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ABSTRACT There is increased neuronal firing in the
high vocal center (a motor nucleus) and other song nuclei of
canaries, Serinus canaria, and zebra finches, Taeniopygia gut-
tata, whenever these songbirds sing or hear song. These
observations suggested that song perception involved sensory
and motor pathways. We now show that the act of singing, but
not hearing song, induces a rapid and striking increase (up to
60-fold) in expression of the transcriptional regulator ZENK
in the high vocal center and other song nuclei. This motor-
driven gene expression is independent of auditory feedback,
since it occurs in deafened birds when they sing and in muted
birds when they produce silent song. Conversely, hearing
song, but not the act of singing, induces ZENK expression in
parts of the auditory forebrain. Our observations show that
even though the same auditory stimulus activates sensory and
motor pathways, perception and production of song are ac-
companied by anatomically distinct patterns of gene expres-
sion.

Canary ZENK is an acronym for the gene known in other
species as Zif-268, Egr-1, NGFIA, and Krox-24 (1). ZENK and
other immediate early gene transcription factors have been
implicated in processes of synaptic plasticity involved in learn-
ing (2, 3). ZENK is induced in six auditory regions of caudal
forebrain (ref. 4; Fig. 1b) when birds hear novel conspecific
song (8, 9). However, though many attempts were made using
different experimental paradigms, no expression was found in
any of the song nuclei (Fig. 1a; refs. 4, 9, and 10) that are
necessary for the acquisition and production of learned song.
This observation puzzled us because playbacks of conspecific
song induce depolarizing responses in song nuclei (11-15) and
there are many instances in which membrane depolarization
has been shown to induce ZENK expression (16). In addition,
song nuclei show marked anatomical plasticity in adulthood
(17-20) and therefore the absence of ZENK expression in
them was doubly surprising. This study shows that the act of
singing, induces ZENK expression in song nuclei.*

MATERIALS AND METHODS

Animals. Adult (1-2 years old) male canaries of the Belgian
Waterslager strain and juvenile and adult male zebra finches
from our breeding colonies were used. The number of birds
used for each experiment is indicated in the text or figure
legends.

Behavior. Thirty minute singing. Groups of 4—6 male canaries
were placed simultaneously in individual adjacent cages in a
soundproof room for 24 hr to get them used to their new
environment. The next morning, tape recorded song of an-
other male canary, including the natural silent intervals be-
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tween songs, was played for 30 min to stimulate them to sing.
The number of songs produced by each male was counted from
behind a one-way glass mirror. Whereas some birds engaged in
counter-singing (hearing and singing) with the playback and
among themselves, others did not sing during this time (hear-
ing only). Birds were killed at various times during the 30-min
singing period and after it ended.

Continuous singing. For experiments that measured the
persistence of ZENK expression in canaries singing for periods
longer than 30 min, groups of 10-15 strong singers were taken
from the aviary and placed into individual cages in a room. In
addition to the playback, the greater number of birds involved
stimulated the males to sing throughout the day. To encourage
relatively constant singing and hearing levels for a full 6 hr,
only a few birds (3-4) were removed and killed during this
period. This experiment was repeated five times to get ann =
3 per sampling time. Only birds that sang a mean of 25-50
songs per hour were included in the sampling.

Baseline controls. In addition to the hearing only group
described above in the 30-min singing experiment, three other
sets of intact canaries were used to evaluate ZENK expression
in the absence of singing or hearing song: (i) birds in a quiet
room that in the absence of playbacks naturally remained silent
for at least 1 hr (silence), (i) strong singers placed in a quiet
room and prevented from singing for 1 hr by one of us sitting
next to their cage, (iii) strong singers exposed to song and
allowed to sing for 1 min after a 1-hr silent period.

Bird’s own song. The song of individual canaries that sang 40
or more times in a 30-min period was recorded, and on the
following day this recording was played back to the same bird
while one of us sat next to its cage to discourage it from singing.

Deaf and mute singers. Canaries were deafened by bilateral
removal of the cochleas or muted by section of the left
hypoglossal nerve, which is dominant in canary song produc-
tion, using described protocols (21, 22). Birds in both groups
were stimulated to sing by presenting them with other, intact,
singing male canaries. Deafened canaries sang less and so were
given testosterone implants (23) to induce them to sing more.
In the absence of singing, testosterone treatment did not
change basal levels of ZENK expression in auditory or song
nuclei over that seen in untreated controls (not shown).

