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Quantal Duration of Auditory Memories
Sek Jin Chew,*t David S. Vicario,T Fernando Nottebohmi

Neuronal responses in the caudomedial neostriatum (NCM) of adult zebra finches
(Taeniopygia guttata) decreased upon repeated, unreinforced presentations of con-
specific song, calls, or other complex sounds. This “stimulus-specific habituation” is
a form of learning, and its spontaneous loss, a form of “forgetting.” Spontaneous
forgetting occurred only at narrowly defined times (2 to 3,6 to 7, 14 to 15, 17 to 18.5,
46 to 48, or 85 to 89 hours after first exposure to a stimulus), determined by stimulus
class, number of presentations, and interval between presentations. The first five
forgetting times coincided with periods when gene expression and protein synthesis
in NCM were required for maintenance of the longer lasting (85 to 89 hours) habit-
uation. The number of successive episodes of gene expression induced by a stimulus,
but occurring long after stimulus presentation, appears to determine the quantal

duration of auditory memories.

The songs and calls of songbirds have char-
acteristics that can be used for species iden-
tification and individual recognition (1, 2).
In previous experiments, we used multi-unit
activity (MUA) data to show (i) that audi-
tory responses in populations of neurons in
the zebra finch NCM habituate specifically
to individual song stimuli; (ii) that this ha-
bituation can be long-lasting; and (iii) that
the duration of habituation is longer for con-
specific songs than for white noise, pure
tones, or some exemplars of heterospecific
sounds (3). We showed, too, that this habit-
uation was anatomically circumscribed: It
occurred in caudal, but not in rostral, NCM
(3). NCM is one of the highest stations of
the ascending auditory pathway (4). Here we
describe habituation at the single-unit level
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and its relation to MUA habituation. We
then use recordings of MUA to determine in
a systematic manner how stimulus class, in-
terstimulus interval (ISI), number of stimu-
lus presentations, and manner of presenta-
tion affect the duration of stimulus-specific
habituation in neurons of caudal NCM. Fi-
nally, we examine the relation between the
duration of habituation and RNA and pro-
tein synthesis. ,

The firing rates of single neurons in
caudal NCM were initially high and then
decreased upon repeated presentations of
the same conspecific song (Fig. 1) (5). After
100 presentations there was little if any
further decrement in responsiveness. The
reduction in firing rate was not selective for
any one subset of the song’s components
but affected the whole song (Fig. 1C). The
stimulus-specific habituation seen in multi-
unit recordings does not appear to result

" from individual neurons “tuning in” to par-

ticular features of a stimulus and ceasing to
respond to the rest of that stimulus, but
rather. from a general reduction in the re-
sponsiveness elicited by that stimulus.
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Single units exposed to 50 presentations
of a song gave 21 * 1 (mean * SE) spikes
per second when that song had not been
heard before (“novel,” 66 units), 12 = 1
spikes per second when that song had been
heard 6 to 40 hours earlier (“remembered,”
99 units), and 21 * 2 spikes per second
when that song had been heard 50 to 100
hours earlier (“forgotten,” 51 units) (6).
The firing rates elicited by novel and for-
gotten songs were similar and significantly
higher than those for remembered songs
(unpaired ¢ tests, P < 0.0001, two-tailed).
These observations on stimulus-specific ha-
bituation at the single-unit level closely
parallel observations reported earlier for

MUA in NCM (3).

0r—
0 10 20 30 40 50 60 70 80 90 1000

Iteration number

Fig. 1. Comparison of single-unit and multi-unit activity in caudal
NCM in response to 100 iterations of a novel song. (A) Amplitude
waveform of the conspecific song stimulus. (B) Sound spectrogram of
the song in (A). (C) Raster of activity in a single unit (5); each dot
represents the time of occurrence of an action potential, and each row
represents one song presentation (sequence ordered from bottom to
top). (D) Mean firing rate (spikes per second *+ SE) (5) of the response
elicited in the single unit shown in (C) over each group of 10 trials (filled
circles) and normalized MUA amplitude (8) for each trial recorded at

the same site (open circles). The MUA habituation rate at this site was

0.38 (Fig. 3) (8).

