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Mammalian urine releases complex mixtures of volatile compounds that are used in reproduction, territoriality and conspecific
recognition. To understand how such complex mixtures are represented in the main olfactory bulb, we analysed the
electrophysiological responses of individual mitral cells to volatile compounds in mouse urine. In both males and females,
urine volatile compounds evoke robust responses in a small subset of mitral cells. Fractionation of the volatile compounds using
gas chromatography showed that out of the hundreds of compounds present, mitral cells are activated by single compounds. One
cohort of mitral cells responded exclusively to male urine; these neurons were activated by (methylthio)methanethiol, a potent,
previously unknown semiochemical present only in male urine. When added to urine, synthetic (methylthio)methanethiol
significantly enhances urine attractiveness to female mice. We conclude that mitral cells represent natural odorant stimuli by
acting as selective feature detectors, and that their activation is largely independent of the presence of other components in the
olfactory stimulus.
Much of the social signalling between mammals involves the
secretion, detection and interpretation of chemical cues. In addition
to non-volatile, species-specific signals (which require physical
contact between an animal and an odour source), mammals use
numerous other chemical signals that are secreted in urine or other
bodily fluids and can be detected at some distance from their source.
Ewes, for example, recognize their offspring based on volatiles1,
newborn rabbit pups locate their mothers’ mammillary glands
using a volatile compound found in milk2, and mice can recognize
one another based on diffusible signals originating from urine3.
Whereas non-volatile cues are detected by the accessory olfactory
system, volatile social cues are processed by the anatomically
separate main olfactory system, which relies on an entirely distinct
set of peripheral receptor molecules (see refs 4, 5 for recent reviews).
Mouse urine, like most natural olfactory stimuli, consists of a
plethora of distinct volatile compounds, of which only a fraction are
known. The presence and level of many urine components vary
according to the sex, strain, social status and oestrous cycle of
individual mice6–9. Although this suggests that urine contains
information that could be used to assign identity to conspecific
mice, the chemical identity of the salient cues, together with the
process by which individual neurons encode this complex mixture,
remain unknown. To investigate how the stimulus features of urine
volatile compounds are encoded by individual mitral cells, we used
a combination of extracellular single-unit recordings and gas
chromatographic separations of urine components.

we recorded from 2,733 mitral/tufted cells in the main olfactory
bulbs of 102 sexually mature BALB/c female mice. Outside the
responsive clusters, urine-responsive cells (neurons for which firing
rates were elevated by .30% during stimulus presentation) were
rare (Supplementary Fig. 2). A total of 208 neurons (almost all
recorded in the responsive clusters) responded to volatiles derived
from diluted urine of at least one mouse strain and sex (Fig. 1). This
number substantially overestimates the overall frequency of urineresponsive mitral cells (see Supplementary Fig. 1c), as responsive
regions were sampled with many more electrode penetrations.
Subsequent recordings from an additional 536 neurons in male
mice (11 BALB/c and 7 C57Bl/6 mice), focusing on the ventral–
lateral regions, yielded a similar proportion (10%) of urine-responsive neurons (n ¼ 53). Post-hoc analyses of a random sample of
neurons (n ¼ 113) indicated that ,5% of neurons (n ¼ 6) classified as unresponsive had changes of .2 standard deviations in their
firing rates during stimulus presentations (as expected from a
random distribution), whereas all neurons classified as responsive
(n ¼ 50) had changes of .2 standard deviations (we cannot exclude
the possibility that very weakly responsive neurons might be
missed using our screening procedure). Thus, despite the chemical
diversity of the dilute urine stimulus, the mitral cells responsive
to urine in both male and female mice comprise a small proportion
of neurons, confined to restricted regions of the main olfactory
bulbs.

