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Fig. 3. Phasic burst stimu-
lation increases Kirrel2
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endogenous calcium transients were more static
(fig. S8). These results demonstrate that the spike
bursts specifically up-regulate Kirrel2 expression.

Prolonged burst stimulation increases
Sema7A and PCDH10

We next sought to determine which pattern of
neural activity was necessary for the expression
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of Sema7A and PCDHI0. Because they showed
similar protein distribution patterns at the OSN
axon termini (27), there must be a common reg-
ulatory mechanism underlying their expres-
sion. We stimulated OSNs with various burst
duration protocols ranging from 1.5 to 720 s
(Fig. 4A). We kept the overall firing rate at
1 Hz and the spike frequency within bursts at
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5%
dF/F
10s

10 Hz. Optogenetic stimulation with various
burst duration protocols revealed that Sema74
and PCDHI10 were up-regulated by burst dura-
tions for more than 10 s and 20 s, respectively
(Fig. 4B). It is notable that the 360-s and 720-s
burst duration protocols increased the expres-
sion of Sema74A and PCDHIO, but not that of
Kirrel2 (Fig. 4, B and C).
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Fig. 4. Prolonged burst stimulation increases Sema7A and PCDHI0.

(A) Schematic showing various stimulation protocols. (B) Expression
changes of axon-sorting molecules upon different light stimulation protocols.
Quantitative analyses were performed as in Fig. 3C. Error bars denote SEM
(N = 6 to 8 mice per group). (C) In situ hybridization of the OE sections from
OSN-specific ChR2 mice illuminated by blue light with the long-duration
protocol (ISI, 100 ms; burst duration per hour, 360 s). Enlarged photos are
shown at the bottom. Scale bars, 50 um. (D) Schematic showing various

To investigate the minimum duration of bursts
required for the expression of Sema74 and
PCDH]10, we further tested the effects of various
burst units by changing the burst duration ir-
respective of the firing rate of the induced spikes

1000 1500 ©)

(Fig. 4D). To this end, OSNs were stimulated
hourly with various types of single burst units
(intraburst frequency, 10 Hz; burst duration, 10
to 360 s) for 12 hours. We found that both genes
were up-regulated by prolonged bursts. The sensi-

Nakashima et al., Science 365, eaaw5030 (2019) 5 July 2019

optogenetic stimulation protocols. (E) Expression changes of axon-sorting
molecules upon various burst units. Quantitative analyses were performed as
in Fig. 3C. Error bars denote SEM (N =7 or 8 mice per group). *P < 0.05,
**P < 0.01 [one-way ANOVA with post hoc Tukey test in (B) and (E)].

(F) Left: Long-term calcium imaging of PCDHI0-high (M71) and PCDH10-low
(MOR28) OSNSs. Right: Number of active states per hour in M71- and
MOR28-expressing OSNs. Data are means + SD. N = 10 cells (M71),

11 cells (MOR28). ***P < 0.001 (Student t test).

tivities to the burst duration differed between
Sema7A and PCDHI0; a 20-s burst duration in-
duced the expression of PCDHI0, but not that of
Sema7A (Fig. 4E). The differential sensitivities of
Sema7A and PCDHI0 to the burst durations may
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Fig. 5. Optogenetic stimulation affects axonal segregation. (A) Schematic for generating OSN-
specific ChR2 mosaic mice. (B) Double staining of an OE section from the ChR2 mosaic mouse. An OE
section was subjected to in situ hybridization using an OMP probe (red) and immunostaining with anti-
bodies to green fluorescent protein (GFP) (green). (C) Immunostaining of an OB section with antibodies

to GFP and Kirrel2 after chronic light stimulation (int:

raburst frequency, 10 Hz; APs within burst, 15;

interburst interval, 15 s). Left: Kirrel2 up-regulation upon light stimulation is indicated by arrowheads.

Right: Quantification of protein levels of axon-sorting

molecules. *P < 0.05, **P < 0.01 (one-way ANOVA

with post hoc Tukey test). See also data S5. (D) Immunostaining of OB sections using antibodies to
Kirrel2, GFP, and MOR28. Kirrel2-positive and -negative MOR28™ axons are indicated by arrowheads and

arrows, respectively. (E) Numbers of MOR28 glomer!

uli per OB in ChR2 mosaic mice with and without

light stimulation. A glomerular structure was semiautomatically defined by immunofluorescence signals

of vesicular glutamate transporter2 (VGIut2). Box an
10th to 90th percentiles, respectively. Scale bars, 50

explain their partially overlapping but different
expression patterns in the OSN axon termini in
the OBs (27). In a series of burst duration ex-
periments (Fig. 4D), Kirrel2 expression was not
changed (Fig. 4E). These results indicate that

Nakashima et al., Science 365, eaaw5030 (2019)

d whiskers in all graphs represent 25th to 75th and
um. N = 6 glomeruli, **P < 0.01 (Student t test).