We next investigated the factors that
determine multi-unit habituation (7). In
our standard MUA experiment, a bird is
exposed to playbacks of conspecific song at
two times. During an initial training stage,
birds (n = 49) heard 200 iterations of the
same novel song. Then hours or days later,
the same song was presented 100 times—
the “testing” stage. The ISI was 11 s, during
training and testing. MUA responses were
recorded in caudal NCM with tungsten mi-
croelectrodes (3). The decrease in respon-
siveness during the first 100 iterations of a
novel or familiar stimulus was used to cal-
culate the habituation rate (8) (Figs. 1 and
2A). Novel songs—that is, songs with
which a bird had not been trained earlier—
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Fig. 2. (A) Examples of MUA responses to the first 100 presentations of a novel (solid symbols) and a
familiar (open symbols) conspecific song at a single site in caudal NCM. MUA response amplitudes were
normalized to the response on the first presentation of the novel or familiar song, respectively; the first
response to the familiar song overlies that for the novel one. The bird had been trained with the familiar
song 6 hours earlier. The habituation rates for the novel and familiar songs in this example were 0.42 and
0.16, respectively, and the corresponding best fit lines are plotted for each set of points (8). (B) Time
course of spontaneous loss of habituation for conspecific song (200 iterations at an ISI of 11 s).
Habituation rates (8} were measured at various training-to-testing intervals in 23 birds, with a total of 10
to 16 different songs per bird. The rates for novel songs are shown at time zero. The time from the onset
of training until the time at which the habituation rates became not significantly different from the rates
for novel song was used to define the duration of habituation (70).

1910 SCIENCE « VOL. 274 = (BER 1996

induced a high habituation rate (range:
0.30 to 0.50); familiar songs induced low
habituation rates (range: 0.01 to 0.25). In
addition, the amplitude of the response to
the first presentation was 14% lower for
remembered than for novel songs when
these recordings were made at the same site
(time between training and testing with the
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Fig. 3. The protocol for studying the time course
of habituation rates in NCM in a single bird. Train-
ing consisted of presenting sequentially 200 iter-
ations of each of up to 16 novel stimuli (A to P) at
an ISI of 11 s (total time for each stimulus = 36.7
min). Testing consisted of recording MUA during
100 presentations of each of these now familiar
stimuli at an ISI of 11 s (which remained constant
even if the ISI used in training was, as in some
experiments, shorter or longer). In experiments
that assessed spontaneous forgetting, stimuli
were tested in the reverse order (P to A) to create
a wide range of training-to-testing intervals during
a single recording session in each bird (73). In
those experiments that tested for the importance
of RNA and protein synthesis in memory retention,
a single dose of CYC or ACT was injected (arrow)
into NCM at various delays after onset of training.
Testing began 1 hour after injection, starting with
the first song presented during training (A to P).
This protocol yielded 16 different training-to-injec-
tion intervals for each bird tested.



familiar song, 6 to 8 hours; n = 42 paired
comparisons; paired ¢ test, P < 0.002).

To examine habituation rates at many
different intervals after training, we sequen-
tially played multiple stimuli to each bird
during training; then, during testing, we
played the same stimuli again in reverse
order (Fig. 3). Habituation rates to each
familiar song remained significantly lower
(9) than those elicited by novel songs until
~47 to 48 hours after onset of training,
when there was a relatively abrupt transi-
tion to the higher habituation rates elicited
by novel songs (Fig. 2B) (10). We defined
duration of habituation as the time from
initial exposure to a stimulus during train-
ing to the time when the habituation rate
for that stimulus became statistically indis-
tinguishable from the rates for novel songs.

The duration of habituation was affected
by the type of sound presented (11); it was
the same for all familiar exemplars of a
given stimulus class and differed among
stimulus classes (Fig. 4A). Human speech
and canary (Serinus canaria) song produced
memories lasting 3 hours; songs of the Ben-
galese finch (Lonchura striata), a member of
the same Estrildid family as the zebra finch,
6.5 hours; all reversed conspecific vocaliza-
tions, 6.5 to 7 hours; conspecific male long
calls (2, 12), 18.5 hours; and conspecific
male song and female long calls (2, 12), 47
to 48 hours. These memory durations were
the same whether our recording electrode
was in the right or left NCM (13). Al-
though gender features of the stimulus de-
termined the memory duration for male and
female calls, there were no differences in
memory duration between male and female
subjects for any type of stimulus (13).