Mitral cell responses to fractionated urine
Urine-responsive mitral cells in the olfactory bulb
Urine activates immediate early gene expression in glomeruli
located in the ventral–lateral region of the main olfactory
bulb10,11. We began searching for urine-responsive mitral cells in
this region in female mice and located two clusters, on the ventral
and lateral aspects of the bulb (each extending about 300 mm along
the anterior–posterior axis) in which urine-responsive mitral/tufted
cells were present at moderate densities (Supplementary Fig. 1). The
relative positions of these two clusters potentially reflects the
activation of mirror-selective glomerular maps12,13. To assess
whether urine-responsive neurons were found elsewhere, we systematically recorded from neurons at 100-mm intervals along the
anterior–posterior, medial–lateral, and dorsal–ventral axes,
sampling roughly two-thirds of the bulb (see Methods). In total,
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Responses to urine began shortly after the onset of the first
inhalation following stimulus presentation, and continued for the
duration of the 2-s stimulus. Almost all responses were excitatory
(241/261, 92%), and were frequently synchronized to the animal’s
breathing cycle (Fig. 1a, b). A small fraction of neurons (15/261,
6%) were inhibited by urine volatiles (Fig. 1c), and an even smaller
number (5/261, 2%) were excited by some types of urine and
inhibited by others.
To distinguish whether the activation of a mitral cell in response to
urine reflects the integration of responses to several distinct volatile
components, or a selective response to an individual component, we
combined solid-phase microextraction (SPME) of urine volatiles
with gas chromatography (GC) and single-unit electrophysiological
recording (gas chromatography-electrophysiology, or GC-E14,15).
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SPME is used to concentrate volatiles in the headspace above a
volume of urine by dissolving them in a series of coatings that
adsorb compounds of low molecular mass on the basis of size and
polarity. The total amount of a volatile absorbed by a SPME fibre is
linearly proportional to its initial concentration in urine16,17. To
minimize the bias of SPME fibres towards chemicals with certain
molecular weights and polarities, we used a fibre consisting of three
phases: Carboxen, divinylbenzene and polymethylsiloxane.
Although these are currently the most ‘unbiased’ fibres available18–20 they nonetheless concentrate some molecules to a greater
extent than others, and might not concentrate some volatile
compounds effectively (see Discussion). Despite these potential
caveats, this approach allowed us to record the activity of urine-

responsive mitral cells to at least 100 sequentially presented volatile
components of urine (Supplementary Fig. 3).
We used GC-E to assess the responses of 104 urine-responsive
mitral cells (from 57 BALB/c female mice, 10 BALB/c male mice and
4 C57Bl/6 male mice) to separated volatile components. For 83
neurons, responses were confirmed by at least two independent GC
runs. After isolating neurons that responded to urine volatiles
(Fig. 2a, d), we continuously recorded action potentials for
20 min while eluting volatiles that had been concentrated by
SPME (see Methods). Responses to eluted compounds were unambiguous: an abrupt increase in firing rate occurred at the same
elution times on successive GC runs (Fig. 2b, c, e, f). The size of
eluted peaks and the magnitude of neural responses were uncorrelated (Fig. 3c), and minor peaks elicited responses as robustly as
large peaks (Fig. 2g, h).
Most urine-responsive neurons (80%, 83/104) were activated at a
single time point, corresponding to a single eluted volatile urine
component (Fig. 3a, b); 11% (11/104) responded at two time points
and the remainder (10/104) responded at 3–5 time points (Supplementary Fig. 4). Averaging multiple runs to the same urine
sample increased the signal-to-noise ratio of the responses, but did
not reveal additional weak responses (Supplementary Fig. 5). The
specific times of the responses were widely distributed over the
course of the GC run. We identified at least 25 distinct response
times, ranging from 2.5 min to 16 min after the start of the run
(Fig. 3a). Several neurons responded to volatiles eluting at a specific
time point, suggesting that we recorded from several mitral cells
with similar or identical chemical selectivity across different animals. One particular subpopulation responded to a volatile eluting
at ,508 s. As detailed below, these cells, observed in both males and
females, responded to a component present exclusively in male
urine (Fig. 3a, boxed region; cells that responded at this elution time
but were not male-selective are not included in the box). These
findings demonstrate that mitral cells are highly selective when
confronted by a wide range of odorants at near-natural concentrations. This is not due to a weakened stimulus. Using a similar
combination of SPME and GC-separation of urine volatiles, expert
human olfactory analysts (Microanalytics) detected over 30 distinct
odours eluting from the column (Supplementary Fig. 6). Mice
probably detect a considerably larger repertoire of components.

