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While olfactory behaviors are influenced by neuromodulatory signals, the underlying mechanism
remains unknown. The olfactory tubercle (OT), a component of the olfactory cortex and ventral
striatum, consists of anteromedial (am) and lateral (I) domains regulating odor-guided attractive and
aversive behaviors, respectively, in which the amOT highly expresses various receptors for feeding-
regulated neuromodulators. Here we show functions of appetite-stimulating orexin-1 receptor (OxR1)
signaling in the amOT. When odor-food reward associated mice underwent OxR1 antagonist injection
in the amOT, their odor-attractive behavior was suppressed and odor-aversive behavior was
conversely induced. Although odor-attractive mice showed activation of attraction-promoting
dopamine receptor type 1-expressing D1 cells in the amQT, the antagonist injection increased
activation of aversion-promoting D2 cells in the amOT and D1 cells in the IOT. The results highlight the
amQT as the crucial structure integrating OxR1 signaling and odor information, thereby controlling
metabolic status-dependent olfactory behavior through the cell type- and domain-specific activation.

Odor information induces a variety of behaviors important for sustaining
the life of animals, one of which is feeding behavior'”. Feeding behavior
involves a variety of functional systems—including the nervous system,
digestive system, and endocrine system—and is regulated by their
interactions™". Olfactory function such as odor sensitivity is strongly influ-
enced by metabolic status™. Regarding odor-guided feeding behavior,
although food odor elicits appetite when we are hungry, the same odor does
not induce appetite and sometimes elicits nausea when we are satiated.
However, the neural mechanisms underlying the influence of metabolic
status on odor valence and olfactory behavior are unknown.

Odor information is received by the olfactory sensory neurons in the
olfactory epithelium and transferred via the olfactory bulb to the olfac-
tory cortex. The olfactory cortex comprises several structures including
the anterior olfactory nucleus, olfactory tubercle (OT), piriform cortex,
cortical amygdala, and entorhinal cortex’. Among them, the OT, which is
also called the tubular striatum, is a unique area in that it constitutes the
ventral striatum with the nucleus accumbens (NAc) and receives massive
dopaminergic inputs from the midbrain®"’. In agreement with these
structural properties, the OT encodes odor valence and contributes to
numerous odor-guided behaviors'' ™. The important function of the OT
in olfactory behaviors raises the possibility that it receives information on
metabolic status and optimizes odor-guided feeding behaviors
accordingly.

The OT has domain structures associated with odor-guided motivated
behaviors. In mice that have associated a neutral odor with a food reward
and have become attracted to the learned odor, presentation of the odor
activates the anteromedial domain of the OT (amOT). By contrast, in mice
that have associated the same odor with a foot-shock punishment and have
become aversive to the odor, presentation of the odor activates the lateral
domain of the OT (I0T)". Intriguingly, a variety of receptors for feeding-
related neuromodulators are expressed at higher levels in the OT, especially
in the amOT and the central part of the OT, compared to the IOT". These
observations suggest the amOT to be a key brain region that coordinates
odor information and metabolic status and directs appropriate feeding
behavior.

Orexin, a feeding-related neuromodulator, is an orexigenic neuro-
peptide that promotes motivational and reward-seeking behaviors'*™"*.
Orexin is produced in the lateral hypothalamus by orexin neurons, which
project axons to other brain areas'. There are two types of orexin receptors
—orexin-1 receptor (OxR1) and orexin-2 receptor (OxR2)*. These recep-
tors are reported to be expressed in the rodent OT*'~*, and we showed using
quantitative RT-PCR that expression of OxRI and OxR2 mRNA are higher
in the amOT than the IOT, with a greater extent of the domain difference for
OxR1 than OxR2". Given this highly preferential expression of OxR1 in the
amOT and the notion that reward-related behaviors are more closely
associated with the activation of OxR1 than OxR2", here we focused on the
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Fig. 1 | Suppression of odor-attractive behavior by
local injection of an OxR1 antagonist into
the amOT. a Protocol for odor-sugar association
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representative mice). d, e Odor-guided behavior of
mice during test days 1-3. d Digging behavior at the
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role of OxR1 signaling in the amOT. We conducted local injection of an ~Results

OxR1 antagonist into the OT domains of mice and evaluated the effect on
their odor-guided appetitive behavior.

The principal neurons in the OT are medium spiny neurons, which
consist of dopamine receptor type 1-expressing (D1) cells and type
2-expressing (D2) cells; these cell types have distinct functional properties in
odor-guided behaviors'“***. Odor-attractive behavior is accompanied by
activation of D1 cells in the amOT and odor-aversive behavior is accom-
panied by activation of D1 cells in the IOT". Conversely, activation of D2
cells in the amOT induces aversive behavior”. Given that odor-guided
behaviors are regulated by domain-specific and cell type-specific activation
in the OT, we investigated the effect of an OxR1 antagonist on domain- and
cell type-specific activation in the OT. Our results show that blockade of
OxR1 signaling in the amOT by local antagonist injection converts odor
valence from attraction to aversion and that this conversion accompanies
activation of D2 cells in the amOT and D1 cells in the IOT.

Local injection of OxR1 antagonist into the amOT suppressed
odor-attractive behavior and induced aberrant behavior to the
cue odor

Figure 1a shows the schedule of the behavioral analysis. Mice under food
restriction received association training on a cue odor (eugenol) and sugar
reward for 4 days. They were subsequently injected with SB334867, an
OxR1-specific antagonist, or vehicle via cannulae implanted in the bilateral
amOT (Supplementary Fig. 1 for local injection procedure). Correct posi-
tioning of the cannulae was confirmed histologically after completion of the
behavioral analyses (Fig. 1b, c); the data of mice with inappropriate cannula
positioning were omitted from the analysis.

