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Supplementary Figure. 1  Isolation of TMT-responsive OR genes. 

(a) Optical imaging of the dorsal-OB.  Activation patterns are compared for three 

different odorants, 2MB (10%), TMT (10%), and 4MT (10%).  Schematic 

diagrams of imaging patterns are shown (right).  A, anterior; P, posterior; M, 

medial; and L, lateral.  Scale bar is 500 m.  (b) DiI staining of the OE and OB.  

DiI was injected into the glomeruli responded to 10% TMT to stain the connecting 

OSN axons and cell bodies.  Scale bars are 500 m.  OB, olfactory bulb; OE, 

olfactory epithelium; A, anterior; P, posterior; M, medial; and L, lateral.  (c) The 

cAMP-induced luciferase assay.  Twelve OR genes repeatedly isolated from the 

DiI-labeled OSNs were analyze for their interactions to TMT by the cAMP 

dependent luciferase assay.  Three ORs (Olfr57, 30, and 1019) were significantly 

activated by 1mM TMT and subjected to further analyses. Asterisks indicate T-test.  

Error bars are ±SEM.  *p <0.05, ** p <0.01, *** p <0.001.  (d) High-throughput 

screening of TMT-responsive ORs.  Separate from the DiI-cloning, a total of 266 

published ORs (Supplementary Table 1b) were examined for their binding to TMT.  

Seventeen ORs (shown in red) demonstrated the significant binding to 1 mM TMT 

by the luciferase assay.  All values in mean ±SEM.  (e) Ligand selectivity of 

candidate ORs.  Six D-zone ORs that demonstrated high affinity to TMT were 

analyzed for their binding to 17 different odorants; TMT, 2, 4, 5-trimethyl 

thiazoline; 4MT, 4-methyl-thiazoline; 2MT, 2methyl-thiazoline; 5MT, 

5-methyl-thiazoline; 2E4MT, 2-ethyl-4 methyl-thiazoline; APA, 

allyl-phenyl-acetate; BA, butyl-acetate; AP, acetophenone; Car, carvone; Cou, 

coumarine; K-8, octanone; K-6, hexanone; 8-OH, octanol; 7-OH, heptanol; 7-CHO, 

heptanaldehyade; Van, vanillin; 2MB, 2-methyl-butyric acid.  Binding affinities 

are shown in are shown in various sizes of dots.  (f) In situ hybridization of the OE.  

D zone-specific OR genes, Olfr1019, 57, and 30, were analyzed.  Red lines indicate 

expression areas in the dorsal zone.  Scale bar is 200 m.  Arrowheads indicate 

hybridization signals.  D, dorsal; V, ventral; M, medial; and L, lateral. 



 

 

 



 

 

Supplementary Figure. 2  KI and KO mice for the OR1019 locus. 

(a) and (b) Plasmid constructs for the KI and KO mice.  In the KI-allele of Olfr1019, 

coding sequences for channel-rhodopsin wide receiver (ChRWR) and a fluorescent 

marker (Venus) are inserted with the ires sequence.  In the KO allele, the coding 

sequence of Olfr1019 was replaced with that of tau-EYFP.  Restriction-enzyme 

cleavage sites are shown for KpnI, BstEII, AvrII, and NheI.  PolyA sites are also shown.   

(c) Locations of Olfr1019-KI glomeruli (green) were determined based on the midline 

(Y axis) and blood vessels in the boundary of the OB and neocortex (X axis).  n=11.  

TMT-responsive glomeruli were identified by optical imaging.  n=25.  Scale bar is 

500 m.  (d) Detection of Olfr1019 glomeruli in the KI mouse.  Olfr1019 gives rise 

to two glomeruli, one is in the medial and the other is in the dorsal OB.  Both are 

localized in the posterior region of the OB. 



 

 

 

 



 

 

Supplementary Figure. 3  Single-unit recordings in the KI-OB. 

(a) A schematic diagram of layer structure in the OB.  (b) A local field potential 

(LFP) in the OB.  LFP was recorded in the different layers.  Location of a 

microelectrode tip was determined by the configuration of field potentials of mitral 

and tufted cells.  Action potentials were evoked by electric stimulation of the 

lateral olfactory tract (LOT).  EPL, external plexiform layer; MCL, mitral cell 

layer; GCL, granule cell layer.  (c) Light-evoked spike discharges in the EPL and 

MCL units detected by the single unit recordings.  Spike timing and frequencies are 

shown in raster plots of spike discharges and peristimulus-time histograms.  

Durations of photo-illumination are indicated by cyan bars.  n=5-8. 



 

 

 



 

 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

Supplementary Figure. 4 | Immunohistochemistry for Egr1 expression. 

