomena (Table 1,
Figure 1).

Cleavage-based approach

The first reported GFP-based probe detecting Factor Xa activity
employed the cleavage-based approach (Figure 1A) (Mitra et al.,
1996). In this type of probe, a protease cleavage sequence was
flanked by donor and acceptor fluorophores. Under basal condi-
tions, FRET occurs between the fluorophores. However, cleavage
of the target sequence causes a resultant separation of donor and
acceptor molecules, leading to a decrease in FRET efficiency. The
same approach was used to study other proteases including cas-
pases (Xu et al., 1998; Onuki et al., 2002; Li et al., 2006; Joseph
et al., 2011). One thing to note when using this type of probe is
that the protease cleavage is irreversible. Therefore, it is not suit-
able for detecting a protease with high basal activity. Also, the
measurement cannot be repeated multiple times as the uncleaved
fraction decreases and the cleaved fraction accumulates over
time.

Intermolecular FRET approach

The interaction between proteins can be monitored by inter-
molecular FRET, where one party of the protein complex is tagged
by a donor and the other by an acceptor (Figure 1B). The interac-
tion can be a heteromer of two different proteins or a homomer
of the same protein. Application of this approach includes, small
G-protein activity (Yasuda et al., 2006), 3-phosphoinositide-
dependent protein kinase 1 (PDK)-Akt (Calleja et al., 2007),
phosphatase and tensin homolog deleted from chromosome 10
(PTEN)-myosin V (van Diepen et al., 2009), and protein-tyrosine
phosphatase 1B (PTP1B)-receptor tyrosine kinases (RTKs) (Haj
et al., 2002) interaction (Table 1). A variant of this approach
is homomultimer FRET where a monomer in a polymeric pro-
tein complex is labeled with both donor and acceptor molecules
(Figure 1C), which allows the polymerization status of the pro-
tein to be monitored. This was employed to detect actin polymer-
ization/depolymerization (Okamoto et al., 2004).

The quantitative aspect of FRET is difficult to control in inter-
molecular FRET (when compared with intramolecular FRET)
because the expression level of donor and acceptor molecules
often varies amongst cells. In contrast, in an intramolecular FRET
probe, the donor and acceptor are on the same molecule and thus,
the ratio of the donor to acceptor is always constant. Also, endoge-
nous proteins may participate in forming protein complexes and
this can decrease intermolecular FRET efficiency. Therefore, with
intermolecular FRET, the efficiency must be measured as an aver-
age of multiples cells or compared before and after a treatment
(e.g., induction of synaptic plasticity) in the same cell. In prac-
tice, a donor which does not interact with an acceptor increases
the background of the measurement, whereas excess levels of
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Table 1 | A list of genetically encoded FRET probes.

Classification Target Name of probe Year Probe design References
Small molecule Calcium Cameleon 1997 3-2 Miyawaki et al., 1997
Small molecule Cyclic guanosine CGY, Cygnet, 2000, 2001, 3-1 Sato et al., 2000; Honda
monophosphate (cGMP) pPGES-DE2, cGi 2006, 2013 et al., 2001; Nikolaev
et al., 2006; Thunemann
etal., 2013
Small molecule Cyclic adenosine Epac 2000, 2004 2,31 Zaccolo and Pozzan,
monophosphate (CAMP) 2002; Nikolaev et al.,
2004
Small molecule Inositol trisphosphate (IP3) LIBRA, Fretino, FIRE 2004, 2005, 2006 31 Tanimura et al., 2004;
Sato et al., 2005a;
Matsu-ura et al., 2006
Small molecule Nitric oxide (NO) NOA-1, Piccell 2005, 2006 3-1 Sato et al., 2005b, 2006b
Small molecule Adenosine triphosphate (ATP) A Team 103-nD/nA 2012 3-1 Imamura et al., 2009
Small molecule Estrogen SCCoR 2004 3-3 Awais et al., 2004
Small molecule Androgen Ficaro 2006 3-3 Awais et al., 2006
Small molecule Glucocorticoid receptor ligands GLUCOCOR 2007 3-3 Nishi et al., 2004; Awais
etal., 2007a
Small molecule Neurotrophic factor ECaus 2008 3-3 Nakajima et al., 2008
Small molecule Nuclear receptor conpro 2007 3-2 Awais et al., 2007b
Small molecule O-N-acetylglucosamine 2006 3-3 Carrillo et al., 2006
(O-GIcNAC)
Small molecule Vitamin A (Retinoic acid) GEPRAS 2013 3-1 Shimozono et al., 2013
Small molecule Molybdate MolyProbe 2013 3-1 Nakanishi et al., 2013
Small molecule Glutamate FLIPE 2005 31 Okumoto et al., 2005
Small molecule  Zn?* eCALWY-1 2009 2 Vinkenborg et al., 2009
Small molecule CI~ Clomeleon 2000 other Kuner and Augustine,
2000
Small molecule pH GFpH, YFpH 2001 other Awaji et al., 2001
Small molecule Glucose FLIPglu 2003 3-1 Fehr et al., 2003
Small molecule Maltose FLIPmal 2002 3-1 Fehr et al., 2002
Small molecule Ribose FLIPrib 2003 31 Lager et al., 2003
Kinase Calcium/Calmodulin-dependent Camui a, green-Camui 2005, 2009, 2011, 3-1 Takao et al., 2005; Lee
protein kinase Il (CaMKII) a, Camk2a reporter 2013 et al., 2009; Piljic et al.,
2011; Fujii et al., 2013
Kinase Src Srcus 2001, 2005, 2007 3-3 Ting et al., 2001; Wang
et al., 2005; Hitosugi
etal., 2007
Kinase Protein kinase C (PKC) CKAR, CY-PKCdelta 2003, 2005 33,31 Violin et al., 2003; Braun
etal., 2005
Kinase Protein kinase D (PKD) DKAR 2007 3-3 Kunkel et al., 2007
Kinase Protein kinase A (PKA) ART, AKAR 2000, 2001 3-3 Nagai et al., 2000; Zhang
etal., 2001
Kinase Abl Picchu 2001 3-3 Ting et al., 2001
Kinase Bcr-Abl Bcr-Abl activity sensor 2010 3-3 Tunceroglu et al., 2010
Kinase c-Raf Prin-cRaf 2005 3-1 Terai and Matsuda, 2005
Kinase PAK1 Pakabi 2009 3-1 Parrini et al., 2009
Kinase B-raf Prin-Braf 2006 3-1 Terai and Matsuda, 2006
Kinase ZAP-70 ROZA 2008 3-3 Randriamampita et al.,
2008
Kinase Akt Aktus, BKAR, Akind 2003, 2005, 2007 3-3 Sasaki et al., 2003;
Kunkel et al., 2005;
Calleja et al., 2007
Kinase ERK Miu2, Erkus, EKAR 2006, 2007, 2008 3-1, 3-3, 3-3 Fujioka et al., 2006; Sato

et al., 2007; Harvey et al.,
2008a

(Continued)
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Table 1 | Continued

Classification Target Name of probe Year Probe design  References
Kinase Insulin receptor Phocus 2002 3-3 Sato et al., 2002
Kinase Epidermal Growth factor 2001 3-3 Ting et al., 2001
receptor (EGFR)
Kinase Ataxia telangiectasia mutated 2007 3-3 Johnson et al., 2007
(ATM)
Kinase Aurora B kinase 2008 3-3 Fuller et al., 2008
Kinase Cyclin B1-CDK1 2010 3-3 Gavet and Pines, 2010
Kinase Myosine light chain kinase MLCK-FIP 2002 3-1 Chew et al., 2002
Kinase JINK JNKAR1, JUNKAR1EV 2010, 2011 33 Fosbrink et al., 2010;
Komatsu et al., 2011
Kinase RSK Eevee-RSK 2011 3-3 Komatsu et al., 2011
Kinase S6K Eevee-S6K 2011 3-3 Komatsu et al., 2011
Kinase Focal Adhesion Kinase (FAK) CYFAK413, 2008, 2009 2,31 Cai et al., 2008;
FERM-sensor Papusheva et al., 2009
Kinase PLK1 2008 3-3 Macurek et al., 2008
Kinase SAP3K 2009 3-3 Tomida et al., 2009
Kinase DAPK1 DAPK1(334)-F40 2011 3-1 Piljic et al., 2011
Phosphatase Calcineurin CaNAR1 2008, 2013 31 Newman and Zhang,
2008; Fuijii et al., 2013
Small G-protein Ras Raichu-Ras, Fras 2001, 2006 32,2 Yasuda et al., 2006;
Mochizuki et al., 2001
Small G-protein Rap Raichu-Rap 2001 3-2 Mochizuki et al., 2001
Small G-protein Rac Raichu-Racl 2004 3-2 Aoki et al., 2004
Small G-protein Rab5 Raichu-Rab5 2008 3-2 Kitano et al., 2008
Small G-protein Rho Raichu-RhoA 2003, 2011 32,2 Yoshizaki et al., 2003;
Murakoshi et al., 2011
Small G-protein Cdc42 Raichu-cdc42 2004, 2011 32,2 Aoki et al., 2004;
Murakoshi et al., 2011
Small G-protein Ral Raichu-Ral 2004 3-3 Takaya et al., 2004
Small G-protein TC10 Raichu-TC10 2006 3-2 Kawase et al., 2006
Signal transduction ~ RCC1 (GEF of Ran) CFP-RCC1-YFP 2008 3-1 Hao and Macara, 2008
Signal transduction  Crkll phosphorylation Picchu 2001 3-1 Kurokawa et al., 2001
Signal transduction ~ N-WASP Stinger 2004 31 Lorenz et al., 2004; Ward
et al., 2004
Signal transduction  Adrenergic receptor axaAR-cam 2003 3-1 Vilardaga et al., 2003
Signal transduction  Parathyroid hormone receptor PTHR-cam 2003 3-1 Vilardaga et al., 2003
Signal transduction ~ Plasma membrane Calcium BFP-PMCA-GFP 2007 3-1 Corradi and Adamo, 2007
pump
Acetylation Histone acetylation Histac 2004, 2009 3-3 Lin et al., 2004; Sasaki
et al., 2009
Lipid Phosphatidylinositol Fllip, FLIMPA 2003, 2013 34 Sato et al., 2003; Ueda
(3,4,5)-trisphosphate (PIP3) and Hayashi, 2013
Lipid Phosphatidylinositol Pippi-PI(4,5)P2 2008 3-4 Nishioka et al., 2008
(4,5)-bisphosphate (PIP2)
Lipid Phosphatidylinositol Pippi-PI(3,4)P2 2008 3-4 Nishioka et al., 2008
(3,4)-bisphosphate (PI(3,4)P2)
Lipid Phosphatidylinositol 4-phosphate  Pippi-PI(4)P 2008 3-4 Nishioka et al., 2008
(P14P)
Lipid Phosphatidic acid Pii 2010 3-4 Nishioka et al., 2010
Lipid Diacylglycerol (DAG) Daglas, DIGDA 2006, 2008 3-4 Sato et al., 2006a;
Nishioka et al., 2008
Protein interaction Actin 2004, 2008 2 Okamoto et al., 2004;
Murakoshi et al., 2008
Protein interaction PDK1-Akt interaction 2007 2 Calleja et al., 2007

(Continued)
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Table 1 | Continued

Classification Target Name of probe Year Probe design  References
Protein interaction  Protein tyrosine phosphatase 2002 2 Haj et al., 2002
1B-receptor tyrosine kinases
(PTP 1B-RTKSs) interaction
Protein interaction Breast cancer resistance 2010 2 Ni et al., 2010
protein/ATP-binding cassette
sub-family G member
(BCRP/ABCQG)
Protein interaction  Cofilin-actin interaction 2008 2 Homma et al., 2008
Protein interaction PTEN-Myosin V interaction 2009 2 van Diepen et al., 2009
Protease Caspase-3 EGFP-DEVD-EBFP 1998 1 Xu et al., 1998
Protease Caspase-8 CFP-c3-YFP-c6-mRFP 2002 1 Onuki et al., 2002
Protease Caspase-9 SCAT9 2011 1 Joseph et al., 2011
Protease Caspase-7 VDEVDc 2006 1 Li et al., 2006
Protease Matrix Metalloproteinase (MMP)  YFP-MSS-CFpPdisplay 2007, 2008 1 Yang et al., 2007; Ouyang
MTI-MMP-FRET etal., 2008
biosensor
Protease Protease activity (Factor Xa) 1996 1 Mitra et al., 1996
Protease Calpain activity pYSCS 2000 1 Vanderklish et al., 2000
Protease Presenilin GFP-PSI-RFP 2009 31 Uemura et al., 2009
Other Strain sensor StFRET 2008 31 Meng et al., 2008
Other Membrane potential VSFPR, Mermaid, 2001, 2008, 2012, 3-1 Sakai et al., 2001; Tsutsui
ArcLight, 2013 et al., 2008; Jin et al.,
VSFP-Butterfly 2012; Akemann et al.,
2013
Other Myosin Il GSIdCB 1998, 2006 3-1 Suzuki et al., 1998; Zeng
et al., 2006
Other HIV Rev protein YRGnNC-11ad 2005 3-1 Endoh et al., 2005
Other Redox Redoxfluor, Gaskins 2010, 2011 3-1 Yano et al., 2010;

Kolossov et al., 2011

The numbers in the Probe Design column correspond to the section number in the “Strategies of probe design” chapter of the main text. Names of probes are

shown. See the webpage by Dr. Michiyuki Matsuda http://www.lif.kyoto-u.ac.jp/labs/fret/e-phogemon/unifret.ntm for updated information.

acceptor molecules usually does not cause a problem (Okamoto
and Hayashi, 2006). Therefore, whenever possible, excess acceptor
molecules should be used.