Sema7A and PCDHIO0 expression is up-regulated
by protocols of low-frequency and long-duration
bursts, whereas Kirrel2 expression is up-regulated
by protocols of high-frequency and short-duration
bursts.
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We also performed long-term calcium imaging
for OSNs expressing M7I and MOR28 in which
PCDHI0 expression levels are high and low, re-
spectively (Fig. 1, B and C). As shown in Fig. 4F,
both types of OSNs exhibited stationary states
during the majority of the recorded time. How-
ever, we observed events of prolonged calcium
elevation several times per hour in M71-expressing
OSN s (Fig. 4F). We defined the active state accord-
ing to the duration when OSNs showed a higher
amplitude of calcium transients above aver-
age for >20 s. The active state in M71-expressing
OSNs lasted for 34.14 + 13.47 s with an IEI of
445.85 + 376.03 s (mean + SD), which is enough
to induce PCDHI0 expression. In contrast, the
active state was hardly observed in MOR28-
expressing OSNs [0.09 + 0.30 times/hour (IV =
11 cells) versus 2.4 = 1.90 times/hour for M71-
expressing OSNs (V = 10 cells), means + SD].
These results suggest that prolonged burst stim-
ulations and their impact on gene expression
mimicked physiological conditions.

Chronic optogenetic stimulation induces
axonal segregation

To examine whether in vivo optogenetic stimu-
lation indeed affects segregation of OSN axons, we
conducted optogenetic stimulation for a prolonged
period of time. For this purpose, we used H-Cre
transgenic mice (13). In this mouse, Cre recom-
binase is expressed in a subset of OSNs as a
result of the OR-mediated negative feedback
signal (6). Therefore, ChR2-positive and ChR2-
negative OSNs expressing the same OR can be
generated in the same individuals by crossing
the H-Cre transgenic mice with the 4732 mice
(Fig. 5, A and B).

Neonatal OSN-specific ChR2 mosaic mice were
stimulated for 5 to 6 hours per day with the phasic
burst protocol used in Fig. 3B. After 1 week of
light stimulation, we observed an increase in
Kirrel2 proteins, but not in PCDH10 or Sema7A
proteins, in ChR2-positive OSN axons (Fig. 5, C
and D). The Kirrel2 up-regulation was also ob-
served in the CNG-KO background where en-
dogenous Kirrel2 expression is decreased (fig.
S9). We found segregation of MOR28-expressing
OSN axons according to ChR2 expression in the
OB of the ChR2 mosaic mice (Fig. 5, D and E). A
similar axonal phenotype was also found in I7-
expressing OSN axons (fig. S10, A and B). The
ChR2-dependent axonal segregation did not
occur without light stimulation (Fig. 5, D and
E, and fig. S10). These results indicate that the
optogenetically induced phasic burst stimulation
induced axonal segregation, presumably through
Kirrel2 up-regulation.

Discussion

Hebbian plasticity explains the activity-dependent
development of many neural circuits (Z9). Synchro-
nous firing of presynaptic neurons, such as re-
tinal waves in the visual system (2, 36, 37, 39, 44, 45),
is a prerequisite for the Hebbian plastic changes.
In the present study, we did not observe spatial or
temporal correlations for the spontaneous ac-
tivities among OSNs (Fig. 2, A and B). Rather,
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spontaneous activity patterns of OSNs were unique-
ly correlated with OR types. We also showed that
differing neural activity patterns induced the
expression of different axon-sorting molecules
regulating axonal segregation. On the basis of
these results, we propose an activity-dependent
mechanism, different from the Hebbian plastic-
ity theory, in which specific patterns of sponta-
neous activity determined by the expressed ORs
contribute to generate the combinatorial code of
axon-sorting molecules for OR-specific glomeru-
lar segregation.