Olfr1019KI, WT, M72-ChR2-YFP mice were photo-illuminated with 2 Hz light of 

250 msec pulses.  Olfr1019-KO and WT mice were exposed to 1% TMT, 10% 

TMT, and 10% vanillin (Va).  The Olfr1019-KI mice were also treated with 

reduced condition in photo-illumination (2 Hz light of “20 msec” pulses for 30 min 

and 2 Hz light of 250 msec pulses for “15 min”.  (a) A schematic diagram of the 

mouse OC.  (b) Egr1 expression in the OB.  The Olfr1019-KI glomeruli are 

labeled with Venus in green.  Egr1 signals are shown in red.  Scale bars are 250 

m.  GL, glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer; 

and GCL, granule cell layer.  Egr1 expression was also analyzed in the following 

regions: (c) AON, anterior olfactory nucleus; (d) APC, anterior piriform cortex; (e) 

OT, olfactory tubercle, (f) CoA, cortical amygdala; (g) MeA, medial amygdala; and 

(h) BNST, bed nucleus of stria terminals.  All sections were counterstained with 

DAPI (c-h) to identify brain structures microscopically according to the Paxinos 

and Franklin’s mouse brain atlas.  Egr1 signals were quantified for the AON (c), 

APC (d), OT (e), CoA (f), MeA (g), and BNST (h). (n=5).  Dorsal part, medial part, 

lateral part, and ventral part of the AON (d, m, l v); 1,2,3, layer 1, 2, and 3; cor, 

cortical zone; Icj, islands of Calleja; anterior, lateral posterior, and medial posterior 

cortical amygdala (CoA a, CoA pl, CoA pm); cortex amygdala transition zone 

(CxA); amygdalo-piriform transition area (AmPir); anterior amygdaloid area (AA); 

basomedial amygdalar nucleus (BMA); basolateral amygdaloid nucleus (BLA); 

central amygdala (CeA); piriform cortex (PIR); Anterodorsal, anteroventral, 

posterodorsal, and posteroventral medial amygdala (MeAad, MeAav, MeApd, and 

MeApv); anterolateral (al); anteromedial (am); fusiform nucleus (fu); juxta capsular 

nucleus (ju); oval nucleus (ov).  Scale bars are 250 m. 



 

 

 



 

 

Supplementary Figure. 5  Behavioral analyses of photo-illuminated KI and 

TMT exposed KO mice. 

(a) Analyzing the immobility behavior in the different durations of 

photo-illumination.  (b)Time-course studies of photo-stimulated KI and shielded 

KI mice.  For photo-illumination, 2 Hz light of 250 msec pulses for 1 sec (cyan) 

was given every 20 sec.  Ratios of various behaviors are shown.  n=9.  (c) 

Immobility and exploratory behaviors.  The KI, WT, and shielded KI mice were 

analyzed.  One-sec of photo-stimulation was given to the mice in every 20 sec.  

Time spent (sec) for each behavior within 3 min after illumination is shown.  

Asterisks indicate two-way ANVOA followed by Bonferroni correction.  *p <0.05, 

** p <0.01, *** p <0.001, **** p <0.0001.  Error bars are ±SD.  n=9.  (d) 

Open-field aversion analyses.  Photo-stimulation for 1 sec was given to the mice 

every 20 sec.  KI and WT mice were photo-illuminated in one particular room out 

of two in a cage.  Total time that each animal spent within 10 min in the room 

where photo-illumination was given (n=3).  (e) Immobility responses to 

photo-illumination.  Olfr1019-KI WT and M72-YFP-ChR2 (M72) mice were 

analyzed.  Olfr1019-KI with lower intensity (0.3 mW/mm
2
) were also analyzed.  

Photo-illumination of 2 Hz for 5 sec with a pulse of 250 msec was given every min.  

Time spent for immobility during a 3-min period of observation was measured. 

Asterisks indicate two-way ANVOA followed by Bonferroni correction.  *p <0.05, 

** p <0.01.  Error bars are ±SD.  n=4 (KI), 3 (WT), and 3 (M72).  (f) Immobility 

responses to 1% and 10% TMT are compared between Olfr1019-KO and WT mice.  

n=4 (1% TMT) and n=5 (10% TMT).  Asterisks indicate two-way ANVOA 

followed by Bonferroni correction.  *p <0.05, ** p <0.01, **** p <0.0001.  Error 

bars are ±SD.  (g) Quantification of plasma ACTH induced by photo-illumination 

and TMT exposure.  Plasma ACTH was measured in WT and KI mice.  n=7.  

Average concentrations of plasma ACTH (pg/ml ±SEM) are shown.  P values of 

one-way ANVOA followed by Bonferroni correction are indicated: *p <0.05, ** p 

<0.01, **** p <0.0001. 



 

 

 



 

 

Supplementary Table 1 | Lists of OR gene clones. 

(a) OR clones isolated from DiI-labeling.  Isolation frequencies are shown for each 

OR gene clone.  ORs that responded to 1mM TMT are marked in red. (b) OR gene 

clones analyzed by highthroughput screening.  ORs that responded to 1 mM TMT 

are marked in red (dorsal-zone clones) or blue (ventral-zone clones). 