Sex-selectivity of mitral cell responses

Figure 1 Urine-responsive mitral cells in the mouse main olfactory bulb. a–c, Responses
of three single units in the mitral cell layer to stimulation by urine volatiles (2 s, indicated by
black bar). An extracellular recording trace is shown for each cell, with the animal’s
breathing rhythm shown directly underneath. Raster plots and post-stimulus time
histograms show responses to multiple stimulus presentations. Most responsive cells
were rapidly excited by urine volatiles (a, b) with responses synchronized to the breathing
rhythm, but a few cells were inhibited by urine volatiles (c). In the raster plots, responses to
different types of urine are indicated by different colours: green, C57Bl/6 male; yellow,
C57Bl/6 female; blue, BALB/c male; red: BALB/c female.
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To assess the sex- and strain-selectivity of the urine-selective
neurons in the main olfactory bulb, we calculated a sex-selectivity
index (SexSI) and a strain-selectivity index (StrSI) for 98 of the 104
neurons analysed using GC-E (six neurons were excluded owing to
incomplete data). Both indices range from 21 (activated exclusively
by female or C57Bl/6 urine) to þ1 (activated exclusively by male or
BALB/c urine) (Fig. 4g, h). Most neurons responded to urine from
both strains, but 14% (14/98) responded much more robustly to
BALB/c urine (from both sexes) than to C57Bl/6 urine
(StrSI . 0.5). Neurons recorded in female mice showed an overall
preference for male urine, with a median SexSI of 0.46; this bias
was not observed among urine-responsive cells in male mice
(median SexSI ¼ 0.03). We found a single female-selective neuron
in one male mouse (SexSI , 20.5), but no female-selective neurons in female mice, even though we recorded from almost three
times as many urine-responsive neurons in females compared with
males.
Within the population showing male preference (SexSI . 0.5), a
subset of neurons responded exclusively to male urine (SexSI ¼ 1.0,
n ¼ 14) (Fig. 4a, b). Three of these neurons were also tested with
mouse urine from castrated males, and each failed to respond.
Interestingly, 10/14 cells in this group were activated at virtually
identical elution times (normalized time, 508 ^ 1.8 s). Almost all
(9/10) were recorded at similar stereotaxic coordinates in several
different animals. These neurons showed an unusual firing pattern
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in response to the eluted stimulus, consisting of a sustained
discharge that persisted well beyond the putative elution peak.
The activation onset of these neurons (at 508 s) closely matched
the elution time of a known mouse pheromone, 6-hydroxy-6methyl-3-heptanone (HMH, ref. 21), which we identified by mass
spectroscopy as a large peak in male urine eluting at 500 ^ 6.8 s.
However, closer inspection of the GC profile revealed a small peak
(partially embedded in the falling phase of the HMH peak) that
reached maximum amplitude at ,508 s. This peak was present in
male urine GC profiles but absent in female and castrated male
urine profiles (Fig. 4c–f). To establish that these neurons were
responding to this second component, and not to HMH or a similar
volatile, we sequentially tested responses to volatiles eluted on two
different GC columns (n ¼ 5). When neurons were presented with
volatiles eluted from our standard column (BP-5), which separates
molecules according to boiling point, they responded at the
expected 508 s. When we switched to a column that separates
volatiles according to polarity (BP-20), the responses of the same
neurons invariably shifted to 705 s, coincident with a small GC peak.
This peak was completely distinct from the HMH peak, which, on
this column, eluted at 375 s (Supplementary Fig. 7). The similarity
of the neuronal responses to the elution of volatiles using two