Seasonality. Canaries were stimulated to sing, in the same
manner as described for the 30-min group, for each month of
the year (April 1995 to March 1996) before being killed.

Song development. This experiment was done with zebra
finches. Subsong and plastic song were elicited from juveniles
by placing them near a window next to a cage that held an adult
male and female 1 day prior to the experiment. Under these
conditions, the juveniles would reliably sing the next morning
at early dawn, often right after the adult male sang. Adult song

Abbreviations: HVC, high vocal center; NCM, caudomedial neostri-
atum; RA, archistriatum; IMAN, lateral magnocellular nucleus of the
anterior neostriatum.

*This work was presented in part at the 25th Annual Meeting for the
Society of Neuroscience, San Diego, CA, November 11-16, 1995, and
again at the Learning and Memory Meeting, Cold Spring Harbor,
NY, October 2-6, 1996.
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FiGc. 1. Sagittal diagrams of songbird brain. () Anatomical relations between song nuclei (white) in which ZENK expression was induced by
the act of singing. Black arrows show the direct motor pathway that innervates the vocal organs and produces learned song. Shaded arrows show
links between other song system nuclei (5). The connections between RA and mMAN are described elsewhere (6). (b) Anatomical relations between
forebrain auditory relays (white) in which ZENK expression was induced by hearing song. Thick black arrows show the major ascending auditory
pathway, which ends in L2; thin black and gray arrows show some of the connections between forebrain auditory regions and the channeling of
this input into HVC. Though not shown, NCM and cHV are reciprocally connected (7). Expression in the 12th and cochlear nuclei was not
investigated. DLM, medial nucleus of dorsolateral thalamus; nXIlts, tracheosyringeal portion of the hypoglossal (12th) nucleus; Ov, nucleus

ovoidalis. Other abbreviations are as used in the text.

was elicited in a similar manner as that described above for
male canaries, except that in this case zebra finch song was used
as a stimulus. All birds were killed 30 min after the onset of
singing.

In Situ Hybridizations and Quantification. Immediately
after a bird was killed, its brain was removed and processed for
in situ hybridization with a canary ZENK 3S-riboprobe using
previously described protocols (9, 10). Gene expression was
quantified without knowing the number of songs each bird had
sung using W. S. Rasband’s 1996 National Institutes of Health—
image computer analysis system. For each brain region the
number of exposed silver grains in a 100 w X 100 u field in the
middle of that structure was counted, the background sub-
tracted, and the resulting value divided by the number of cells
(neurons and glia); then the procedure was repeated on
another section and from these two counts an average number
of grains per cell was obtained. Depending on the region
analyzed, this sampling included 70-120 cells. Normalization
of the results for each experiment is described in the figure
legends.

RESULTS

Singing vs. Hearing. Figs. 2 and 3 show that canaries that
were exposed to song and responded by singing had a 10- to
60-fold increase in ZENK gene expression in six of their
forebrain song nuclei and in one midbrain song nucleus. These
nuclei (refs. 25-27; Fig. 1a) were: (i) high vocal center (HVC),
(if) the robust nucleus of the archistriatum (RA), (iii) area X
of lobus parolfactorius, (iv) the lateral magnocellular nucleus
of the anterior neostriatum (IMAN), (v) its medial counterpart
(mMAN), (vi) nucleus avalanche (Av) of the hyperstriatum
ventrale, and (vii) the dorsomedial nucleus of the intercollicu-
lar complex (DM) (Fig. 2A4b shows ZENK expression in three
of these nuclei). Birds that heard song and did or did not sing
back had ZENK expression in seven auditory relays (Fig. 1b):
the dorsolateral mesencephalic nucleus, L1, L3, the “shelf”
under HVC, the “cup” apposed to RA, the caudal hyperstria-

tum ventrale (cHV), and the caudomedial neostriatum
(NCM), as reported earlier for song playbacks (4). (Fig. 24 b
and ¢ shows ZENK expression in four of these regions.) Many
of the cells that showed singing-induced ZENK expression
were neurons because it was possible to backfill them, in HVC
for example, with a retrograde tracer (rhodamine beads)
injected into a downstream nucleus (E.D.J., C. Scharff, and
F.N., unpublished data).