On day 1 of the test period, 30 min after antagonist/vehicle injection,
mice were transferred to test cages in which a eugenol-scented dish (without
sugar) was buried under the bedding on one side. Vehicle-injected mice
extensively investigated the location where the cue-odor was buried (digging
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at the odor location) (Fig. 1d, Supplementary Movie 1). By contrast, the
antagonist-injected mice spent less time investigating the odor location
(Fq, 14)=31.3, p<0.001 for injection, F,, 25 = 4.49, p = 0.020 for interac-
tion, two-way ANOVA; p =0.0017, t-test for day 1). The same procedure
was conducted on the next 2 days (test days 2 and 3). During the 3 days of the
test period, the digging time at the odor location gradually decreased for
vehicle- and antagonist-injected mice (F,, ,5) = 87.6, p < 0.001 for day, two-
way ANOVA), which was considered an extinction or re-learning of the
odor-sugar association because only the cue odor without sugar was pre-
sented during the test period. Even accounting for the decrease in odor-
investigation behavior, the antagonist injection suppressed odor-attractive
behavior for 3 days (test day 2, p =0.0003; test day 3, p =0.0012; t-test).
Further, the percentage of digging time at the odor location of antagonist-
injected mice versus vehicle-injected mice was calculated by comparing
average digging time. The values were 55.8% (69.6s / 124.8 s) on day 1,
21.4% (12.9 s/ 60.2 s) on day 2, and 21.2% (4.9 s/23.1 s) on day 3, indicating
the potentiation of the suppressive effect of antagonist injection
along 3 days.

Intriguingly, antagonist-injected mice showed an aberrant behavior;
they dug the bedding extensively outside the location of the cue odor
(digging outside the odor location). Typically, they dug the bedding on the
side opposite the odor location (F(;, 14) = 4.73, p = 0.047 for injection, F,
28)=5.08, p=0.013 for interaction, two-way ANOVA; Fig. le; Supple-
mentary Movie 2). Such behavior significantly increased on test days 2 and 3
(test day 1, p = 0.61; test day 2, p = 0.043; test day 3, p = 0.021; t-test). This
aberrant behavior was potentiated during the 3 days; the percentage of
average digging time outside the odor location of antagonist-injected mice
versus vehicle-injected mice was 136.7% (39.55/28.9 s) on day 1, 409.0%
(86.3s/21.1 s) on day 2, and 507.4% (96.4 s/19.0 s) on day 3.

As a basis for the potentiation of digging behaviors during repeated
OxR1 antagonist injection, we examined whether the effect of a single OxR1
injection was maintained over days. The mice were injected with an OxR1
antagonist only on day 1, and behavioral tests were conducted on days 1-3.
On day 1, the digging time at the odor location was suppressed in
antagonist-injected mice compared to vehicle-injected mice (F(;, ) = 21.56,
p=0.002 for injection, F,, 15 =13.48, p <0.001 for interaction, two-way
ANOVA; test day 1, p=0.0011, t-test; Fig. 1f). However, this suppressive
effect was lost on days 2 and 3 (test day 2, p = 0.16; test day 3, p = 0.67; t-test).
The digging time outside the odor location was not enhanced in the
antagonist-injected mice on day 1, nor on day 2 or 3, contrary to the Fig. le
case (F(;, gy=1.53, p=0.25 for injection, F(, 15)=0.74, p=0.49 for inter-
action, two-way ANOVA; test day 1, p = 0.30; test day 2, p = 0.36; test day 3,
p =0.52; t-test; Fig. 1g).

Taken together, local injection of the OxR1 antagonist in the amOT
suppressed digging behavior at the cue odor location and conversely
induced digging behavior outside the cue odor location, and these effects
was not sustained over a day but were gradually potentiated by repeated
injections across days. Digging behavior is promoted by a variety of
factors™”. Digging at the odor location is considered to be a food-
searching behavior'**. The digging behavior of antagonist-injected mice
outside the odor location could be search for food in places away from
the cue odor, or protection against the cue odor because it resembled
burrowing behavior to shelter from danger”*“”. These observations
indicated that local injection of an orexin receptor type 1-antagonist in
the amOT suppressed odor-attractive behavior and suggested that the
manipulation conversely induced aversive behavior in response to the
cue odor.

Local injection of an OxR1 antagonist into the amOT converted
the odor valence from attraction to aversion

To evaluate whether antagonist-injected mice were aversive to the cue odor,
their behavior was evaluated after removing the paper bedding from the
cage to prevent complex digging behavior. On test day 4, mice were habi-
tuated to the bedding-free cage, injected with antagonist or vehicle into the
amOT, and presented with the cue odor.

Vehicle-injected mice showed extensive investigative behavior towards
the odor (Fig. 2a, Supplementary Movie 3). By contrast, antagonist-injected
mice spent less time investigating the odor, as did vehicle-injected control
mice that did not receive odor-sugar association training (F,, 13y =20.42,
P <0.0001, one-way ANOVA; Supplementary Table 1 for multiple com-
parisons). Further, the antagonist-injected mice showed retraction from the
cue odor (Fig. 2b, Supplementary Movie 4). They first approached the odor
with their body in longitudinal extension, and rapidly retracted the head and
body from the odor (whole-body flinch). Such behavior was rarely observed
in the vehicle-injected mice or vehicle-injected control mice that did not
receive odor-sugar association training (F,, 13 = 125.5, p < 0.0001; Sup-
plementary Table 1). In accordance with these behaviors, vehicle-injected
mice spent longer on the odor side of the cage (zone 1) during the test period,
and antagonist-injected mice spent longer on the opposite side (zone 2)
compared to vehicle-injected mice (p = 0.0021, t-test; Fig. 2c). These data
indicate that injection of antagonist in the amOT had induced aversion to
the cue odor.

To examine whether the shift of the odor valence from attraction to
aversion caused by the antagonist is dependent on metabolic status, the mice
were supplied with sufficient food following the day-4 test. After ~24 h of ad
libitum feeding, the body weight of the mice was similar to before food
restriction. The body weights of antagonist-injected mice just before food
restriction, during food restriction (test day 4), and after 1 day of ad libitum
feeding (test day 5) were 25.8 1.3 g, 22.1 +1.3 g (85.5+2.6% of that just
before food restriction), and 25.2 + 1.8 g (97.5 + 3.2% of that just before food
restriction; n =6), respectively, and those of vehicle-injected mice were
265+13g, 224+09¢g (84.6 +4.1% of that just before food restriction),
and 25.1+13g (94.7+5.1% of that just before food restriction; n=5),
respectively. On test day 5, the behavior of the mice was examined under the
bedding-free condition. Similar to test day 4, antagonist-injected mice
showed reduced investigation to the cue odor (F,, 13)=46.61, p <0.0001;
Fig. 2d; Supplementary Table 1) and increased retraction from the cue odor
(F(2, 13) = 12.64, p = 0.0009; Fig. 2e; Supplementary Table 1) and spent less
time in the odor-side zone compared to vehicle-injected mice
(p = 0.040; Fig. 2f).