Our calcium imaging analyses in OR substitu-
tion experiments demonstrated that ORs de-
termine spontaneous activity patterns. How are
spontaneous activity patterns regulated by ORs?
It has been reported that G protein-coupled re-
ceptors (GPCRs), including ORs, produce unique
levels of basal cAMP (cyclic adenosine monophos-
phate) in a ligand-independent manner (12, 46, 47).
A plausible explanation is that the OR-derived
basal activity contributes to the pattern of spon-
taneous activity. However, mutations of a GPCR
that result in altered basal cAMP levels do not
affect the expression of axon-sorting molecules
in OSNs (12). Therefore, the OR-derived basal
activity is unlikely to be a determinant of spon-
taneous activity patterns. In this study, we found
that individual OSNs show different firing pat-
terns in response to continuous optogenetic
stimulation (fig. S6D). Moreover, several voltage-
dependent calcium channels and transient re-
ceptor potential channels are expressed in a
subset of OSNs (48-51). It is possible that the
intrinsic membrane properties vary among OSNs
expressing different OR types for OR-correlated
patterns of spontaneous activity. However, the
mechanisms linking the membrane properties
to expressed ORs remain unknown.

In this study, we demonstrated the firing
pattern-dependent expression of axon-sorting
molecules by optogenetic stimulation. The SVM
classification indicated that optogenetic stimu-
lation experiments mimicked physiological con-
ditions (Fig. 3F and fig. S11). We found that
phasic, repetitive short bursts of neural activity
induced Kirrel2 expression, whereas prolonged
durations of bursting activity induced the ex-
pression of Sema7A and PCDHI0. Increased levels
of Kirrel2 were dependent on spike numbers
and ISIs within bursts in the phasic burst stim-
ulation (Fig. 3, D and E). The sensitivities to the
burst duration might differ between PCDHI0
and Sema7A. We observed statistically signif-
icant up-regulation of PCDHI0 and Sema7A by
burst durations of >20 s and >60 s, respectively
(Fig. 4E). This firing pattern-dependent ex-
pression allows OSNs to separately regulate the
types and levels of axon-sorting molecules to
generate the combinatorial code for glomerular
segregation (fig. S12).

How do OSNs decode the temporal patterns of
their own neural activity into diverse expression
of axon-sorting molecules? Previous studies have
identified transcription factors that are activated
by different patterns of calcium transients (52-54,).
For example, CaMKII (calcium/calmodulin-
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dependent protein kinase II) is activated by
high-frequency calcium oscillations, whereas
NFATs (nuclear factors of activated T cells) are
activated by low-frequency oscillations (55). The
differential properties (e.g., sensitivity, affinity,
and Kinetics) of calcium-responsive factors may
provide a molecular basis for the differential
readouts of neural activity patterns.

In the nervous system, neural activity is in-
volved in various aspects of the neural de-
velopment and plasticity—including cell type
specification, dendritic branching, synaptic mat-
uration, and learning and memory—through a
complex program of gene regulation (56-59).
Although several hundreds of genes have been
identified as activity-dependent genes (60), their
regulatory mechanisms and functions are not
fully understood. In this study, we demonstra-
ted firing pattern-dependent gene expression
regulating neural circuit formation. With this
strategy, neurons can generate variation through
diversifying gene expression with only a single
second messenger. The pattern-dependent regu-
lation may also expand beyond development to
the plasticity of neural circuits, which is the basis
for learning and adapting to environmental
changes throughout the lifetime.

Materials and methods
Mutant mice

All experimental procedures were performed
with the approval of the animal experiment ethics
committee of the University of Tokyo and Insti-
tutional Animal Care and Use Committee (IACUC)
of RIKEN Kobe Branch, and in accordance with the
guidelines for the care and use of laboratory ani-
mals of the University of Tokyo and RIKEN Kobe
Branch. H-Cre mice were as described (13). A795D,
At32, M71-ires-Cre, and CNG-KO mice were pur-
chased from the Jackson Laboratory. pGoofy-Cre
and Kirrel2 conditional KO (RBRC06340) mice
were generous gifts provided by Y. Yoshihara
and H. Sakano, respectively. To generate the H-17
(accession no. CDB0537T: www2.clst.riken.jp/
arg/TG%20mutant%20mice%20list.html) and
H-MOR28 (accession no. CDB0536T: www?2.clst.
riken.jp/arg/TG%20mutant%20mice%20list.html)
minigene constructs, a 10.1-kb Sacl fragment con-
taining the MOR23 gene from a BAC clone of a
C57BL/6 mouse (RP23-306118) was subcloned into
pBluescript IT SK(+). The 2.1-kb H enhancer frag-
ment (22) was attached to the 5’ end of the MOR23
minigene and an éres-Cre-ires-mcherry fragment
was inserted into the 3-UTR of the minigene. The
930-bp coding sequence of MOR23 was replaced
with that of I7 or MOR28. The transgene se-
quences were excised by Ascl digestion, separa-
ted from the vector DNA by sucrose gradient
centrifugation, and then microinjected into the
pronuclei of CD-1 embryos.