Figure 2 Urine-responsive cells are activated by single components. a, A neuron’s
response to complete mouse urine volatiles. b, c, Firing rate (Hz) of the cell in a, as
individual urine components are separated and presented using GC-E. Lower panels show
gas chromatograms of C57Bl/6 male (b) and C57Bl/6 female (c) mouse urine. Larger
peaks are truncated to enhance the visibility of smaller peaks. The cell responded at
virtually the identical, single time point (433 and 434 s), in two independent GC-E
recordings. Upper panel: vertical bar, 10 Hz; horizontal bar, 1 min. Lower panel: vertical
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columns that substantially change the presentation order of the
stimuli also demonstrates that the responses of these neurons were
independent of antecedent odours.

A novel sex-specific compound in male urine
Data from high-resolution mass spectrometry indicated that the
active compound had an exact mass corresponding to the formula
C2H6S2 (molecular mass 93.9911). Analysis of sulphur isotope
ratios also indicated that the compound contained two sulphur
atoms. This peak showed fragment ions at m/q ratios of 61 (loss of
SH), 47 (CH3S or CH2SH) and 45 (base peak; HCS). Taken together,
the data suggest three candidate structures: dimethyl disulphide,
1,2-ethanedithiol and (methylthio)methanethiol (MTMT). As the
retention time of this unknown compound on both GC columns
was clearly different from that of dimethyl disulphide or 1,2ethanedithiol, MTMT was synthesized22 (see Supplementary
Methods). The retention times on both the BP-5 and BP-20 columns,
and the mass spectral fragmentation patterns for synthetic MTMT
precisely matched those for the unknown compound with m/q of
94 (Fig. 5c). Some structurally similar sulphur-containing compounds were also found in urine, including dimethyl disulphide
(CH3SSCH3), bis(methylthio)methane(CH3SCH2SCH3) and

bar, 100 mV; horizontal bar, 1 min. d–f, Another urine-responsive mitral cell activated by
a specific component of BALB/c male (e) or C57Bl/6 male (f) urine eluting at a different
time (240 s) from that seen in b, c. Scale bars as above. g, h, Expanded representations of
the regions indicated by dashed lines in e and f. The maximal cell response coincides with
a small peak in the GC profiles (black arrows). Upper panel: vertical bar, 10 Hz; horizontal
bar, 10 s. Lower panel: vertical bar, 20 mV; horizontal bar, 10 s.
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methyl (methylthio)methyl disulphide (CH3SSCH2SCH3), but
none of these elicited neuronal responses during GC runs. To
humans, both synthetic MTMT and the native compound eluting
at 508 s have a strong garlic or savory odour.
We next tested four neurons (three in females and one in males)
that responded to eluted urine volatiles at 508 s, this time using
synthetic MTMT. When presented either as a volatile or by elution
from the GC, the cellular responses to MTMT precisely matched
those of the endogenous compound (Fig. 5a, b). Using synthetic
MTMT to construct a dose–response curve, we established the
response threshold as 10 p.p.b. (parts per 109, v/v) in water (Fig. 5d);
male and female neurons had similar thresholds. By adding various
amounts of MTMT to mouse urine, then performing SPME, we
estimated that this molecule is naturally present in male mouse
urine at a concentration of approximately 20 p.p.b. (v/v), but is
almost undetectable in female urine. This value is similar to the
behavioural threshold value reported for responses to another
known volatile semiochemical that acts via the main olfactory
system2. Native MTMT was detected in bladder urine, indicating
that its presence in urine is not a consequence of bacterial metabolism, fecal contamination or compounds added to urine via glandular secretions. Thus we conclude that the male-specific responses
in the main olfactory bulb primarily reflect activation of neurons by
a previously unreported sulphur-containing compound secreted in
male mouse urine.