To further confirm the effect of metabolic status on the change in odor-
cued digging behaviors after OxR1 antagonist injection, mice were trained
to associate the cue odor with a sugar reward for 4 days under food
restriction and then were supplied with sufficient food. The digging beha-
vior of the mice in response to presentation of the odor under the ad libitum
feeding condition was examined (test days 1-3; Fig. 2g,h). While the digging
time at the odor location was relatively short compared to that under food
restriction (see Fig. 1d), the antagonist significantly suppressed digging
behavior (F(;, sy =176.17, p < 0.001 for injection, F,, ;)= 10.36, p = 0.0010
for interaction, two-way ANOVA; test day 1, p < 0.001; test day 2, p = 0.019;
test day 3, p = 0.012; t-test; Fig. 2g). Intriguingly, digging outside the odor
location was not enhanced by antagonist injection (F(;, 5y = 0.91, p = 0.37 for
injection, F,, 16) = 0.076, p = 0.93 for interaction, two-way ANOVA; test day
1, p=0.75; test day 2, p=0.27; test day 3, p=0.53; t-test; Fig. 2h). This
indicates that the aberrant digging behavior away from the cue odor
depended on metabolic status and became evident only under food
restriction (see Discussion). The mice were presented with the cue odor in
the bedding-free cage on test day 4. The odor-investigating behavior in
vehicle-injected mice was suppressed in the antagonist-injected mice
(p=0.028, t-test; Fig. 2i), and the odor-retracting behavior was significantly
potentiated in those mice (p < 0.001, t-test; Fig. 2j). In this case, the ratio of
residence either on the odor side of the cage (zone 1) or on the opposite side
(zone 2) was not significantly different (p = 0.39, t-test; Fig. 2k); the reason
remains unclear but it may be due to attenuated odor-investigating moti-
vation under the prolonged well-fed condition. The body weights of
antagonist-injected mice just before food restriction, during food restriction
(training day 4), after 1 day of ad libitum feeding (test day 1) and after 4 day
of ad libitum feeding (test day 4) were 24.4 +0.5g,19.9+0.7 g (81.6 £2.7%
of that just before food restriction), 22.9 + 0.8 g (93.6 +2.1% of that just
before food restriction), and 22.3 + 0.9 g (91.7 + 5.3% of that just before food
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Fig. 2 | Conversion of odor valence by local injection of an OxR1 antagonist into
the amOT. a-c Odor-guided behavior of food-restricted mice under the bedding-
free condition. a Odor-investigating time within 2 min of vehicle-injected mice
(white column), antagonist-injected mice (black column), and vehicle-injected
control mice that did not receive odor-sugar association training (gray column).

b Occurrence of odor-retraction within 2 min of three groups of mice. ¢ Ratio of
residence times on the odor side (zone 1) versus the opposite side (zone 2) of vehicle-
injected and antagonist-injected mice. d-f Odor-guided behavior of ad libitum-fed
mice under the bedding-free condition. d Odor-investigating time within 2 min of
vehicle-injected, antagonist-injected, and vehicle-injected control mice that did not
receive odor-sugar association training. e Occurrence of odor-retraction within

2 min of three groups of mice. f Ratio of residence times on the odor side (zone 1)
versus the opposite side (zone 2) of vehicle-injected and antagonist-injected mice.

g-k Odor-guided behavior of mice well-fed following 4 days of odor-sugar asso-
ciation training. g, h Odor-guided behavior of mice during test days 1-3. g Digging
behavior at the odor location. h Digging behavior outside the odor location. Digging
time within four 2 min-trials of vehicle-injected mice (white columns) and
antagonist-injected mice (black columns). i Odor-investigating time within 2 min of
vehicle-injected and antagonist-injected mice. j Occurrence of odor-retraction
within 2 min of two groups of mice. k Ratio of residence times on the odor side (zone
1) versus the opposite side (zone 2) of two groups of mice. Average + SD, each dot
represents one mouse (1 = 5 for control mice, 5 for vehicle-injected mice, 6 for
antagonist-injected mice in a—f; n = 5 for both groups of mice in g-k). ns not sig-
nificant; *p < 0.05; **p < 0.01; ***p < 0.001 (one-way ANOVA with Tukey’s mul-
tiple comparisons test for a, b, d, e; t-test for ¢, f, g-k).
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Fig. 3 | Odor-attractive behavior is not significantly influenced by the local
injection of an OxR1 antagonist into the IOT. a Schematic of cannula placement
(red dots; n = 6 representative mice). b, ¢ Odor-guided behavior of mice during test
days 1-3. b Digging behavior at the odor location. ¢ Digging behavior outside the
odor location. d Odor-investigating behavior of ad libitum-fed mice under the

bedding-free condition. e Odor-retraction behavior of ad libitum-fed mice under the
bedding-free condition. f Ratio of residence time on the odor side (zone 1) versus the
opposite side (zone 2). White columns, vehicle-injected mice; black columns,
antagonist-injected mice. Average + SD, each dot represents one mouse (n = 6 mice
for both groups). ns, not significant (t-test).

restriction), respectively, and those of vehicle-injected mice were
234+04g 19.7+0.5g (84.5+3.2% of that just before food restriction),
234+06g (1004+4.1% of that just before food restriction), and
22.8+0.6 g (97.8 £2.1% of that just before food restriction), respectively.

While the meanings of aberrant digging behavior and residence pre-
ference remain elusive, the consistent appearance of odor-retraction beha-
vior even under the prolonged well-fed condition indicates that the OxR1
antagonist injection into the amOT shifted the odor valence from attraction
to aversion, an effect not significantly altered by metabolic status.

Localinjection of an OxR1 antagonist into the IOT or NAc shell did
not affect odor-guided attractive behavior

To examine whether the effect of the antagonist on odor-guided behavior
was dependent on its injection into the amOT, mice were implanted with
drug cannulae in the bilateral IOT or NAc shell and subjected to behavioral
analysis. The correct positioning of cannulae was confirmed histologically
after completion of the behavioral analysis (Figs. 3a and 4a).

