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Odor Response Properties of 
Rat Olfactory Receptor Neurons 

P. Duchamp-Viret,* M. A. Chaput, A. Duchamp 

Molecular biology studies of olfaction have identified a multigene family of 
molecular receptors that are likely t o  be involved in odor transduction mech- 
anisms. However, because previous functional data on peripheral coding were 
mainly collected from inferior vertebrates, it has been difficult t o  document the 
degree of specificity of odor interaction mechanisms. As a matter of fact, 
studies of the functional expression of olfactory receptors have not demon- 
strated the low or high specificity of olfactory receptors. In this study, the 
selectivity of olfactory receptor neurons was investigated in the rat at the 
cellular level under physiological conditions by unitary extracellular recordings. 
Individual olfactory receptor neurons were broadly responsive t o  qualitatively 
distinct odor compounds. We conclude that peripheral coding is based on 
activated arrays of olfactory receptor cells with overlapping tuning profiles. 

The molecular receptive range (I) of olfacto- broad tuning is assigned to ORs ( 7 ) :  this 
ry receptor neurons ( O m s )  is defined by the hypothesis is consistent with functional data 
specificity of their olfactory receptors (ORs) on the qualitative tuning of ORNs in vivo. 
regarding the structure of odor molecules and However these data have been mainly col- 
by the number and diversity of ORs ex- lected in amphibians, where individual ORNs 
pressed by the same neuron. Evidence has respond to structurally different odor mole- 
been provided that ORNs can express only cules (9, 10). One may envisage that there is 
one receptor subtype (2), so that ORNs may a real gap between molecular data obtained in 
have a narrowly tuned specificity (3, 4). Fur- mammals and cellular data obtained in am- 
theimore, the expression of ORs has been phibians that may be ascribed to phylogenetic 
shown to be spatially segregated, and such an evolution, if one assumes that OFtNs become 
organization was proposed as defining the more and more selective. Such an explana- 
chemotopy of the olfactoiy mucosa (5). The tion is in disagreement with the broad respon- 
rules governing the projection of ORNs to the sivity of mammalian olfactoiy bulb mitral 
olfactory bulb apparently support the spatial cells (11). and our knowledge of the response 
ORNs' segregation (6, 7 ) .  If one takes these properties of individual ORNs in intact mam- 
assumptions and results literally, the qualita- mals is limited (12). Thus, the question of the 
tive discrimination of odor molecules follows range of the chemical receptive field of indi- 
the coding scheme of a "labeled line system" vidual OFtNs was addressed by means of 
(8)  that is an extreme version of the one classical extracellular recording techniques in 
ORN-one OR hypothesis (2). In contrast. if anesthetized rats. 

Individual ORNs were recorded in vivo in 
freely breathing (n = 19) or tracheotomized 

Laboratoire de Neurosciences e t  Systemes Sensoriels, 
CNRS, UMR, Universite Claude Bernard, 43 boulevard 

(n = 16) rats (I3)' Ninety Oms were recorded, 
du 1 1  novembre 1918, 69622 Villeurbanne cedex, generally in the endocurbinate 11: during periods 
France. ranging from 20 min to 2 hours. The electro- 
"To w h o m  correspondence should be addressed. E-  ~lfactogram (EOG) was simultaneously record- 
mail: pduchamp@olfac.univ-lyonl.fr ed as close as possible to the single-unit record- 
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ing site. EOG is a transepithelial potential re- 
sulting from the sununed activity of nunlerous 
ORNs. which provides direct and global infor- 
mation on both the intensity of the Oms' 
response and the number of responding neu- 
rons. Sixteen pure odor compounds were used 
as stimuli. They were selected from those pre- 
viously tested in the frog according to their 
effectiveness and their molecular structure (1 0). 
They were chosen as members of the qualita- 
tive groups established through several studies 
by Duchamp and collaborators and belong 
mainly to the terpene, camphor, aromatic. and 
straight-chained ketone groups (14). Ethyl van- 
illin that had never been tested in the frog in 
vivo was added to get information on the IP3 
transduction pathway (15). Stimuli were odor 
pulses of 2-s duration delivered at 200 mllmin. 
They were applied directly near the surface of 
the turbinate with a dynamic multistage olfac- 
tometer (16), which ensured a precise control 
of the concentration range and allowed 12 dis- 
crete concentrations to be delivered. The com- 
pounds were delivered at concentrations rang- 
ing from saturated vapor pressure (SV) to S\i,: 
562. Depending on their SV values. the lowest 
and highest concentrations were between 3 X 
lo-* mollliter and 5 X moliliter and be- 
tween 2 X mollliter and 3 X lo-" moll 
liter, respectively. 

