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Sequences of motor activity are encoded in many vertebrate
brains by complex spatio-temporal patterns of neural activity;
however, the neural circuit mechanisms underlying the gener-
ation of these pre-motor patterns are poorly understood. In
songbirds, one prominent site of pre-motor activity is the fore-
brain robust nucleus of the archistriatum (RA), which generates
stereotyped sequences of spike bursts during song' and recapi-
tulates these sequences during sleep®. We show that the stereo-
typed sequences in RA are driven from nucleus HVC (high vocal
centre), the principal pre-motor input to RA*>*. Recordings of
identified HVC neurons in sleeping and singing birds show that
individual HVC neurons projecting onto RA neurons produce
bursts sparsely, at a single, precise time during the RA sequence.
These HVC neurons burst sequentially with respect to one
another. We suggest that at each time in the RA sequence, the
ensemble of active RA neurons is driven by a subpopulation of
RA-projecting HVC neurons that is active only at that time. As a
population, these HVC neurons may form an explicit represen-
tation of time in the sequence. Such a sparse representation, a
temporal analogue of the ‘grandmother cell’ concept for object
recognition, eliminates the problem of temporal interference
during sequence generation and learning attributed to more
distributed representations®”.

Songbirds produce highly stereotyped, learned vocalizations®’.
Zebra finch (Taeniopygia guttata) song consists of a complex pattern
of sounds with spectral and temporal modulation over a wide range
of timescales'’. A basic acoustic element is the song syllable, which
may itself be composed of a complex sequence of sounds varying on
a 10-ms timescale, or even less''. Several distinct song syllables are
organized into a single, repeated pattern of about 1s in duration,
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called a song motif. Two pre-motor nuclei have been identified for
their importance in song generation: nucleus RA and nucleus
HVC". Premotor HVC neurons project onto RA neurons, which
in turn project with a myotopic mapping onto motor neurons of the
vocal organ'’, and to respiratory brain areas'®. During singing, RA
neurons generate a highly stereotyped, complex sequence of action
potential bursts, each precisely correlated to the song vocalization
on a submillisecond timescale"'>. The average burst duration is
roughly 10 ms, and each RA neuron generates a unique pattern of
roughly ten bursts per song motif, such that on average 12% of
RA neurons are active at any time (A. Leonardo, and M.S.E,
unpublished data) (Fig. 1a).

Song motif
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RA neurons

Stimulus

c HVC HVC
RA-projecting interneuron

Stimulation Il N |

in X | |
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Spontaneous spike

Collision \1,
RA stimulus Wlm '—HLH/——-*——
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Figure 1 RA sequences and identification of HVC neurons. a, Neurons in nucleus RA
generate complex sequences of brief action potential bursts during song vocalizations.
Spectrogram (top) and acoustic signal of the song motif, and plots of instantaneous firing
rate (bottom) of song-related spike activity in three different RA neurons recorded in one
zebra finch. Neural activity is aligned using the onset of the second syllable of each motif
(arrowhead). Two renditions are displayed for each neuron. b, Single-unit recordings were
made in pre-motor nuclei HVC and RA. HVC neurons were antidromically identified by
electrical stimulation in RA and area X. RA projects to vocal motor neurons in the nucleus
of the twelfth nerve (nXits). ¢, RA-projecting neurons and putative interneurons could be
activated from RA but not from area X. Stimulation in RA, triggered by spontaneous spikes,
resulted in spike collision for RA-projecting neurons but not for interneurons.
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Here, we avoid the question of how RA activity is translated into
sound, and simply ask how pre-motor burst patterns in RA are
generated. Previous studies have suggested that the syllable order
and tempo of the motif are generated by a network that resides
above RA, and includes HVC'>'®, and that an HVC neural code for
syllables is transformed into a code for shorter acoustic elements
through the projection of HVC onto RA"'". To re-examine these
issues, we have characterized the role of inputs to RA from pre-
motor nucleus HVC.