Injection of the antagonist into the IOT did not significantly influence
attractive behavior to the cue odor. On test days 1-3, the mice extensively
dug the bedding over the odor location and their digging behavior outside
the odor location was similar to vehicle-injected mice (digging at the odor
location, F, 19)=0.29, p=0.60 for injection, Fp »9)=1.07, p=0.36 for
interaction, two-way ANOVA; p =0.43, 0.41 and 0.29 for days 1, 2 and 3,
respectively, ¢-test; Fig. 3b) (digging outside the odor location, Fy, 10 = 1.55,
p=0.24 for injection, F,, »0) = 1.84, p=0.19 for interaction, p =0.12, 0.73
and 0.90 for days 1, 2 and 3, respectively; Fig. 3c). The behavior of the mice
under the bedding-free condition was examined after ~24 h of ad libitum
feeding. They extensively investigated the odor, as did vehicle-injected mice
(p=0.59; Fig. 3d), and did not show significant retraction behavior to the
cue odor (p = 0.36; Fig. 3e). The rate of residence on the odor side versus the
opposite side was not significantly different between antagonist- and
vehicle-injected mice (p = 0.20; Fig. 3f).

Similarly, injection of the antagonist into the NAc shell did not
influence the odor-attractive digging behavior (digging at the odor location,

F(, 10) = 0.054, p = 0.82 for injection, F, 0) = 0.21, p = 0.81 for interaction,
p=0.79, 0.70 and 0.65 for days 1, 2 and 3, respectively; Fig. 4b) (digging
outside the odor location, F(;, 10)=1.31, p=0.28 for injection, F,
20y = 0.008, p = 0.99 for interaction, p = 0.47,0.52 and 0.23 for days 1,2 and 3,
respectively; Fig. 4c), or odor investigation (p = 0.90; Fig. 4d), odor retraction
(p = 0.72; Fig. 4e) or residence side (p = 0.055; Fig. 4f) under the bedding-free
condition. Therefore, the effect of the OxR1 antagonist on odor-attractive
and -aversive behavior was dependent on its injection into the amOT.

Local injection of an OxR1 antagonist into the amOT converted
unassociated odor valence from neutral to aversion

To examine whether conversion of odor valence by injecting the OxR1
antagonist in the amOT is specific to the association-learned attractive odor,
the effect on a neural odor without association learning was examined. The
same odor (eugenol) was presented to food-restricted mice without a sugar
reward for 4 days. Then, the behavior of the mice to the odor presentation
was examined following OxR1 antagonist or vehicle injection into the
amOT (Fig. 5).

The digging times at the odor location for the vehicle-injected and
antagonist-injected mice on days 1-3 were short compared to that for the
odor-reward associated mice, and were not significantly different between
the groups (F(;, 5) = 5.01, p = 0.056 for injection, F, 1) = 3.54, p = 0.053 for
interaction, two-way ANOVA; test day 1, p = 0.059; test day 2, p = 0.38; test
day 3, p=0.12; t-test; Fig. 5a). The digging time outside the odor location
was also short in both groups of mice on days 1-3 with no significant
difference between the groups (F, g)y=0.091, p=0.77 for injection, F,,
16) = 1.17, p = 0.34 for interaction, two-way ANOVA; test day 1, p =0.96;
test day 2, p=0.27; test day 3, p = 0.53; t-test; Fig. 5b). However, investi-
gation time was suppressed by antagonist injection on day 5 (well-fed
condition; p = 0.018, t-test; Fig. 5f) but not on day 4 (food-restricted con-
dition; p=0.33, Fig. 5c), and retraction increased significantly in the
antagonist-injected mice on day 4 (p < 0.001; Fig. 5d) and day 5 (p < 0.001;
Fig. 5g). The ratio of residence either on the odor side of the cage (zone 1) or
on the opposite side (zone 2) was not significantly different on either day
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Fig. 4 | Odor-attractive behavior is unaffected by local injection of an OxR1
antagonist into the NAc shell. a Schematic of cannula placement (red dots; n =6
representative mice). b, ¢ Odor-guided behavior of mice during test days 1-3.

b Digging behavior at the odor location. ¢ Digging behavior outside the odor loca-
tion. d Odor- investigating behavior of ad libitum-fed mice under the bedding-free

condition. e Odor-retraction behavior of ad libitum-fed mice under the bedding-free
condition. f Ratio of residence time on the odor side (zone 1) versus the opposite side
(zone 2). White columns, vehicle-injected mice; black columns, antagonist-injected
mice. Average + SD, each dot represents one mouse (# = 6 mice for both groups). ns,
not significant (t-test).

(p=0.40, Fig. 5e¢; p = 0.25, Fig. 5h); the reason was unclear but may have
been caused by the less odor-investigating motivation toward the unasso-
ciated neutral odor. These observations indicate that local OxR1 antagonist
injection into the amOT converted the valence of unassociated odor from
neutral to aversion.

Injection of an OxR1 antagonist into the amOT affected cell type
and domain activation in the OT

Odor-guided attractive and aversive behaviors are accompanied by activa-
tion of D1 cells in the amOT and 10T, respectively”. Further, activation of
D1 cells in the amOT is attractive whereas activation of D2 cells in theamOT
is aversive”’. We here examined how injection of the OxR1 antagonist into
the amOT affected cell type- and domain-specific activation in the OT. On
the day after completion of the behavioral analysis, mice were injected with
OxR1 antagonist or vehicle into the bilateral amOT. After confirming their
aversive or attractive behavior to the cue odor, the mice were perfusion-fixed
~1 h after the start of odor presentation. Double in situ hybridization (ISH)
for c-Fos mRNA and D1/D2 mRNA was performed to evaluate activation of
D1/D2 cells in the amOT/IOT in vehicle- and antagonist-injected mice.

Figure 6a, b shows the c-Fos(+) cell density in the OT domains of
vehicle-injected and antagonist-injected mice. In antagonist-injected mice
that showed odor-aversive behavior, the ¢-Fos(+) cell densities were sig-
nificantly increased both in the amOT and 10T compared to vehicle-
injected mice (F3, 24y = 8.75, p = 0.0004, one-way ANOVA; Supplementary
Table 2 for multiple comparisons), indicating the activation of both amOT
and lOT neurons in antagonist-injected mice.

Analysis of double ISH for ¢c-Fos mRNA and D1/D2 mRNA showed
that the c¢-Fos/DI1(+) cell density in the amOT was not significantly
different between vehicle-injected mice and antagonist-injected mice
(Fig. 6¢, d; F7, 45)=9.79, p <0.0001, one-way ANOVA; Supplementary
Table 2 for multiple comparisons). By contrast, c-Fos/D2(+) cell density in
the amOT was significantly increased in antagonist-injected mice compared
to vehicle-injected mice. Analysis of ratios of c-Fos/D1(+) cell density versus
c-Fos/D2(+) cell density in the amOT within individual mice showed that
the ratios for vehicle-injected mice were larger than 1, while those for

antagonist-injected mice were smaller than 1, indicating that the D1(+) cell-
dominant activation in vehicle-injected mice converted to D2(+) cell-
dominant activation in antagonist-injected mice (p = 0.004; Fig. 6e).

