L REPORTS |

Capacity for Plasticity in the Adult Owl Auditory
System Expanded by Juvenile Experience

Eric I. Knudsen*

Inthe process of creating a multimodal map of space, auditory-visual neurons in the optic
tectum establish associations between particular values of auditory spatial cues and
locations in the visual field. In the barn owl, tectal neurons reveal these associations in
the match between their tuning for interaural time differences (ITDs) and the locations
of their visual receptive fields (VRFs). In young owls ITD-VRF associations can be
adjusted by experience over a wide range, but the range of adjustment normally becomes
quite restricted in adults. This normal range of adjustment in adults was greatly expanded
in owls that had previously learned abnormal ITD-VRF associations as juveniles. Thus,
the act of learning abnormal associations early in life leaves an enduring trace in this
pathway that enables unusual functional connections to be reestablished, as needed, in
adulthood, even when the associations represented by these connections have not been

used for an extended period of time.

The central nervous system learns from
experience. Early experience gained during
“sensitive periods” in development exerts a
particularly powerful shaping influence on
the brain. For example, experience during a
sensitive period can dramatically alter the
processing and representation of auditory
spatial information in the midbrains of birds
and mammals (I, 2). This study demon-
strates that, in barn owls, experience during
this sensitive period not only shapes audi-
tory space processing in juveniles but also
expands the capacity for experience-driven,
plastic changes in adulthood.

The auditory map of space in the avian
and mammalian optic tectum (also called
the superior colliculus) consists of neurons
that are tuned for the location of an auditory
stimulus (3). The auditory spatial tuning of
these neurons results from their tuning for
spatial cues, such as ITDs and interaural
level differences, that vary systematically
with the location of a sound stimulus relative
to the head and ears (4). Neurons in the
optic tectum that respond to both auditory
and visual stimuli have mutually aligned au-
ditory and visual spatial tuning (3). This
alignment of auditory with visual spatial tun-
ing represents the association of particular
values of auditory spatial cues with the loca-
tions in the visual field that produce them.

In both birds and mammals, the audito-
ry-visual associations that are represented
by the spatial tuning of tectal neurons are
shaped extensively by early experience (I,
2). During a sensitive period, the normal
tuning of tectal neurons for auditory spatial
cues can be adjusted to compensate for
idiosyncrasies in the auditory-visual rela-
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tionships experienced by the individual.
These adjustments maintain accurate align-
ment of the auditory and visual maps of
space in the tectum. For example, in juve-
nile barn owls, the value of ITD to which a
tectal neuron is tuned can be shifted by
exposing the animal to a chronic horizontal
displacement of the visual field with pris-
matic spectacles (1). Over 6 to 8 weeks,
tectal neurons become tuned to the values
of ITD that correspond with their optically
displaced VRFs, an adjustment that is adap-

Fig. 1. Effect of experi-

tive because it realigns the auditory map
with the optically displaced visual space
map (5). In contrast, in adult owls (older
than about 200 days) that have grown up
experiencing only normal correspondences
between ITD values and VRF locations,
equivalent experience results in little or no
adaptive adjustment of ITD tuning (6).

In this-study, the capacity for ITD tun-
ing adjustment was compared in two groups
of adult owls (owls older than 1 year). Owls
in one group (n = 2) experienced only
normal ITD-VRF correspondences through-
out the sensitive period (7). Owls in the
second group (n = 3) learned abnormal
ITD-VRF associations while they were ju-
veniles as a result of wearing displacing
prisms that shifted the visual field 23° to
the right (R23°) (8). After these abnormal
associations had been learned, prisms were
removed and ITD tuning returned to nor-
mal. Thus, both groups of adult owls began
these experiments with normal ITD-VRF
associations expressed in the tectum.

The capacity of tectal neurons to alter
ITD tuning was assessed in both groups of
owls by exposing them to a chronic R23°
displacement of the visual field (9). The
results of this expetiment for a representa-
tive owl from each group are shown (Fig. 1).
In both owls, ITD tuning was normal before
prisms were mounted (Fig. 1A). The ITD
tuning curves (Fig. 1A, left) were recorded
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ence with R23° prisms
on ITD tuning in the optic
tecta of two adult bam
owls. One adult (Pr5)
had experienced R23°
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of [TDs are the best [TDs for these sites. Best [TDs were 0 and L2.5 ps for the Pr5 and Ad222 sites,
respectively. (Right) Best ITD versus VRF azimuth for populations of sites from owl Pr5 (filled circles),
Ad222 (open squares), and five normal barn owls (shaded dots). Diagonal line represents the regression
of best ITD on VRF azimuth for data from the normal owls. The equation for the line is y = 2.5x.
Deviations from this line were interpreted as shifts from normal ITD tuning. (B) Data comparable to those
shown in (A), collected after the two owls experienced R23° prisms. Data from Pr5 were collected after
17 days of prism experience, beginning when the owl was 785 days old. Data from Ad222 were
collected after 183 days of experience, beginning when the owl was over 2 years old. Tuning curves on
the left are from matched sites with VRFs located at L1° and R1° azimuth for Pr5 and Ad222,

respectively.
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from equivalent locations in the tectum
with VRFs centered on 0° azimuth (10).
The best ITD (11) for both sites was about
0 ps, which is the normal value predicted
for these sites based on the correlation of
best ITD with VRF location measured in
normal owls (Fig. 1A, right, shaded dots
and regression line). The relationship be-
tween best ITD and VRF location measured
in these two birds before they experienced
prisms as adults (12) is summarized (Fig.
1A, right); the data follow the normal
relationship.