Intramolecular FRET approach

This approach detects the conformational change of the probe via
a change in the distance and angle of donor and acceptor pro-
teins located on the same molecule. Because both fluorophores
are on the same molecule, complications such as the differential
redistribution of the donor and acceptor proteins and hetero-
geneity in the expression level of donor and acceptor among cells
can be eliminated. Using this approach, many different probes
have been generated to enable the detection of covalent modifica-
tions of proteins, membrane voltage, small biological molecules,
and signal transduction (Table 1). One can design a probe to
detect conformational change that is intrinsic to the protein of
interest or design a fusion protein that changes its conformation
upon the occurrence of a specified biological event. Advantage
of intramolecular FRET is relative ease of constructing probe
which shows FRET. But it is sometimes difficult to find right posi-
tion of the fluorophore so that external stimuli change the FRET
efficiency.

Intrinsic conformation change of protein. If a protein of inter-
est changes its conformation by activation/inactivation, one can
design a probe to detect the conformational change as a way of
monitoring the activity level (Figure 1D). This may be accom-
plished by flanking the protein with a donor and an acceptor or
inserting one or both of the fluorophore(s) between the domains.
This approach has been successfully employed for Ca?*/CaM-
dependent protein kinase Il (CaMKII) (Takao et al., 2005; Kwok
et al., 2008; Fujii et al., 2013), calcineurin (Fujii et al., 2013), c-raf
(Terai and Matsuda, 2005), p21 protein-activated kinase 1 (PAK1)
(Parrini et al., 2009), B-raf (Terai and Matsuda, 2006), regula-
tor of chromosome condensation 1 (RCC1) (Hao and Macara,
2008), vitamin A receptor (Shimozono et al., 2013) and to moni-
tor changes in membrane potential (Tsutsui et al., 2008; Akemann
et al., 2012). X-ray crystal structure is a useful guide to identify
locations on a protein where the donor and acceptor pair can be
placed.

Conformation change induced by a specific protein interaction.
Activation or inactivation of a protein can trigger an interac-
tion with a specific target protein. By using such an interaction,
one can design a FRET probe to detect the activation of a protein
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FIGURE 1 | Strategies of probe design. Light blue, donor; yellow, acceptor.
(A) Protease. (B) Intermolecular protein interaction. (C) Polymerization status.
(D) Intrinsic conformation change of protein, which can be used to detect
activation of a protein if it accompanies conformation change of the structure.
(E) Conformation change of fusion protein induced by activation/inactivation.
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An example of detection of small GTPase activation (green) by small GTPase
binding protein (red) is shown. (F) Conformation change of fusion protein
induced by covalent modification/inactivation. Here an example of detection
of kinase activity by substrate sequence (gray) and phosphoprotein binding
domain (orange) is depicted. (G) Small molecule on membrane lipid.

(Figure 1E). The cameleon probe mentioned above falls into this
category. Another example is the Raichu series of probes that were
developed to observe the activity of small G-proteins (Mochizuki
et al., 2001). The basic structure of Raichu probes is comprised
of four modules; a donor, an acceptor, a G-protein, and a G-
protein-binding domain from its binding partner (Figure 1E).
The inactive GDP-bound form does not interact with each other
the G-protein-binding domain. Upon binding with GTP, the G-
protein and G-protein-binding domain interact with each other
to bring the two fluorophores into close proximity, thereby lead-
ing to FRET. This probe design strategy has been applied to Ras,
Rho family protein, and other small G-proteins (Hao and Macara,
2008; Kiyokawa et al., 2011).

Conformation change induced by a covalent modification of
protein. This type of probe consists of a donor and an acceptor,

which flank a substrate domain that can be covalently modified
by the protein of interest and a protein domain that specif-
ically recognizes the covalently modified protein (Figure 1F).
When the protein is covalently modified, it binds to the adja-
cent recognition domain, leading to a conformational change in
the entire molecule, resulting in a change in FRET. By making
use of specific kinase substrate and phosphor-protein recog-
nition domains, this strategy has been applied to the design
of FRET sensors for kinases and phosphatases including PKA
(Zhang et al., 2001), C (Violin et al., 2003), and D (Kunkel
et al., 2007), Akt (Sasaki et al., 2003), and Src (Ting et al., 2001).
It should be noted that this type of probe actually detects a
temporal integration of both kinase and phosphatase activity.
Also, there may be kinases or phosphatases other than the tar-
get protein, which also phosphorylate or dephosphorylate the
probe.
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Small molecules on membranes. Using a similar strategy, small
molecules on membranes can also be measured (Figure 1G).
In this case, one of the fluorophores is tethered to the
membrane through rigid a-helical linkers whereas the other
fluorophore retains its flexibility via a gly-gly hinge. A spe-
cific lipid-binding domain is inserted in-between. When a
small molecule binding domain interacts with its target of
interest, a conformational change occurs through the hinge,
resulting in an increase in FRET efficiency. This strat-
egy has mainly been used to design probes for lipid sec-
ond messengers such as phosphatidylinositol 3,4-bisphosphate
(P1(3,4)P2), phosphatidylinositol 4,5-bisphosphate (P1(4,5)P2),
phosphatidylinositol 3,4,5-trisphosphate (PIP3), phosphatidyli-
nositol 4-monophosphate (PI1(4)P), and diacylglycerol (DAG)
(Sato et al., 2003, 2006a; Nishioka et al., 2008; Ueda and Hayashi,
2013).

DETECTION OF FRET

Several imaging methods for FRET detection are used in typi-
cal biological laboratory settings (Miyawaki, 2003; Yasuda, 2006,
2012).

Ratiometric FRET detection

In ratiometric FRET detection, the acceptor and donor images
are acquired separately and the ratio of fluorescent intensity
between the two images is subsequently calculated. When FRET
occurs, the acceptor/donor ratio increases. Because any fluo-
rescent microscopy (e. g., wide field, confocal, two-photon)
can be used for this measurement, ratiometric FRET measure-
ment is often used, though it is not best for several reasons.
When performing this type of imaging, maximum care must
be taken to minimize spectral bleed-through, to properly sub-
tract background and to take into account the fluorophore
relocalization. These factors make imaging in small structures
particularly challenging. For example, CFP, a donor fluorophore
that is often paired with YFP as an acceptor, can bleed into the
YFP channel, thereby decreasing the signal/noise ratio. Hence
to minimize bleed-through, a suitable band-pass filter should
be used, even if the overall brightness of the signal is com-
promised. Also, background subtraction has to be performed
with great care, as a subtle change in background can have a
significant effect on the signal ratio. The issue of probe relo-
calization should also be carefully considered. This may be
particularly problematic when measuring intermolecular FRET
between two different molecules, which may differentially relo-
calize during neuronal plasticity. For example, if donor moves
while the acceptor does not, it will cause an apparent change
in fluorescent ratio without an actual change in protein inter-
action. This situation can be circumvented by using a probe
with intramolecular FRET, where both donor and acceptor are
on the same molecule or intermolecular FRET between homo-
mers, where both are expected to move in parallel (Ni and Zhang,
2010). It is also possible to mathematically correct the FRET
by separately measuring the amount of local acceptor. But in
such cases, it is better to employ fluorescent life-time imag-
ing microscopy, which relies only on donor fluorescence (see
below).

Acceptor bleaching

When the acceptor is photobleached with an appropriate wave-
length, the donor fluorescence is dequenched and increased. This
maneuver, called acceptor bleaching, gives a quantitative reading
of FRET as it depends only on the donor fluorescence inten-
sity. Excitation light wavelength, intensity, and duration must be
carefully chosen to photobleach only the acceptor fluorophore.
The photobleaching of the donor fluorophore will underesti-
mate the FRET. This can be done by simply illuminating the
donor protein without an acceptor and making sure that donor
fluorescence does not photobleach. It should be noted that the
photobleaching of an acceptor is irreversible and therefore, accep-
tor photobleaching is a terminal experiment where only a single,
specific and accurate static measure of FRET efficiency is needed
(Miyawaki, 2003). Obviously, for this reason, acceptor bleaching
is not compatible with time-lapse imaging.

Fluorescent lifetime imaging

The third approach to quantifying FRET relies on a parameter of
fluorescence, called fluorescence lifetime (Yasuda, 2006). When a
fluorescent molecule is excited, it emits fluorescence in a decay-
ing manner from the time of activation, typically in exponential
fashion. When FRET occurs, the donor fluoresecence lifetime is
shortened. Because fluorescence lifetime is unaffected under a
wide range of concentrations and does not depend on accep-
tor fluorescence, it is less prone to artifact caused by a change
in the local concentration of donor and acceptor, which is espe-
cially important in heterooligomer FRET. In contrast, ratiometric
measurement can show a pseudopositive signal caused by bleed-
through between fluorescence channels, which can be an issue
when measuring FRET from a structure where protein com-
position can change. Therefore, fluorescence lifetime imaging
microscopy (FLIM) is the ideal choice for FRET detection.

There are largely two different methods of FLIM, time and fre-
quency domain measurements (Yasuda, 2006). The time domain
measures the fluorescence decay after a brief (< picoseconds)
excitation pulse, while frequency domain measures lifetime by
modulating the excitation light intensity and the detector gain dif-
ferently (heterodyning) at high frequency (Yasuda, 2006). Both
imaging systems are costly because FLIM requires a dedicated
light-source and time-resolved detection. However, if one already
has a two-photon microscope, adding components onto the exist-
ing system is straightforward. Current systems allow the detection
of FRET signals at second order time resolution from single den-
dritic spines (Murakoshi et al., 2011), which is still slower than
the ratiometric imaging that can go to video rate.

For the time domain measurement, time correlated single pho-
ton counting is currently widely used. This method measures the
time elapses between an excitation pulse and an emitted single
photon, which is binned into a histogram. The data will then be
fitted to exponential curve (Yasuda, 2006). When two states are
expected, such as in the case where both bound and unbound
FRET pair coexist, it is possible to do double exponential fitting
to obtain the ratio of two components (Yasuda, 2006). However,
whether fitting double exponential is appropriate or not to a given
FRET pair should be carefully considered based on the protein
structure. For example, if donor forms a homodimer, it is enough
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to complicate the situation. When endogenous counterpart exists,
often the case in a cell, the dimer can be either between two exoge-
nous donor molecules or between one donor and one endogenous
counterpart, in addition to the dimer made of two endogenous
molecules. As a result, the acceptor interacts with either two, one
or zero fluorescent molecules. Mathematically, it is possible to
perform triple (or more) exponential fitting. However, such mea-
surement requires (1) bright sample, (2) capability of hardware
that captures high photon counts over a large number of pixels
rapidly, and (3) ease of sophisticated data analysis. Cellular aut-
ofluorescence also complicates the analysis (Colyer et al., 2012).
To circumvent this, one can calculate average lifetime of the pho-
tons, which theoretically gives lifetime in single exponential. This
will not give absolute proportion of component showing FRET
but by comparing the average lifetime over time, will give suffi-
cient information even from a noisy decay curve not suitable for
fitting (Lee et al., 2009; Murakoshi et al., 2011).

Another issue of the time domain measurement is the “dead
zone” of the sampling. For example, in a system set up on a Ti-
sapphire laser based two-photon microscope, the repetition rate
of the laser is at 80 MHz or every 12.5 ns. There is always a
dead zone of sampling between each cycle, where the acquisition
system must reset for the next cycle. Given that many fluores-
cent proteins have lifetime of 2-5 ns range, the dead zone can
limit the effective range of fitting and underestimate especially
the component with longer lifetime. Recent studies that intro-
duced widefield photon-counting detector and phasor analysis
might provide a new approach to perform FLIM experiments,
alleviating these shortfalls (Kwok et al., 2008; Colyer et al., 2012).

CHOICE OF FLUORESCENCE PROTEINS

To effectively measure the change in the distance and angle
between two fluorophores in a FRET construct, it is critical to
start with a suitable pair of fluorescent molecules with efficient
FRET. The efficiency of FRET (E) depends on several param-
eters characteristic to each pair of fluorescent proteins. Forster
distance (Rp), the distance at which the energy transfer efficiency
is 50%, depends on the overlap of donor emission and acceptor
excitation (J), quantum vyield of the donor (Qp), and acceptor
molar extinction coefficient (). As the values for J, Qq, and €a
increase, so does the value of Ry, which in turn produces a larger
E value. So far, CFP (or an improved version such as Cerulean
or K26R/N164H mutant of ECFP) and YFP (such as Venus) is
the most commonly for ratiometric FRET measurements. A CFP-
YFP pair gives a Rg of 4.8-5.2 nm, depending on the variants used
(Rizzo et al., 2006; Kwok et al., 2008; Lam et al., 2012). Recently,
it was reported that the Clover and mRuby? offers Forster radius
of 6.3nm and is currently considered to be the best FRET pair
available to date (Lam et al., 2012).

For FLIM, enhanced GFP (EGFP) is often used as a donor, and
paired with either monomeric red fluorescent protein (MRFP) or
mCherry as an acceptor. The acceptor brightness is not an issue in
FLIM as it relies solely on the donor fluorescence measurement.
Therefore, non-fluorescent, quencher proteins such as REACh
(Ganesan et al., 2006), darkVenus (Kwok et al., 2008), and super
REACh (Lee et al., 2009) may also be used as acceptors to donor
EGFP. Ideally, the donor should show a single lifetime with FLIM,

which is the case for EGFP. The original enhanced CFP (ECFP)
is not optimal as it shows two lifetime components, in addition
to its relatively weak fluorescence. Cerulean and mTurquoise2 are
both brighter and have mono exponential decay, therefore, can be
used when the cyan range is needed (Rizzo et al., 2004; Goedhart
etal., 2012).

EGFP has a weak tendency to dimerize (Zacharias et al., 2002),
which can lead to issues with protein aggregation, depending
on the protein it is fused with (Lantsman and Tombes, 2005).
Therefore, monomerized versions of EGFP, such as the A206K
mutant (the amino acid numbering is based on wild type GFP) is
preferred for FRET experiments as it will reduce any pseudopos-
itive FRET signal caused by non-specific aggregation. However,
in certain cases, such as in cleavage-based protease sensors, the
dimerization of donor and acceptor molecules can be benefi-
cial to increase the difference in FRET efficiency before and
after cleavage. In fact, a random mutagenesis study to enhance
FRET efficiency of caspase probe lead to the identification of a
CyPet-YPet pair (Nguyen and Daugherty, 2005), which was sub-
sequently shown to form a dimer between donor and acceptor
(Ohashi et al., 2007). For comprehensive review on fluorescence
proteins, please refer to Shaner et al. (2005) and Newman et al.
(2011).