In the 10T, the ¢-Fos/DI1(+) cell density of antagonist-injected mice
was significantly increased compared to vehicle-injected mice (Fig. 6d;
Supplementary Table 2). By contrast, c-Fos/D2(+) cell density was not
significantly different between vehicle-injected and antagonist-injected
mice. Analysis of ratios of c-Fos/D1(+) cell density versus c-Fos/D2(+) cell
density in the 10T within individual mice showed that the ratios for vehicle-
injected and antagonist-injected mice were larger than 1, and that the values
were higher in antagonist-injected mice compared to vehicle-injected mice
(p = 0.0065; Fig. 6f), indicating that D1(+) cells were preferentially activated
in the 10T of antagonist-injected mice.

The above findings indicate that injection of an OxRI antagonist
into the amOT induced D2 cell-dominant activation in the amOT and
D1 cell-dominant activation in the 10T. Therefore, injection of the
antagonist in the amOT affected cell type- and domain-specific activation
in the OT, consistent with the functions of D1/D2 cells in the am/lIOT

domains'*”.

Discussion
We showed that local injection of an OxR1 antagonist into the amOT, but
not the IOT or NAc shell, converted the odor valence from attraction to
aversion. This was not significantly influenced by the metabolic status of the
mice, such as when hungry or satiated. The conversion of odor valence also
occurred for an odor without learning by association. Injection of the
antagonist activated D2 cells in theamOT and D1 cells in the lOT, consistent
with the behavioral changes. Our findings suggest that the amOT coordi-
nates odor information and metabolic signals to optimize feeding behavior.
Orexin signaling is implicated in olfactory function. Injection of orexin
into the cerebrospinal fluid of the rat brain promoted odor sensitivity and
odor sniffing™*, and orexin modulated the electrical activity of olfactory
bulb neurons™*. However, the mechanism by which orexin signaling in
olfactory cortical regions regulates odor-guided appetitive behavior was
unknown.
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Fig. 5 | Conversion of the unassociated odor valence from neutral to aversion by
local injection of an OxR1 antagonist into the amOT. a, b Odor-guided behavior
of mice during test days 1-3. a Digging behavior at the odor location. b Digging
behavior outside the odor location. Digging time within four 2 min-trials of vehicle-
injected mice (white columns) and antagonist-injected mice (black columns).

c—e Odor-guided behavior of food-restricted mice under the bedding-free condition.
¢ Odor-investigating time within 2 min of vehicle-injected mice (white column) and
antagonist-injected mice (black column). d Occurrence of odor-retraction within

2 min of two groups of mice. e Ratio of residence times on the odor side (zone 1)
versus the opposite side (zone 2) of two groups of mice. f-h Odor-guided behavior of
ad libitum-fed mice under the bedding-free condition. f Odor-investigating time
within 2 min of vehicle-injected mice (white column) and antagonist-injected mice
(black column). g Occurrence of odor-retraction within 2 min of two groups of mice.
h Ratio of residence times on the odor side (zone 1) versus the opposite side (zone 2)
of two groups of mice. Average + SD, each dot represents one mouse (# = 5 for both
groups of mice). ns, not significant; *p < 0.05; ***p < 0.001 (t-test).

In this study, the suppressive effect of injection of an OxR1 antagonist
into the amOT on odor-attractive behavior was evident on the first day of
the test period; indeed, 30 min after injection (Fig. 1). This immediate effect
might underlie our experience in daily food eating, in which preferred food
odors become less appetitive when we are satiated. Attenuating this effect
within a day also fits with our experience that food odor valence changes
many times per day according to hunger/satiety status. Further, the effect of
antagonist injection appeared to be potentiated during 3 days of test period,
implicating the OT in odor valence and behavior learning*'******”. The OT
may thus facilitate the adaptive learning of odor valence by integrating odor
information and metabolic signals.

Digging behavior of rodents is promoted by various motivations,
including food searching, covering the sources of noxious stimuli (defensive
burying), and burrowing for shelter’*”. The digging behavior of vehicle-
injected mice towards the cue odor was food-searching behavior'**’. The
digging behavior of antagonist-injected mice outside cue-odor location
could be food-searching behavior directed away from the odor, because this
behavior was attenuated under the well-fed condition (Fig. 2h). This
behavior, typically opposite to the location of the odor, seemed to involve
motivation to escape from the odor, which was supported by its resemblance

to burrowing behavior, in which rodents build shelters to escape from
danger, e.g., a predator”™""”. In this study, antagonist-injected mice dug
bedding, beneath which they hid their body and head. While the precise
meaning of this aberrant behavior remains unknown, it was likely promoted
by the motivation to avoid the cue odor. Indeed, under the bedding-free
condition mice slowly approached and rapidly withdrew (whole-body
flinch) from the cue odor—a typical odor-aversive behavior'**. The aver-
sive response to the cue odor additionally indicated that injection of the
antagonist did not significantly affect the detectability of the odor. The
antagonist-injected mice sensed and responded to the odor differently from
the vehicle-injected mice.

Although unexpected, the conversion of odor valence from attraction
to aversion and from neutral to aversion by the antagonist injection indi-
cated that the extent of OxR1 signaling in the amOT can positively and
negatively modulate odor valence. This notion agrees with the observation
that amOT expresses receptors for both appetite-promoting and -sup-
pressing neuromodulators at high levels". We believe that many feeding-
related neuromodulatory signals act in concert on the amOT to control odor
valence in accordance with metabolic status. The lack of an effect of injection
of the OxR1 antagonist in the IOT (Fig. 3) is consistent with our report of low
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OxR1 expression in the IOT". Although orexin and OxR1 in the NAc are
implicated in motivational behaviors such as alcohol drinking and drug
abuse™", injection of the OxR1 antagonist into the NAc did not influence
odor-guided attractive behavior (Fig. 4). This might be caused by the
functional difference of the OT and NAc in rewarding behavior*' or the use
of different sensory cues (e.g., odor, tone). Although further investigation is

10T

needed, our finding suggests the specific functions of the amOT in reg-
ulating odor-guided appetitive behavior in accordance with metabolic
status.