The effectiveness of conspecific song in
inducing long-lasting stimulus-specific ha-
bituation was affected by the ISI used during
training (Fig. 4B). At an ISI of 3.5 s, imme-
diate habituation to novel songs was weak
(14). These “familiar” songs were subse-
quently regarded as novel even when tested
1 hour later. The duration of habituation for
ISIs of 3.62 to 3.87 s was 6.5 to 7.5 hours;
for ISIs of 4.0 to 4.5 s, 13.5 to 14 hours; for
ISIs of 4.75 to 8 s, 17 to 18 hours; for ISIs
of 9 to 30 s, 48 hours; and for ISIs of 35 to
54 s, 87 to 89 hours. Over this range of
training ISIs (testing ISI held constant at
11 s), with corresponding increases in
training time, changes in memory dura-
tion occurred in abrupt steps; there ap-
peared to be different thresholds that the
ISI had to exceed before the next quantum
in memory duration occurred.

We also studied the effect of the number
of stimulus iterations on the duration of
habituation. As the number of iterations of
conspecific song increased gradually during
training from 30 to 1000, at a constant ISI

of 11 s (training time ranged from 5.5 min
to 3 hours), we again saw stepwise increases
in memory duration (Fig. 4C). No lasting
habituation was produced when only 30 to
40 iterations were presented. Habituation
lasted 6.5 to 7 hours with 50 to 140 itera-
tions, 17.5 to 18.5 hours with 150 to 185
iterations, and 47.5 hours with 185 to 200

REPORTS

iterations. There was no further increase in
the duration of habituation when birds were
trained with up to 1000 iterations. One
thousand iterations at an ISI of 11 s re-
quired 3 hours for training, which is as long
as it took to present 200 iterations at an ISI
of 54 s, yet the habituation lasted 47.5 and
87 hours, respectively. Total training time
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Fig. 4. (A) Duration of long-term habituation differed among stimulus classes. The habituation rates
(*=SE) are plotted as a function of the training-to-testing interval. The loss of long-term habituation to
these familiar stimuli occurred at distinct times characteristic of the stimulus class, with all exemplars of
that class being forgotten at the same time. The longest memory durations are seen for conspecific
songs and female calls. In the following sentence, the number after each stimulus class indicates the
number of exemplars tested for that class: HUM (words from human speech), 7; CAN (canary song), 5;
BEN (Bengalese finch song), 3; MC (male zebra finch long call), 6; FC (female zebra finch long call), 6; SG
(zebra finch song), 16; reversed conspecific vocalizations: RMC, 6; RFC, 6; RSG, 16. Forty-nine birds
were tested with these stimuli. (B) Duration of long-term habituation depended on the ISI. ISI was
systematically varied during training from 3.5 to 54 s, with 200 sequential iterations of each conspecific
song stimulus in a total of 58 birds; training time for each song ranged from 11.6 min to 3 hours. Testing
was always done at an ISI of 11 s. Small increments in ISI produced large, step-like increases in the
duration of long-term habituation. (C). Duration of long-term habituation depended on the number of
stimulus iterations. The number of sequential presentations of each conspecific song was systematically
varied during training from 30 to 1000, with an ISI of 11 s in 52 birds. Small increases in the number of
iterations produced large, step-like increases in the duration of long-term habituation. In all curves, at
least four birds are represented per time point within 2 hours (graphs on left) or 5 hours (graphs on right)
on either side of a step change leading from remembered to forgotten.
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did not, by itself, determine the duration of
the ensuing habituation.