Behavioural responses to MTMT
Other sulphur-containing compounds, such as dimethyl disulphide
and carbon disulphide, play important roles in rodent social
behaviours23,24. To examine whether the presence of MTMT correlated with a behavioural role in sex discrimination, we took
advantage of the fact that female mice strongly prefer to smell
male (as opposed to female) urine, and that they largely ignore
the urine from castrated males25, which has greatly reduced

Figure 3 Activation of urine-responsive neurons by single components. a, GC retention
times at which individual neurons were activated. Normalized time points (squares) at
which each of 66 urine-responsive cells were activated are aligned with a reference GC
profile of male mouse urine. Red squares indicate female mice, black squares indicate
male mice. Box indicates putative MTMT-responsive cells (see text and Fig. 5). b, Most
NATURE | VOL 434 | 24 MARCH 2005 | www.nature.com/nature

concentrations of many volatiles including known pheromones
and MTMT (we identified 112 peaks in the GC profile of intact
C57Bl/6 male mouse urine but only 57 peaks in the urine of
castrated C57Bl/6 male mice). Using a ‘Y’ maze assay, we found
that all sexually experienced female mice (BALB/c, n ¼ 14) clearly
preferred smelling urine from intact male mice to that from
castrated male mice (P , 0.01, Fig. 6); most females (86%) also
visited the arm of the maze containing the intact male urine first. To
see whether MTMT could restore the attractiveness of urine from
castrated males, we next presented female mice with a choice
between ‘castrated’ urine and castrated urine to which 20 p.p.b.
(v/v) MTMT was added. All but two females (n ¼ 16 out of 18)
spent significantly more time investigating the castrated urine
containing MTMT (P , 0.01, Fig. 6 and Supplementary Fig. 8).
Female mice also showed a strong initial preference for the urine
sample containing MTMT: 78% chose to sniff first at the arm with
MTMT-containing urine. MTMT alone was ineffective in this
behavioural paradigm, although female mice showed a slight preference for water containing 50 p.p.b. MTMT versus pure water.
This implies the behavioural effects of MTMT are elicited in the
context of other volatiles present in urine. The preference for
castrated urine with added MTMT was not simply due to the
presence of a novel odour. Acetophenone (another compound
present in urine) added to castrated urine to a final concentration
of 10 p.p.m. (at least tenfold higher than its endogenous concentration in urine) had no effect on female preference (Fig. 6).
Although replenishing a single component—MTMT—does not
fully restore female mouse preference for intact male mouse
urine, it substantially increases the behavioural attractiveness of
an otherwise uninteresting stimulus.
Given that female mice respond differently to MTMT depending
on whether it is presented in water or castrated urine, we tested
whether the presence of castrated urine volatiles modulated
the responses of MTMT-responsive mitral cells (Supplementary

mitral cells recorded from both sexes respond at single elution times; a small fraction
respond at multiple times (colour conventions as in a). c, The amplitude of the eluted
peaks in the GC record are unrelated to their ability to activate urine-responsive neurons
(386 responses, compared with the GC signal, in mV, from the FID detector)
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Fig. 9). After isolating male-selective cells responsive to MTMT, we
quantified the neuronal responses to 20 p.p.b. MTMT diluted in
water, compared with 20 p.p.b. MTMT diluted in castrated urine
(n ¼ 3). In all cases the responses were remarkably similar. Thus,
the contextual dependency of female interest in MTMT is unlikely
to arise from modulating the responses of MTMT-responsive cells
themselves, but is probably a result of integration somewhere
outside the olfactory bulb.
Volatiles from body secretions signal the presence of potential rivals
and mates and motivate investigational behaviour in many mammalian species4. Even humans can reportedly distinguish sex on the
basis of olfactory cues26,27. However, few of these sexual attractants
are known. Here we show that a male-specific compound, MTMT,
isolated by its ability to activate single neurons, considerably
enhances the attractiveness of urine to female mice. Unlike previously described pheromones, MTMT is highly volatile, with a
calculated vapour pressure at room temperature of ,15 torr. This is
about 20-fold higher than exo-brevicomin and 2,000-fold higher
than farnesene, two well-described pheromones that act via the
accessory olfactory system28–30. MTMT seems likely to advertise the
presence of a male from a distance, either as a signal to other males
or to attract females. Levels of MTMT could serve as an indicator
for the freshness of urine, especially since other sulphurcontaining compounds in mouse urine, methanethiol (CH3SH)
and dimethyl disulphide (CH3SSCH3), can react with MTMT