APPLICATION OF FRET PROBES TO STUDY NEURONAL CIRCUIT
DYNAMICS

Numbers of FRET probes have been developed and tested in
various cell types. Here we list some of the recent research accom-
plishments using FRET probes in neuronal circuits. See Table 1
for an extended list of various FRET probes.

Ca2+

Intracellular Ca?* plays an important role in regulating vari-
ous cellular functions such as signaling, gene regulation, cell
death, and survival. Under basal conditions, the intracellular
Ca?* concentration is maintained at low levels by various Ca?*-
extrusion and sequestration mechanisms. Upon neuronal acti-
vation, local intracellular Ca®* concentration increases through
influx from the extracellular fluid or efflux from the intracel-
lular pool (Hayashi and Majewska, 2005). Different sources of
Ca?* can have distinct kinetics, subcellular localization and func-
tions. Therefore, it is not very surprising that a Ca®*-sensing
FRET probe was one of the first genetically encoded FRET sen-
sors ever made (Miyawaki et al., 1997). A popular use of this type
of probe is to detect neuronal circuit activity through a detection
of action potentials as Ca?* influx into cells via voltage depen-
dent Ca2* channels. The activity of hundreds of neurons can be
simultaneously monitored (\Wallace et al., 2008).

Since Miyawaki et al. characterized cameleon, the first Ca®*
sensing FRET probe, various probes with different affinities
to Ca2* have been reported (Miyawaki, 2005). Cameleon was
expanded into the yellow cameleon series, which had greater
sensitivity to Ca®* and better signal/noise ratio (Nagai et al.,
2004; Horikawa et al., 2010). Griesbeck et al. utilized troponin
C and | to generate the Tn series Ca* sensor protein (Heim and
Griesbeck, 2004). Cameleon has been mainly applied to zebrafish
(Mizunoetal., 2013) and C. elegans (Haspel et al., 2010). Recently
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YC-Nano 140, new version of cameleon, was expressed to barrel
cortex of mice using adeno-associated virus vector and showed
different responses between two groups of neurons which are
projected to different regions in neocortex (Chen et al., 2013).

Using a separate approach not involving FRET for its prin-
ciple mode of detection, Nakai et al. generated G-CaMP (Nakai
et al., 2001). G-CaMP was engineered to express CaM and a M13
peptide inserted in the B-barrel wall of GFP, which ultimately dis-
torts its overall structure of GFP and quenches its fluorescence.
An increase in Ca?* concentration induces CaM and M13 pep-
tide to interact, which then leads to a conformation change in
the B-barrel. This in turn changes the protonation status of the
fluorophore and dequenches the fluorescence. A related Ca?*
sensor termed pericam also utilizes a similar strategy (Nagai et al.,
2001). Recently, B-GECO and R-GECO, a blue and red version
of G-CaMP were developed to allow the simultaneous detection
of calcium in more than one subcellular compartments or cell
types (Zhao et al., 2011). With improvements in the sensitivity
of probes and detection methods, it is now possible to visual-
ize the Ca*-influx in single dendritic spines evoked by unitary
excitatory postsynaptic potential (epsp) (Ohkura et al., 2012).
Currently G-CaMP is becoming the first choice for Ca?* imag-
ing, especially in vivo because it is convenient to detect the Ca2*
responses with one channel. However, a recent report compar-
ing the sensitivity between G-CaMP3 and YCs in Purkinje cells
of acute cerebellar slice from mice (Yamada et al., 2011) showed
that YC exhibited better response than G-CaMP3, indicating that
optimal probes need to be carefully chosen in a given brain region
of interest.

A CaMKII activity sensor, Camui

CaMKII is a member of the serine/threonine protein kinase family
that is highly expressed in the brain, especially at the postsynaptic
density (PSD) of excitatory synapses (Kennedy et al., 1983; Chen
et al., 2005). CaMKII has been highly implicated in both induc-
tion and maintenance of functional and structural LTP (Lisman
etal., 2002; Matsuzaki et al., 2004). The activation of CaMKI|I pre-
cedes the structural enlargement of stimulated spines, suggesting
that CaMKI1 is a molecular trigger of downstream processes that
lead to structural changes. In addition, the CaMKII has struc-
tural role at the synapse through its capacity to bundle F-actin
(Okamoto et al., 2007, 2009).

Under basal conditions, CaMKI| is kept inactive by intrasub-
unit steric block of the substrate-binding site (S site) in the kinase
domain by a pseudosubstrate region within the autoinhibitory
domain (Lisman et al., 2002). Binding of Ca?*/CaM to the reg-
ulatory domain (adjacent to the autoinhibitory domain) alters
its conformation and disrupts the inhibitory interaction at the S
site. This disruption releases the kinase domain from autoinhi-
bition and allows it to rapidly self-phosphorylate threonine 286
(T286) of CaMKI|, as well as other substrates. CaMKII autophos-
phorylation at T286 prevents the autoinhibitory domain from
binding with the T site of the catalytic domain and from blocking
the kinase activity, thereby allowing the kinase to retain substan-
tial activity even in the absence of Ca?*. Thus, this holoenzyme
remains active for a prolonged period of time, significantly out-
lasting that of a Ca2* spike. Based on these observations, CaMKI|

was proposed as a memory molecule, which can be used to store
long term information after a synapse undergoes LTP (Lisman
et al., 2002).

However, direct demonstration of the persistent activation of
CaMKII after the induction of LTP was lacking because of a
deficiency in effective methods to detect the spatial and tempo-
ral activation of CaMKII at the single spine level. To circum-
vent this, a FRET probe, Camui, was engineered by employing
the intramolecular FRET approach to detect the conformational
change associated with CaMKII activation by fusing donor and
acceptor fluorophores to both termini of CaMKII (Takao et al.,
2005; Kwok et al., 2008). Camui shows FRET in its basal inac-
tive state. Addition of ATP, CaM, and Ca®* leads to a rapid
and persistent decrease in FRET. The conformational change due
to binding of Ca2*/CaM and autophosphorylation is account-
able for the change in FRET. This persistent, Ca2*-independent
change in FRET is absent when ATP is omitted or when a kinase
dead mutant is used. Furthermore, a phosphoblocking mutant
(T286A) stops the persistent change in FRET, whereas a phospho-
mimicking mutant (T286D) shows decreased FRET without Ca2*
stimulation. Hence, Camui detects the collective activation of
CaMKII by the binding of Ca?*/CaM and the autophosphoryla-
tion at T286. Using a FLIM version of Camui, green-Camuia, Lee
et al. discovered that CaMKII activity is only transient (<2 min)
after the induction of structural LTP (SLTP) even though CaMKI|I
activation is required for sustaining structural synaptic plastic-
ity. This is much shorter than what had been believed (Lee et al.,
2009).

We investigated the spatial and temporal regulation of CaMKI|I
in rapid ocular dominance (OD) plasticity in layer 1I/11l of fer-
ret visual cortex in vivo, a paradigmatic model for studying
the role of sensory experience in shaping cortical neural cir-
cuits (Mower et al., 2011). By taking advantage of the superficial
location of layer 11/111 pyramidal neurons for optical detection
of Camui signals (Figure 2A), we found that brief monocular
deprivation (MD, 4h) leads to activation of CaMKII at most
synapses in the deprived eye domains (Figure 2B). However,
a change in CaMKII activity was not observed in the spines
located in binocular and non-deprived eye domains following
the same visual manipulation. Four hours of MD also lead to
the elimination of a small fraction of spines in the deprived eye
domain, whose basal CaMKII activity was lower than the aver-
age CaMKII activity in the same cortical site. The spines that
persisted after MD had either high basal CaMKII activity or
increased activity. Therefore, the emerging picture of the role of
CaMKII activity in vivo is that (1) the eliminated spines have low
CaMKII activity (although not all spines with low activity are
removed) and (2) high CaMKII activity might have a protective
role for spines and these preserved spines could potentially serve
as a substrate for the reorganization of intracortical presynaptic
partners.

At first, this result is seemingly at odds with the study by
Lee et al., where they observed a transient activation of CaMKI|I
by LTP induction with glutamate uncaging. However, this result
most likely reflects the ability of CaMKII to respond to dif-
ferent neuronal activity patterns (De Koninck and Schulman,
1998; Fujii et al., 2013). In the study by Lee et al. (2009),
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FIGURE 2 | In vivo imaging of CaMKII activity using Camui. (A)
Expression of Camui in ferret visual cortex allowed for visualization of
CaMKIl activity in dendrites and spines of a neuron in a specific ocular
dominance (OD) domain. Blood vessel and OD maps were acquired using
intrinsic signal optical imaging (Upper panel: A, anterior; M, medial). Gray
scale indicates ocular dominance index (white, ipsilateral eye dominated;
black, contralateral eye dominated). Blood vessels map and the low
magnification two-photon microscopic image were cross referenced to
identify the two-photon images (Lower panel) in a given OD map. A
dendritic segment (red box) is magnified (Right) and displayed as channel
separated images (CFP and YFP) as well as a ratiometric image in
intensity-modulated display mode, indicating the CFP/YFP ratio. Warm hue
represents high CaMKII activity. (B) Sample images of spines with
decreased (left) or increased (right) CaMKIl activity after 4 h of monocular
deprivation. Numbers below the images indicate the normalized CFP/YFP
ratio, a measurement of FRET signal. From Mower et al. (2011).

CaMKII is activated by local N-methyl-D-aspartate type glu-
tamate receptor (NMDA-R) activation. However, in the visual
cortex, it likely detects an integration of complex local and
global activity patterns that encompass both Hebbian and home-
ostatic mechanisms. Further studies are required to fully eluci-
date the role of CaMKII in synaptic plasticity both in vitro and
in vivo.

Small G-protein

Small G-protein family, including Ras, Rho, Ran, Rab, Sar/Arf
subfamilies, is a large group of signaling molecules that con-
trol various cellular functions (Saneyoshi and Hayashi, 2012).
The activity of small G-protein is controlled by intrinsic GTPase
activity and by the type of guanine nucleotide it is bound
with. GTP-bound form consists active form, which is con-
verted into GDP-bound form by the GTPase activity. The cycle
between GDP-bound inactive and GTP-bound active forms is reg-
ulated by three classes of proteins, guanine nucleotide exchange
factors (GEFs), GTPase-activating proteins (GAPs), and gua-
nine nucleotide dissociation inhibitors (GDIs) (Saneyoshi and
Hayashi, 2012). GEFs exchange GDP bound on a small G-protein
with GTP, which leads to an activation of signaling activity of the
small G-protein. The GTP-bound forms of G-protein lapse into
inactive forms when GAP induces activation of GTPase activity
that converts the bound GTP to GDP. GDI removes GDP-bound
inactive forms of G-proteins from cell membranes and therefore
maintains them in inactive forms.

Two family member of Ras family, Ras itself and Rap are impli-
cated in synaptic plasticity. Zhu et al. showed that Ras relays
the NMDA-R and CaMKI|I signaling that drives synaptic delivery
of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid type
glutamate receptors (AMPA-Rs) during LTP (Zhu et al., 2002). In
contrast, Rap mediates NMDA-R-dependent removal of synap-
tic AMPA-Rs that occurs during LTD. Thus, Ras and Rap serve
as independent regulators for potentiating and depressing central
synapses. Ras is also implicated in spine formation. The expres-
sion of a constitutively active Ras in neocortex neurons lead to
an increase in spine density (Gartner et al., 2005). Conversely, a
loss of SynGAP, a Ras-GAP that expresses specifically in the brain,
leads to an increase in spine formation and enlargement of spine
size (Vazquez et al., 2004).

In order to elucidate the Ras activity during LTP in the spines
of hippocampal neurons, Yasuda et al. designed an intermolecu-
lar FLIM-based probe to detect Ras activity, in which momomeric
EGFP was tagged to the N-terminus of Ras, and two momo-
meric RFPs were attached to the N- and C-termini of the Ras
binding domain (RBD) of Raf (Yasuda et al., 2006). When Ras
at the plasma membrane is activated, RBD is recruited to the
membrane and binds to Ras, resulting in an increase in FRET.
Using this probe, they investigated the activity of G-proteins in
single dendritic spines in CA1 pyramidal neurons during sLTP.
After the induction of sLTP, Ras was activated, which was then
maintained for 30min (Yasuda et al., 2006). Interestingly, the
Ras signaling is not restricted to spines but spreads over 10 um
into dendritic shafts and eventually reaches neighboring spines,
which can subsequently undergo sLTP with only weak stimulation
(astimulation that would normally induce only temporary poten-
tiation) (Harvey et al., 2008b). These data suggest that the spread
of Ras-dependent signaling is necessary for the local regulation of
the LTP induction threshold.

Rho family G-proteins, including ras homolog family mem-
ber (Rho), ras-related C3 botulinum toxin substrate (Rac), and
cell division control protein 42 homolog (Cdc42), are small GTP
binding proteins that control the actin cytoskeleton (Komatsu
et al., 2011; Saneyoshi and Hayashi, 2012). Because actin is the
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major cytoskeletal protein in dendritic spines, the role of the
Rho family G-proteins on the maintenance and rearrangement of
spine morphology has been investigated (Saneyoshi and Hayashi,
2012). The expression of a constitutively active form of Racl in
hippocampal pyramidal neurons leads to an increase in the num-
ber (Tashiro et al., 2000), length and width of spines (Zhang and
Macara, 2006), while a dominant negative had the opposite effect
(Nakayama et al., 2000; Zhang and Macara, 2006; Impey et al.,
2010). In contrast, a constitutively active form of RhoA reduces
the density of spines (Tashiro et al., 2000; Impey et al., 2010) and
causes a simplification of dendritic branch pattern (Nakayama
etal., 2000). Inhibition of RhoA activity leads to an increase in the
number of spines in some neurons (Tashiro et al., 2000; Impey
et al., 2010). Cdc42 is also implicated in spine morphogenesis
(Tashiro et al., 2000; Irie and Yamaguchi, 2002).