HVC contains at least three classes of neurons: neurons that
project to the RA, neurons that project to area X, and inter-
neurons'®'’. We have identified HVC neuron classes by antidromic
activation® from RA and from area X (Fig. 1b, ¢). Chronic single-
neuron recordings were made from identified neurons of all three
classes. Antidromically identified RA-projecting HVC neurons
(HVC(ra)) (n =16, three birds) were completely inactive in
awake, non-singing birds (<0.001 spikess™ '), and burst extremely
sparsely during vocalizations, generating at most a single burst per
song motif (Fig. 2a). HVC g, bursts had a duration of 6.1 * 2ms,
and comprised 4.5 + 2 spikes at a firing rate of 613 = 2105
(ranges are *1 s.d. unless specified otherwise). HVC 4 bursts were
highly stereotyped, tightly time-locked to the song motif
(0.66 = 0.14 ms r.m.s. jitter), and occurred reliably on every rendi-
tion of the motif (Fig. 2b). Thus, on a millisecond timescale,
HVCra) bursts were maximally correlated to the vocalization.
Different HVC(ga) neurons tended to burst at different times in
the song, with no obvious timing relation to the onset or offset of
song syllables. Three identified HVCra) neurons generated no
bursts during the song, but produced a single burst during call
vocalizations. HVC neurons projecting to area X also burst sparsely
during singing (0-5 bursts per motif, n = 30; data not shown). In
contrast to projection neurons, putative HVC interneurons
(n=31), most of which were spontaneously active in the non-
singing bird (11 *+ 7 spikess™ '), produced high rates of spiking and

bursting activity throughout song and call vocalizations (Fig. 2b).
The firing patterns of putative HVC interneurons were similar to
those of unidentified neurons found in previous studies of HVC in
the singing bird".

Previous observations have shown that sleep-related spike and
burst patterns in nucleus RA can closely recapitulate those gener-
ated during singing®, suggesting that a common neural mechanism
may underlie the generation of song- and sleep-related RA burst
patterns. A more detailed understanding of the role of HVC in
generating sleep-related activity in RA may provide a hint as to the
interaction of these two nuclei during singing. We next examined
the firing patterns of RA neurons and identified HVC neurons using
a new, sleeping-bird preparation where the head of the bird is fixed,
permitting simultaneous single-unit recordings in multiple brain
areas and pharmacological manipulation, which are not currently
possible in the singing bird.

Similar to the situation in the singing bird, HVCa) neurons
burst sparsely during sleep (0.06 = 0.05burstss™', n= 116, 27
birds). Paired recordings in RA and HVC (Fig. 3a) neurons showed
that HVC(ga) neurons fired 13 = 3 times fewer bursts in the
sleeping bird than did RA neurons (n = 53 pairs). The bursts had
properties similar to those observed during singing: duration of
bursts during sleep in RA and HVCga) neurons were 11.5 * 3.5ms
and 6.5 = 1.8 ms, respectively. Bursts of HVCr4) neurons during
sleep comprised 3.2 = 0.8 spikes per burst, and had an average
firing rate of 347 = 81s~'. The relationship between HVC gy,
bursts and RA bursts is readily seen in raster plots of RA spike
trains aligned in time to the onset of bursts in HVC(ga) neurons
(Fig. 3b, ¢). RA neurons reliably showed a pattern of bursts locked to
the HVCrp) bursts (n = 45 of 53 pairs). Furthermore, multiple RA
neurons recorded sequentially with a single HVCra) neuron
(n = 3) show that different RA neurons generate different patterns
of bursts, as is the case during singing. The relation between
HVCra) and RA spike trains was quantified using a correlation
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Figure 2 Spiking activity of identified HVC neurons during singing. a, Extracellular record
of an RA-projecting HVC (HVCga) neuron (bottom), with the simultaneously recorded

vocalization (top). The HVC gy neuron generates a single burst during each of three motif
renditions. b, Spike raster plot of ten HVCa) neurons and two HVC interneurons recorded
in one bird during singing (left) and call vocalizations (right). Each row of tick marks shows
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s

