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control: Sox9_FF; Aldh1l1-GFP + tamoxifen
Sox9_cKO: Sox9_FF; Cag-CreER; Aldh1l1-GFP + tamoxifen

A

B C D

E

Supp Figure S8

0

25

50

75

100

Control Sox9KO

%
ce

lls
 S

lc
22

a3
−G

FP
fct_inorder(Variant)

Control
Sox9KO

0

25

50

75

100

Control Sox9KO

%
ce

lls
 S

lc
22

a3
−G

FP

fct_inorder(Variant)
Control
Sox9KO

0

25

50

75

100

Control Sox9KO

%
ce

lls
 S

lc
22

a3
−G

FP

fct_inorder(Variant)
Control
Sox9KO

co
nt

ro
l

So
x9

_c
KO

%
 c

el
ls

Sl
c2

2a
3+

/G
FP

+

****

co
nt

ro
l

So
x9

_c
KO

%
 c

el
ls

Sl
c2

2a
3+

/G
FP

+

n.s.

%
 c

el
ls

Sl
c2

2a
3+

/G
FP

+

co
nt

ro
l

So
x9

_c
KO

n.s.

CXHPOB

20 µm

O
B

So
x9

_c
KO

C
on

tro
l

H
P C
X

Aldh1l1-GFP Slc22a3 GFP/Slc22a3 Aldh1l1-GFP Slc22a3 GFP/Slc22a3 Aldh1l1-GFP Slc22a3 GFP/Slc22a3



0

5

10

15

20

GFP_SalineGFP_CNO

Sl
c2
2a
3 fct_inorder(Variant)

GFP_Saline
GFP_CNO

0

5

10

15

20

mCh_SalinemCh_CNO

Sl
c2
2a
3 fct_inorder(Variant)

mCh_Saline
mCh_CNO

G
q 

+S
al

in
e

G
q 

+C
N

O

G
q 

+S
al

in
e

G
q 

+C
N

O
mCh 

neurons
GFP 

astrocytes

FACS
sort

RT-qPCR
Slc22a3

fo
ld

-e
nr

ic
hm

en
t 

dd
C

T
(n

or
m

al
iz

ed
 to

  G
ap
dh

)

*

n.s.

A B

E mCh-CNOGq-SalineGq-CNO

Sl
c2

2a
3

25 µmD
AP

I

O
B

C D

0

25

50

75

100

Gq−SalineGq−CNO

%
ce

lls
 S

lc
22

a3
−G

FP

fct_inorder(Variant)
Gq−Saline
Gq−CNO%

 c
el

ls
Sl

c2
2a

3+
/G

FP
+

G
q-

C
N

O

G
q-

Sa
lin

e

*

0

200

400

600

Gq−CNO Gq−Saline CNO−control

Sl
c2

2a
3 

ar
ea fct_inorder(Variant)

Gq−CNO
Gq−Saline
CNO−control

G
q-

C
N

O

G
q-

Sa
lin

e 
 

m
C

h-
C

N
O

   
 

ar
ea

 (µ
m
2 )

Sl
c2

2a
3

*
*

n.s.

Sl
c2

2a
3

m
ea

n 
in

te
ns

ity
 n

or
m

al
iz

ed

0

1

2

3

Gq−CNO Gq−Saline CNO−control

Sl
c2

2a
3 

ar
ea fct_inorder(Variant)

Gq−CNO
Gq−Saline
CNO−control

**
*

n.s.

G
q-

C
N

O

G
q-

Sa
lin

e 
 

m
C

h-
C

N
O

   
 

Supp Figure S9



0

1

2

3

Oil Odor

re
la

tiv
e 

de
ns

ity
 F

os

fct_inorder(Variant)
Oil
Odor

A

Supp Figure S10

Fo
s 

re
la

tiv
e 

de
ns

ity
 

to
 G

ap
dh

mineral
oil

odorant

*
B

0

1

2

3

4

Oil Odor

Fo
s−

G
FP

 m
ea

n 
in

te
ns

ity

fct_inorder(Variant)
Oil
Odor

Fo
s+

/G
FP

+
m

ea
n 

in
te

ns
ity

no
rm

al
iz

ed

odorantmineral
oil

Fos in GFP+

n.s.