Electrophysiological studies of the OT have shown that odor valence is
preferentially represented by DI cell activity in a learning-dependent

manner”*”. Histological analysis of c-Fos(+) cells showed that odor-guided
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Fig. 6 | Effect on cell type- and domain-specific activation in the OT of local
injection of an OxR1 antagonist into the amOT. a c-Fos(+) cells in the OT of
vehicle-injected (left) and antagonist-injected (right) mice. Red, ¢c-Fos; blue, DAPL
D, dorsal; V, ventral; M, medial; L, lateral. Scale bar, 500 pm. b ¢c-Fos(+) cell density
in the amOT and 10T of vehicle-injected (white columns) and antagonist-injected
(black columns) mice. ¢ ¢c-Fos/D1 and c-Fos/D2 double-positive cells in the amOT
and 10T of vehicle-injected and antagonist-injected mice. (Leftmost column) c-Fos/
DI co-detection in the amOT of a vehicle-injected mouse. (Second-left column) c-
Fos/D2 co-detection in the amOT of a vehicle-injected mouse. (Second-right col-
umn) c-Fos/D2 co-detection in the amOT of an antagonist-injected mouse.
(Rightmost column) ¢-Fos/D1 co-detection in the IOT of an antagonist-injected
mouse. Red, c-Fos mRNA; green, DI/D2 mRNA. Double-positive cells (arrows) and
c-Fos-single-positive cells (arrowheads) are indicated. Scale bar, 10 pm. d Densities

of ¢-Fos/DI and c¢-Fos/D2 double-positive cells in the amOT and 10T of vehicle-
injected (white columns) and antagonist-injected (black columns) mice. e Ratios of
c-Fos/D1I cell density versus c-Fos/D2 cell density in the amOT of vehicle-injected
(white column) and antagonist-injected (black column) mice. A dotted line indicates
the ratio at 1. f Ratios of c-Fos/D1 cell density versus c-Fos/D2 cell density in the lOT
of vehicle-injected (white column) and antagonist-injected (black column) mice. A
dotted line indicates the ratio at 1. b, d, e, f Average + SD; ns, not significant;

*p <0.05; ¥*p < 0.01; ¥**p < 0.001. b, d n = 6 from left/right OTs of 3 mice for
vehicle-injected mice, # = 8 from left/right OTs of 4 mice for antagonist-injected
mice (one-way ANOVA with Tukey’s multiple comparison test). e, f Each dot
represents a ratio within each mouse; 3 vehicle-injected mice, 4 antagonist-injected
mice (t-test).

attractive and aversive behavior learning accompanied preferential activa-
tion of D1 cells in the amOT and 10T, respectively'‘. Further, optogenetic
manipulation showed that activation of D1 cells in the amOT induced
attractive behavior whereas activation of D2 cells in the amOT induced
aversive behavior”. These observations indicate that D1 cells in the OT
promote motivated behaviors and suggest that D2 cells in the OT play
complementary roles to D1 cells, as in the NAc*. In this study, odor-aversive
mice injected with the antagonist in the amOT showed increased activation
of D2 cells in the amOT and preferential activation of D1 cells in the
10T (Fig. 6). These observations are consistent with the above-mentioned
domain- and cell type-specific regulation of motivated behaviors in the
OT. Therefore, metabolic signals in the amOT optimize odor-guided
motivated behaviors via the regulation of cell type- and domain-specific OT
activation.

The neural mechanism underlying the cell type- and domain-specific
regulation by OxRI signaling is unknown. Our preliminary ISH experi-
ments did not yield reliable results on cell types (D1 or D2 cells) expressing
OxR1, mainly because of its low level of expression in the OT compared to
other brain regions like hypothalamus. The fact that injection of the
antagonist into the amOT influenced activation in the 10T raises the pos-
sibility that these OT domains interact. In addition to the topographic
projection from the medial/lateral part of the OT to the medial/lateral part of
the ventral pallidum“, the medial/lateral OT could show structural and
functional interactions. Alternatively, association learning of odor infor-
mation with altered OxRI signaling in the amOT might have induced a
secondary plastic change in the 10T to potentiate the odor-aversive beha-
vior. The connectivity of orexin neurons to D1 and/or D2 cells in the amOT
and 10T is important to understand the physiological control of OT activity
by orexin signals. Further studies are needed to evaluate the functions of
interactions of the OT domains in the adaptive regulation of odor valence
and olfactory behavior.

Consistent odor attraction and aversion both in food restricted and ad
libitum feeding mice indicates that regulation of odor valence by
OxR1 signaling in the amOT may;, in principle, be independent of the overall
regulation of appetite. During food restriction, antagonist-injected mice ate
all the available food and maintained an appropriate body weight (80-90%
of that under ad libitum feeding), as did vehicle-injected mice, and their
body weight recovered to baseline within 1 day of ad libitum feeding. Orexin
neurons in the lateral hypothalamus are heterogenous and a subpopulation
projects to the olfactory bulb***. A subpopulation of orexin neurons might
project to the OT domains and regulate odor valence independently of
overall feeding motivation. This suggests that modulating orexin signaling
in the olfactory system, including the OT, could ameliorate eating disorders
linked to like/dislike of food objects™.

Reward-related behaviors are typically more closely associated with
OxR1 activation whereas sleep/wake regulation is more closely associated
with OxR2". Regarding orexin signaling in the NAc, excessive alcohol
drinking and abuse drug-induced place preference were selectively or more
potently suppressed by local injection of an OxR1 antagonist compared to
an OxR2 antagonist’**’. Our finding on the function of OxR1 signaling in
the amOT in regulating odor valence and odor-guided behavior fits the

general understanding of the function of OxR1. OxR2 is expressed in several
OT domains with higher expression in the amOT, but the extent of the
domain difference is not as prominent as in OxR1"". Further investigation of
OxR2 signaling in the OT may provide insight into the overall functions of
orexin signaling in OT domains.

The OT functions by interacting with other brain regions. The para-
ventricular thalamus (PVT) receives metabolic signals from the hypotha-
lamus and mediates metabolic state-dependent olfactory behavior”. The
PVT projects to the limbic area including the OT***. The prefrontal cortex
participates in the control of feeding behavior via association learning, in
which hypothalamic orexigenic signals are involved”. OxR1 signaling
within the medial prefrontal cortex is necessary for cue-potentiated
feeding”. The OT also receives many projections from the prefrontal
cortex”>”. Synaptic information from several brain regions and hormonal
information from the hypothalamus and body might converge in OT
domains and direct appropriate odor-guided feeding behavior. Further
understanding of the function of the OT in the neural network involving the
hypothalamus, thalamus, and prefrontal cortex’*** may provide insight into
the neural mechanisms of the adaptive control of odor-guided feeding
behavior.