spikes generated during one rendition of the song or call; roughly ten renditions are shown
for each neuron. Neural activity is aligned by the acoustic onset of the nearest syllable.
HVCgra) neurons burst reliably at a single precise time in the song or call; however, HVC
interneurons spike or burst densely throughout the vocalizations.
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function, K(7), that is conditional on spikes in the HVC () neuron
(=1 < K(7) < 1) (ref. 21) (see Methods). Unlike the standard cross-
correlation function, K(7) is not sensitive to large differences in
firing rate of the two spike trains. The peaks in the conditional
correlation function in RA-HVC g, pairs were large; the largest
peak correlation for each pair was on average K=0.62 (n = 45
pairs). Multiple significant peaks in K(7), corresponding to reliable
bursts in the RA sequence, were found over a wide range of time lags
(£400ms full range, =130 mss.d.), with weaker correlations at
larger time lags (Fig. 3d). Significant peaks were approximately
symmetrically distributed around zero time lag; that is, bursts in the
RA sequence were observed both before and after the HVC gy,
bursts.

Paired recordings of HVCra) neurons reveal that these neurons
generate a sparse sequence during sleep (Fig. 3e), consistent with
our observations in the singing bird. Nine HVC gy, pairs (out of 26
pairs, 7 birds) showed a statistically significant conditional corre-
lation; in only one of these pairs did the neurons burst simul-
taneously. The time lags of the peaks were distributed over several
hundred milliseconds (Fig. 3f), showing that the population of
HVCra) neurons forms a sequence over a timescale similar to that
of the sleep sequences in RA neurons. HVC gy, pairs recorded on a
single electrode revealed that neighbouring HVC za) neurons did
not burst at the same time (n = 3 in the sleeping bird, # = 1 in the
singing bird), suggesting that there may be no spatial organization
to the burst times in HVC.

letters to nature

In the singing bird, HVC(za) neurons burst at most once per
motif, thus spike train autocorrelations of these neurons do not
exhibit any peaks at time lags greater than 10 ms and less than the
motif duration. Similarly, the autocorrelations of HVC ) neurons
recorded during sleep did not show significant peaks at time lags
greater than 10ms (134 of 135 neurons). Furthermore, during
singing, pairs of HVCra) neurons are highly correlated at a single
time lag corresponding to the interval between their burst times in
the motif (as inferred from their correlation to the vocalization, see
Fig. 2). Similarly, during sleep, correlated HVC ) pairs show only a
single significant peak in the conditional correlation function (for 8
of 9 correlated pairs, Fig. 3f).

Do action potential bursts in HVC ga) neurons drive bursts in RA
neurons? Reversible lesions in HVC demonstrate that spiking
activity in HVC is necessary for the generation of sleep sequences
in RA. In three birds, microinjection into HVC of lidocaine, a
sodium channel blocker that suppresses spiking, completely and
reversibly abolished sleep bursts in RA. Total recovery was observed
2-3min after injection. Injections in HVC had no effect on the
spontaneous 10-20-Hz regular spiking in RA neurons, confirming
that lidocaine did not diffuse into RA. Control injections of saline
had no effect on sleep bursts (n = 3 birds). Injections of lidocaine
into forebrain nucleus LMAN®, a non-pre-motor input to RA, did
not affect the generation of bursts during sleep (1 = 2 birds).