Immunostaining and in situ hybridization

Immunostaining was performed largely as
described (22). Mice were anesthetized with
sodium pentobarbital (2.5 mg/animal) and per-
fused intracardially with 4% paraformaldehyde
in phosphate-buffered saline (PBS). The olfac-
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tory bulb (OB) was embedded briefly in an op-
timal cutting temperature (OCT) compound
(Tissue-Tek; Sakura Finetek) in liquid nitrogen.
The olfactory epithelium (OE) was dissected and
fixed overnight with 4% paraformaldehyde in
PBS and decalcified in 0.5 M ethylenediamine-
tetraacetic acid for 8 to 10 hours at 4°C. Tissues
were then incubated in 30% sucrose overnight
at 4°C and embedded in an OCT compound in
liquid nitrogen. Serial sections (10 um for the
OE, 12 um for the OB) were prepared with
CM3050 cryostat (Leica) and collected onto
Matsunami adhesive silane-coated glass slides
(Matsunami Glass). Slides were rinsed with PBS
three times and incubated in a blocking buffer
[5% skim milk in PBS with 0.2% Triton X-100
(PBST)] for 1 hour at room temperature (RT).
After the blocking, the slides were incubated
with primary antibodies overnight at RT. After
being washed with PBST three times, the sec-
tions were treated with secondary antibodies
(Molecular Probes) at a dilution of 1:400. The
primary antibodies used in this study are listed
in data S7. The VectaStain ABC Kit (Vector Lab-
oratories Inc.) was used to obtain higher in-
tensity in the immunostaining of ORs. In situ
hybridization was performed as described (13).
The sequences of the RNA probes that were
used are listed in data S7. The full-length coding
sequence for mcherry was subcloned into the
PGEM-T vector (Promega) and used as a template.

Signal intensity measurement and
statistical analysis

Optical and fluorescent images of sections were
obtained using a BZ-X700 microscope (Keyence).
A glomerular structure was defined by immuno-
fluorescence signals of vesicular glutamate trans-
porter2 (VGlut2), and staining intensities of
Kirrel2, Sema7A, and PCDH10 within glomeru-
lus were measured using ImageJ (NTH). After
subtracting the background signals, staining
intensities were divided by the highest staining
intensity and were normalized to 100% (Fig. 1C).
In Fig. 3D, signal intensities were rescaled such
that the rescaled mean in the shaded side is 1.
The data are presented as means + SEM.

Optogenetic stimulation

Mice were placed on ice to anesthetize them by
hypothermia and a skin incision was made over
the dorsal surface of the head. Xylocaine jelly
(2%, AstraZeneca) was applied to the bone over-
lying the OE as a local anesthetic, and a cover slip
was placed over the bone to prevent the olfactory
tissue from drying out. The olfactory sensory
neurons (OSNs) were stimulated using 470-nm
LEDs (Lex2; Brain Vision LLC). To stimulate the
OE unilaterally, LEDs were placed directly out-
side the right side of the OE, whereas the other
side was covered with thin aluminum to avoid
light stimulation. After 12 hours of stimulation,
the glass cover was removed from the skull and
olfactory tissues were collected for reverse trans-
cription polymerase chain reaction (RT-PCR) or
in situ hybridization. For chronic stimulation,
pups were wrapped tightly in gauze bandage
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before stimulation and placed in an acrylic cham-
ber. Blue LEDs were placed directly outside
the dorsal side of the OE. After stimulation, pups
were placed on a temperature-controlled heating
pad before they were returned to their mothers.
In all protocols, the light pulse duration was 3 ms
with a power of 3 mW mm 2. The timing, dura-
tion, and cycle of LED light stimulation were con-
trolled with a pulse stimulator (Nihon Kohden).

RT-PCR

Quantitative PCR was performed as described
(13). The expression levels of Kirrel2, Sema7A,
and PCDHI10 were normalized to that of CNG.
Primer sets and TagMan probes used in this study
were designed by Universal Probe Library (Roche)
and Nihon Gene Research Laboratories Inc.
(Miyagi). The primers and probe sequences used
for RT-PCR are listed in data S7.