In rats. ORNs were spontaileously active. 
About 40% of them fired spontaneously at 
more than 100 spikes per minute, which is a 
high rate when compared with rates reported in 
amphibians (10). Furthermore, they were high- 
ly responsive. Eighty-three percent of neurons 
were excited by one odor at least. When all 
odor tests were considered (n = 540). 53.5% 
induced excitatory responses. 5% induced sup- 
pressive responses. and only 41.5% did not 
evoke a response. According to the nature of 
the stimulus, the percentages of excitation in- 
duced by our odor set varied from 40 to 60%. 
Only ethyl vanillin was clearly different. with 
15%. The same cells could respond to some 
odors by excitation and to others by inhibition. 
The excitatory and inhibitory response types 
were not associated with peculiar odors. Nev- 
ertheless, the excitatory response type clearly 
predominated in peripheral odor coding, each 
ORN being on average excited by four odors 
out of om whole odor set (17). The ORNs 

\ ,  

qualitative response spectra were poorly selec- 
tive. Among the ORNs tested with the whole 
odor set. many of them were excited by several 
odors and some of them were even excited by 
all 16 odorants. The selectivity regarding odor 
subset 1 (1 7) is illustrated in Table 1. where 
ORNs are distributed as a function of the num- 
bers of odors to which they responded with 
excitatory responses. More than 30% of ORNs 
responded to the six odorants of this subset. It is 
important to notice that these odorants are 
members of four distinct qualitative groups (9. 
10): Camphor for the camphor group. limonene 

for the terpene group, anisole and acetophenone odor of the whole odor set. Taken together, the 
for the aromatic group, and isoamyl acetate and present results and previous data collected in 
methylamyl ketone for the straight-chained ke- the frog lead us to propose the odors of the 
tone group. Lastly, whenever a cell responded subset 1 as representative of the qualitative 
to no odor of subset 1, it never responded to any olfactoi-y space. 

Spontaneous activity Fig. 1. Spontaneous ac- 
tivity (upper trace) and 

wmmli representative respons- 
llYYIYY es of ORN50 (illustrat- 

. . .- ed from raw data stored 
in computer files) to dif- 
ferent stimuli (lower 
traces). This ORN was 
tested with all the odors 
of subsets 1 and 2 (171. 
All induced excitatoj 
responses. Responses to 
ACE, CAM, and CYM 
are not shown because 

13U their thresholds were 
not estimated. ORN50's 
thresholds were wide- 

I 1 1 ly distributed over the 
XON available concentration 

range. For ANI, MAK, 
and 150, sustained re- 
sponses were observed 

LIM 
* for the lowest concen- 

tration allowed by the 
olfactometer (SV1562). 
Their thresholds were 
thus lower than lo-' * ' ' ' " '1 ' '  ' ' GIN mollliter. For XON, the 
threshold was SV1100 

Will (2.5 X mollliter). 
Thresholds were SV110 

VAN * for LIM, CIN, and VAN 
and SV15 for CDN. *, 

wy&flq~bBmm,- stimulation artifact. 

.,. 

1 2 sec odor 

Fig. 2. Spontaneous ac- Spontaneous activity 
tivity (upper trace) and 1 I I I I I I 

responses (lower traces) 
of ORN19 to different MAK 
stimuli delivered at the w w - 1  
same concentration in ISO 
terms of ratio of the SV I l l  I l l 1  I 1  I l l  I I I  1 I I l l  
of the different corn- I I I  I 

pounds (SV1562). Only AN1 
bdors that induced a re- ~#~~ 
sponse are shown. This 
ORN displayed sus- LIM 
tained discharges at the I  I  I  I l l  I I I I I  I  I I 1 I  I :  I  

1 
lowest concentration , , , , 
that can be delivered by LmVL 1 1  I I I I I I I 

the olfactometer (from 
2.5 x mol~~it'er to ACE 
5.2 X moWliter, ac- I I I I  I 

cording to the value of 1 1 / 1 1  I 1 1 1  I I 1 1  1 1  I I  I 1 1 1  
the SV1562 of each 
compound). Its response 
threshold was thus overpassed for all these stimuli. This figure indicates further that broad 
qualitative fields can be observed even at low concentrations; that is, that one may induce ORN 
responses to several different odorants without working at high concentrations. 
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Twenty-one cells were tested with several long-duration burst or of a decrernental initial 
concentrations of each odorant. and their re- burst followed by an incremental high-frequen- 
sponse thresholds aere estimated. We observed cy burst and sustained rebound. The delay be- 
that when repeated stimulatioll was applied, 
both the EOG amplitude and the single cell 
response patterns were reproducible (18). 
About 50% of ORNs were observed to reach 
their response thresholds at concentrations 
higher than SVilO (10-%nol!liter to mol: 
liter), whereas 32% showed supraliminary re- 
sponses at the lowest available concentration, 
SW562 (lo-' mol!liter to lo-' mol/liter). Some 
ORNs responded to different odors, with 