Murakoshi also applied the same Ras probe design strategy to
construct probes for Rho family protein (Murakoshi et al., 2011).
The temporal and spatial extent of activity spreading over the
dendritic shaft was investigated (Murakoshi et al., 2011). Activity
of both RhoA and Cdc42 was maintained for up to 30min,
which is consistent with the observation that the filamentous (F-)
actin/globular (G-) actin equilibrium moves toward F-actin after
LTP induction (Okamoto et al., 2004, see below). RhoA spreads
with a length constant of 4.5 um along the dendrite. On the other
hand, Cdc42 activity was restricted only in the stimulated spine,
whose length constant is 1.9 pum.

Phosphatidylinositol 3,4,5-Trisphosphate (PIP3)

PIP3 is a phosphoinositide that plays an important role in a vari-
ety of cellular functions. PIP3 is produced from phosphatidylinos-
itol 4,5-bisphosphate (PIP2) by phosphoinositide 3-kinase (P13K)
in response to hormone and neurotransmitter while PTEN con-
verts PIP3 back to PIP2. In hippocampal pyramidal neurons,
PIP3 is crucial for maintaining AMPA-R clustering during LTP
(Arendt et al., 2010). PIP3 also regulates neuronal polarity,
dendritic arborization, and nerve growth factor-induced axonal
filopodia formation (Jaworski et al., 2005; Ketschek and Gallo,
2010). In order to exert these functions, local PIP3 accumula-
tion leads to the recruitment of effector proteins such as Akt
(Thomas et al., 2001), WASP family Verprolin-homologous pro-
tein (WAVE) (Oikawa et al., 2004) and GEF of small G proteins
to specific subcellular compartments (Han et al., 1998; Shinohara
et al., 2002; Innocenti et al., 2003).

In order to investigate PIP3 function and regulation in spines,
we developed a FLIM-based PIP3 FRET probe, FLIMPA3, by
concatenating a donor, a specific PIP3-binding domain, flexi-
ble di-glycine hinge, and an acceptor tethered to the membranes
through rigid a-helical linkers (Sato et al., 2003; Murakoshi et al.,
2008; Ueda and Hayashi, 2013) (Figure 1G). When FLIMPA3 was
expressed in hippocampal CAl pyramidal neurons, we found
that PIP3 showed greater accumulation in spines than in den-
dritic shafts under basal conditions (Ueda and Hayashi, 2013).
PI3K inhibitor treatment decreased PIP3 accumulation in spines,
indicating that PIP3 accumulation is largely due to basal PI3K
activity in spines. This result is consistent with a previous report
in which PI3K is ubiquitously localized in neuronal cells, but only
becomes active after AMPA-R binding (Man et al., 2003). During

SLTP, PIP3 in spines was reduced. Application of a PTEN inhibitor
did not significantly change the reduction in PIP3. Additionally,
the reduction of PIP3 after SLTP was highly correlated with PIP3
enrichment before sLTP induction. Therefore, the reduction in
PIP3 during sLTP is likely to be due to the addition of mem-
brane from the dendritic shaft. Interestingly, whilst PIP3 globally
decreases in spines during sLTP, we observed a specific accumu-
lation of PIP3 in spinules, filopodia-like protrusions found on
spines. When PIP3 in spinules was blocked by a PI3K inhibitor
that reduces PIP3 levels, the number of spinules after SLTP were
diminished, indicating that PIP3 in spinules regulates spinule
formation.

Electron microscopic studies found that spinules could be
trans-synaptically endocytosed by presynaptic terminals as sepa-
rate vesicles from the postsynaptic side (Spacek and Harris, 2004).
Therefore, the trans-endocytosis of spinules may serve as a mech-
anism for retrograde signaling or may aid postsynaptic membrane
remodeling by removing excess membrane (Spacek and Harris,
2004). Accumulated PIP3 in spinules that traffic to the presy-
naptic side may act as a retrograde signal or contribute to the
formation of new synapses with functional presynaptic boutons.

Extracellular Signal-regulated Kinase (ERK)

ERK is a serine/threonine protein kinase that belongs to the
mitogen-activated protein kinase (MAPK) family, which plays
important roles in a variety of cellular functions such as cell dif-
ferentiation, proliferation, and survival (Chang and Karin, 2001).
In neuronal circuits, ERK is involved in a wide range of functions
including the regulation of dendritic protein synthesis (Impey
et al., 1998a,b; Roberson et al., 1999; Davis et al., 2000; Patterson
et al., 2001; Waltereit et al., 2001), morphological changes in
dendritic spines (\Wu et al., 2001; Goldin and Segal, 2003) and
hippocampal LTP and memory formation in vivo (Giovannini
et al., 2001). Abnormal ERK signaling is associated with mental
retardation (Costa et al., 2002).

In order to obtain information about the spatiotemporal
dynamics of ERK activity in neuronal cells, several FRET-based
probes have been developed. Miu2 detects the conformational
change of ERK activation by flanking ERK with CFP and YFP
(Fujioka et al., 2006). Erkus is based on the detection of sub-
strate protein phosphorylation (Sato et al., 2007) (Figure 1F).
The ERK substrate sequence was obtained from EGFR and fused
to the phospho-binding domain from FHA2 by a flexible pep-
tide linker. The D domain, a sequence that selectively binds
to ERK was attached to increase the specificity and efficiency
of phosphorylation. This fusion protein was flanked by CFP
and YFP. When phospho-substrate peptide is phosphorylated by
active ERK, the phosphoprotein-binding domain interacts with
the phospho-substrate peptide, leading to a change in overall con-
formation, which can be detected by a change in FRET efficiency.
EKAR uses a similar approach but with a different substrate and
a phosphoprotein-binding domain (Harvey et al., 2008a).

Using EKAR in hippocampal pyramidal neurons, Harvey
et al. observed ERK activity induced by back-propagating action
potentials (Harvey et al., 2008a). Stimulated bursts of action
potentials caused global Ca2* influx through voltage-gated Ca2*
channels, leading to Ras activation, an upstream molecule of
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ERK (Yasuda et al., 2006; Harvey et al., 2008b). After stimula-
tion, ERK activity reached a peak by around 5 min, then gradually
decreased, and finally returned to basal levels by 30 min. The time
course of ERK activation was longer than that of Ras, consis-
tent with the idea that ERK is the downstream effector of Ras.
They also investigated ERK activity in the somatic cytoplasm
and nucleus of neuronal cells. After theta-burst stimulation, ERK
activity in both regions was up-regulated in a parallel manner,
indicating that global Ca®* influx through VGCCs can diffuse
rapidly between these two compartments (Harvey et al., 2008a).

Chloride sensor

CI™ ion regulates neuronal properties such as intracellular pH,
cell volume, and fluid secretion (Duran et al., 2010). More
importantly, ClI~ is a major carrier of electrical current in
inhibitory synaptic transmission mediated by GABA and glycine
receptors. The basal level of intracellular chloride ions (CI7)
is maintained by a number of mechanisms including chloride
transporter system that consist of Na*-Cl~, Na*-K*-2CI~, and
K*-CI~ transporters, and the activation of tonic GABA receptors,
calcium-activated CI™ channels, cAMP-activated CI~ channels,
cell-volume regulated anion channels, and transporters local-
ized within subcellular organelles (Duran et al., 2010). Since all
these factors sum up to determine the intracellular CI~ con-
centration, it is of a great interest to visualize the dynamics of
intracellular CI™.

The chloride sensor, Clomeleon, consists of CFP, a flexible pep-
tide linker, and a CI™ sensitive YFP (with S65G, S72A, K79R,
T203Y, H231L mutations) (Kuner and Augustine, 2000). YFP
intensity is quenched in the presence of CI™, thereby chang-
ing FRET efficiency in a CI~ concentration-dependent manner.
Using this probe, in hippocampal dissociated cultures of neurons
and glial cells, the developmental time course of CI~ concentra-
tion was investigated (Kuner and Augustine, 2000). While the
CI™ concentration in glia cells was low throughout embryonic
and postnatal stages, the concentration in neurons was higher at
embryonic stages, and then decreased during postnatal develop-
ment, consistent with the observation that activation of GABA
receptors in immature neurons leads to neuronal excitation rather
than inhibition (Kuner and Augustine, 2000). Using this probe, it
was also possible to observe CI™ influx through GABA receptors
in hippocampal CA1 pyramidal neurons following interneuron
stimulation (Berglund et al., 2006). However, at this point, the
sensitivity of the CI™ sensor is not as good as to visualize CI™
influx induced by unitary inhibitory postsynaptic current (ipsc).
This would require further elaboration of the probe.

Actin

Actin is the major cytoskeletal protein in dendritic spines (Matus,
2005; Okamoto et al., 2009). It exists in equilibrium between
two forms, globular (G-actin) and filamentous actin (F-actin)
(Okamoto et al., 2009; Saneyoshi and Hayashi, 2012). Actin has
a rapid turnover time within the dendritic spine. An experiment
using fluorescence recovery after photobleaching (FRAP) of GFP-
fused actin revealed that over 85% of actin in dendritic spines
is dynamically turning over, with an average time constant of
44 s (Star et al., 2002). This dynamic turnover is the underlying

molecular basis of motility and morphological changes of spines
(Okamoto et al., 2004, 2009; Matus, 2005; Honkura et al., 2008).

As in non-neuronal cells, F-actin in dendritic spines undergoes
a unique directional treadmilling as revealed with experiments
using a photoactivatable (PA)-GFP-actin or a photoconvertable
fluorescent protein (Honkura et al., 2008; Frost et al., 2010).
G-actin is added to the barbed end of F-actin at the periphery
of dendritic spines and at the base of the dendritic spine, F-actin
is continuously disassembled to G-actin at the pointed end of
actin. Taken together, there is an overall directional movement
of F-actin from the periphery toward the spine base (Honkura
et al., 2008; Frost et al., 2010). Another way to look at this is to
divide the actin population into different pools. The first pool of
F-actin, found at the periphery, has a relatively high turnover of
about 40s (Honkura et al., 2008). The second pool is the pop-
ulation that resides at the base of spines, with a turnover time
of 17 min (Honkura et al., 2008). These two pools are relatively
static and help to maintain the overall spine shape and size.
In addition, there is a third pool that appears after LTP induc-
tion (Honkura et al., 2008). The turnover time of this pool is
2-15min and it spreads all over the spine. This pool is required
to maintain dendritic spine enlargement upon sLTP induction.
If this pool extrudes into the dendritic shafts then sLTP was not
maintained.

Actin exists in equilibrium between F-actin/G-actin but it was
not known how the F-actin/ G-actin equilibrium changes dur-
ing synaptic plasticity. This is because the dendritic spine is too
small and does not show discrete F-actin structure that is observ-
able with light microscopy. To circumvent this, an intermolecular
FRET approach was used to monitor the F-actin/ G-actin equi-
librium (Okamoto et al., 2004). The distance between actin
monomers in F-actin is 55A, which is within the appropriate
range to be detected with FRET. Actin was tagged with CFP
and YFP as a donor and an acceptor, respectively. Using this
approach, Okamoto et al. observed actin dynamics in hippocam-
pal CA1 pyramidal neuronal cells during bidirectional plasticity
(Okamoto et al., 2004). Upon tetanic stimulation, the equilibrium
of F-actin/G-actin shifted toward F-actin, which was accompa-
nied by spine enlargement (Figure 3). In contrast, prolonged
low-frequency stimulation, typically inducing LTD, lead to spine
shrinkage and actin depolymerization. This evidence suggests
that the equilibrium of F-actin/ G-actin regulates bidirectional
structural plasticity.

Tetanus

05 pm

Higher FRET —»

FIGURE 3 | Dendritic spine expressing actin FRET probe. Single dendritic
spine that was subjected to local tetanic stimulation is accompanied by the
enlargement of spine and actin polymerization. From Okamoto et al. (2004).
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Voltage sensors

Electrophysiological recordings are considered to be the “gold
standard” technique for measuring neuronal membrane poten-
tials. However, several drawbacks to this method exist, such as the
invasive nature of the technique and limitations in the number
of neurons that can be measured simultaneously. To circumvent
these issues, small molecular weight voltage-sensitive fluorescent
dyes have been used with some success. The main disadvantage
of using small molecular weight voltage-sensitive fluorescent dyes
is the lack of cell-type specificity, because the dyes are generally
bogus loaded and taken up by cells in a non-specific manner. It
is also important to note that the dyes can diminish over time or
cause toxicity. Therefore, these dyes are mostly suited for use in
acute experiments.

Genetically-encoded membrane potential sensors, VSFP2
(Sakai et al., 2001) and Mermaid (Tsutsui et al., 2008), allow
us to visualize the membrane voltage of a large number of
individual neurons with high temporal resolution. Both probes
are based on a membrane embedded phosphatase that senses
voltage, Ci-VSP, a protein derived from tunicate, Ciona intesti-
nalis. Ci-VSP is composed of a voltage-sensor domain (VSD)
and phosphatase domain (Murata et al., 2005). The phos-
phatase domain on the C-terminus was replaced with a fluo-
rophore pair fused in tandem. Membrane depolarization causes
a conformational change in the overall structure, leading to a
decrease in the distance between fluorophores, and ultimately a
change in FRET efficiency. In cultured cortical neurons express-
ing Mermaid, a stimulated burst (30 pulses at 100Hz) of
spikes could be observed (Tsutsui et al., 2008). Recently, VSFP-
butterfly and ArcLight were developed, where the acceptor was
moved from the C-terminus to the N-terminus (Akemann et al.,
2012, 2013; Jin et al., 2012). VSFP-butterfly has been used to
visualize changes in membrane voltage elicited by the stimu-
lation of a single whisker in layer 2/3 pyramidal neurons in
the mouse barrel cortex (Akemann et al., 2012). The authors
also succeeded in visualizing spontaneous slow brain oscilla-
tions traveling over the somatosensory cortex (Akemann et al.,
2012).

CONCLUDING REMARKS

In 1990s, the readout of synaptic plasticity was mostly lim-
ited to the size of electrical response of synapse. The data were
analyzed by applying to mathematical model of synaptic trans-
mission established from studies on neuromuscular junction,
which later turned out to be not compatible to the central
synapse and caused a huge confusion in the field. The title
of a review written by Sanes and Lichtman “Can molecules
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types of receptors, but also for generating the opposite types of
plastic behaviors.