Slice preparation

Acute slices were prepared from neonatal mice
(PD3-6). Mice were anesthetized and decapitated,
and the olfactory tissue was embedded in 5%
low-melting agar in Ringer’s solution (125 mM
NacCl, 2.5 mM KCI, 2 mM CaCl,, 2 mM MgCl,,
25 mM NaHCOj, 10 mM HEPES, and 10 mM
glucose) and cut into 200- to 300-um-thick slices
using a vibratome (Leica VT1200S) in ice-cold
oxygenated artificial cerebrospinal fluid (aCSF;
125 mM NacCl, 2.5 mM KCIl, 1 mM MgCl,, 2 mM
CaCly,, 1.25 mM NaH,PO,, 25 mM NaHCO3, and
10 mM glucose). Slices were briefly transferred
to an interface chamber containing oxygenated
artificial cerebrospinal fluid (aCSF) at RT.

Ex vivo culture

For ex vivo culture experiments, mice were an-
esthetized by hypothermia and were quickly de-
capitated. The nose was dissected en bloc to
prepare intact septal nasal cartilage with epithe-
lia. Samples were briefly transferred to an inter-
face chamber containing oxygenated aCSF and
were incubated at 35°C for 6 hours. After the
incubation, OE samples were postfixed overnight
with 4% paraformaldehyde in PBS.

Electrophysiological recording

Loose-patch recording was performed largely
as described (60). Briefly, after anesthesia was
achieved by hypothermia, mice were quickly
decapitated, and the nose was dissected en bloc
to prepare intact OE. The septal nasal cartilage
with epithelia was placed in a submerged rec-
ording chamber with the mucus layer facing up
and was continuously perfused with oxygenated
aCSF at 35°C. For extracellular recording, pipettes
with resistance of 4 to 8 MQ were fabricated
using the P-1000 micropipette puller (Sutter In-
strument) and filled with aCSF. All recordings
were performed using the Olympus BX51WO0-I
microscope. A 40x objective lens (0.8 numerical
aperture, LUMplan FN; Olympus) was used to
guide a patch pipette to individual OSNs. Re-
cordings were performed in a loose patch con-
figuration. A loose seal (resistance, 40 to 200 MQ)
was formed by applying gentle suction when an
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electrode tip contacted an OSN. Signals were
band-filtered between 200 Hz and 5 kHz.

Calcium imaging and data analysis

Calcium imaging was conducted using acute
slices of OE from mice expressing GCaMP6f. OE
slices were placed in a recording chamber per-
fused with aCSF at 3 to 4 ml/s. Fluorophores
were excited at 488 nm and visualized using a
507-nm long-pass emission filter. Videos were
recorded at 10 frames/s for 10 min or 5 frames/s
for 1 hour using a 40x water immersion objective
lens (0.8 numerical aperture, CFI Apo 40XW
NIR; Nikon), a Nipkow-disk confocal microscope
(CSU-X1; Yokogawa Electric), and a cooled elec-
tron multiplying charge-coupled device camera
(iXon DU897; Andor Technologies). Image ac-
quisition was controlled by Andor Solis (Andor
Technologies). The fluorescence change was mea-
sured as (F - Fy)/F,, where F, is the fluorescence
intensity at a given time point and F, is the
baseline. Automated quantification of the fea-
tures of calcium transients was performed using
FluoroSNNAP software (61). Principal compo-
nents analyses were performed with Origin Pro
(OriginLab). Multidimensional scaling (MDS)
and support vector machine (SVM) classifica-
tion were performed with MATLAB software.
F1 score was calculated as a measure of the ac-
curacy in the SVM classification (62).

Correlation analysis

To quantify the correlation between pairs of re-
corded cells, the correlation index (CI) was cal-
culated as described (33, 40). The formula was as
follows:

Nyp(—at 00T

Cl = ABCaLtan”
Na0,1/Np(o,1)2AL

where Napaz+ap 1S the number of spikes from
cell B that fall within +A¢ of any spike from 4, T’
is the duration of the recording in seconds, and
N0,y and Ny o 1y are the total numbers of spikes
detected from cells A and B during the recording.
To evaluate the significance of deviations from
the “random” baseline of the CI, surrogate data
were generated through the random shuffling of
real data. The spike coincidence time window in
Fig. 2 was +At = 200 ms.
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Structured spike series specify gene expression patterns for olfactory circuit formation
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Temporal code underlies circuit formation

Olfactory neurons respond to various odorants according to which olfactory receptors, of many, they express.
During development, axons from olfactory neurons that express the same olfactory receptor converge to share the same
glomeruli. Nakashima et al. now show that, in mice, the neurons build these connections according to shared patterns of
activity. When the olfactory receptor is triggered, it causes its cell not simply to fire but to fire in specific patterns. Neurons
that speak the same code end up connected at the same glomerulus.
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