Evidence that bursts in RA are driven in a feed-forward manner
by preceding activity in the HVC is also provided by observations of
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Figure 3 Relationship between burst patterns in a sleeping bird of RA neurons and HVC ga
neurons. a, Extracellular signals from an HVCga) neuron recorded simultaneously with an
RA neuron. HVCgay neurons burst sparsely, approximately 13 times less often than RA
neurons. b, Spike raster plot of simultaneously recorded pairs of HVCga) and RA neurons.
Shown is one HVCga) neuron recorded sequentially with four different RA neurons. Al
HVCra bursts (short red rasters) are aligned at the centre of the plot. Corresponding RA
spikes (long black rasters) are shown below each HVC s burst. Below each raster is
shown the conditional correlation function. ¢, Another example of an RA burst sequence in
a sleeping bird (without melatonin). Green circles show the largest statistically significant
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correlation peak; black circles show statistically significant secondary peaks. The
horizontal dashed line is the 95% confidence level, as assessed by Monte-Carlo
estimation. d, Distribution of peak correlation and time lag of statistically significant main
peaks (green) and secondary peaks (black). Positive time indicates that the RA neuron
follows the HVCga) neuron. e, Raster plot of simultaneously recorded HVCgay neurons,
with conditional correlation function below. f, Peak values and associated time lags of the
conditional correlation functions for HVCgay pairs (blue circles show significant main
peaks (P < 0.05), the black circle shows the only secondary peak).
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putative HVC interneurons (HVC;)) in the sleeping bird. Paired
recordings showed that the burst density of HVC;, neurons was
roughly three times the burst density of simultaneously recorded
RA neurons (n = 35 pairs) and 45 times that of HVCrx) neurons
(n = 22 pairs). Bursts of HVC(r,) neurons were strongly synchro-
nized with bursts of HVC;) neurons (Fig. 4a; average correlation
K =0.73, average latency 7= 2.5 = 3.0ms (*s.e.m.)). Similarly,
most bursts of RA neurons strongly correlated with preceding bursts
of HVC;) neurons (Fig. 4a, ¢; average correlation K = 0.51, average
latency 7 = 4.5 = 0.4 ms (*s.e.m.)). The average spike latencies of
RA and HVCr,) neurons relative to HVC;) neurons are consistent
with the measured distribution of antidromic HVCra) spike
latencies (3.5 = 2.5ms (*s.d.)). Because there is no known direct
anatomical projection from RA to HVC, these results, together with
the HVC lesion experiments, imply a short timescale (~4.5 ms) and
causal relationship between HVCra) bursts and RA bursts.

The strong correlation between HVC(ra) and HVC(;, neurons
suggests that activity in single HVC;, neurons during sleep is
representative of the population activity of HVC(ra) neurons.
Consistent with this idea, all interneurons we observed were
strongly activated by near-threshold antidromic stimulation of
HVCra) neurons; additionally HVC interneurons were highly
synchronized as a population during sleep (Fig. 4b). In paired
recordings, nearly every sleep burst in one HVC ;) neuron occurred

a 200Hz|

HVC ga) ‘ 1s “J

HVG,,

ﬂ JJ b

L

$

b 200Hz|
1s
we ||| 1] | Loy 1
HVC,, J ' . LJ j :
1 l |
c HVC g HVC,~HVC,,
v
1 o
- (]
[0)
5 o °
()
< 0.5
c [}
s $8 RA-RA
£
C
o
(&)
o HVC,, HVC,,
200 20 200 20 200 20

Time lag (ms)

Figure 4 Global synchrony of HVC interneurons. a, Simultaneous single-unit triplet
recording, during sleep, of an HVCga) neuron, a putative HVC interneuron (HVC) and an
RA neuron. Plotted are instantaneous firing rate functions. RA bursts and HVCga) bursts
are strongly synchronized with interneuron bursts. b, Instantaneous firing rate function for
asimultaneously recorded pair of HVGy, neurons, which show highly synchronized bursts.
¢, Scatter plot of conditional correlation versus peak times of 20 HVCga~HVCy pairs, 35
RA-HVCy pairs, 19 HVC~HVCy pairs, and 27 RA-RA pairs. For the left two plots, the
time lag is plotted relative to the bursts of the HVC g, neuron and the RA neuron,
respectively.
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simultaneously with a burst in the other HVC ;) neuron (K = 0.78,
n = 19 pairs; Fig. 4c). Thus, the fact that bursts in HVC(;) neurons
precede most sleep bursts in RA suggests that feed-forward acti-
vation from HVC dominates the generation of sleep sequences in
RA. The feed-forward contribution, that is, the fraction of RA bursts
that are driven from HVC, is given to a first approximation by the
ratio of the RA-HVC;, conditional correlation to the HVCga)—
HVCy; conditional correlation. (The HVC,)~HVC;) conditional
correlation is a measure of how well the HVC;) neurons represent
activity in the HVCga) population, and is therefore used as a
normalization.) Thus, our estimate of the HVC feed-forward
contribution to RA sleep sequences is 70%.