Proportionality. The amount of ZENK expression in song
nuclei was linearly proportional to the number of songs sung
per unit of time (Fig. 34). In birds that did not sing at all
expression was very low, those that sang intermediate amounts
had intermediate levels of expression, and those that sang the
most had the highest levels of expression. This correlation was
strong (r = 0.853-0.934, P < 0.001; Fig. 3B). The slopes of the
regression lines show that area X had the highest rate of
singing-induced expression (s = 0.9-fold per song) and RA and
IMAN the lowest (s = 0.5). ZENK expression induced in the
“shelf” under HVC, in NCM, and in related auditory struc-
tures of all birds hearing song was down-regulated by singing
(Figs. 24, compare b with ¢, and 3B). Perhaps, as reported for
middle ear muscles (28) and HVC neurons (11), singing
dampened the response to sound.

Which Comes First: ZENK or Singing? We wanted to know
whether or not the ZENK expression seen in song nuclei
preceded singing or was a consequence of singing. When
strong singers were prevented from singing for 1 hr or allowed
to sing vigorously for 1 min thereafter and then killed, ZENK
expression in song nuclei was very low and no different from
that in birds that were naturally silent (time 0 of Fig. 3C).
However, if the birds were allowed to sing for 10-15 min,
ZENK expression was readily detectable and peaked 30 min
after the onset of singing. When singing was stopped at 30 min,
by our presence again, expression rapidly declined, reaching
nonsinging levels 1.5 hr later, and remained very low for at
least the next 4 hr. When singing was allowed to continue past
30 min, instead of ZENK expression increasing further, it
started to decline 1 hr after onset of singing and thereafter was
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FiG. 2. ZENK expression in canary brain. (4) Darkfield view of cresyl-violet stained (red) brain sections taken 2 mm lateral from midline and
reacted with a canary ZENK probe (white grains). At this medial-lateral level one can see a subset of structures (yellow arrows), as outlined in
Fig. 1, that showed that singing or hearing song induced ZENK expression. (a) Bird exposed to silence and that did not sing, (b) bird that sang
61 songs during the 30-min song stimulation period, (c) bird in an adjacent cage that did not sing during the same 30-min period, (d) deafened
bird that sang 30 songs during 30 min. (B) The effects seen in A are quantified here for a, one song nucleus (HVC) and b, combined but similar
averages of two auditory relays (shelf and NCM), as representative examples. The y-axis shows ZENK expression relative to that in controls exposed
to silence and that did not sing. For these comparisons, birds in the two groups in which singing occurred were matched for the number of songs
(mean of 20 songs in 30 min). Mann-Whitney U test showed that all the obvious differences in these histograms were significant (P < 0.02; n =
4 per group, singing only, n = 3). Singing dampened the hearing song-induced ZENK expression in the shelf and NCM, but in this sample the
difference was not significant (but see Fig. 3B). Error bars represent SEM.

maintained at a higher level than in birds that were not singing could account for some of the decreased expression seen under
(Fig. 3C). Songs became shorter as singing progressed and this continuous singing. During this latter period, birds that sang
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more songs per hour still had higher levels than those that sang
less. Expression of a constitutively expressed brain-specific
gene, HAT?2 (24), did not change during singing showing that
the ZENK increase was specific and not a general gene
expression response (Fig. 3C). These results suggest that
singing induced ZENK expression in the brain of the singer,
rather than the other way around. They also suggest that when
singing persisted for several hours, ZENK mRNA was stabi-
lized or continuously used up and then replaced.