Spaced training has been shown to pro-
duce a longer behavioral memory than
massed training in Drosophila (15). We ex-
amined whether the same held true for
neuronal memory in NCM by comparing
the duration of habituation in a paradigm
where iterations of each stimulus were ei-
ther presented in a single group (massed) or
in several smaller groups separated in time
(spaced) in a balanced design (16). When
we compared these two paradigms, using
200 iterations for each song, habituation
was lost by 48 hours for the songs presented
in the massed-training manner, as expected,
but spaced training produced habituation
that persisted for 89 hours (17). When we
used a spaced-training paradigm (18) to
present canary song and human speech,
these heterospecific stimuli were regarded
as novel when testing started at 4 to 5 hours
(training took 3 hours), suggesting that in
this instance the spaced training paradigm
had added little if any to the duration of
habituation.

We also investigated the mechanism of
quantal memory. Earlier work had shown
that when stimulus-specific habituation of
the auditory responses in neurons of the
zebra finch NCM was long lasting, its persis-
tence in awake animals could be interrupted
by blocking RNA and protein synthesis in
NCM during two sensitive periods, 1 to 3
hours and 6 to 7 hours, respectively, after
onset of exposure to a particular stimulus,
but not during the intervening time (3).
This earlier observation was compatible with
the possibility that the second wave of gene
expression was, as suggested also for other
systems (19), part of a two-step mechanism
of memory consolidation. However, the
quantal nature of the memory durations just
described was so robust that we wondered
whether long-term habituation consisted of
consecutive memory segments, each induced
by a specific molecular process. .

To study the role of RNA and protein
synthesis in the maintenance of long-term
habituation in NCM, we trained animals
with one of three protocols: (1) massed
training at an ISI of 11 s (n = 28), (2)
massed training at an ISI of 40 s (n = 14),
or (3) spaced trainingat an ISI of 11 s (n =
4) (16). At various intervals after the end of
training, but well within the time when the
habituation induced would still have been
present, each bird was injected into the
right or left NCM with either the RNA
synthesis inhibitor actinomycin-D (ACT,
for protocols 1 to 3) or the protein synthesis
inhibitor cycloheximide (CYC, for proto-
cols 1 and 2) (Fig. 3); saline was injected
into the contralateral NCM as a ‘control
(20). We identified the sensitive periods
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during which injection of CYC or ACT
blocked long-term habituation by varying
the time elapsed between training and in-
jection while using the same intervals be-
tween injection and testing (Fig. 3).

After CYC injections (protocols 1 and
2) (Fig. 5), the habituation rates for familiar
songs were similar to those induced by nov-

el songs when injections occurred 0.5 to
3.0, 6.5 to 7.0, 14.0 to 15.0,.17.5 to 18.5,

33.0 to 38.0, or 44.0 to 48.6 hours after

onset of training with the song tested (t =
—0.11 to —1.47, P > 0.05). At these times,
the rates were also significantly different
from those obtained for the same songs on
the saline-injected side (t —2.34 to
—8.45, P = 0.0063 to 0.035). After ACT
injections (protocols 1 and 2) (Fig. 5), the
habituation rates to familiar songs were sim-
ilar to those induced by novel songs when
injections occurred 0.5 to 1.5, 6.0 to 6.5,
14.0 to 14.5, 17.5 to 18.5, 32.5 to 36.5, and
44.0 to 47.0 hours after onset of training
(t = —0.14 to —1.32, P > 0.05). The rates
at these times were significantly different
from those for the same songs recorded from
the control side (t = —3.64 to —8.27, P =
0.0004 to 0.04).

Injections of CYC or ACT at times oth-
er than the six sensitive periods defined
above did not affect the retention of long-
term habituation for the familiar stimulus
(Fig. 5). We infer that long-term habitua-
tion that lasted for up to 80 hours after
training with conspecific song depended on
RNA and protein synthesis that occurred
during the six sensitive periods defined
above (21). Very similar periods of sensitiv-
ity to CYC and ACT were found for the
retention of habituation to exemplars of

human speech, canary song, and male and
female zebra finch long calls, when habitu-
ation to any of these stimuli lasted long
enough (Fig. 4A) to encompass any of these
periods.