to form methyl(methylthio)methyl disulphide and thereby
gradually decrease MTMT concentration over time.
The finding that almost a third of urine-responsive neurons in
both the male and female main olfactory bulb were activated by
MTMT but that only a few cells were activated by any other single
urine component (Fig. 3a) suggests either that multiple glomeruli
are activated by MTMT, or that the glomerulus activated by MTMT
is innervated by an unusually large number of mitral cells. These
neurons could be associated with the 15–20 sexually dimorphic,
‘atypical glomeruli’ that have been implicated in the detection of
biologically significant odours31–33. In other sensory systems, central
representations of stimuli of particular significance have enlarged
central representations, and the central representation of MTMT
may represent an example of such an enhanced representation in the
mammalian olfactory system, perhaps analogous to the enlarged
representation of sex pheromones in the macroglomerular complex
in insects34.
A persistent issue in the field of olfactory coding has been the
odorant specificity of mitral cell activity35–39. The idea of ‘specialist’
and ‘generalist’ responsive neurons34 has been invoked to explain
the variability in molecular response ranges. However, the response
range of mitral cells in mammals has historically been defined using
relatively high odorant concentrations and restricted stimulus
sets35,37. This does not necessarily relate to the discriminatory ability
of mitral cells in biologically relevant contexts, where they are
unlikely to encounter stimuli containing high, nearly identical
concentrations of nearly identical stimuli. A more relevant question

Figure 4 Sex- and strain-specific responses to urine volatiles. a–f, A mitral cell activated
specifically by male urine volatiles (a) and not by female urine (b). Bar indicates time of
odour delivery. c, d, Individual components of male BALB/c urine (c) elicit a response at
508 s (normalized response, conventions as in Fig. 3a), female C57BL/6 urine (d) elicits
no response. Scale bars as in Fig. 2b–f. e, f, Enlarged portions of the GC profiles (boxed
regions in c and d) show a small peak in male urine (e, black arrow) as the putative peak

activating the cell response; this peak is absent in female urine (f). Upper panel: vertical
bar, 10 Hz; horizontal bar, 10 s. Lower panel: vertical bar, 100 mV; horizontal bar, 10 s.
g, Sex-selectivity index shows a substantial subpopulation of neurons with an index score
close to 1, indicating responses exclusively to male urine; such cells were less common in
males (black bars). h, Most neurons responded to urine from both strains tested (colour
conventions as previously).

Discussion
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Figure 5 Male-specific neurons respond to a novel semiochemical. a, Activation of a
mitral cell by a single component of BALB/c male mouse urine eluting at 506 s (normalized
response). b, Synthetic MTMT (structure shown at upper left) elutes at the same time
(507 s) and evokes an identical response (scales as in Fig. 2b–f). The small apparent size
of the MTMT peak results from the low concentration used. c, Mass spectra of

endogenous MTMT from mouse urine (upper panel) and synthetic MTMT (lower panel)
obtained at the retention time corresponding to activation of the neuron in a and b.
d, Dose–response curve to synthetic MTMT (averaged from four responsive cells, bars
indicate mean ^ s.e.m.). Response threshold is approximately 10 p.p.b.