Methods

Animals

The experiments were conducted in accordance with the guidelines of the
Physiological Society of Japan and were approved by the Animal Care and
Use Committee of Kochi Medical School. Male C57BL/6 mice (Japan SLC
Inc., Sizuoka, Japan) were housed individually in plastic cages
(24 x 17 x 12 cm) with wood shavings at 26 °C under a 12-h light/dark cycle
(lights on at 21:00; off at 9:00). We have complied with all relevant ethical
regulations for animal use. Experimental protocols were designed before the
study, and animals were randomly assigned to the various experimental
groups.

Implantation of drug cannulae

Stereotaxic surgery was performed on 8-week-old mice. The mice were
anesthetized with a mixture of three anesthetics (0.3 mg/kg medetomi-
dine, 4 mg/kg midazolam, and 5 mg/kg butorphanol) and placed in a
stereotaxic apparatus. The skull was exposed and drilled to make a small
hole at the position of cannula implantation. Especially for the implan-
tation in bilateral amOT, bone just at the midline was left intact to avoid
damage to midline vessels. Stainless steel 26-gauge guide cannulae
(1.8 cm in length) with a 31-gauge obturator were implanted into the
bilateral amOT (2.0 mm anterior to the bregma, 0.3 mm lateral to the
midline, 4.0 mm deep to the brain surface), 10T (1.9 mm anterior to the
bregma, 1.4 mm lateral to the midline, 4.0 mm deep to the brain surface),
or NAc shell (2.0 mm anterior to the bregma, 0.7 mm lateral to the
midline, 3.2 mm deep to the brain surface). Tip of the obturator pro-
truded by 1 mm from the guide cannula (the depth of the cannula
coordinate described above indicates that of the obturator tip). The
cannulae were fixed to the skull using dental acrylic, and covered by a
plastic cup made from a 15 ml plastic tube (Supplementary Fig. 1).
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OxR1 antagonist preparation and injection

SB334867 (Tocris Bioscience, Bristol, UK), a selective OxR1 antagonist, was
dissolved at 5.3 ug/uL in artificial cerebrospinal fluid (aCSF; 125 mM NaCl,
25mM NaHCO;, 3mM KCl, 1 mM NaH,PO,, 1 mM MgCl,, 15mM
glucose, and 2 mM CaCl, at pH 7.4) containing 33% dimethyl sulfoxide
(DMSO) and 30% 2-hydroxy-f-cyclodextrin. Mice were gently held by an
experimenter, and the obturator of the drug cannula was removed to insert
31-gauge inner cannula connected to a syringe pump (SP101li, World
Precision Instruments Inc., Sarasota, FL, USA) with polyethylene tubes
(SP10 and SP19, Natsume Seisakusho Co., Ltd., Tokyo, Japan) (Supple-
mentary Fig. 1). The tip of the inner cannula was designed to protrude by
1 mm from the guide cannula. Drug solution was injected at 0.08 uL/min for
5 min (0.4 pL total) from each cannula. After being held for additional 5 min
(holding ~15 min in total), the mice were returned to their home cages. For
vehicle injection, aCSF with 33% DMSO and 30% 2-hydroxy-p-
cyclodextrin was used. The injection volume was determined by pre-
liminary fluorescent molecule injection and our previous viral injection
study”’, with which injected solution and virus-mediated molecule expres-
sion spread within the am/lIOT.

Odor and sugar association training

After 2 weeks of recovery from cannula implantation, mice were food-
restricted to achieve 80-90% of their body weight while feeding ad libitum.
Food restriction started 2 days prior to odor-sugar association training. A
limited amount of food pellets (2.7-3.3 g per day) was provided to maintain
80-90% body weight during the training period; water was available ad
libitum. Association training was conducted in a plastic conditioning cage
(24 x 17 x 12 cm) with 2-cm-deep white paper bedding (Japan SLC Inc.).
On day 1 of training, mice learned to eat sugar; they were presented with
sugar (granulated sucrose; 20-40 mg) together with powdered diet
(20-40 mg) on a Petri dish, and subsequently with sugar alone (50 mg).
Next, the mice underwent association training of the sugar reward and a cue
odor. Sugar (50 mg) was placed on a Petri dish with holes exposing filter
paper (2 x 2 cm) soaked with 10 uL of eugenol (Tokyo Chemical Industry,
Tokyo, Japan) in the lower compartment. The dish was placed on the paper
bedding for mice to eat sugar while sensing eugenol odor, a procedure
repeated three times. On training days 2-4, the dish was hidden under the
bedding (2 cm depth) so that the mouse could locate it by smell, and the
position of the hidden dish within the conditioning cage was chosen ran-
domly. Because mice could find and eat the sugar within 2 min, the duration
of one trial was fixed at 2 min. Four training trials per day were conducted.
For mice without odor-sugar association training, the same food restriction
was applied, and a holed Petri dish containing filter paper soaked with 10 pL
of eugenol without sugar was presented for one 2 min trial. Four trials
per day were conducted on training days 1-4.

OxR1 injection and behavior analysis
After 4 days of odor-sugar association training, the effect of injection of an
OxR1 antagonist on odor-guided behavior was examined. On the first day of
the test period (test day 1), mice were habituated to a larger test cage
(30 % 20 x 13 cm) with paper bedding (2 cm depth) for 30 min. Next, the
mice were injected with OxR1 antagonist or vehicle into the bilateral amOT,
10T, or NAc shell via the drug cannulae. After 30 min of rest in their home
cages, the mice were transferred to the test cages in which dishes scented
with 10 pL of eugenol, but without sugar, were buried under the bedding.
The digging behavior of the mice was recorded on video for 2 min and
analyzed off-line. Digging behavior over the buried dish was evaluated as
digging at the odor location and digging behavior elsewhere as digging
outside the odor location, and the total digging time in the 2 min trial was
calculated. The trial was repeated four times at 1 min intervals. The total
digging time of four trials was determined and evaluated. The procedure was
repeated on two consecutive days (test days 2-3).