Each of the characteristic times for the
spontaneous forgetting of a familiar sound
corresponded closely to one of the sensitive
periods when blockage of RNA or protein
synthesis resulted in a loss of habituation
(Fig. 6). However, none of the stimulus types
or training paradigms used produced sponta-
neous forgetting that corresponded to the
33- to 38-hour time window during which
RNA synthesis and protein synthesis was
required for habituation to be maintained.

Those are the facts that must be evalu-
ated. The term “habituation” has been used
in the past mainly to refer to a situation in
which an animal ceases to give behavioral
responses to repeated presentations of an
unreinforced stimulus (22). The same term
has also been used to denote a decrement in
neuronal responsiveness under conditions
in which this decrement was known to be
related to behavior (23). We do not know
whether the single-unit and multiple-unit
habituation that we saw in caudal NCM
were related to changes in behavior, but it is
apparent that the changes in neuronal re-
sponsiveness were related to experience.

Exposure to conspecific vocalizations
elicited longer lasting habituation than any
of our other auditory stimuli. A species’ own
set of signals may often have the longest
claim to memory duration because of the
relevance of the information it conveys. If
so, conspecific signals have special advan-
tages for studying the mechanisms that de-
termine memory duration. Had we used
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Fig. 5. Sensitive periods when injections of CYC and ACT into NCM resulted in loss of stimulus-specific
habituation. The habituation rates (3, 8) shown (mean * SE) were plotted as a function of the interval
between the onset of training with a particular song and the time of injection. CYC curve (red): data from
0.5 to 19.8 hours were obtained with protocol 1 (ISl = 11 s); data from 20 to 51 hours, with protocol 2
(ISI = 40 s) (see text). ACT curve (blue): data from 0.5 to 19 hours were obtained with protocols 1 and
2; data from 20 to 87 hours, with protocol 2. ACT spaced curve (green): data were obtained with
protocol 3. Each point represents data from 3 to 10 birds, with a mean of four birds per point in each
training protocol. Abbreviations: SAL, saline; CYC, massed training, CYC injection; ACT, massed
training, ACT injection; ACT Spaced, spaced training (five songs, each played 200 times in four groups
of 50 iterations; ISI = 11 s), ACT injection. See text for other details.
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only white noise or tones as probes, we
would not have discovered that habituation
occurs for various, fixed durations of time
determined by stimulus class and manner of
presentation.

The most counterintuitive result from
our experiments is the observation that ha-
bituation lasted for fixed periods of time—2
to3,6to 7, 14 to 15, 17 to 18.5, 46 to 48,
or 85 to 89 hours after onset of training—
and that even when some stimulus param-
eters were altered linearly—for example, ISI
and number of iterations—the resulting du-
ration of habituation did not fall along a
continuum, Moreover, the same fixed peri-
ods emerged when we used different classes
of sound, changed the ISI, or varied the
number of iterations. In all instances, the
duration of habituation increased by fixed,
quantal amounts.

The times for forgetting corresponded
closely to the sensitive periods during
which RNA or protein synthesis was re-
quired for maintenance of long-lasting ha-
bituation (Fig. 6). Previous studies have
reported that ACT blocks long-term mem-
ory (24, 25) through interference with ge-
netic transcription (23). Similarly, CYC
blocks protein synthesis necessary for learn-
ing—an effect that is reversible (15, 20, 25,
26). In both instances, effectiveness de-
pends on the time relation between training
and drug exposure. By extending the inter-
pretation of these earlier studies to our

Duration of habituation (hours)

present results, we infer that the mainte-
nance of long-term habituation to a familiar
sound required multiple episodes of gene
expression and protein synthesis in NCM.
Moreover, we suggest that the duration of
habituation was determined by the number
of successive sensitive periods during which
mnemogenic RNA and protein synthesis
occurred.