Aldh1l1-GFP

control: no habituation + no oil or odor
mineral oil: habituation + mineral oil
odorant: habituation + isoamyl acetate

C

0

200

400

600

Control Oil OdorSl
c2

2a
3−

G
FP

 m
ea

n 
in

te
ns

ity

fct_inorder(Variant)
Control
Oil
Odor

co
nt

ro
l

m
in

er
al

 o
il

od
or

an
t

n.s.

*
*

ar
ea

 (µ
m
2 )

Sl
c2

2a
3+

/G
FP

+

D E F

0

25

50

75

100

Oil Odor

%
ce

lls
 S

lc
22

a3
−G

FP

fct_inorder(Variant)
Oil
Odor%

 c
el

ls
Sl

c2
2a

3+
/G

FP
+

od
or

an
t

m
in

er
al

 o
il

*
G

0.0
0.5
1.0
1.5
2.0
2.5

Control Oil OdorSl
c2

2a
3−

G
FP

 m
ea

n 
in

te
ns

ity

fct_inorder(Variant)
Control
Oil
Odor

Sl
c2

2a
3+

/G
FP

+
m

ea
n 

in
te

ns
ity

 n
or

m
al

iz
ed

 

co
nt

ro
l

m
in

er
al

 o
il

od
or

an
t

n.s.

***
***

Slc22a3 in GFP+

0.0
0.5
1.0
1.5
2.0
2.5

Oil Odor

Sl
c2

2a
3−

Ne
uN

 m
ea

n 
in

te
ns

ity

fct_inorder(Variant)
Oil
Odor

Sl
c2

2a
3+

/N
eu

N
+

m
ea

n 
in

te
ns

ity
 n

or
m

al
iz

ed
 

m
in

er
al

 o
il

od
or

an
t

n.s.

Slc22a3 in NeuN+



A

B

O
B

Supp Figure S11

C

Slc22a3
FF F/

+
(H

et
)

F/
F

+/
+

(W
T)

D

Slc22a3
cKO Contro

l
KO

0.0

0.5

1.0

1.5

2.0

2.5

MD Event Frequency

Fr
eq

ue
nc

y
(p

er
 m

in
ut

e 
pe

r c
el

l)

*

Contro
l

KO
0.0

0.5

1.0

1.5

2.0

MD Event Amplitude

A
m

pl
itu

de
 (d

F/
F 0)

Sox9fl/fl

Ung et. al. Figure 2

F

E

-200 -150-100 -50 0 50 100

-15

-10

-5

#

5

10

15

1 nA
0.1 s

-180 mV

60 mV

Control Sox9 KO

Control (n=10)
Sox9 KO (n=10)

V (mV)

I (nA)

1 s

A
st

ro
cy

te

GFAP TurboRFPP2ACreAAV

GFAP GCaMP6M

AAV

B

A

40x

C D

Co
nt

ro
l

KO

30 s

1 dF/F

+OB

P60
>4 weeks

P90

cKO analysiswild-type

control

Slc22a3-FF

Cre RFPGfap

Cre RFPGfap

E

0

25

50

75

100

ControlSlc22a3−cKO

%
Sl
c2
2a
3+
RF
P+

fct_inorder(Variant)
Control
Slc22a3−cKO

%
 c

el
ls

Sl
c2

2a
3+

/C
re

+

control Slc22a3
cKO

****F

0.0

0.5

1.0

1.5

2.0

Control Slc22a3−cKO

Sl
c2

2a
3−

G
FP

 a
re

a

fct_inorder(Variant)
Control
Slc22a3−cKO

control

Sl
c2

2a
3+

/N
eu

N
+

m
ea

n 
in

te
ns

ity
 n

or
m

al
iz

ed

n.s.