is the selectivity of mitral cells when confronted with arbitrarily
large sets of distinct chemicals. In the case of projection neurons in
the Drosophila antennal lobe (the fly analogue of mitral cells),
imaging data suggest that most individual projection neurons
respond robustly to only a small subset of stimuli40, but electrophysiological recordings of the same neurons indicate that most
respond to a considerably broader range41. Broad tuning of mitral
cells has also been reported in zebrafish36,39. Mice, however, have a far
larger repertoire of olfactory receptors than either flies or fish42–44,
and we see little evidence for such broad tuning; out of perhaps
hundreds of possible volatile stimuli in urine, mouse mitral cells
generally respond to just a single one.
Although this apparent selectivity could reflect a limitation of the
SPME approach (such as a systematic failure to adsorb certain urine
volatiles) we consider this unlikely. We found no neurons that
responded to presentations of complete urine volatiles but subsequently failed to respond to at least one component during the GC
run, as would be expected if we failed to capture the relevant
molecular species by SPME. In addition, urine volatile profiles
isolated by a theoretically unbiased technique (cryogenic trapping)
identified a total of 98 chemicals45. Using SPME, we detected
between 100 (in BALB/c female urine) and 131 volatile compounds
(in BALB/c male urine) and identified several components (in
addition to MTMT) that were not observed by cryogenic trapping.
Moreover, the chemical families isolated by the two approaches
were the same. Other studies comparing cryogenic trapping with
SPME have concluded that the sensitivity, linearity and reliability of
SPME are comparable to or superior than cryogenic trapping46–48.
Although it remains possible that when only a single activity peak is
observed by GC-E, a small number of additional compounds might
also induce responses, mitral cells clearly respond to only a very
small fraction of the volatile stimuli present in urine. This specificity
could reflect a case of ‘specialist neurons’, but preliminary results
suggest the same degree of specificity in response to components in
a range of other natural stimuli as well as to very large libraries of

pure odorants (I. Davison, D. Y. L. and L. C. K., unpublished
observations).
Although hundreds of compounds are present in natural stimuli,
a much more restricted set of compounds may be responsible for
constructing the olfactory percept. The olfactory image of a particular urine might be formed by the immediate, coordinate
activation of a specific cohort of narrowly-tuned feature detectors49,
rather than a time-dependent, emergent property of more
moderately selective detectors50. Understanding how such a complex signal is represented provides insight not only into neural
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Figure 6 Synthetic MTMT enhances the attractiveness of urine to female mice. In a
Y-maze preference test, females strongly prefer urine from intact males compared with
castrated male mice, as indicated by investigation time of the different samples (shown as
mean ^ s.e.m.). Addition of 20 p.p.b. synthetic MTMT to castrated urine roughly doubles
investigation time. Much higher concentrations of acetophenone (ACE, 1 p.p.m. or
10 p.p.m.) have no effect. Although 50 p.p.b. MTMT in water slightly increased
investigation time compared with water alone, the absolute investigation time is much
lower than that of MTMT presented in a castrated urine background. Asterisks indicate
statistically significant differences (Wilcoxon signed-ranks test, P , 0.01).
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strategies for the coding of social signals, but also suggests a
paradigm for understanding more generally how natural olfactory
scenes are represented in the olfactory bulb and beyond.
A

Methods
All animal experiments were performed according to a protocol approved by the Duke
University Institutional Animal Care and Usage Committee.

Electrophysiology
After initial anaesthesia (10:1 ketamine:xylazine, intraperitoneal injection), sexually
mature (3–9-month-old) BALB/c or C57Bl/6 mice (Charles River Laboratory) were
maintained on isofluorane (1–3% in 100% O2). The intersection of the sagittal suture and
the sinus separating the olfactory bulbs and cortex was used as a reproducible zero point
for mapping. Isolated single units were recorded with tungsten microelectrodes
(1.5–3 MQ, Microprobe Inc.), digitized (20 kHz) and analysed using Spike2 software
(Cambridge Electronic Design Limited). Small electrolytic lesions (4 trains of 7 mA for 5 s,
at 5 s intervals) were occasionally made and verified histologically.