If the times for the prolongation of
habituation are fixed, then a reference
“time zero” must be set. Because the times
for forgetting and for sensitivity to CYC
and ACT corresponded so well across a
diversity of training protocols (Figs. 5 and
6), although some of these protocols took
much longer than others (the duration of
training with any one stimulus ranged
from 36 min to 2.4 hours), we suggest that
time zero was set during the first half-hour
of stimulation (the level of resolution pro-
vided by our methods), and possibly even
during the first few presentations of a
stimulus. An extraordinary implication of
this hypothesis is that each new stimulus
starts its own molecular clock, and that
therefore a very large number of such
clocks must be running all the time in the
brains of awake animals immersed in a sea
of sensory stimulation. '

It is tempting to explain our observa-
tions on memory duration by a specific
mechanism, but the best we can do is to
suggest -features that such a mechanism
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Fig. 6. Temporal correspondence between times when spontaneous forgetting occurred (Fig. 4) and
times when RNA and protein synthesis were required for maintaining long-term habituation in different
stimulation paradigms (Fig. 5). Duration of habituation is plotted for different classes of stimuli (left graph),
different ISIs (middle), and numbers of iterations (right); all numeric scales are logarithmic. In each type
of experiment, spontaneous forgetting occurred only at three to five fixed times. The dashed horizontal
lines indicate the ends of periods when macromolecular synthesis was required for habituation to be
maintained, as determined by injecting CYC and ACT. Abbreviations are as in Fig. 4A. All stimulus
classes were trained with 200 repetitions at an ISI of 11 s, with the exception of SG40 (conspecific song,
ISI = 40 s) and SSG (spaced training with four groups of 50 iterations of conspecific songs).
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should have: (i) It must be stimulus-specif-
ic. (ii) It must have a time zero from which
subsequent durations are determined. (iii) It
must be able to encode memory duration in
fixed quanta, such that memories can last 3,
7, or 14 hours or longer without expressing
durations that fall in-between. (A mecha-
nism that activates each quantal duration
when the input reaches a threshold comes
to mind.) (iv) It must be able to integrate
input over varying periods of stimulation, so
that repeated instances of a particular stim-
ulus can be added to an ongoing record,
even when they occur at varying intervals
and intermingled with other stimuli. (v) It
must be able to induce segments of memory
duration that occur always in the same or-
der, such that an initial duration of 3 hours
is followed by another one of 3 to 4 hours,
which in turn is followed by one of 6 to 7
hours, and so forth. (vi) There must be a
dependence among successive memory seg-
ments, because blockage of RNA and pro-
tein synthesis during the sensitive period
that initiates a segment causes a memory
loss that persists into at least what would
have been the next memory segment (27).

The neuronal habituation that we have
studied is a form of learning that occurs in
the absence of reinforcement (22, 28). Its
properties may differ in important ways
from other kinds of memory, for example,
associative learning. Yet even associative
learning relies on stimulus recognition, and
so the differences may be minor. Our obser-
vations raise three hypotheses that may ap-
ply to learning in general: (i) memory
comes in quantal durations; (ii) these quan-
tal durations are determined by successive
episodes of RNA and protein synthesis,
with longer durations resulting from the
sequential action of several such episodes;
and (iii) the duration of long-term memory
is determined by mechanisms that are an
integral part of learning.
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Ethylene as a Signal Mediating
the Wound Response of Tomato Plants

P. J. O’Donnell, C. Calvert, R. Atzorn, C. Wasternack,
H. M. O. Leyser, D. J. Bowles*

Plants respond to physical injury, such as that caused by foraging insects, by synthe-
sizing proteins that function in general defense and tissue repair. In tomato plants, one
class of wound-responsive genes encodes proteinase inhibitor (pin) proteins shown to
block insect feeding. Application of many different factors will induce or inhibit pin gene
expression. Ethylene is required in the transduction pathway leading from injury, and
ethylene and jasmonates act together to regulate pin gene expression during the wound

response.

The wound response of tomato plants has
been studied for some 25 years and repre-
sents a model system for the analysis of cell
signaling pathways in plants (1). Proteinase
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inhibitor

(pin)

genes are up-regulated

throughout aerial tissues in response to
wounding (2). Pin genes are also responsive

to

compounds applied experimentally

through the transpiration stream of excised
leaves and the use of this bioassay has iden-
tified a range of positive and negative reg-
ulators. Positive regulators (elicitors) in-
clude oligogalacturonide fragments of pec-
tin polysaccharides (OGAs) (3), an 18mer