Auditory Feedback. It is well known that playbacks of a
bird’s own song(s) are a more effective auditory stimulus than
playbacks of other conspecific songs for driving the firing rate
of song nuclei neurons (13-15). However, such playbacks did
not induce ZENK expression in any of the song nuclei above
the levels seen in birds exposed to silence (P ranged from 0.3
to 0.7 for different song nuclei, » = 4 per group; Mann—
Whitney U test). Despite this observation, it was still possible
that induction in song nuclei was dependent on the synchro-
nous occurrence of the bird singing and hearing itself sing. To
address this issue, we measured ZENK expression in deafened
canaries. Although the deafened males sang less than most of
the intact ones (an average of 20 songs per 30 min), ZENK
expression in their song nuclei (Fig. 24d) was similar to that
seen in intact males singing at comparable rates (Fig. 2Ba). In
contrast, the ZENK expression normally induced in auditory
regions by hearing song (Fig. 2A4c) was blocked in the deafened
adult males whether or not they sang (Fig. 2.4d and Bb). Thus,
the act of singing did not, by itself, induce ZENK expression
in the ascending auditory pathway. Therefore, all of the
induced ZENK gene expression found in the song nuclei in the
natural situation of hearing song and singing can be explained
just by the act of singing. Conversely, all of the induced
expression in the auditory relays can be explained just by
hearing song.

Muting. Even if auditory feedback was not necessary for
singing-induced ZENK expression in song nuclei, propriocep-
tive feedback from the vocal organ could have played a role.
To test for this possibility we muted birds by sectioning the
left tracheosyringeal nerve. Birds operated in this manner
and presented with another canary, “attempted” to sing, as
inferred from their posture, quivering throat, and open bill,
but only produced faint clicking sounds and silent vocal
gestures. Yet the level of ZENK expression in their song
nuclei was similar to that of intacts singing a comparable
number of songs (P = 0.2, n = 3 and 4, respectively;
Mann-Whitney U test, same P for HVC and area X). Thus,
the motor act of singing in the absence of normal sound
production—and even in the presence of altered proprio-
ceptive feedback—is sufficient for singing-induced ZENK
expression in song nuclei.

Vocal Learning. Because of its suggested role in learning and
memory (3, 8, 9), we wondered whether the level of singing-
induced ZENK expression in song nuclei might be correlated
with natural periods of song learning. Male canaries continue
to modify their song in adulthood, with most changes occurring
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in late summer and early fall (29). Despite this seasonality in
song learning, the anatomical distribution and level of ZENK
expression induced by singing remained comparable through-
out the year; for example, the 0.9-fold increase in area X per
song sung was remarkably stable from month to month (n =
3-6 per month, P = 0.82, ANOVA).

Another songbird, the zebra finch, learns its song only once
during a sensitive period preceding sexual maturity (30). In
zebra finches the basal level of ZENK in the forebrain
(including song nuclei) is higher in juveniles than in adults (31).
Yet the relative increase in ZENK expression in area X and
HVC—above that seen in nonsinging controls of the same
age—was comparable in juvenile male zebra finches singing
subsong (age = 35 and 36 days; n = 2 singing, 2 controls) or
plastic song (age = 50—65 days; n = 5 singing, 3 controls), and
in adult zebra finches singing stable adult song (age = 90 days
to 4.5 years; n = 16 singing, 6 controls; P = 0.36, ANOVA).
Overall, the anatomical distribution and singing-induced
changes in ZENK expression in the song nuclei of juvenile and
adult zebra finches were similar to those seen in adult canaries.

DISCUSSION

We believe this to be the most striking example of motor driven
gene expression generated by a natural, spontaneous behavior.
An earlier report showed a 2-fold increase in c-fos expression
in the motor cortex of rats performing a well-rehearsed,
complex motor task. This increase was higher (3-fold) during
the acquisition phase of this motor skill (32). By contrast,
singing induced up to a 60-fold increase in ZENK expression,
and this level was not affected by the extent to which the song
produced had been mastered.

The singing-induced expression in area X and IMAN of
adult male zebra finches is paradoxical because both nuclei are
necessary for song learning in juveniles but can be removed in
adult males without noticeable effects on the production of
learned song (33-35). Furthermore, no electrophysiological
activity changes have been detected in these nuclei during
singing (36). By contrast, our observations suggest that area X
and IMAN are very active during song production, though
apparently in ways and with consequences that remain to be
recognized. For students of birdsong, this is a most intriguing
observation.