tween the two response phases increased with 
concentration. Such a relation between the re- 
sponse pattern and the odorant concentration 
suggested that ORNs did not work at saturation. 
but within a dynamic phase of their excitability. 
Simultaneous recordings by the EOG supported 
this assertion, because EOG amplitudes in- 
creased aith concentration, mirroring the re- 
cruitment dynamics of ORNs that participated 
in odor coding. 

thresholds dispersed over a wide concenhation This study presents functional evidence that 
range (Fig. 1). whereas others responded with rat O m s  have broadly tuned chemical recep- 
thresholds that aere  grouped in a nawoa con- tive fields. Their selectivity and sensitivity are in 
centration range (Fig. 2). Increasing the concen- agreement with those of lnitral cells previously 
tration led us to describe the dynamics of ORN reported in the same animal species (11). Rat 
functioning (Fig. 3). For most neurons. bursts ORNs tended to display a broader qualitative 
became more sustained and appeared earlier profile and a lower sensibility than those of the 
aith an increase of odorant concentration. The fiog (19). Our finding that one ORN could 
responses evoked by the highest concentrations display different sensitivities to different odors 
often consisted of an early high-frequency and is consistent with a calcium imaging study that 

Fig. 3. Spontaneous (up- Spontaneous activity 1.2 Spikeslsec. 
per pair of traces) and I I I I 

odor-evoked (lower ,, 
pairs of traces) EOCs 
and single-unit respons- I I I I 

es of 0 ~ ~ 5 5  t o  increas- -- . - " 
-_-_I__----- 

ing concentrations of 
LIM. This ORN had a !.9 ---- +------+-.-I 4 
low spontaneous firing 
frequency (about 1.2 
spikes per second on 
the period shown). The 
lowest concentration 
shown (1.9 X 
mollliter) induced a 
small EOC but did not  
significantly modify the 
ORN firing activity. In- 
creasing the concentra- 
tion t o  5.9 X moV 

-.. ___,&--------------.-- - I__.- 
1.1 10-5 17 Spikesisec. 

1 1  1 I 1  I  ! I 
I ! I  

*- ----x---r* -, 
liter (~V120) induced a \ ,------ 

large; EOC and an ORN I 10.4 L- ,' 
/lIllIl l l l l l , l  

86 Spkeslsec response charactenzed I 11 I I I I I I  

by a rhythm~c d~scharge ---- 1 
composed of four spike;. 
Thus, the response 

'! ----..+ ---- 4 /---"-------- 

threshold of this ORN is 
between 1.9 X I 
moVliter and 5.9 x 

moVliter. Increas- 
ing the concentration enhanced the ORN firing activity, which became a sustained tonic response pattern 
and then an initial high-frequency burst of activity followed by a silence and a rebound. EOC amplitude 
evolved in  parallel: I t  was very small for 1.9 X mollliter and increased gradually, mirroring the 
global recruitment of the ORNs situated within the recording field of the electrode. Recordings also 
show that  whereas the ORN burst discharge frequency increased wi th concentration, the latency of this 
discharge shortened wi th respect t o  the beginning of the odor pulse and thus appeared earlier and 
earlier wi th respect t o  the EOC kinetics. The concentration range used in this study overlaps the 
dynamic range of rat ORNs. 

Table 1. Distribution of responding ORNs according to their selectivity to  odor subset 1. 

% responding % responding % responding % responding % responding % responding 
to one-odor to two-odor to three-odor t o  four-odor to five-odor to six-odor 

stimulus stimulus stimulus stimulus stimulus stimulus 

reports that single cells respond to additional 
odorants when concentrations are increased 
(20). 

How can the the molecular biology of OR 
proteins be intelpreted to take into account 
our functional results? Two molecular studies 
that have addressed the chemical tuning of 
odor receptors contain some divergent re- 
sults. In insect Sf9 cells transfected with the 
OR5 receptor, Raming and co-workers (21) 
show that several odor molecules increase 
IP3 responses, and they conclude that OR5 
receptors are rather poorly selective. In con- 
trast, Zhao and colleagues (4) report. for the 
first time in rat ORNs; that increasing the 
expression of a single gene leads to greater 
responsiveness to octanal and other com- 
pounds with a very similar molecular struc- 
ture. They conclude that the recombinant vi- 
rus drove the expression of a gene coding for 
a selective OR. 