Slc22a3
cKO

H
G

50 µm

Sl
c2

2a
3/

G
FP

O
B

10 µmSl
c2

2a
3/

G
FP

Sl
c2

2a
3/

N
eu

N

C
re

/S
lc

22
a3

control Slc22a3-cKO

50 µm

50 µm

control Slc22a3-cKO

Sl
c2

2a
3

N
eu

N
Sl

c2
2a

3/
N

eu
N

0.0

0.5

1.0

1.5

2.0

2.5

ControlSlc22a3−cKO

Sl
c2
2a
3 fct_inorder(Variant)

Control
Slc22a3−cKO

control Slc22a3
cKO

Sl
c2

2a
3

m
ea

n 
in

te
ns

ity
 n

or
m

al
iz

ed n.s.

I



50 µm

Sl
c2

2a
3

D
AP

I
control Slc22a3-cKO

A

G
FP

/S
lc

22
a3

control

Sl
c2

2a
3

Slc22a3-cKO

G
FP

/S
lc

22
a3

Sl
c2

2a
3

50 µm

B

10 µm

control

C

0

100

200

300

Control Slc22a3−cKO

Sl
c2

2a
3−

G
FP

 a
re

a

fct_inorder(Variant)
Control
Slc22a3−cKOar

ea
 (µ

m
2 )

Sl
c2

2a
3+

/G
FP

+

control Slc22a3
cKO

*D

Supp Figure S12

E F

Slc22a3-cKO

0

100

200

300

Al
dh

1l
1-

G
FP

+
ce

lls
/m

m
2

24
9.

1

22
0.

5

n.s. 

co
nt

ro
l

Sl
c2

2a
3

cK
O

0

2000

4000

co
nt

ro
l

Sl
c2

2a
3

cK
O

46
91

.4

48
55

.5

n.s. 

N
eu

N
+

ce
lls

/m
m
2



Supp Figure S13

C

mineral 
oil

R-limonene
dilutions

odor 
detection

mouse body positions

R-limonene
(10-3)

S-limonene
(10-3)

odor
discrimination

mouse body positions

B

−0.5

0.0

0.5

1.0

1.5

Control cKO

dd
CT

 S
lc

22
a3

fct_inorder(Variant)
Control
cKO

fo
ld

-e
nr

ic
hm

en
t

dd
C

T 
S
lc
22
a3

no
rm

al
iz

ed
 to

 G
ap

dh

control Slc22a3
cKO

**

Slc22a3-FF
Aldh1l1-GFP

control

Contro
l

KO
0.0

0.5

1.0

1.5

2.0

2.5

MD Event Frequency

Fr
eq

ue
nc

y
(p

er
 m

in
ut

e 
pe

r c
el

l)

*

Contro
l

KO
0.0

0.5

1.0

1.5

2.0

MD Event Amplitude

A
m

pl
itu

de
 (d

F/
F 0)

Sox9fl/fl

Ung et. al. Figure 2

F

E

-200 -150-100 -50 0 50 100

-15

-10

-5

#

5

10

15

1 nA
0.1 s

-180 mV

60 mV

Control Sox9 KO

Control (n=10)
Sox9 KO (n=10)

V (mV)

I (nA)

1 s

A
st

ro
cy

te

GFAP TurboRFPP2ACreAAV

GFAP GCaMP6M

AAV

B

A

40x

C D

Co
nt

ro
l

KO

30 s

1 dF/F

+

mChGfap

Slc22a3-cKOCre RFPGfap

OB

P60
>4 weeks

P90-120

harvest
OBs

FACS: mCh/RFP

RT-qPCR
Slc22a3

Slc22a3
cKO

Slc22a3-FF
Aldh1l1-GFP

control

Contro
l

KO
0.0

0.5

1.0

1.5

2.0

2.5

MD Event Frequency

Fr
eq

ue
nc

y
(p

er
 m

in
ut

e 
pe

r c
el

l)

*

Contro
l

KO
0.0

0.5

1.0

1.5

2.0

MD Event Amplitude

A
m

pl
itu

de
 (d

F/
F 0)

Sox9fl/fl

Ung et. al. Figure 2

F

E

-200 -150-100 -50 0 50 100

-15

-10

-5

#

5

10

15

1 nA
0.1 s

-180 mV

60 mV

Control Sox9 KO

Control (n=10)
Sox9 KO (n=10)

V (mV)

I (nA)