Fig. 1 summarizes the anatomical findings of this study. It
shows a clear separation of expression into two set of areas, one
where ZENK expression is triggered by song as a motor act and
another in which expression is triggered by song as an auditory
stimulus. This separation is remarkable because songs heard
induce electrophysiological responses in both sets of areas
(11-15, 37-40). We suggest that when auditory and song
circuits respond electrophysiologically to songs heard, both
circuits process the signals, as has been proposed in the motor
theory of song perception (12), but the auditory circuit stores
this information in a more lasting manner through changes in
gene expression (1, 38). Likewise, when the song circuit fires

F1G. 3. (A) ZENK expression in area X. Brightfield X63 magnification shows that the amount of ZENK label (exposed silver grains, black)
over cresyl-violet stained cells (purple) was proportional to the number of songs sung during a 30-min period. (B) Quantification of this correlation
in four song nuclei (area X, IMAN, HVC, and RA) and in two auditory relays (HVC shelf and NCM), as representative examples. Each solid
blue circle represents the value of one canary (n = 37; 22 birds that sang, 15 that did not). For song nuclei, each value was obtained by dividing
the total number of grains per cell in a particular nucleus by the average number of grains per cell seen in that nucleus in the birds that did not
sing (hearing only group). For auditory relays, the values were divided by the average of those seen in controls that were exposed to silence and
did not sing (n = 3) (open circle at the bottom of the shelf and NCM graphs). The solid line through the dots represents the best linear fit of
the data. Statistical values were determined by regression analysis. (C) Time course of gene expression in area X before, during, and after singing.
ZENK values for strong singers prevented from singing for 1 hr or singing vigorously for 1 min thereafter are overlapped at time 0 with silent
controls. Blue curve: ZENK expression in birds that sang for 15 min and then were killed, or for 30 min and then were interrupted (arrow) and
killed immediately or at various times thereafter. Red curve: ZENK expression in birds that continued to sing and were killed at various times
after the onset of singing. Levels of ZENK expression in this group remained higher than in those that were interrupted (P < 0.05 between 1-6
hr; two-tailed unpaired ¢ test). Green curve: the expression of HAT?2, a relatively abundant brain specific gene (24), did not change as a result
of singing. Values in brackets represent the average number of songs per group per last hour of sampling except for the first two, which indicate
the number of songs during the first 15 and 30 min, respectively (n» = 3 birds per time period sampled). Error bars represent SEM.
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during singing (11, 36, 41), it then is affected through gene
expression in a more lasting manner, whereas in this case the
auditory circuit remains unaffected. Perhaps it is important to
segregate the genomic consequences of sensory and motor
experience, particularly if each of these experiences can lead
to memory formation. Otherwise, songs heard could alter
directly the pathways used to produce song.

Results from our gene expression study complement obser-
vations made in humans. Experiments using positron-emission
tomography showed that there is increased activity in both
Broca’s (motor) and Wernicke’s (auditory) areas when people
hear speech. Broca’s area also shows increased activity during
speech production (42). Thus, at the level of changes in
neurophysiological activity, there are parallels between human
and songbird perception and production of vocal signals.
However, the noninvasive methods used to image brain activity
in humans do not tell us what might be the effects at the
genomic level, an issue that we are now able to address with an
animal model.

Observations in other systems (2, 3, 16, 32), as well as in
songbird NCM (8, 9, 38), are compatible with the hypothesis
that immediate early genes play a role in long-term memory
formation, but the nature of this causal link remains hypo-
thetical. Thus, we are left with the question of, what is the role
of ZENK in the song nuclei, which are involved in the
production of a stereotyped, well-learned behavior? We sug-
gest two hypothesis: (i) that ZENK is involved in the replace-
ment of proteins that get “used up” during singing, which
implies that the half-life of these proteins is short and (i) that
ZENK is involved in the synthesis of proteins that strengthen
the motor memory of a song every time it is sung, a process of
“production-dependent learning” similar to Marler and Nel-
son’s “action-based learning” (43); these hypothesis are not
mutually exclusive. Much as mature athletes and musicians
exercise constantly to maintain the precision of their skill, so
too, an adult songbird may learn a little every time it sings,
perhaps to maintain what it knows.

Note. While this work was being prepared for publication, we learned
that another group (44) had found similar, but not identical, large
changes in the expression of another immediate early gene, c-fos, in the
song system of singing zebra fiches.
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