ITD tuning in the tecta of these animals
after they were exposed to R23° prisms is
shown (Fig. 1B). Both birds were more than
2 years old when the prisms were mounted.
The owl with no prior prism experience
(open squares) wore the prisms for over 6
months, after which best ITDs had shifted
toward left-ear leading values (the adaptive
direction for R23° prisms) by an average of
only 4 ps. In contrast, the owl with prior
prism experience (filled circles) wore prisms
for only 17 days, after which best ITDs had
shifted in the adaptive direction by an av-
erage of 33 ps.

The ITD tuning adjustments that oc-

Fig. 2. Adjustments of ITD tuning in the optic
tectum as a result of prism experience in three
adult bam owls that had adjusted to R23° prisms
as juveniles. Plots show mean and standard devi-
ation of the shift in best ITDs relative to predicted
normal, derived as shown in Fig. 1B, measured at
various ages. Shaded regions indicate periods of
prism experience. Filled symbols indicate data
collected during exposure to R23° prisms; open
symbols represent data collected during expo-
sure to prisms of some other strength or direction.
Asterisks and crosses indicate the first and sec-
ond exposures, respectively, to R23° prisms that
are replotted in Figs. 3 and 4. Negative ITD values
indicate left-ear leading ITDs.
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curred in the tecta of the three owls that
had experienced R23° prisms previously as
juveniles are documented (Fig. 2). As
adults, owl Pr4 experienced only R23°
prisms, whereas owls Pr5 and Pr6 also ex-
perienced L23° and R34° prisms. In all
three owls, the capacity to adjust ITD tun-
ing in response to R23° prisms as adults was
increased by experience with R23° prisms as
juveniles, as indicated for owl Pr5 (Fig. 1).

The expanded range of ITD tuning plas-
ticity in adult owls that had previously ad-
justed ITD tuning as juveniles is shown in
greater detail (Fig. 3). In the two adult owls
that had experienced only normal ITD-VRF
correspondences throughout the sensitive
period, more than 6 months of experience.
with 23° prisms led to a mean shift in ITD
tuning of only 4 ps in each owl (Fig. 3A,
open symbols). Population tuning curves,
which are the average of all ITD tuning
curves for the sample (13), indicated that
this small shift in best ITDs was due to a
consistent increase in neuronal responses to
more left-ear leading values of ITD (Fig. 3B).

In contrast, in the three adult owls that
previously had adjusted to R23° prisms as
juveniles, ITD tuning shifted rapidly and
over a much larger range. Reexposure to
R23° prisms in adulthood (Fig. 2, asterisks)
led to average shifts in ITD tuning of about
30 ps within 30 days (Fig. 3A; data replotted
from Fig. 2). Population tuning curves re-
vealed that these shifts were due to both the

acquisition of strong neuronal responses to

Fig. 3. Effect of early experience
with R23° prisms on the capacity to

adaptive values of ITD that were previously
ineffective in driving neurons and the elim-
ination of responses to normal values of ITD
that were previously strongly excitatory (Fig.
3C). The magnitude of the shifts in ITD
tuning that occurred in adulthood after 60
days of prism experience was equivalent to
the magnitude of shifts that had occurred
previously when they were juveniles in two
of the three owls (Fig. 3A, filled diamonds
and triangles). In the third owl (Fig. 3A,
filled circles), the shift after 60 days of expe-
rience was abnormally large, and after 90
days it was even larger (Fig. 2B). Neverthe-
less, these shifts were smaller than the shift
that was observed after 213 days of experi-
ence as a juvenile.

