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Behavioral State Modulation of
Auditory Activity in a Vocal

Motor System
Amish S. Dave, Albert C. Yu, Daniel Margoliash*

Neurons of the song motor control nucleus robustus archistriatalis (RA) ex-
hibited far weaker auditory responses in awake than in anesthetized zebra
finches. Remarkably, sleep induced complex patterns of bursts in ongoing
activity and uncovered vigorous auditory responses of RA neurons. Local in-
jections of norepinephrine suggested that the changes in response strength
occur through neuromodulatory control of the sensorimotor nucleus HVc,
which projects to RA. Thus, motor access to auditory feedback, which zebra
finches require for song learning and maintenance, may be regulated through
neuromodulation. During sleep, the descending motor system may gain access
to sensorimotor song memories represented as bursting patterns of activity.

Changes in behavioral state are accompanied
by changes in the functional properties of
forebrain neurons. As animals transition to
sleep, neurons may exhibit reduced respon-
siveness to external stimuli, reduced ongoing
(“spontaneous”) firing rates, and increased
bursting and synchronization. The cellular
mechanisms for such changes are mediated
by the actions of neuromodulators, including
norepinephrine (1). Behavioral and compara-
tive studies have suggested that sleep may
play a role in the stabilization of certain types
of memory, including the learning of fine
motor tasks, but, in general, the behavioral
implications of sensory gating are not as well
established (2). Here we report that neuro-
modulatory regulation within the bird vocal
motor (“song”) system controls the expres-
sion of activity patterns associated with
learned auditory information. In contrast to
the pattern typical for other systems, sensory
responsiveness increases during sleep.

Song learning requires auditory feedback,
and the role of auditory feedback is modulat-
ed during development (3). In the forebrain,
the nucleus HVc and its afferents are the
principal targets of auditory input to the song
system (4). Neurons in HVc project to one of
two pathways, either the descending motor
pathway through a projection to the forebrain
nucleus robustus archistriatalis (RA) or the
anterior forebrain pathway (AFP) that even-
tually projects back to RA (Fig. 1A). Where-
as HVc and RA are necessary for singing, the
AFP is necessary for the development of
normal song, but lesions of AFP nuclei in the
adult have little effect on singing in zebra
finches (5).

We recorded single neurons in the HVc

and RA of awake, freely moving animals (6 ).
Numerous previous studies, mostly conduct-
ed in urethane-anesthetized animals, have
shown that HVc (7, 8) and RA and AFP (8)
neurons have auditory responses that are spe-
cific for acoustic features of the individual
bird’s own song (BOS) and are selective for
BOS relative to conspecific songs. We also
observed such selectivity in the auditory re-
sponses of single HVc neurons in awake
birds but, surprisingly, failed to observe any
auditory response whatsoever in RA neurons
recorded under the same conditions (9). The
RA neurons exhibited fast regular oscillatory
spiking patterns that lacked the occasional
bursts observed in recordings from anesthe-
tized birds. The complete absence of an au-
ditory response in RA may have been the
result of a neuromodulatory response related
to stress induced during a brief period when
the animals were manually restrained to
achieve single-unit isolation (6 ) (see below).

Exploring under what behaviorally rele-
vant conditions RA neurons exhibited the
auditory responsiveness observed in anesthe-
tized animals, we discovered that when birds
fell asleep, RA neurons acquired complex
bursting in their ongoing activity and, re-
markably, gained auditory responsiveness to
BOS. At night, birds prepared for chronic
recordings of RA neurons were presented
with continuous playback of BOS (6 ). When
the cage lights were turned off, motion in the
cage (as judged by lack of audible move-
ments) eventually ceased and the birds fell
asleep. Without fail, sleep was accompanied
by slower, less regular firing (14 single units,
five birds; Fig. 1B) and a dramatic increase in
the auditory response to BOS (10 of 14 single
units and six multiple units in four birds were
tested); the effect was sufficiently reliable to
be easily seen in multiple unit traces (Fig.
1D). The RA “sleep” state of ongoing activity
and BOS responsiveness was observed when-
ever we sampled RA during the night. The only
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