The second gene analyzed was olrn-2, which is identical to bbs-
8, one of the Bardet-Biedl syndrome (BBS) genes (Torayamaetal.,
2007). BBS is a human genetic disorder that exhibits pleiotropic
abnormalities, such as retinal dystrophy, polydactyly, renal mal-
formation, and learning disabilities. Several BBS gene products
are reported to be associated with ciliary biogenesis and func-
tions (Ansley etal., 2003). The C. elegans genome contains at
least eight homologs of human BBS genes designated as bbs-1
to -8. They are all expressed exclusively in ciliated sensory neu-
rons (Ansley etal., 2003). Indeed, bbs-8/olrn-2 mutants showed
structural defects in sensory cilia (Blacque etal., 2004). The
expression pattern of STR-2 was normal in bbs-8/olrn-2 mutants.
Torayama et al. (2007) examined the dozens of C. elegans mutants
defective in cilia structures and found that only bbs mutants
showed abnormal butanone enhancement, although other cilia-
defective mutants showed normal butanone enhancement, despite
the fact that the chemotaxis to the butanone itself is impaired
in these mutants. Torayama etal. (2007) revealed that butanone
enhancement is specifically impaired in bbs genes, but the rea-
son for this is unclear. Finding the reason for this may aid the
understanding of BBS since BBS is known to cause learning
disabilities.

FORGETTING OF ODORANT MEMORY

Forgetting is the process of eliminating unnecessary or excessive
information in the brain, enabling animals to obtain new infor-
mation from their continuously changing environment. Despite

the importance of forgetting, the neural and molecular bases of
forgetting are almost unknown.

Olfactory adaptation is the plastic behavior in which animals
pre-exposed to an odor in the absence of food show decreased
response to the odor compared with naive animals. C. elegans
shows attractive responses and adaptation to odorants sensed by
two pairs of olfactory neurons, the AWA neurons and the AWC
neurons (Colbert and Bargmann, 1995, Bargmann and Mori,
1997). Inoue etal. (2013) used the recovery from olfactory adap-
tation against AWA-sensed diacetyl as a behavioral paradigm for
forgetting and found that the TIR-1/JNK-1 pathway regulates
forgetting (Figure 3). C. elegans animals grown with food were
exposed to diacetyl in foodless conditions for 1.5 h. Then, the
animals were re-grown on food-rich plate for a certain period of
time before a chemotaxis assay was performed (Figure 3A). Wild
type animals pre-exposed to diacetyl for 1.5 h recovered normal
chemotaxis to diacetyl within 4 h of exposure to food. In con-
trast, tir-1 mutants isolated by forward genetics screen showed
long-lasting adaptation: they gradually recovered the chemotaxis
to diacetyl over about 25 h (Figure 3B). Calcium imaging revealed
that the AWA response to diacetyl was suppressed during the adap-
tation period and recovered after 4 h in wild type animals, whereas
the AWA response to diacetyl was still suppressed after 4 h in tir-1
mutants. The sensory perception and the adaption to diacetyl were
normal in tir-1 mutants, suggesting that tir-1 mutants are defec-
tive specifically in the process of forgetting. Notably, tir-1 encodes
a Toll/interleukin-1-resistance domain protein that is homologous
to the mammalian adaptor protein SARM, which is known to be
expressed in the brain.

FIGURE 3 | The forgetting of adaptation to diacetyl is regulated through
aTIR-1/INK-1 pathway (Inoue etal., 2013). (A) Scheme for experiments.
(B) Retention curves of adaptation to diacetyl in wild type animals and tir-1
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mutants. (C) A model for the regulation of forgetting of olfactory adaptation to
diacetyl. The TIR-1/IJNK-1 pathway in AWC neurons regulates the forgetting
process of adaptation in AWA neurons.
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In C. elegans, the TIR-1-mediated p38 mitogen-activated
protein kinase (MAPK) pathway is known to regulate the
asymmetric cell fate decision of AWC neurons. It also regu-
lates the innate immune response. The UNC-43(CAMKII)-TIR-
1-NSY-1(MAPKKK)-SEK-1 (MAPKK) pathway is required for
the determination of AWC cell fate, whereas the TIR-1-NSY-
1-SEK-1-PMK-1 (MAPK) pathway is required for the innate
immune response (Troemel etal., 1999; Sagasti etal., 2001; Wes
and Bargmann, 2001; Tanaka-Hino etal., 2002; Chuang and
Bargmann, 2005; Shivers etal., 2009). Inoue etal. (2013) tested
whether these molecular components were also involved in the
forgetting process and found that unc-43, nsy-1, and sek-1 mutants
exhibited the similar forgetting defects to tir-1 mutants, but
pmk-1 showed the normal phenotype. JNK-1 and PMK-1 are
both MAPKSs known to be phosphorylated by SEK-1 (MAPKK).
The jnk-1 mutants displayed forgetting defects, thus, the pro-
cess of forgetting diacetyl is regulated through the TIR-1/JNK-1
pathway, which is partly overlapping but distinct from the path-
ways for AWC-asymmetric cell fate and the innate immune
response. The TIR-1/JNK-1 pathway is critical for the forgetting
process of AWC-sensed odor and of salt chemotaxis learn-
ing, suggesting the general role of the TIR-1/JNK-1 pathway in
forgetting.

The neurons responsible for the process of forgetting diacetyl
have been identified. Expression of tir-1 cDNA into tir-1 mutants
under the AWA-specific promoter did not rescue the phenotype,
but under the AWC-specific promoter rescued the defects. Expres-
sion of sek-1 cDNA into sek-1 mutants under the AWC-specific
promoter also rescued the forgetting defects. Likewise, the expres-
sion of the dominant negative forms of sek-1 and jnk-1 only in
the AWC neurons mimicked the forgetting-defective phenotype.
These results suggest that the TIR-1/JNK-1 pathway in AWC neu-
rons is sufficient and necessary for the forgetting process. Two
pieces of evidence support the notion that the AWC cell itself
plays an important role in the forgetting process of AWA neurons.
First, ceh-36 mutants, in which functional AWC neurons are undif-
ferentiated because of developmental errors, exhibited forgetting
defects (Lanjuin etal., 2003). Second, silencing of AWC neural
activity by expressing the gain-of-function form of the UNC-103
potassium channel in AWC neurons induced the forgetting defects
(Gruninger etal., 2008). The break of AWC-asymmetric cell fate
mediated by the TIR-1/NSY-1 pathway is unrelated to the forget-
ting defects for the following reasons: nsy-4 mutants, in which the
asymmetry of AWC neurons is impaired, exhibited normal forget-
ting (Vanhoven etal., 2006); and tir-1(gk264) mutants, a special
allele of the tir-1 gene that retains AWC asymmetry, also exhib-
ited forgetting defects. AWC neurons are critical for forgetting
the adaptive process of AWA-sensed odor, and the TIR-1/JNK-1
pathway in the AWC neurons is essential for the forgetting process
(Figure 3C).

The next question is how AWC neurons, apparently having
no relation to diacetyl sensation, affect the forgetting events in
AWA neurons. No neural connections have been reported between
AWA and AWC neurons (White etal., 1986), so the information
flow from AWC to AWA neurons cannot be explained by neu-
ral wiring. The secretion of some molecules by AWC neurons
may play an important role for the regulation of forgetting events

in AWA neurons. PKC-1, a novel protein kinase C-epsilon/eta
is thought to regulate the synaptic release of neuropeptides and
gain-of-function of PKC-1 is thought to activate the neuropep-
tide release at synapses (Okochi etal., 2005; Sieburth etal., 2007,
Adachi etal., 2010). Expression of the gain-of-function form of
pke-1 in AWC neurons rescued the forgetting defects in tir-1
mutants, although it does not affect the chemotaxis and adap-
tation to diacetyl, suggesting that the TIR-1/JNK-1 pathway
regulates neurosecretion from AWC neurons. Reciprocally, the
expression of TetX (tetanus toxin light chain), an inhibitor of
synaptic transmission in AWC neurons, caused wild type ani-
mals to exhibit the forgetting defects. Thus, AWC neurons may
send a forgetting-accelerating signal to AWA neurons through
secretion molecules. What induces AWC neurons to release the
forgetting signal? The sensory perception of AWC neurons is not
involved in forgetting, because tax-4 mutants defective in AWC
sensory signaling showed normal forgetting behavior (Komatsu
etal., 1996). In contrast, whether animals were well fed or
starved would be critical for AWC neurons to send forgetting
signal to AWA neurons. Food signals could be captured in the
synaptic region of the AWC axon to modulate TIR-1/JNK-1 sig-
naling, thereby regulating the release of forgetting molecules.
Consistent with this hypothesis, TIR-1 is localized at synapses
(Chuang and Bargmann, 2005).

Inoue etal. (2013) clarified the existence of forgetting signals
and showed that forgetting is not the passive decay of memory,
but rather an active process. This study also revealed the hierar-
chical regulation of forgetting at molecular, cellular, and circuit
levels. Further identifications of molecular components involved
in forgetting, such as peptides and receptors, and the elucida-
tion of neural regulation will help us understand the nature of
forgetting.

ENHANCEMENT OF REPULSIVE RESPONSE TO HARMFUL STIMULI
THROUGH NON-ASSOCIATIVE LEARNING

In adaptation and habituation, which are classified as
non-associative learning, sensory experiences weaken responses
to stimuli. The opposite form of neural plasticity is also known,
in which sensory responses are enhanced and animals overreact
to previously experienced stimuli. The enhancement of sensory
responses is critical for animals to escape from harmful environ-
ments. Well-known examples are the sensitization of mammalian
peripheral pain sensations and the defensive responses in leeches
and Aplysia (Hawkins etal., 1993; Sahley, 1995; Millan, 1999).
Although addictive rather than defensive, drug addiction is
another example of the enhancement of neural responses.

An experimental system to explore the molecular and neu-
ral bases for sensory enhancement was established in C. elegans
(Kimura etal., 2010). C. elegans shows avoidance behavior in
response to the volatile odorant 2-nonanone, which is sensed
mainly by AWB olfactory neurons (Troemel etal., 1997). Expo-
sure to 2-nonanone for 1 h induced animals to move further
away from the odor source than naive animals, and the enhance-
ment of this escape response lasted at least 1 h (Figure 4).
The enhancement of the touch response in C. elegans has also
been reported, yet the molecular and neural bases for this are
unknown (Rankin etal., 1990). The enhancement of 2-nonanone
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FIGURE 4 | The enhancement of avoidance behavior after the exposure to 2-nonanone (Kimura etal., 2004). Scheme for experiments and the image for
results.

avoidance was not influenced by feeding state, hinting at the non-
associative nature of this plasticity. Molecular genetic analysis
revealed that dopamine signaling is involved in the enhancement
of 2-nonanone avoidance. Notably, dop-3 mutants lacking the
D2-like dopamine receptor and dopamine biosynthesis-impaired
mutants did not exhibit enhanced avoidance. In addition, the
application of haloperidol, a D2-specific antagonist known as an
antipsychotic drug, to wild type animals suppressed enhanced
avoidance. The DOP-3 functioning neurons were investigated
through cell-specific rescue experiments and a single pair of
interneurons, known as RIC neurons, was identified as the site of
dopamine action. The RIC neurons are known to be octopamin-
ergic and it has been suggested that dop-3 activity in the RIC
neurons suppresses octopamine release (Suo etal., 2009). It has
also been reported that RIC neurons form synaptic connections
mainly with AVA neurons, which are involved in locomotion. Thus,
dopamine signaling in RIC neurons may control the release of
octopamine and/or the activity of AVA neurons. A video-based
tracking system revealed the effect of 2-nonanone enhancement
on escape behavior: the migration velocity remained constant,
but the time taken to initiate escape behavior increased, as did
the time taken to change the direction of movement. This tech-
nique, combined with the recently developed optogenetic system
that enables researchers to control the neural activity of living
animals during escape behavior, has shed light on the molec-
ular and neural basis for sensory enhancement in C. elegans
(Kawazoe etal., 2012).

ASSOCIATIVE LEARNING BETWEEN ODORANT AND pH
Caenorhabditis elegans is able to sense environmental pH.
Murayama etal. (2013) showed that a transmembrane receptor-

type guanylyl cyclase GCY-14 may be the alkaline receptor in
the ASEL gustatory neuron. Since food is a strong uncondi-
tional stimulus (US) in any conditioning paradigm, the behavioral
protocol that avoids using food as US was established. Amano
and Maruyama (2011) recently combined two defined chemical
cues to analyze associative learning in C. elegans. They condi-
tioned worms with 1-propanol as a conditioned stimulus (CS)
and acidic pH as an US, and then conducted spaced training
and massed training. Spaced training consists of repeated tri-
als with an inter-trial interval (IT1), whereas massed training
consists of repeated trials without an ITl. The memory after
the spaced training was retained for 24 h, whereas the mem-
ory after the massed training lasted only 3 h. Consistent with
the theory for touch response (Giles etal., 2006; Giles and
Rankin, 2009), C. elegans likely processes both long- and short-
term memories. Amano and Maruyama (2011) reported that the
mutants defective in nmr-1 encoding of an NMDA receptor sub-
unit fail to form both long- and short-term memories, while
mutations in crh-1 encoding the CREB (cAMP-responsive ele-
ment binding protein) transcriptional factor only affect long-term
memory.

NEURAL INTEGRATION OF TWO TYPES OF INFORMATION AND
DECISION ON BEHAVIORAL CHOICE: A MODEL SYSTEM FOR
DECISION-MAKING

Decision-making is the cognitive process by which animals select
one action among several different choices. In order to study
behavioral decision from two conflicting choices and the inte-
gration of two different sensory cues, an interaction assay system
was developed (Ishihara etal., 2002). Diacetyl is an attractive odor
sensed by AWA olfactory neurons and Cu™ ion is aversive metal
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sensed by ASH and ADL sensory neurons (Bargmann etal., 1993;
Sambongi etal., 2000). The attractive odor, diacetyl, is applied
to one side of the assay plate, C. elegans animals are placed on
the other side of the plate, and a Cu?* barrier is established on
the midline of the plate (Figure 5A). When C. elegans encounters
the Cu2* barrier during their migration toward diacetyl, the bal-
ance between concentrations of diacetyl and Cu?* regulates the
behavioral decision whether they go straight toward diacetyl or
withdraw (Figure 5B).