The extent of the expanded range of
possible ITD-VRF associations was tested in
two owls (Fig. 4). First, | addressed the ques-
tion of whether early experience with R23°
prisms had expanded the range of adult plas-
ticity to include shifts of ITD tuning in both
directions—that is, whether unusual associ-
ations with more right-ear leading as well as
with more left-ear leading ITDs could be
established. The R23° prisms were removed
from both owls and ITD tuning returned to
normal (Fig. 2, B and C). Then, L23° prisms
were mounted. Over the periods of more
than 75 days that the owls wore these prisms
(Fig. 4, open symbols), ITD tuning in the
tectum showed virtually no sign of adjusting
toward right-ear leading ITDs, the adaptive
direction for L23° prisms. Thus, the expand-

Juvenile
A Adjustment

Adult Adjustment

adjust ITD tuning in response to |ty

R23° prisms in adult bam owls. (A) i

Mean and standard deviation of g3 -10

best ITDs relative to predicted nor- SE -

mal values from Fig. 2 are plotted as a2

a function of days of prism experi- §§ a0 ﬂ

ence for two adult owls that had g

had no prior experience with prisms F i ;

(open symbols) and for three adult 50 y

owis that had adjusted to R23° B R R e S
prisms as juveniles. The magnitude K o

of the adjustment that occurred in - Adult With No Prior Experience . Adult With Prior Experience

the latter owls when they were juve-

183 days with prisms

39 days with prisms

niles is shown on the left. Owl Pr4,
filled triangles; owl Pr5, filled circles;
owl Pr6, filled diamonds. (B) Popu-
lation [TD tuning curves for owl
Ad222, which had no prism experi-
ence as a juvenile, measured before
(shaded squares) and after (open
squares) 183 days of experience
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error of the mean. Comparable population tuning curves for the other adult owl with no prior prism
experience looked the same. (C) Population ITD tuning curves for owl Pr4, which had adjusted to R23°
prisms previously as a juvenile, measured before (shaded triangles) and after (filled triangles) 39 days of
experience with R23° prisms, beginning at 511 days of age. Data are plotted as described in (B). The
comparable population tuning curves for owls Pr5 and Pré were essentially the same.

SCIENCE e VOL. 279 ¢ 6 MARCH 1998 ¢ www.sciencemag.org



Fig. 4. Range and rate of ITD tuning

adaptive
directi

adjustments in the optic tecta of
two adult owls that had adjusted to
R23° prisms as juveniles. Mean
best ITD relative to the predicted
normal value, from Fig. 2, is plotted
as a function of days of experience
with prisms for owl Pr5 (circles)and
owl Pr6 (diamonds). Open symbols
show the effect of prisms that dis-
placed the visual field in the oppo-
site direction (L23°) from the prisms
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R34° prisms that displaced the visual field 50% further than the R23° prisms they had experienced
previously. Selid symbols show the effect of R23° prisms in adulthood; asterisks and crosses indicate
results from the first and second adult experiences, respectively, with R23° prisms. The ages during
these manipulations are shown in Fig. 2. Negative values indicate left-ear leading ITDs.

ed range of adult plasticity was limited to the
direction of ITD tuning adjustment that was
learned during the sensitive period.

A final experiment tested whether early
experience with R23° prisms had enabled
unlimited adjustment toward left-ear leading
ITDs, as opposed to shifts limited to the
same magnitude as that achieved during ju-
venile exposure to prisms. In an attempt to
shift ITD tuning beyond the range that was
learned as a result of juvenile experience, the
owls were fitted with R34° prisms (Fig. 4,
half-filled symbols). In both owls, ITD tun-
ing adjustment in response to R34° prisms
progressed more slowly and the final magni-
tude of adjustment was, if anything, less than
the magnitude of adjustment that resulted
from experience with R23° prisms, tested
both before (Fig. 4, asterisks) and after (Fig.
4, crosses) this experience. These data sug-
gest that the range of potential ITD-VRF
associations in the adult animals was limited
to the associations that had been established
by experience during the sensitive period.

The data demonstrate that experience
during a sensitive period establishes func-
tional connections that leave an enduring
trace in the adult central nervous system.
This trace may be anatomical in nature.
Prism experience has been shown to induce
changes in the pattern of axonal projections
in the ITD pathway leading to the optic
tectum, changes that can account for the
shift in ITD tuning observed in the tectum
(14). This unusual anatomical projection
coexists with the normal anatomical projec-
tion in birds with shifted ITD maps. If this
projection were to persist in the adult after
ITD tuning returned to normal, then the
adult capacity to relearn the abnormal [TD-
VRF associations could result from the re-
activation of this previously established, an-
atomical circuitry. An attractive feature of
this model is that it accounts for the sensi-
tive period in this pathway simply as the
period when experience can cause the for-
mation of anatomical projections.
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Regardless of the underlying mechanism,
the results show that, in the midbrain audi-
tory space-processing pathway, experience in
adulthood can reestablish functional con-
nections that were established previously by
experience during the juvenile period, even
though these functional connections may
not have been used for a long time. The
persistence of the effects of experience de-
spite disuse is a characteristic of many sensi-
tive periods, including song learning in birds
(15), sexual imprinting in birds and mam-
mals (16), and language learning in humans
(17). The space-processing pathway in the
barn owl offers the opportunity to study the
cellular and molecular basis for such persis-
tent effects and the signals that instruct
them. Because in this pathway the capacity
to reestablish previously learned functional
connections is persistent, learning during the
sensitive period together with innately de-
termined patterns of connectivity determine
the repertoire of functional states that the
central nervous system can assume in re-
sponse to adult experience.
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