Data analysis
A cell was classified as urine-responsive if its firing rate during urine presentation changed
by more than 30% from its spontaneous firing rate in the 2-s pre-stimulus interval. For
each urine stimulus, responses to 2–5 stimulus presentations were averaged. We calculated
a SexSI and StrSI as follows: SexSI ¼ (male urine response) 2 (female urine response)/
(male urine response þ female urine response) and StrSI ¼ (BALB/c urine
response 2 C57Bl/6 urine response)/(BALB/c urine response þ C57Bl/6 urine response).
Male and female urine responses are the sum of cell responses to BALB/c and C57Bl/6
animals of the respective sexes, and strain-selective responses are the sum of responses of
both sexes to urines from different strains.

Odour stimuli
Using custom-built metabolic cages, urine was collected from 5–10 animals into vials
immersed in dry ice, and stored at 280 8C. Oestrous cycle was not controlled. Urine
vapours (10% urine in dH2O) were presented in charcoal filtered room air (1.2 l min21)
using a TTL-triggered, 6-channel olfactometer. Later experiments used a robotic 64channel olfactometer in which 100% urine vapour (0.2 l min21) was diluted into a
2 l min21 flow stream. To concentrate volatiles from urine, a SPME fibre (2 cm–50/30 mm
DVD/Carboxen/PDMS StableFlex, Supelco) was inserted for 3–6 h into the headspace of a
1.5-ml vial with a Teflon septum (Agilent) containing 150 ml of mouse urine (saturated
with NaCl, mildly heated to 37 8C–40 8C and constantly stirred). Extracted volatiles were
desorbed at the GC injection port (Agilent model 6980, 260 8C, 3 min) and separated on
either a nonpolar BP-5 or a polar BP-20 column (SGE, 30 m, inside diameter 0.25 mm)
using helium (1.2 ml min21) as the carrier gas. Oven temperature was maintained at 50 8C
for 2 min, ramped at 10 8C min21 to 200 8C, and at a further 30 8C min21 to a final
temperature of 260 8C, maintained for 1 min. The column effluent was split equally and
each half was routed to either a flame-ionization detector (FID, operating at 280 8C) or a
mass spectrometry detector (Agilent model 5973, electron impact mode, 70 eV electron
energy, 34–400 AMU at 3.93 scans s21) or the animal’s nose via a heated transfer line.
To compensate for slight shifts in retention times, the retention times for an unknown
compound (UC) from different GC runs were adjusted according to the retention time
(RT) of HMH as follows: adjusted RT of UC ¼ (averaged RT of HMH/actual RT of
HMH) £ actual RT of UC. During GC-E experiments, cells were analysed only if their
firing rate changed significantly (99% confidence level) from their mean firing rate, and
their activity lasted longer than one breathing cycle. If multiple GC-E runs were
performed, a given response had to be repeated at least twice.

Behavioural analysis
Sexually experienced, light-cycle adapted (light on from 1800 to 0600 h) BALB/c female
mice (n ¼ 37) were used (during their subjective night, between 1200 and 1800 h) to
examine the behaviour effects of synthetic MTMT in a urine preference test. Preference
tests were conducted in a custom-made Y-maze (32 £ 12 £ 30 cm) with a sliding door
regulating access to each arm. The test urine (50 ml, applied to a 1-cm2 piece of filter paper)
was placed at the bottom of a clean 1.5-ml eppendorf tube, which was in turn fitted into a
circular port (1.3 cm inside diameter) located at the end of each arm. The mouse could
sniff at the opening of the tube but was unable to contact its contents. Tests were
performed in darkness (videotaped under infrared illumination). After habituation to the
test apparatus (5 min), the animal was restricted to one arm, and two tubes containing
filter paper with water only were inserted into the sniffing access ports. The animal was
released and allowed to freely investigate for 5 min. The procedure was then repeated with
urine samples placed on the filter paper (2-min trials). Videotapes were scored for the time
spent sniffing each urine stimulus (snout oriented towards the opening and held within
1 cm of it) by an individual blind to the conditions being tested.
Received 23 September 2004; accepted 2 February 2005; doi:10.1038/nature03414.
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