To what extent does this and other observations in the sleeping
bird inform our understanding of the generation of RA song
sequences? Are sleep sequences a transient activation of the same
neural mechanisms that underlie the generation of sequences
during singing? Previous studies indicate that during sleep, indi-
vidual RA neurons can generate the same unique sequence of spikes
and bursts as generated by that neuron during singing®. Our data do
not allow a comparison of individual RA-HVC g, pair correlations
in the sleeping and singing bird; however, we can compare RA and
HVC correlations on a population basis in these two states.
Although average correlations are weaker for sleep sequences, they
share the following features with song sequences: (1) HVC gy,
neurons, as a population, generate sparse sequences; (2) most RA
neurons generate a unique pattern of bursts in relation to a given
HVCra) neuron burst; (3) the burst widths, and the ratio of burst
densities of RA and HVCra) neurons are similar in both beha-
vioural states; and (4) HVC interneurons fire or burst densely
during both song and sleep sequences. In conclusion, the relation-
ship between song and sleep sequences of individual neurons is
unresolved, but our results suggest that the generation of RA song
sequences may also be dominated by a feed-forward drive from
HVG; that is, most of the RA bursts during singing are driven
directly by bursts in HVC(g,) neurons.

Our finding that HVC(ga) neurons produce a brief burst at a
single time in only one of the repeating vocal elements (that is, motif
or call), and that, as a population, HVC(ga) neurons are probably
active throughout the associated RA sequences, suggests that these
neurons code for some transient event or ‘state’ in the sequence,
rather than longer timescale structures such as song syllables, as was
previously believed. We propose that HVCra) neurons code for a
unique time within the RA sequence; that is, that they are active at
one and only one time point in the RA sequence, regardless of motor
or vocal content. This does not imply that HVC s, neurons can
never burst more than once in a song motif: an HVCu) neuron
active within a syllable identically repeated in a motif will probably
burst during each repeat of the syllable, as suggested by the precisely
repeated RA sequence associated with identical syllables within a
motif' (A. Leonardo and M.S.E, unpublished observations). Given
the precise relationship between HVC,) bursts and RA burst
patterns however, it seems unlikely that HVCzs) neurons will
burst several times within a motif that does not have repeated RA,
and therefore acoustic, sequences.

In most neural models of sequence generation, a sequence of
activity is stored by specific excitatory and inhibitory connections
between neurons within the network, such that the network
advances autonomously from one state to the next*»?**. Such
single-layer recurrent networks suffer from the problem of temporal
interference due to spatial overlap of different states in the sequence,
and consequently must operate with very low average activity®’,
cannot produce the same state at multiple times during the
sequence, or are difficult to train®. The previous theoretical work
showed that a sparse representation, such as we observe in HVC,
resolves these interference problems. Our data indicate that the
dynamics that underlie RA sequence generation occur not in RA but
in another network (for example, the HVC and higher) that
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incorporates a canonical sparse representation. The canonical
sequence in HVC is translated into a complex sequence in RA by
a set of synaptic weights from HVC 4, to RA neurons; thus RA can,
in principle, produce arbitrary sequences with high average levels of
activity and large state overlaps.