Here the molecular receptive range of 
ORNs was identified i11 a biological preparation 
that was as close as possible to physiological 
conditions. If the hypothesis that each ORN 
expresses one OR is true. the fact that most 
ORNs responded to several distinct odor mol- 
ecules demonstrates that ORs are broadly re- 
sponsive. Another possibility could be that each 
ORN would expresses several ORs of a given 
subfamily (22). so that its qualitative response 
spectrum is the sum of the individual receptive 
fields of its ORs. We found neurons that dis- 
played differential sensitivity to different odors. 
which suggests that; at the level of a single 
neuron. not only the categories of ORs and their 
specificity may differ but also their number and 
their affmity for odor molecules. 

At the level of a single neuron, in terms of 
olfactory quality coding, our data are in 
agreement with those previously obtained in 
the frog. In contrast, they disprove the ex- 
treme concept that individual ORNs express 
only a single OR and respond to only one 
odor (8). Our electrophysiologica1 data add to 
those of a recent study combining calcium 
imaging and single-cell reverse transcription 
polymerase chain reaction. which indicates 
that ORs are broadly tuned with various 
odors and, conversely, that various odors can 
be recognized by the same OR (23). Thus, we 
conclude that in vertebrates at the cellular 
level. the odor receptor binding process re- 
sults in activation of ORN arrays with par- 
tially overlapping tuning profiles. 
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order, whereas odors of a given subset were delivered 
at random. According to this stimulation protocol, 
only neurons tested with subset 1, at least, were 
considered to analyze the qualitative discrimination 
properties of ORNs. 

18. P. Duchamp-Viret, M. A. Chaput, A. Duchamp, data 
not shown. 

Nuclear hormone receptors (NRs) are a related 
group of hormone-regulated transcriptional ac­
tivators that includes the receptors for steroid 
and thyroid hormones, retinoic acid, and vitamin 
D (1). Transcriptional activation by NRs is me­
diated by the NR (or pi60) coactivators, a fam­
ily of three related 160-kD proteins that includes 
SRC-1, GRIP1/TIF2, and pCIP/RAC3/ACTR/ 
AIB1/TRAM1 (2). Transcriptional coactivators 
locally modify chromatin structure and help to 
recmit an RNA polymerase II transcription ini­
tiation complex to the gene promoter (2, 3). The 
COOH-terminal AF-2 activation functions of 
NRs bind to pi60 coactivators at multiple NR 
box motifs containing the sequence LXXLL 
(where L is leucine and X is any amino acid), 
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located in the central region of the pi60 
polypeptide (2) (Fig. 1). The NH2-terminal 
AF-1 activation functions of some NRs bind the 
COOH-terminal region of pi 60 coactivators {4-
6). The activating signal received from the 
DNA-bound NRs by the pi60 coactivator is 
transmitted to the transcription machinery by 
activation domains AD1 and AD2 of the pi60 
coactivators. AD1 binds CREB binding protein 
(CBP) or the CBP-related protein p300, which 
help to activate transcription because they con­
tain a histone acetyltransferase (HAT) activity to 
modify chromatin structure; CBP and p300 also 
associate with other coactivators like p/CAF, 
which also contains HAT activity, and bind 
components of the basal transcription machin­
ery (7, 8). We recently demonstrated that AD2, 
a second putative AD located in the COOH-
terminal region of pi 60 proteins (7, 9), plays an 
important role in pi60 coactivator function (6). 
To understand the mechanism of downstream 
signaling by AD2, we sought to identify pro­
teins that interact physically and functionally 
with this domain. 

Regulation of Transcription by 
a Protein Methyltransferase 
Dagang Chen,1 Han Ma,1 Heng Hong,1 Stephen S. Koh,1 

Shih-Ming Huang,1 Brandon T. Schurter,2 Dana W . Aswad,2 

Michael R. Stallcup1* 

the p160 family of coactivators, SRC-1, GRIP1/TIF2, and p/CIP, mediate tran­
scriptional activation by nuclear hormone receptors. Coactivator-associated 
arginine methyltransferase 1 (CARM1), a previously unidentified protein that 
binds to the carboxyl-terminal region of p160 coactivators, enhanced tran­
scriptional activation by nuclear receptors, but only when GRIP1 or SRC-1 a was 
coexpressed. Thus, CARM1 functions as a secondary coactivator through its 
association with p160 coactivators. CARM1 can methylate histone H3 in vitro, 
and a mutation in the putative S-adenosylmethionine binding domain of CARM1 
substantially reduced both methyltransferase and coactivator activities. Thus, 
coactivator-mediated methylation of proteins in the transcription machinery 
may contribute to transcriptional regulation. 
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