1 s

A
st

ro
cy

te

GFAP TurboRFPP2ACreAAV

GFAP GCaMP6M

AAV

B

A

40x

C D

Co
nt

ro
l

KO

30 s

1 dF/F

+

mChGfap

Cre RFPGfap

OB

P60
>4 weeks

P90

odor behavior

A

3 days:
habituation

in empty cages

odor detection
odor discrimination

4th day:
habituation with

mineral oil 



A

Supp Figure S14

1
0

2

4

6

8

basal

control Slc22a3
cKO

am
pl

itu
de

 (d
F/

F)

n.s.

control Slc22a3
cKO

1
0.0

0.5

1.0

1.5

basal frequency

n.s.

fre
qu

en
cy

 (H
z 

m
in

 -1
)

B

10

5

10

15

20

am
pl

itu
de

 (d
F/

F)

TTX TTX
+Glu

control

10

2

4

6

8

fre
qu

en
cy

 (H
z 

m
in
-1

)

TTX TTX
+Glu

* *

Slc22a3-cKO

0

5

10

15

20

25

TTX TTX
+Glu

am
pl

itu
de

 (d
F/

F)

TTX TTX
+Glu

0.0

0.2

0.4

0.6** n.s.

fre
qu

en
cy

 (H
z 

m
in

 -1
)

soma calcium
D

E

spontaneous calcium (soma)

0

8
dF/F

100 200 s

0

8
dF/F

100 200 s

control

Slc22a3-cKO

C

glutamate induced calcium soma

control
12
dF/F

0 200 500 s

0 500 s

Slc22a3
cKO

12
dF/F

200

0.5 µM TTX

300 µM Glu

F



Supp Figure S15

0

4

8

12

Slc22a3-cKO

control

microdomain calcium (5HT)

am
pl

itu
de

 (d
F/

F)

TTX TTX
+5HT

*

0

1

2

3

fre
qu

en
cy

 (H
z 

m
in
-1

)

TTX TTX
+5HT

*

0

5

10

15

20

25

30

am
pl

itu
de

 (d
F/

F)

0.0

0.2

0.4

0.6

fre
qu

en
cy

 (H
z 

m
in
-1

)

n.s.
n.s.

TTX TTX
+5HT

TTX TTX
+5HT

1
0

5

10

15

control

microdomain calcium (Glu)

am
pl

itu
de

 (d
F/

F)

TTX TTX
+Glu

*

1
0.0

0.5

1.0

1.5

fre
qu

en
cy

 (H
z 

m
in
-1

)

TTX TTX
+Glu

*

Slc22a3-cKO

0

5

10

15

20

am
pl

itu
de

 (d
F/

F)

TTX TTX
+Glu

n.s.

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

fre
qu

en
cy

 (H
z 

m
in
-1

)

TTX TTX
+Glu

A

B

C

D

n.s.



A
B C

0.0

0.5

1.0

1.5

Control Slc22a3cKOSl
c2

2a
3−

G
FP

 m
ea

n 
in

te
ns

ity

fct_inorder(Variant)
Control
Slc22a3cKO

*

control Slc22a3
cKO

5H
T+

/G
FP

+
m

ea
n 

in
te

ns
ity

 n
or

m
al

iz
ed

Supp Figure S16

5HT

25 µm 5 µm

GFAP

GFAP/5HT

GFP/5HT

co
nt

ro
l

5HT

Sl
c2

2a
3-

cK
O

10 µm



A

0

1

2

Control Slc22a3cKO

H3
5H

T−
Ne

uN
 m

ea
n 

in
te

ns
ity

fct_inorder(Variant)
Control
Slc22a3cKO

control Slc22a3
cKO

H
3-

5H
T+

/N
eu

N
+

m
ea

n 
in

te
ns

ity
 n

or
m

al
iz

ed

n.s.B

Supp Figure S17

C

Slc22cKO only 
peaks

(2158 genes)

Slc22a3-cKO
DEG upregulated
(565 genes)