The hen-1 gene, which encodes a secretory protein with an LDL
(low-density lipoprotein) receptor motif, regulates sensory inte-
gration and decision-making. In the interaction assay, Ishihara
etal. (2002) found that hen-1 mutants showed a weaker tendency
to cross the Cu?* barrier when approaching the attractive odorant
diacetyl. Since hen-1 mutants show a normal attractive response to
diacetyl and aversion from the Cu?™ ion, the HEN-1 protein likely
plays a role in decision-making in behavioral choice (Figure 5B).
The cell non-autonomous function of the HEN-1 protein sug-
gests that HEN-1 acts as a secreted molecule. Secretion of HEN-1
from AlY interneurons is crucial because ttx-3 mutants (Hobert
etal., 1997), which are defective in AlY cell fate, showed a similar
phenotype to hen-1 mutants.

A B Diacetyl Cu?+
Diacetyl
HEN-1
O l
«— cu |
C. elegans HEN-1
v v
Chemotaxis Avoidance
c Diacetyl

Avoidance
(Backward movement)

Attraction
(Forward movement)

FIGURE 5 | Neural integration of two different types of information
and decision on behavioral choice (Ishihara etal., 2002; Shinkai etal.,
2011). (A) The assay system of interaction assay. (B) The reciprocal
inhibition model of the attractive signaling to diacetyl and the avoidance
signaling to cu2+, (C) A neural circuit model of the interaction of two
sensory signals and decision-making. The activity of AIA interneurons is
regulated by the balance between excitatory inputs from AWA through the
gap junction and inhibitory inputs from ASH and ADL neurons through the
glutamate-gated chloride channel GLC-3. Activated AIA interneurons would
increase the relative strength of the signals for diacetyl by inhibiting the
signals for Ccu2*. GCY-28 and SCD-2 may enhance the inhibitory synaptic
outputs from AIA neurons. HEN-1, a secretory protein released from AlY
neurons, may act on the receptor SCD-2. The details of the mechanism of
HEN-1 action are not yet fully understood.

The jeb protein in Drosophila is homologous to HEN-1 and has
been reported to regulate the development of visceral mesoder-
mal cells via the tyrosine kinase receptor Dalk (\Weiss etal., 2001).
SCD-2 is the sole C. elegans homolog of Dalk. The phenotype of
scd-2 mutants is almost the same as that of hen-1 mutants, and scd-
2;hen-1 double mutants behave like both single mutants (Shinkai
etal., 2011). These results suggest that scd-2 and hen-1 act via the
same genetic pathway and support the idea that SCD-2 isa receptor
of HEN-1. Forward genetic analysis identified the gcy-28 gene as a
key regulator for interaction behavior. GCY-28 is a membrane-
bound guanylyl cyclase that produces cGMP (Tsunozaki etal.,
2008; Shinkai etal., 2011). It was found that gcy-28 was expressed
broadly in neurons, however, the expression of gcy-28.d, one of
the splicing isoforms, was expressed specifically in a pair of AIA
interneurons. AIA interneurons were identified as the key neu-
rons for the interaction behavior both through cell-specific rescue
experiments and genetic cell-ablation experiments. The defects
in gcy-28 mutants were restored only when gcy-28 cDNA was
expressed in AIA neurons. Likewise, the genetic ablation of AIA
neurons in wild type animals induced similar phenotypes to the
gey-28 mutants. CNG-1 was identified as a cyclic nucleotide-gated
channel (Choetal.,2005) that functions downstream of GCY-28in
AIA neurons. Molecular genetic analysis suggested that the GCY-
28/CNG-1 pathway is parallel to the HEN-1/SCD-2 pathway. The
site of action of SCD-2 was also shown to be AIA neurons. Hence,
both the GCY-28/CNG-1 and HEN-1/SCD-2 pathways are needed
inAlAinterneurons to act as integrators of conflicting sensory cues
(Figure 5C).

The next question is how AIA neurons integrate sensory cues
and make behavioral decisions. AWA olfactory neurons that are
activated by diacetyl make gap junctions with AIA neurons,
suggesting that AIA neurons can also be activated by diacetyl.
However, ASH/ADL sensory neurons that are activated by Cu?*
form synapses with AIA neurons. ASH neurons are known to be
glutamatergic, and the glutamate-gated chloride channel GLC-
3 is known to be functional in AIA neurons (Chalasani etal.,
2007). Interestingly, glc-3 mutants crossed the Cu?™* barrier more
frequently than did wild type animals and this phenotype was
rescued by expressing glc-3 cDNA in AIA neurons. These results
suggest that ASH neurons activated by Cu?* inhibit AIA neu-
rons through the glutamate-gated chloride channel. The activity
of AIA neurons is regulated in opposing fashion through AWA
and ASH neurons: AWA neurons activate AIA neuron activity,
whereas ASH neurons inhibit AIA neuron activity. The bal-
anced regulation of AIA neuron activity may be important for
behavioral decisions (Figure 5C). Although AIA neurons send
synaptic outputs to many neurons, a major synaptic target of
AIA neurons are AIB interneurons that are known to regulate
a reversal of movement: removal of an odor sensed by AWC
neurons activates AIB neurons to produce a reversal behav-
ior, which reorients the animals to the odor source (de Bono
and Maricq, 2005; Gray etal., 2005; Chalasani etal., 2007). In
contrast, the application of an odor sensed by AWC neurons acti-
vates AlY neurons to induce forward movement that contributes
to direct the animals straight to the odor source. Thus, AIA
neurons and AIB interneurons have opposite effects on behav-
iors, hinting that AIA neurons activate inhibitory synapses on
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AIB neurons. Inhibitory connectivity from AIA to AIB neurons
is also hinted by the laser ablation studies (\Wakabayashi etal.,
2004).

AIB interneurons receive synaptic inputs from ASH and ADL
neurons, both of which sense aversive stimuli, including Cu?*.
AIB may play a critical role in aversion behavior: ASH and ADL
neurons activated by aversive stimuli convey the information
to AIB neurons, and the activated AIB neurons induce rever-
sal behavior, thereby enabling the animal to successfully escape
from the aversive stimuli in the integration assay. Consequent
activation of AIA interneurons that are connected via gap junc-
tions to the activated AWA olfactory neurons may inhibit AIB
neuronal activity, thereby preventing an aversive response to the
Cu?* barrier and accelerating migration toward diacetyl over
the Cu2™ barrier. Consistent with this, activation of synaptic
transmission of AIA neurons through AlA-specific expression of
the gain-of-function form of pkec-1 encoding nPKC-epsilon/eta
(Okochi etal., 2005; Sieburth etal., 2007; Adachi etal., 2010)
caused gcy-28 mutants to cross over Cu?* barrier. As discussed
later, AIA neurons are important for associative learning (Tomioka
etal., 2006), indicating that AIA neurons may function as con-
trollers of neural plasticity (Figures 5C and 7C). Further analysis,
such as clarification of the physiological properties of AIA neurons,
identification and analysis of other molecules, and clarifica-
tion of the relationship between these molecules will shed light
on the decision-making process at the molecular and circuit
levels.

ALTERATION TO ODORANT PREFERENCE INFLUENCED BY POPULATION
DENSITY OF ANIMALS

Caenorhabditis elegans strains isolated from natural environments
all over the world are categorized based on behavioral properties
into two group: social and solitary strains. Social strains show the
aggregation of animals on the boundary of food where oxygen
concentration is low. The standard laboratory strain of C. elegans
is the Bristol type, which was isolated in England and exhibits the
solitary phenotype (Brenner, 1974; de Bono and Bargmann, 1998;
Gray etal., 2004; de Bono and Maricg, 2005). Social and solitary
behaviors are regulated by FMRFamide-related neuropeptides and
homologs of the neuropeptide Y receptor (de Bono and Bargmann,
1998; Rogers et al., 2003). It is important to consider the behavior
of animals not only as individuals, but as populations.

As mentioned in the previous section, C. elegans stops
approaching otherwise attractive odors and disperse from them
after exposure to the odor in the absence of food (Colbert and
Bargmann, 1995; Nuttley et al., 2002; Hirotsu and lino, 2005). The
density of animals has a large influence on this olfactory plastic-
ity: animals grown in dense conditions exhibit a stronger tendency
toward dispersion than the animals grown at a low density (Bowler
and Benton, 2005). The interpretation of this phenomenon is that
the association between the absence of food and an odorant helps
animals to escape from foodless environments and motivates ani-
mals to explore new food sources. The high density of animals
enhances the tendency toward dispersion and the tendency to
explore new environments, because the animal judges that there is
little hope of getting food due to the severe competition between
individuals (Yamada et al., 2010).

Caenorhabditis elegans recognizes the density of animals
through a crude pheromone sensed by chemosensory neurons,
including ASI neurons (Hu, 2007). When the crude pheromone
was applied to C. elegans, the expression of SNET-1, a homolog
of the Aplysia L11 peptide, was downregulated in ASI neurons.
Yamada etal. (2010) found that SNET-1 is a signaling molecule
that conveys the density of animals to the nervous system to regu-
late plastic behavior. The loss-of-function mutation of the snet-1
gene mimicked high-density conditions and caused the enhance-
ment of dispersion behavior after associative learning between
the absence of food and benzaldehyde (Figure 6). On the other
hand, the overexpression of snet-1 weakened the tendency toward
dispersion. The nep-2 gene encoding the extracellular peptidase
neprilysin was identified as the negative regulator that controls the
activity of SNET-1. In nep-2 mutants, the degradation of SNET-1
peptide is inhibited and the accumulated SNET-1 suppressed dis-
persion behavior. Taken together, the information on population
density is transmitted through external pheromone and endoge-
nous peptide signaling, thereby assuring behavioral plasticity that
may be important for the survival of species (Figure 6; Yamada
etal., 2010).

ASSOCIATIVE LEARNING BETWEEN SALT AND FOOD
Caenorhabditis elegans displays chemotaxis to salt that is mediated
mainly by ASE chemosensory neurons (Bargmann, 2006). A gene
expression analysis of guanylyl cyclases suggested that ASEL and
ASER neurons were different cells: gcy-6 is expressed almost exclu-
sively in ASEL, whereas gcy-5 is expressed in ASER (Yuetal., 1997).
The transcriptional control of left and right asymmetry has been
examined in detail (Hobert etal., 2002; Ortiz etal., 2009). Laser
ablation experiments have shown that left and right ASE neurons
indeed sense different ions: ASEL senses Na* and ASER senses
CI™ (Pierce-Shimomuraetal., 2001). The physiological properties
of ASE neurons were analyzed with electrophysiology and Ca2*
imaging. Whole-cell patch clumping of ASER neurons showed
that ASER neurons are electrically isopotent, do not generate Na*
action potential, and are highly sensitivity to input currents over a
wide voltage range (Goodman etal., 1998). Ca?* imaging using a
genetically encoded calcium indicator (GECI) showed that ASEL
neurons responded to the addition of salt, whereas ASER neurons
responded to the removal of salt (Suzuki etal., 2008).
Caenorhabditis elegans subjected to prolonged exposure to salt
under starvation conditions induced a dramatic reduction and
negative chemotaxis to salt, suggesting that associative learn-
ing occurs between starvation and salt (termed “salt learning”;
Figure 7A; Saeki etal., 2001; Hukema et al., 2006). Tomioka et al.
(2006) showed that 10 min of starvation was enough to induce
associative learning and that this learning lasted for approximately
1 h. Molecules involved in salt learning have been investigated.
Hukema et al. (2006, 2008) showed that the G-protein, Ca?*, and
cGMP pathways were involved in salt learning. Tomioka etal.
(2006) revealed that the insulin-like signaling pathway played
a critical role in salt learning (Figures 7A,B). The insulin-like
signaling pathway is well known to regulate dauer formation
(an arrested developmental variant) and aging in C. elegans
(Hu, 2007). Mutants of ins-1, daf-2, age-1, pdk-1, and akt-1,
which encode the homologs of insulin, insulin/IGF-1 receptor,
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FIGURE 6 | Alteration to odorant preference influenced by population
density of animals (Yamada etal., 2010). (A) Olfactory plasticity of nep-2,
snet-1, nep-2:snet-1 mutants. The nep-2 mutants exhibited defective
olfactory plasticity. The abnormality olfactory plasticity of nep-2 mutants is
suppressed by the mutation in the snet-1 gene. (B). Proposed model of the
alteration of olfactory plasticity induced by crude pheromone. SNET-1 is a
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peptide that inhibits olfactory plasticity. NEP-2 is an extracellular peptidase
homologous to neprilysin. The environmental crude pheromone suppresses
the expression of SNET-1, thereby facilitating the animals’ olfactory
plasticity and ability to move away from the odor source. SNET-1 is
accumulated in nep-2 mutants causing the loss of olfactory plasticity and
the migration to the odor source.

P13-kinase, phosphoinositide-dependent kinase, and Akt/PKB,
respectively, showed severe defects in salt learning. INS-1 was
secreted from AIA interneurons and localized to the synaptic
regions of AIA neurons, which are connected to ASER neu-
rons. Tomioka etal. (2006) showed that the DAF-2/PI3 kinase
pathway in ASER neurons was required for salt learning. Their
proposed model holds that INS-1-mediated feedback signal-
ing acts on the salt receptor neuron ASER and activates the
P13 kinase pathway that may suppresses the synaptic releases
from ASER neurons, thereby inhibiting the chemotaxis to NaCl
(Figure 7C).