Put in terms of songbird behaviour, the motor actions underlying
song unfold when the ‘time code’ in HVC acts on the ‘muscle map’
in RA. The pattern of activation in RA depends on the synaptic
connections from HVC ) neurons onto RA neurons, suggesting
that it is the pattern of HVCza)—RA synapses that contains the
‘score’ of the bird’s song. Our results are thus consistent with the
idea that plasticity in RA mediates song learning®%, and suggest
that the site of this plasticity is the HVCrs)—RA synapse. Of course
we cannot exclude the possibility that song learning may also
involve plasticity in the order in which HVC ra) neurons burst.

The ultimately sparse, or unary, representation in HVC may
simplify sequence learning as well: errors in the song at a particular
time in the sequence can be corrected, through auditory feedback,
by altering only those HVCrs)—RA synapses that were active at the
time of, or immediately preceding, the error. In a dense represen-
tation, in which HVC ga) neurons would burst many times, changes
in synaptic connectivity intended to reduce song errors at one time
would affect song output at many times, resulting in a difficult
learning process. However, with a sparse representation in
HVC, changes in the HVCs)—RA synapses during learning will
modify the RA pattern, and thus the song, only at the time of the
error, without introducing unwanted changes in the song at other
times. g

Methods
Electrophysiology

Subjects were adult male zebra finches. The care and experimental manipulation of the
animals was carried out in accordance with guidelines of the National Institute of Health
and have been reviewed and approved by the local Institutional Animal Care and Use
Committee. Before surgery, anaesthesia was produced with 1-3% isofluorane in oxygen.
For experiments on sleeping birds, a thin stainless-steel plate was mounted to the skull
with dental acrylic, and a window was made in the inner and outer bone leaflet over nuclei
RA, HVC and area X of the right hemisphere using stereotaxic coordinates. A small hole
(~200 pm) was made in the dura over each area and the exposed brain was protected with
2% low melting agarose in saline. Wound margins were treated with lidocaine gel. The
animal was placed in a small foam restraint and placed in the recording apparatus without
further anaesthesia. Birds that did not sleep spontaneously were administered
subcutaneously 10 pg melatonin (Sigma) in phosphate buffered saline®. Additional details
on assessing sleep state are described in the Supplementary Information. For experiments
in the singing bird, single-unit recordings were made with a three-channel motorized
microdrive, using previously described techniques™. For chronic and head-fixed HVC
recordings, stimulating electrodes were implanted in RA and area X for antidromic
activation of HVC. Data were obtained from 41 zebra finches.

In the sleeping bird, simultaneous paired and triplet single-neuron recordings were
made in nucleus RA and HVC. In the singing bird, single neurons were recorded in HVC or
in RA. High signal-to-noise (greater than 5:1) recordings were made with sharp glass and
platinum/tungsten microelectrodes. All spike trains were confirmed to be single-unit by
complete suppression of the spike autocorrelation functions at times less than 1 ms.
Antidromic identification of HVC neuron type was based on spike collision and spike
latency variability®, as described in Supplementary Information.

After each experiment, the animal was killed by intraperitoneal injection of 20%
urethane (300 pl). The brain was removed for histological examination of unstained slices
to verify the location of stimulating and recording electrodes, and drug injection sites.

Data analysis

In Figs 1 and 4, neural activities are represented as instantaneous firing rates, R(t), defined
at each time as the inverse of the enclosed interspike interval, R() = 1/(t;+1 — t;), for

t; <t = tiy1, where t; is the time of the ith spike. A burst is defined as the interval over
which the instantaneous firing rate exceeds 100 Hz. The burst rate is defined as the number
of events per unit time in which the instantaneous firing rate crosses the 100-Hz threshold
from below.