2132 53926

compare ChIP-Seq vs 
RNA-Seq

50 µm

10 µm

G
FP

/H
3-

5H
T

50 µm

G
FP

/D
AP

I
D

AP
I

H
3-

5H
T

G
FP

/H
3-

5H
T

H
3-

5H
T

D
AP

I/H
3-

5H
T

N
eu

N
/H

3-
5H

T
N

eu
N

NH2
NH2

O

GABA

Maob
Aldh1a1

HO
NH2

D



GFP Aldh1a1

co
nt

ro
l

Sl
c2

2a
3_

cK
O

A

B

Supp Figure S18

C D

G
AB

A
m

ea
n 

in
te

ns
ity

 n
or

m
al

iz
ed

0.0

0.5

1.0

1.5

ControlSlc22a3cKO

m
ea

n 
in

te
ns

ity
 F

os

fct_inorder(Variant)
Control
Slc22a3cKO

control Slc22a3
cKO

*

0.0

0.5

1.0

1.5

2.0

Control Slc22a3cKO

m
ea

n 
in

te
ns

ity
 G

AB
A

fct_inorder(Variant)
Control
Slc22a3cKOM

AO
B

m
ea

n 
in

te
ns

ity
 n

or
m

al
iz

ed

control Slc22a3
cKO

n.s.

0.0

0.5

1.0

1.5

2.0

Control Slc22a3cKO

Al
dh

1a
1−

G
FP

 m
ea

n 
in

te
ns

ity

fct_inorder(Variant)
Control
Slc22a3cKO

Al
d1

a1
+/

G
FP

+
m

ea
n 

in
te

ns
ity

 n
or

m
al

iz
ed n.s.

control Slc22a3
cKO



A

Supp Figure S19

C

0.0
0.5
1.0
1.5
2.0
2.5

H3 H3Q5AH
35

H
T−

N
eu

N
 m

ea
n 

in
te

ns
ity

fct_inorder(Variant)
H3
H3Q5A

H3.3 H3.3
Q5A

H
3-

5H
T+

/N
eu

N
+

m
ea

n 
in

te
ns

ity
 n

or
m

al
iz

ed n.s.E
H3.3

G
FP

/S
ox

9
G

FP
/N

eu
N

50 µm

H3.3Q5A

G
FP

/G
FA

P

0
50

100
150
200
250

n.s. 

G
FP

+
ce

lls
/m

m
2

22
9.

4

20
4.

1
H

3.
3

Q
5AH
3.

3

0

2000

4000

6000
n.s. 

H
3.

3
Q

5AH
3.

3
45

86
.1

45
27

.2

N
eu

N
+

ce
lls

/m
m
2

D

B

0

25

50

75

100

H3_Sox9−GFPH3Q5A_Sox9−GFPH3_NeuN−GFPH3Q5A_NeuN−GFP

So
x9
−G

FP
 o

ve
r N

eu
N

 %
ce

lls

fct_inorder(Variant)
H3_Sox9−GFP
H3Q5A_Sox9−GFP
H3_NeuN−GFP
H3Q5A_NeuN−GFP

%
ce

lls

H3.3 H3.3
Q5A

H3.3 H3.3
Q5A

n.s. 

n.s. 

Sox9+
GFP+

NeuN+
GFP+



Supp Figure S20

A PSD95/Ezr/GFP GFP PSD95/Ezr 3D modeling

H
3.

3
H

3.
3Q

5A

0

200

400

600

H3 H3Q5A

PS
D
−E
zr fct_inorder(Variant)

H3
H3Q5A

nu
m

be
r o

f P
SD

95
 fr

om
 E

zr
(0

 µ
m

)

H3.3 H3.3
Q5A

*

0.0

0.2

0.4

0.6

H3 H3Q5A

PS
D
−E
zr fct_inorder(Variant)

H3
H3Q5A

H3.3 H3.3
Q5A

av
er

ag
e 

of
 s

ho
rte

st
 d

is
ta

nc
e

(µ
m

)

*

B C

PSD95/Ezr/GFP GFP PSD95/Ezr 3D modeling

O
il

O
do

r

0.0

0.2

0.4

0.6

Oil Odor

PS
D−
Ez
r fct_inorder(Variant)