Suppression of synaptic release was supported by the finding
that the activity of AIB neurons, one of the downstream interneu-
rons of ASER neurons, is downregulated after salt learning (Oda
etal., 2011). The molecular mechanism for synaptic transmission
of ASER neurons has been partially elucidated. The expression of
gain-of-function form of EGL-30/Gq, as well as gain-of-function
form of PKC-1/nPKC in ASER neurons of wild type animals
suppressed salt learning. In addition, PMA (phorbol myristate
acetate), which is an analog of DAG and an activator of the
PKC pathway, also suppressed salt learning. It is likely that the
Gg/DAG/nPKC pathway promotes a subset of molecular activity
that underlies the synaptic transmission of ASER neurons. The
elucidation of the relationship between the Gq/DAG/nPKC path-
way and the PI3 kinase pathway must be clarified in the future
(Adachi etal., 2010).

Ikeda etal. (2008) screened mutants defective in salt learning
and isolated casy-1. CASY-1 is a transmembrane protein carry-
ing two tandem cadherin domains and an LG/LNS domain in the
ectodomain. CASY-1 is an ortholog of calsyntenins (alcadeins)
that is reported to be involved in episodic memory performance in
humans (Ikeda etal., 2008; Hoerndli etal., 2009). The casy-1 pro-
moter::gpf was expressed broadly in neurons including ASE. The
expression of casy-1 solely in ASER neurons is sufficient to rescue

the learning defects. In contrast, the defects were not rescued by
expression in other neurons. These results indicate that CASY-1
plays a role in ASER neurons in salt learning. Ikeda etal. (2008)
further showed that the ectodomain released through cleavage of
CASY-1 s critical for salt learning (Figure 7C).

CIRCUIT REGULATION OF ASSOCIATIVE LEARNING BETWEEN
TEMPERATURE AND FOOD: A PROPOSED ANALOGY TO HUMAN BRAIN
OPERATION

Caenorhabditis elegans associates past growth temperature with
food. In its natural habitat, C. elegans likely adapts to the fluc-
tuating temperatures in soil in order to stay near food sources.
We can observe this behavior as thermotaxis in the laboratory
(Hedgecock and Russell, 1975; Mori etal., 2007; Kimata etal.,
2012; Sasakura and Mori, 2013). After animals were grown
with food at a certain temperature ranging from 15 to 25°C
and placed on an agar surface with a temperature gradient,
they migrate toward the past growth temperature and move
isothermally near that temperature (Figures 8A-C). Growth
temperature-shift experiments indicated that the acquisition of
a new temperature memory requires 2-4 h. Dynamic alterna-
tion of temperature preference is also induced by starvation.
Growth without food at a certain temperature for several hours
induces animals to disperse or avoid the past growth temperature
(Figures 8B,C).

The simple neural circuit involved in thermotaxis is the perfect
subject for the study of the functional connectome. In C. elegans,
the environmental temperature is sensed by AFD and AWC sensory
neurons, and then thermal signals are transmitted to the down-
stream interneurons AlY, AlZ, and RIA. The AlY-mediated neural
pathway is responsible for thermophilic movement, whereas the
AlZ-mediated neural pathway is responsible for cryophilic move-
ment. The counterbalanced regulation of the activities of AlY
and AlZ neurons is thought to be essential for thermotaxis. The
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RIA interneurons integrate signals from both upstream interneu-
rons AlY and AlZ neurons. Consequently, the outcome of neural
computations in the core thermotaxis circuit regulates the body
wall muscles, thereby controlling the worm’s ultimate behavior
(Figure 8D).

In addition to their thermosensory function, AFD neurons also
serve as a temperature memory device. The memory function of
AFD neurons was revealed by Ca?* imaging, where the response of
AFD neurons to warming corresponded to their past growth tem-
perature (Kimura etal., 2004; Clark etal., 2006; Mori etal., 2007;
Kimataetal.,2012; Sasakura and Mori, 2013). The CREB is a tran-
scriptional factor that regulates neural plasticity from invertebrates
to mammals. Nishida et al. (2011) showed that the mutants in crh-
1 gene encoding a C. elegans homolog of CREB showed abnormal
thermotaxis and the expression of crh-1 cDNA only in AFD neu-
rons almost completely reversed the defects. CREB function in
AFD may be required for temperature memory or the presynaptic
plasticity.

Kodama etal. (2006) showed by Ca?* imaging that food
or starvation signals did not affect AFD neuronal response to
temperature. These results imply that food or starvation sig-
nals influence the neural activity of interneurons in the circuit,
thereby generating plastic behaviors. Molecular genetic analysis
has identified the several molecules critical for the associative
learning between food and temperature. The aho-2 mutation,
isolated in a forward genetic screen, was identical to the ins-
1 mutation, suggesting the general role of insulin in learning
(Kodama etal., 2006; Tomioka etal., 2006). INS-1 acts in a
cell non-autonomous fashion in interneurons required for ther-
motaxis. INS-1 antagonizes the DAF-2/insulin receptor and the
AGE-1/PI3 kinase pathway. The behavioral defects of age-1
mutants were rescued by expressing the age-1 gene in any of
three interneurons, AlY, AlZ, and RIA, all of which are compo-
nent interneurons in the thermotaxis circuit. Thus, INS-1 acts
on the interneurons to change the dynamics of the neural cir-
cuit. These results are in contrast to salt learning, in which
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FIGURE 8 | Circuit regulation of associative learning between
temperature and food (Hedgecock and Russell, 1975; Mori and Ohshima,
1995; Mohri etal., 2005; Kodama et al., 2006; Sasakura and Mori, 2013).
(A) Assay system and scheme for experiments. (B) Thermotaxis of wild type
animals and aho-2/ins-1 mutants. Wild type animals cultivated with food at 17
or 25°C migrate to the past growth temperature on a radial thermal gradient
plate. In contrast, wild type animals cultivated without food (starvation
conditions) diffuse and avoid the growth temperature area. The aho-2/ins-1
mutants exhibited normal thermotaxis when grown with food, but exhibited
abnormal thermotaxis when grown without food. Despite the starvation
conditions, aho-2/ins-1 mutants migrate to the past growth temperature.

(C) Exogenous serotonin mimics the well-fed state and octopamine mimics
the starvation state in thermotaxis. C. elegans grown at 25°C without food
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but with serotonin behaves like well-fed animals, whereas C. elegans grown
with food but with octopamine behaves like starved animals. (D) Proposed
analogy between the thermotaxis neural circuit in C. elegans and the human
brain. Neural operation logic in C. elegans thermotaxis is analogous to that in
the human brain. Stored thermal information in AFD neurons is transmitted to
the thermotaxis core interneurons AlY, AlZ, and RIA. Thermal information and
food state are integrated and processed in those interneurons by
monoamines and insulin to generate output behavior. In the human brain,
working memory is coded in the cerebral cortex, and the coded information is
conveyed to the basal ganglia, where learning and emotion proceed with
modulation through monoamines. We propose here a functional analogy
between the simple neural circuit in C. elegans thermotaxis and the
functionally layered structure of the human brain.
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INS-1 acts on the salt-sensing neuron ASER (Tomioka etal.,
2006).

An ortholog of the human calcineurin alpha subunit TAX-6
is required in two pairs of interneurons, AlZ and RIA, for the
associative learning between food and temperature (Kuhara and
Mori, 2006). A novel type of hydrolase AHO-3 is important for
this learning (Nishio etal., 2012). The expression of FAM108B1,
which is a human homolog of AHO-3 and strongly expressed in
the human brain, restored the defects of aho-3 mutants. ABHDG6,
another protein related to AHO-3, was reported to be involved in
endocannabinoid signaling in mouse neural culture cells (Marrs
etal., 2010). Hence, endocannabinoid signaling could be involved
in the associative learning between food and temperature.

Exogenous serotonin mimics the presence of food, whereas
exogenous octopamine mimics the absence of food in many
aspects of C. elegans behavior, such as locomotion, pharyn-
geal pumping, and egg laying (Horvitz etal., 1982; Sawin etal.,
2000; Chase and Koelle, 2007). Mohri etal. (2005) found that the
application of serotonin to food-deprived animals induces ther-
motaxis to a memorized temperature, while the application of
octopamine to well-fed animals suppresses thermotaxis to a mem-
orized temperature (Figure 8C). These results suggest that the
balanced regulation through these two monoamines in interneu-
rons is a key process for thermotactic plasticity. It is intriguing to
ask how the antagonistic behavioral regulation through serotonin
and octopamine is related to the antagonistic neural regulation
between AlY and AlZ neurons (Mori and Ohshima, 1995). It is
also important to uncover the relationship between insulin sig-
naling and monoamine signaling. A recent unexpected finding
is that temperature information sensed by non-neuronal tissues
such as intestines and body wall muscles through the heat shock
transcriptional factor-1 (HSF-1) feeds back to the core thermosen-
sory circuit and regulates the activity of AFD neurons via estrogen
signaling (Sugi etal., 2011).

We propose that the neural circuit for thermotactic plasticity is
amazingly similar to two functional parts of the human brain: the
cerebral cortex and basal ganglia (Figure 8D; Sasakura and Mori,
2013). The cerebral cortex encodes the working memory that is
required for the temporal storage of information. The basal ganglia
play animportantrole in learning, emotion, and motivation. Inthe
neural circuits for themotaxis, temperature information stored in
the sensory neurons AFD and probably AWC, is transmitted to the
interneurons, AlY, AlZ, and RIA, where the temperature informa-
tion is associated with feeding and/or starvation signals to generate
associative learning. Thus, the sensory neurons AFD and proba-
bly AWC, working as a memory storage device, are equivalent to
the cerebral cortex, while the three interneurons AlY, AlZ, and
RIA, which play a part in learning and likely receive neuromodu-
latory monoamines according to feeding states, are equivalent to
the basal ganglia (Figure 8D).

There is mounting evidence to support the notion that the
C. elegans nervous system has many physiological similarities
to the human brain. Serotonin and dopamine signaling reg-
ulates the motivational behavior in locomotion in C. elegans
(Sawin etal., 2000). The serotonin reuptake inhibitor fluox-
etine (Prozac) is able to change locomotion behavior in C.
elegans (Choy and Thomas, 1999; Ranganathan et al., 2000, 2001).

Catecholamine modulates the sensory stimulus from environ-
mental food to determine whether C. elegans remains in the
vicinity of food (Bendesky etal., 2011). Vasopressin/oxytocin sig-
naling, which regulates water balance, reproduction, and social
behavior in mammals, is critical for gustatory associative learn-
ing and reproductive behaviors (Beets etal., 2012; Garrison etal.,
2012). Sleep-like behavior and EGF signaling, which are impor-
tant for the day—night cycle behavior in mice, is also critical for
C. elegans rest-taking behavior (Van Buskirk and Sternberg, 2007;
Raizen etal., 2008).

The C. elegans genome contains nearly the same suit of neu-
ronal genes as humans: transcriptional factors, components of
synapses, gap junctions, neurotransmitters, neuromodulators,
receptors, ion channels, and so on (Bargmann, 1998; C. elegans
Sequencing Consortium, 1998; Hobert, 2005; Jorgensen, 2005;
Brockie and Maricg, 2006; Chase and Koelle, 2007; Rand, 2007;
Li and Kim, 2008). Their genome-level similarity suggests that the
neural bases underlying behavior are indeed similar. In addition,
recent work on connectivity patterns in the male C. elegans ner-
vous system tells us that principles of the C. elegans neural network
are also similar to those of the human brain (Jarrell etal., 2012).
Given that neural plasticity is necessary for survival of the animal
from an early stage of evolution, the principles of neural function
that underlie behaviors may be conserved between C. elegans and
humans.

DISSECTION OF INFORMATION FLOW AND PROCESSING IN
NEURAL CIRCUITS THROUGH ADVANCED TECHNOLOGY:
IMAGING, OPTOGENETICS, AND TRACKING SYSTEMS
MONITORING NEURAL ACTIVITIES

Monitoring intercellular activity is important for understanding
the mechanism of neural circuits. The first GECI, called cameleon,
was invented in 1997 by Miyawaki etal. (1997). Deployment
of GECIs in biological sciences, particularly in neurosciences,
has accelerated the development of various GECls (Nakai etal.,
2001; Tian etal., 2009; Zhao etal., 2011; Akerboom etal., 2012;
Chen etal., 2013). Attempts to develop new and modified GECls
have greatly promoted studies of neural circuits as well. Calcium
imaging techniques are powerful tools, because calcium signals
transduce a variety of information in tissues and organelles. Other
monitoring techniques also have the potential to enable the obser-
vation of different types of intercellular events. Tomida etal.
(2012) monitored activity of MAPK in the salt-sensing sensory
neuron ASER in living worms. Using a Forster resonance energy
transfer (FRET)-based probe, they showed that MAPK activity
corresponded to salt stimulus depending on its given patterns
of repetitive salt pulses. Comparison between the time course of
MAPK and Ca2™ activities showed that MAPK activity is related
to the non-linear response of Ca* to the given salt patterns.
These results shed light on the modulation mechanisms of sig-
nal transduction inside cells that respond to the environmental
signals.

For the purpose of monitoring neural activity, neuroscien-
tists require good voltage-sensitive fluorescence sensors. Although
voltage-sensitive dyes have certain advantages such as to allow
direct monitoring of the signals of neural activity, recording both
synaptic input and action potential output, and comparing the
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acquired data with electrophysiological results, their low signal-
to-noise ratio limits their practical use. In vivo electrical recording
using genetically encoded voltage indicators (GEVI) is a particu-
larly challenging problem. Using the voltage-sensitive fluorescent
protein VSFP 2.42 (Akemann et al., 2010), activity of AlY interneu-
ron was explored by Shidara etal. (2013). They reported different
dynamics of the neurite and the soma in response to given odor-
ant stimuli. Since some interneurons, such as RIA and AlY, show
compartmental activity of calcium dynamics (Clark etal., 2006;
Hendricks etal., 2012), different types of imaging probes are nec-
essary to address whether different locations in neurons have
different functions.