We use a measure of correlation between two simultaneously recorded spike trains, A
and B, which is conditional on the spike train with fewer spikes. This measure is insensitive
to differences in average firing rate. The conditional correlation function, K(7), represents
the excess fraction of spikes in train A that fall within a window (7 — At, 7 + At) of a spike
in train B, where At is the half-width of the window. The spike times of A and B are
denoted by t4(1 =i = N*) and t]]?(l =j= NP), respectively, where A has a smaller
number of spikes than B (N* < N®). In calculating the conditional correlation, we define
the conditional spike probability, c(7) (ref. 21), as the fraction of spikes in A that are within
At of at least one spike in B. ¢(7) is calculated as a function of an arbitrary time shift, 7,
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between the two spike trains. Thus,

NA

o(r)= %Z OlAL — miny(|1} — 1} — 7/)]

where O[x] is the Heavyside function: O[x] = 0 if x < 0 and O[x] = 1 otherwise. Note
that 0 = c(7) = 1.

The conditional correlation is defined as: K(7) = (c(7) — ©)/(1 — ©), for ¢ = 0.5 where
¢ = (c(7)), denotes the average conditional spike probability calculated on randomly
shifted spike trains, as described below. The conditional correlation characterizes the two
spike trains as being somewhere between anti-correlated (K = —1) and strongly
correlated (K = 1), and obeys the inequalities —1 = —¢/(1 —¢) = K = 1. Apart from
normalization, the shape of the conditional correlation function is qualitatively similar to
the standard cross-correlation; in particular, the time lags at the peaks are nearly identical.
We use a coincidence window of At = 5 ms, half of the typical burst width and half of the
defined maximum interspike interval within bursts. The correlation is calculated for time
lags over a 1-s window.

From K(7), we extract all peak values and their time lags 7. The significance of these
peaks is assessed in relation to randomly shifted spike trains: both spike trains were divided
into 500-ms windows, each of which was given a cyclic time shift randomly chosen in the
range of 0 to 500 ms. (Sleep bursts tended to occur in epochs of 1 to 2 s; thus, shifting spike
trains over intervals longer than 500 ms produces a weaker test of significance.) Peak values
greater than zero were determined from 300 such randomized spike trains, typically
yielding several thousand peaks. The distribution of peak values was used to find the 95%
confidence level. Additional details on the computation of conditional correlations is
described in the Supplementary Information.
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The mammalian vomeronasal organ (VNO), a part of the olfac-
tory system, detects pheromones—chemical signals that modu-
late social and reproductive behaviours"*. But the molecular
receptors in the VNO that detect these chemosensory stimuli
remain undefined. Candidate pheromone receptors are encoded
by two distinct and complex superfamilies of genes, VIrand V2r
(refs 3 and 4), which code for receptors with seven transmem-
brane domains. These genes are selectively expressed in sensory
neurons of the VNO. However, there is at present no functional
evidence for a role of these genes in pheromone responses. Here,
using chromosome engineering technology’, we delete in the
germ line of mice a ~600-kilobase genomic region that contains a
cluster of 16 intact VIr genes®. These genes comprise two of the 12
described V1r gene families’, and represent ~12% of the VIr
repertoire. The mutant mice display deficits in a subset of VNO-
dependent behaviours: the expression of male sexual behaviour
and maternal aggression is substantially altered. Electrophysio-
logically, the epithelium of the VNO of such mice does not
respond detectably to specific pheromonal ligands. The beha-
vioural impairment and chemosensory deficit support a role of
VIr receptors as pheromone receptors.

Vomeronasal sensory neurons (VSNs) in the mammalian VNO
are thought to be specialized in the detection of pheromones®’,
although their chemoreceptive abilities also extend to other types of
ligands'®. Much of our knowledge about mammalian VNO function
has been obtained by describing the behavioural consequences of
surgical lesions. Animals with complete anatomical removal of
the VNO exhibit a range of deficits in social and reproductive
behaviours, including the emission of male ultrasound vocaliza-
tions to females, intermale aggression, male sexual behaviour, and
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CH-1211 Geneva 4, Switzerland.
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maternal aggression''. Pheromones, present in bodily secretions
such as urine'?, elicit these VNO-dependent behaviours. V1r (ref. 3)
and V2r (ref. 4) genes are proposed to encode candidate chemo-
sensory receptors, specifically pheromone receptors, on the basis of
predicted protein structure, patterns of expression, and genetic
complexity. However, no ligands, natural or synthetic, are known
for specific V1r or V2r receptors and there is no functional evidence
implicating these receptors in pheromonal behaviours.