Oil
Odor

av
er

ag
e 

of
 s

ho
rte

st
 d

is
ta

nc
e

(µ
m

)

oil odor

0

200

400

600

H3 H3Q5A

PS
D
−E
zr fct_inorder(Variant)

H3
H3Q5A

oil odor

n.s

n.s.

nu
m

be
r o

f P
SD

95
 fr

om
 E

zr
(0

 µ
m

)

D E F



A

B

C

D

0.0

0.5

1.0

1.5

H3 H3Q5A

G
AB

A−
Ne

uN
 m

ea
n 

in
te

ns
ity

fct_inorder(Variant)
H3
H3Q5A

H3.3 H3.3
Q5A

M
AO

B+
/N

eu
N

+
m

ea
n 

in
te

ns
ity

 n
or

m
al

iz
ed

n.s.

H3.3 H3.3
Q5A

G
AB

A+
/N

eu
N

+
m

ea
n 

in
te

ns
ity

 n
or

m
al

iz
ed

0.0

0.5

1.0

1.5

H3 H3Q5A
G

A
BA
−N

eu
N

 m
ea

n 
in

te
ns

ity

fct_inorder(Variant)
H3
H3Q5A

n.s.

0.0

0.5

1.0

1.5

H3 H3Q5A

m
ea

n 
in

te
ns

ity
 G

A
BA

fct_inorder(Variant)
H3
H3Q5AG

AB
A

m
ea

n 
in

te
ns

ity
 n

or
m

al
iz

ed **

H3.3 H3.3
Q5A

H3.3 H3.3
Q5A

M
AO

B
m

ea
n 

in
te

ns
ity

 n
or

m
al

iz
ed

0.0

0.5

1.0

H3 H3Q5A

m
ea

n 
in

te
ns

ity
 M

AO
B

fct_inorder(Variant)
H3
H3Q5A

n.s.

Supp Figure S21

E

0.0

0.5

1.0

1.5

H3 WT

m
ea

n 
in

te
ns

ity
 G

A
BA

fct_inorder(Variant)
H3
WT

H3.3 WT

G
AB

A
m

ea
n 

in
te

ns
ity

 n
or

m
al

iz
ed n.s.

F

0.0

0.5

1.0

1.5

2.0

H3 WT

m
ea

n 
in

te
ns

ity
 M

AO
B

fct_inorder(Variant)
H3
WT

H3.3 WT

n.s.

M
AO

B
m

ea
n 

in
te

ns
ity

 n
or

m
al

iz
ed

G

0.0

0.5

1.0

1.5

H3 WT

m
ea

n 
in

te
ns

ity
 S

lc
22

a3

fct_inorder(Variant)
H3
WTSl

c2
2a

3
m

ea
n 

in
te

ns
ity

 n
or

m
al

iz
ed

H3.3 WT

n.s.



GBZ

GBZ

+ GABA (5 µM)

20 pA
10 s

20 pA
10 s

A

Control Mut
0

10

20

30

To
ni

c 
cu

rr
en

t (
pA

) ns

to
ni

c 
G

AB
A 

cu
rre

nt
 (p

A)

+ GABA (5 µM)

H3Q5A
mutant

H3.3
control

B

-0.6
-0.4
-0.2
0.1
0.3
0.5

R
-lim

on
en

e
10

^-
6

R
-lim

on
en

e
10

^-
5

R
-lim

on
en

e
10

^-
4

R
-lim

on
en

e
10

^-
3

R
-lim

on
en

e
10

^-
3

10
-6

10
-5

10
-4

10
-3

10
-3

R-limonene dilutions

n.s.

WT-control

odor detection 

zo
ne

 p
re

fe
re

nc
e 

in
de

x

H3.3

C

−1.0

−0.5

0.0

0.5

1.0

control_R−limcontrol_S−limexpt_R−lim expt_S−lim

ex
pe
rim

en
ta
l fct_inorder(Variant)

control_R−lim
control_S−lim
expt_R−lim
expt_S−lim

odor discrimination

zo
ne

 p
re

fe
re

nc
e 

in
de

x

H3.3
R-lim S-lim

WT-control
R-lim S-lim

*****

D

Supp Figure S22

µ