On test day 4, the mice were habituated to a test cage (30 x 20 x 13 cm)
without paper bedding. Then, the mice were injected with OxR1 antagonist
or vehicle via the drug cannulae. After 30 min of rest in their home cages, the

mice were transferred to test cages in which a dish scented with 10 pL of
eugenol without sugar was placed on the cage. The behavior of the mice was
recorded on video for 2 min and analyzed off-line. Behavior was assigned as
investigating the odor when a mouse brought its nose close to the dish
(<1 cm) and appeared to pay attention to the odorized dish. Behavior was
assigned as retraction from the odor when a mouse initially showed
approaching behavior toward the odorized dish and then rapidly retracted
its nose and body in the opposite direction (whole-body flinch)****. The cage
space was divided at the midline into two zones—the odor side (zone 1) and
the opposite side (zone 2). Residence time within each zone was calculated
using SMART ver. 3.0 software (Panlab, Barcelona, Spain).

After the day-4 test, mice were supplied with sufficient food. After
~24h of ad libitum feeding (test day 5), the mice underwent the same
procedure as test day 4—habituation to a test cage, injection of OxRI1
antagonist or vehicle, and analysis of behavior in response to odor pre-
sentation. In one experiment (Fig. 2g-k), mice were supplied with sufficient
food after 4 days of odor-associating training and underwent test of days
1-4. No specific randomization was adopted in behavioral analyses. This
study did not set humane endpoints.

Histological analysis

On the day after completion of behavioral analyses, mice were injected with
OxRI antagonist or vehicle via the drug cannulae. After 30 min, the beha-
vior of the mice in response to odor presentation was evaluated in test cages
as on test days 4-5. At 1 h after the first odor presentation, mice were deeply
anesthetized via intraperitoneal injection of sodium pentobarbital (150 mg/
kg), and transcardially perfused with phosphate-buffered saline (PBS) fol-
lowed by 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB). The
brains were removed from the skull, immersed in 4% PFA overnight, and
transferred to 30% sucrose in 0.1 M PB. The brains were next embedded in
optimal cutting temperature compound (Sakura Finetek, Tokyo, Japan),
frozen at —80 °C, and cut into coronal sections at a thickness of 20 um using
a cryotome. The sections were mounted on glass slides. The locations of the
drug cannulae were confirmed under a fluorescence microscope after
staining the sections with 4’,6-diamidino-2-phenylindole (DAPI; 2 pg/mL).

In situ hybridization (ISH)

Plasmid templates for in vitro transcription for DI and D2 mRNAs were
kindly provided by Dr. Kazuto Kobayashi®®, and that for c-Fos mRNA was
kindly provided by Dr. Hirohide Takebayashi*. We prepared fluorescein
(FLU)-labeled RNA probes for DI and D2 mRNAs and digoxigenin (DIG)-
labeled RNA probes for c-Fos mRNAs using an in vitro transcription kit
(Roche, Basel, Switzerland) according to the manufacturer’s protocol.

ISH using two fluorescent probes was conducted according to a pub-
lished protocol” with minor modifications. Coronal sections were fixed in
4% PFA for 20 min, digested with proteinase K (10 pug/mL) for 30 min, and
post-fixed in 4% PFA for 15 min. After pre-hybridization, the sections were
incubated overnight at 65°C with FLU-labeled and DIG-labeled RNA
probes. After stringent washing, blocking was performed in 1% blocking
buffer (FP1020, Akoya Biosciences, Marlborough, MA, USA). For detection
of FLU-labeled probes, the sections were incubated with an anti-FLU
antibody conjugated to horseradish peroxidase (1:500; Roche) for 1h at
room temperature. After 5 min wash in Tris-NaCl-Tween 20 (TNT) buffer
(0.1 M Tris-HCI, pH 7.5; 0.15 M NaCl; 0.1% Tween 20), the sections were
treated with diluted (1:100) Tyramide Signal Amplification (TSA)-Plus
FITC reagents for 10 min according to the manufacturer’s instructions
(Akoya Biosciences), and the FLU signals were converted to FITC signals.
The sections were next washed two times in TNT for 5 min each and
incubated in 0.02N HCI in saline for 30 min at room temperature to
inactivate peroxidase activity, which is associated with detection of previous
RNA probes. To detect DIG-labeled probes, the sections were incubated
with an anti-DIG antibody conjugated with horseradish peroxidase (1:500;
Roche) overnight at 4 °C. After 5 min wash in TNT, the sections were treated
with diluted (1:100) TSA-Plus Cy3 reagents for 10 min according to the
manufacturer’s instructions (Akoya Biosciences), and the DIG signals were
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converted to Cy3 signals. The sections were washed two times in TNT for
5 min each, counterstained with DAPI diluted in PBS (2 pug/mL) for 5 min,
and mounted (Prolong Gold; Thermo Fisher Scientific, Wal-
tham, MA, USA).

Image acquisition and quantification

Image acquisition and quantification of c-Fos(+), c-Fos/DI1(+), and c-
Fos/D2(+) cells were conducted using a fluorescence microscope
(DM600B; Leica, Wetzlar, Germany) and a confocal microscope (SP5;
Leica). To enumerate cells in the OT domain, serial coronal sections
(20 um thickness) of the OT were selected at a rate of 1 in 10 and those
containing amOT or 10T were analyzed. amOT and 10T were identified
as described previously, using Islands of Calleja and cap compartments as
landmarks'*”. On average, we selected three sections for amOT and
three sections for 10T for each mouse brain, and the densities of
c-Fos(+), c-Fos/D1(+), and ¢-Fos/D2(+) cells in the amOT (layer II) and
10T (layer II) were analyzed.

Statistics and reproducibility

Statistical analysis was performed using Prism software (ver. 7.04; Graph-
Pad Software, Inc., La Jolla, CA, USA) and IBM SPSS Statistics software (ver.
23.0; IBM Corp., Armonk, NY, USA). Graphs were plotted using Prism
software. Two-way repeated measures of analysis of variance (ANOVA)
(one repeated measures factor for “day” and one non-repeated measures
factor for “injection”) was used for the evaluation of digging behavior across
days, and the two-tailed Student’s t-test was used for comparisons between
vehicle and antagonist injections in each day. One-way ANOVA followed
by Tukey’s multiple comparisons test was used for comparisons among
more than three groups. The two-tailed Student’s t-test was used for com-
parisons between two groups. Statistical significance was set at p <0.05.
Numbers of replicates were determined by referencing similar foregoing
manuscripts and indicated per experiment in the figure captions and in the
respective parts of the Results section.

Data availability

The source data for the graphs in the paper can be found in the Supple-
mentary Data file. All data supporting the findings described in this
manuscript are available from the corresponding author upon reasonable
request.
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