To determine if VIr receptors are involved in behavioural and
electrophysiological responses to pheromones, we deleted a cluster
of VIr genes in the germ line of mice. We® and others'? have
characterized the genomic organization of a cluster of VIr genes
on chromosome 6. A ~600-kilobase (kb) region comprises 23 V1r
genes of which 16 have an intact open reading frame (ORF); the
remaining 7 VIr genes are pseudogenes, as their ORFs are disrupted.
The mouse VIr superfamily” consists of =137 genes with an intact
OREF that can be grouped into 12 phylogenetically highly isolated
families (V1ra-1) (Fig. la). Our cluster represents ~12% of the
potentially functional V1r repertoire, and contains most members
of two VIr families, Vlra and VIrb (Fig. la, b), but no other
genes®'”. To delete the gene cluster we used the technique of
chromosome engineering’, designed to excise large regions of
genomic DNA via gene targeting and Cre-loxP mediated site-
specific recombination in embryonic stem cells (Fig. 1b). The
resulting homozygous mice, termed AVIrabA mice, harbour a
~600-kb genomic deletion and lack most Vira and VIrb genes,
as evidenced by Southern blot hybridization with a VIra/b probe
(Fig. 1c). One intact family member, VIrbi0, located on the X
chromosome?®, is not included in the deletion. In situ hybridization
of the vomeronasal epithelium confirmed the expected absence of
messenger RNA for the deleted VIr genes in the mutant mice (Fig.
1d). The expression of other families of VIr genes and the thickness
of the layer of VIr-expressing VSNs are not obviously affected (Fig.
1d). The accessory olfactory bulb (AOB), which receives axonal
input from VSNs, shows a normal overall size, layered organization,
and rostral segregation of axons from VSNs expressing Go;, (Fig.
le, f).

Table 1 VNO-independent functions

Genotype
WT —/—=

Weight

Males (15-20 weeks) (g) 19.9 £33 19.0 = 3.6

Females (17-19 weeks) (g) 16.0 = 4.3 16.7 = 4.4
Motor activity: bar hanging and balancing

Time spent hanging on wire (s) 39.1 7.6 419 + 6.1

Time to right on wire (s) 28+ 0.6 24+05
Motor activity: screen climbing

Time to climb to top of screen (s) 246 +28 26.7 =25
Locomotor activity in open field

Total moving distance males (cm) 470.9 +93.2 456.8 + 84.1

Total moving distance females (cm) 370.4 = 85.6 4222 =719
Depression-related behaviours

Forced swim test (total immobility: min) 922+ 14.4 84.3 = 11.7

Tail suspension test (total immobility: min) 107.1 £ 5.6 109.2 £7.9
Oestrous cycling of females

Mean number of cyclesin 17d 1.7 =01 1.8+0.2
Olfactory function: latency to find cookie

Day 1 (s) 218.3 £25.3 179.2 £ 25.9

Day 2 (s) 114.4 = 20.6 89.9 = 17.4

Day 3 (s) 86.0 £ 9.5 87.0 = 10.3

Day 4 (s) 56.4 + 6.4 58.3 +9.3

Body weight of males and females (n = 30 per genotype and sex), motor activity (n = 20 per
genotype), locomotor activity (n = 20 per genotype and sex), depression-related behaviours
(n = 15 per genotype and per test) and the number of oestrous cycles of non-group-housed
females (n = 15 per genotype) were not significantly different between wild-type (WT) and
mutant (—/—) mice as evaluated with an unpaired Student's t-test. The test of olfactory function
was repeated over four consecutive days. Both genotypes learn to find the cookie faster with
repeated trials. No significant differences were observed between the genotypes (n = 15 per
genotype and sex), as evaluated with a two-way ANOVA for repeated measurements for main
effects of genotype and test day and their interaction.
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