BEHAVIORAL ANALYSIS WITH AUTOMATED TRACKING SYSTEMS
Behavior is the eventual output of neural circuits. Behavioral
analysis therefore clarifies the meanings and functions of each
neural mechanism. To perform behavioral analysis, automated
data acquisition and computational methods are useful to increase
throughput of tedious experiments and to exclude the subjectiv-
ity of experimenters. In fact, computational methods are helpful
to categorize each observed behavioral component based on rigid
criteria by describing the criteria in computer languages. Long-
term behavioral analysis has the merit of using a computational
approach since computers can perform a repetitive analysis an
almost infinite number of times. Statistical analysis based on auto-
matically acquired abundant data may yield a subtle difference in
the properties that are usually hidden in the noise of observed
measurements. For the analysis of C. elegans behavior, several
tracking systems have been developed in different labs (Husson
etal., 2013a).

Hoshi and Shingai (2006) developed a tracking system for
the automated analysis of the locomotion of C. elegans. Their
system identifies the locomotory state (forward movement, back-
ward movement, rest, and curl) of worms on agar plates using
several hours of data. The heads and tails of tracked worm are
also identified from acquired images using their algorithm (Hoshi
and Shingai, 2006). Using this system, Wakabayashi etal. (2004)
identified distinct behavioral states during forward locomotion.
The addition of the laser ablation technique further allowed the
quantification of the relationship between the behavioral state and
related neurons (\Wakabayashi et al., 2004). Visualizing locomotory
behavior with computational measurements itself is also useful for
discriminating behavioral phenotypes. Miyara etal. (2011) ana-
lyzed the role of a novel protein called macoilin with a tracking
system by visualizing locomotory undulation of C. elegans. Similar
methods have been developed by several labs and this approach
is becoming popular to describe the locomotory undulation of C.
elegans (Kortaetal., 2007; Pierce-Shimomuraet al., 2008; Stephens
etal., 2008; Fang-Yen et al., 2010).

OPTOGENETICS OF NEURAL CIRCUITS

Optogenetic techniques enhance the validity of tracking systems by
adding non-invasive operation for neural activities using photo-
activation of ion channels or pumps on the target neurons during
long-term observation of freely moving animals. The combination
of neuronal perturbation and behavioral monitoring is a powerful
approach for understanding the mechanisms of behavioral control

by neural circuits. A pioneering work that combined a tracking sys-
tem and optogenetics was done in order to analyze thermotaxic
behavior (Kuhara etal., 2011). A yellow light stimulus enabled
to weaken the activity of the thermosensory neuron AFD with a
transgenic line expressing halorhodopsin coding a light-activated
chloride pump. Together with a tracking technique, mutant anal-
ysis, and calcium imaging for AFD neurons and the downstream
interneurons AlY, Kuhara etal. (2011) showed that the AFD-AIY
circuit could regulate the activity of AlY neurons in both excita-
tory and inhibitory directions, which accounts for thermophilic
and cryophilic movements, respectively.

While the laser ablation technique completely disrupts activ-
ity of the target neuron, optogenetic methods perturb the target
neural circuits quantitatively in a specific time window. Long-term
observation of such quantitatively perturbed target animals would
be beneficial for uncovering the detailed mechanisms of neural
circuits. Studies with powerful new light-driven proton-pumps
such as Arch (Chow etal., 2010; Okazaki etal., 2012; Husson et al.,
2013b) and as ArchT (Okazaki and Takagi, 2013) in C. elegans
research has enabled very effective and long-term silencing of
neurons, under continuous illumination for up to 1 min, ata min-
imum. When an Arch mutant (M128A/S151A/A226T), designed
to cause a blue shift in the action spectrum, is expressed in C.
elegans neurons, locomotory arrest can be elicited by blue light,
proving that C. elegans locomotion can serve as a convenient assay
for in vivo evaluation of new optogenetic tools (Sudo etal., 2013).

MANIPULATION OF SPATIOTEMPORAL GENE EXPRESSION

A previous report indicated that available cell-specific promoters
enable unique expression of transgenes in only 12% of neuronal
groups (Chelur and Chalfie, 2007). Since some promoters only
drive gene expression relatively weakly, the number of promoters
with practical utility for driving transgene expression in unique
neuronal types is further limited. Several intersectional approaches
utilize a pair of promoters with overlapping specificities to express
a target gene in a single neuronal group. Split GFP and split
apoptotic factor can function following the intersectional gene
expression of each partner fragment, and an FLP-out strategy
using in vivo recombination systems such as FIp-FRT or Cre-loxP
enables expression of a given protein with higher cell-type speci-
ficity. However, it is still impossible to express a particular gene
in a single targeted neuron, or a combination of multiple targeted
neurons.

Inducible promoters are also frequently used for temporal reg-
ulation of transgene expression in model organisms. Given the
targeting of external stimuli to a defined local region, the use
of inducible promoters can enable spatially targeted induction
of genes, even at single cell spatial resolution. The use of heat-
activated heat shock promoters has been explored, and attempts
have been made to deliver heat locally. Lasers with high spatial
resolution can target small areas in tissue for local heating, a
promising approach for activating transgenes under the control
of heat shock promoters. The heat shock response, which is aided
by the heat shock promoter, leads to activation of transcription.
Since the heat shock response is a physiological defense mechanism
inherent in almost all cell types in most organisms, such methods
would have broad applicability in biological studies.
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Irradiation with a Coumarin 440 dye laser beam under micro-
scopic control is a common technique for cell ablation in C.
elegans and other organisms. Assuming that heat generated by
the laser is the main cause of cell death, attempts have been
made to induce the heat shock response in targeted cells without
causing cell death, by reducing the laser power level. Pioneering
researchers have reported successful laser-mediated heat shock
induction in single targeted cells in C. elegans, Drosophila and
zebrafish (Stringham and Candido, 1993; Halfon et al., 1997; Hal-
loran etal., 2000). However, there have been few follow-up studies
using this method because it was found to have two major draw-
backs: low efficiency of gene induction, and cell damage caused by
irradiation (Harrisetal., 1996; Kamei etal., 2009). Thus, it appears
that the Coumarin 440 dye laser is not a good choice for heating
cells.

THE IR-LEGO SYSTEM

The IR-LEGO (infrared laser-evoked gene operator) is a novel
recently developed system that uses an infrared (IR) laser radiat-
ing at 1480 nm, a wavelength at which the absorption coefficient
of water is about 10° times higher than that at 440 nm (Kamei
etal., 2009; Suzuki etal., 2013). The much higher absorption rate
enables efficient heating of water in specimens so that the heat
shock response can be effectively induced using relatively low input
power, which in turn helps avoid photochemical damage during
irradiation. The IR-LEGO system was first applied to C. elegans,
and the induced gene expression was successfully demonstrated
in targeted single cells for multiple cell types, including neurons
(Kamei etal., 2009). By choosing an appropriate laser power level,
gene expression can be induced at a frequency of around 50% using
short irradiation periods (less than 1 s), a much shorter duration
than those (75 s to 10 min) reported in gene induction experi-
ments using the Coumarin 440 dye laser. Following irradiation,
targeted cells showed no apparent damage; they expressed marker
genes, executed cell divisions, and eventually completed differen-
tiation normally. Induction of wild type gene expression in single
mutant cells has also confirmed that phenotypic defects such as
cell migration or fate determination can be successfully rescued.
The IR-LEGO system’s induction efficiency, which is sufficient
for practical use, and its lack of harmful effects indicate that the
problems inherent in earlier laser-mediated gene induction meth-
ods have been overcome. The IR-LEGO system can be applied
to many transparent organisms, and can be equipped for trans-
genic technology. To date, it has been used on fish (Oryzias latipes
and Danio rerio) and on a higher plant (Arabidopsis thaliana;
Deguchi etal., 2009; Kimuraetal., 2013). In fish, cells at a depth of
150 pm were induced to express a transgene using the IR-LEGO
system.

An in vitro study using a polyacrylamide gel tissue model has
suggested that temperatures at the irradiation focus change very
quickly in response to IR irradiation, and that the area with
temperature shifts exceeding 20°C was essentially confined to
a vertically extended ellipsoidal area 7 pum along the x-y axes
(Kamei etal., 2009). Although this size is sufficiently small to
heat individual cells in most organisms, the original continu-
ous irradiation procedure of the IR-LEGO system sometimes
induces gene expression in multiple cells in C. elegans when

the target lies in a densely packed cell cluster such as a gan-
glion. This may reflect the more limited dissipation of heat in
living organisms compared with that in the in vitro model. In
order to achieve efficient gene induction in single neurons in gan-
glion by using the IR-LEGO system, a promising approach is to
use pulsed irradiation that minimizes the heating of areas sur-
rounding the focus area by facilitating heat dissipation during
interpulse periods. When combined with an FLP-out strategy, the
IR-LEGO system can be used for inducing sustained gene expres-
sion in single targeted neurons, broadening its potential for future
applications.

THEORETICAL APPROACHES

Theoretical approaches promote the understanding of the mech-
anisms of neural circuits by providing an integrated view of
different experiments or bringing new insights into the analyses of
the complex data. With this in mind, computational simulations
can validate hypothesized rules, especially when several rules are
combined.

As described above, C. elegans exhibits food and temperature
associative learning behavior called thermotaxis, where animals
grown at a constant temperature with food migrate to the pre-
vious cultivation temperature on a thermal gradient. For the
analysis of thermotaxis, several theoretical studies have attempted
to explain different results of thermotaxis behavioral assays in
different conditions.

Although the original study on this topic reported both
cryophilic and thermophilic migration, where the animals migrate
toward colder and warmer regions, respectively, some reports
have shown the absence of thermophilic migration under cer-
tain experimental conditions (Hedgecock and Russell, 1975; Ryu
and Samuel, 2002; Yamada and Ohshima, 2003; Kimata etal.,
2012).

Based on a biased random walk model for C. elegans search-
ing behavior, Matsuoka etal. (2008) examined the inconsistency
between the results of population and individual thermotaxis
assays used in the different reports. The Monte Carlo approach,
which involves random sampling from a numerical model, showed
the simulated population dynamics of C. elegans thermotaxis
based on the migration rules for individual worms. In spite of
the lack of thermophilic rules above growth temperatures for
hypothetical individual worms, the simulated population dynam-
ics showed a thermophilic tendency. Thus, the simulation results
were consistent with the different results in various experimental
conditions.

Nakazato and Mochizuki (2009) took another approach to deal
with the problems that include inconsistency in thermotaxis assays
in the different reports. They constructed a mathematical model
based on the differential equations for the population dynamics
of C. elegans migration during thermotaxis. With hypothetical
parameter sets based on the previously published experimen-
tal data, they examined the results of thermotaxis assays in the
different reports. In spite of the inconsistent results of previ-
ous theoretical reports, the proposed model generates consistent
results for each experiment with the same parameter set.

In contrast to the above behavioral modeling studies, a
detailed computational neural model for dynamic body regulation
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elucidates different aspects of the modeling study. Suzuki etal.
(2005) constructed a computational model for locomotory regu-
lation of C. elegans based on the known anatomical neural wiring
map. Even with the complete anatomical neural wiring map of
302 neurons of C. elegans, orchestration of each motor neuron
for locomotory movements, including the location of the central
pattern generator, is still unclear. Simulation approaches allow
the reconstruction of the dynamic behavior of a system combin-
ing the knowledge of the components of the system. Describing
the dynamics of the whole system that consists of multiple com-
ponents is helpful for understanding the orchestration inside the
system; once a model is constructed, a survey of the effects of
each component is feasible. Suzuki et al. (2005) modeled the loco-
motory movement of C. elegans with a motor neuronal network
and regulated body using a multi-joint rigid link model. Then
they reconstructed the movements of wild type animals and unc-
25 mutants that lack GABA inhibitory signals in motor neurons.
Such a reconstruction approach of the dynamic system is helpful
for understanding the relationship between each component and
the whole system.

Another theoretical approach involves observing quantitatively
measured experimental data in combination with computational
simulations. Ohkubo etal. (2010) analyzed trajectory data of
worms during NaCl chemotaxis. Using cumulative distributions
of curving rates in a log-log scale, comparison with the Gaussian
distribution showed the long-tail behavior of curving rate of the
worm trajectories (Ohkubo etal., 2010). The long-tail property
of the curving rate implies the multiplicative noise of neural out-
puts, which inherit noise term by multiplication, although the
long-tail behavior is not restricted to the specificity of the mul-
tiplicative noise. They constructed mathematical models based
on the random walk model, and the simulation results showed
the robustness of the long-tail property in several conditions.
As shown by Ohkubo etal. (2010), the analysis with the theo-
retical standpoint would help extract the essence of the system’s
properties.

Particularly for the complex objects like neural circuits, com-
putational results do not assure the validity of hypothesized
model, since biological systems usually include many unknowns.
However, theoretical approaches and computational simulations
provide logically descriptive tools for dynamic systems to develop
working hypotheses. Mutual feedback between experimental and
theoretical studies will advance the understanding of complex
phenomena such as behavioral regulation by neural circuits.

SUMMARY AND PERSPECTIVE

As we have reviewed above, studies using C. elegans have carried
neural circuit studies forward. They include studies on the com-
plex functions of nervous systems such as learning and memory.
The understanding of the design of behavioral assay captures the
essence of complex neural functions; the simple neural circuit of
C. elegans is well suited for the detailed investigation for the target
mechanism. Development and application of novel technologies
accelerate the progress of research and also shed light on the hidden
aspects of neural mechanisms. The Japanese C. elegans research
community contributes to advance the neural circuit studies by
providing unique behavioral assay frameworks and technological

developments. Behavioral and neural circuit studies of C. elegans
have furnished molecular and mechanical insights into neural
operation to the understanding of the human brain. This pio-
neering role of C. elegans for neuroscience is expected to continue
to be important for human brain studies. “The Brain Activity Map
Project,” declared by Barack Obama, President of United States,
in April 2013, is a large-scale, 10-year continuous project that
finally aims to map the activity of every neuron functional con-
nection in the human brain (Alivisatos etal., 2012, 2013). This
large-scale project is equivalent to the “Human Genome Project”
in which C. elegans genome studies played a pivotal role as a pilot
case. The already identified complete connectome (302 neurons
and approximately 7,000 connections) and full recording of all
neuronal activity in the near future will be an important boost
for the brain activity map project. Given this situation, C. elegans
neuroscience is becoming more valuable than ever.
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