level units, corresponding to 5.5 fmole of
spiroperidol per milligram of protein. In
contrast, the mean difference between
lesioned and nonlesioned sides in the
animals with grafts that reduced rotation
was only 0.7 = 1.7 gray level units (0.42
fmole per milligram). The difference be-
tween reduced and nonreduced rotation
groups was statistically significant
[T(22) = 2.88, P < 0.01] (Fig. 2).

The degree of denervation supersensi-
tivity measured here by [*H]spiroperidol
autoradiography in slices was fairly well
correlated with the results of previous
studies in vitro. Several investigators
(15) have found a 15 to 45 percent in-
crease in receptor density in whole stria-
tal homogenates after dopamine dener-
vations. Further research is necessary to
determine whether the characteristics of
in vitro radioligand binding differ for
dorsomedial and lateral striatal dopa-
mine receptors.

In conclusion, the ameliorating effect
of grafts of fetal substantia nigra on le-
sions of the nigrostriatal dopamine sys-
tem is specific and is not produced by
grafts of other parts of the fetal brain.
The reductions in drug-induced rotation
are associated with reductions in recep-
tor sensitivity in graft recipients. Thus,
grafts of fetal substantia nigra may re-
lease dopamine not only when stimulat-
ed by amphetamine but also spontane-
ously on a tonic basis. This produces an
adjustment of the functional status of
dopaminergic receptors in nearby areas,
causing them to return to a more normal
level and diminishing the apomorphine-
induced behavioral response.
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Early Auditory Experience Aligns the Auditory Map of

Space in the Optic Tectum of the Barn Owl

Abstract. Auditory and visual space are mapped in the optic tectum of the barn
owl. Normally, these maps of space are in close mutual alignment. Ear plugs
inserted unilaterally in young barn owls disrupted the binaural cues that constitute
the basis of the auditory map. Yet when recordings were made from the tecta of these
birds as adults, the auditory and visual maps were in register. When the ear plugs
were removed from these adult birds and binaural balance was restored, the auditory
maps were shifted substantially relative to the visual maps and relative to the
physical borders of the tecta. These results demonstrate that the neural connectivity
that gives rise to the auditory map of space in the optic tectum can be modified by
experience in such a way that spatial alignment between sensory modalities is

maintained.

The locations of auditory and visual
stimuli in space are represented topo-
graphically by multimodal neurons in the
optic tectum (superior colliculus). The
left-right location (azimuth) of a stimulus
is represented along the rostrocaudal
axis of the tectum, and the up-down
location (elevation) along a mediolateral
or dorsoventral axis (/, 2). These physio-
logical maps of auditory and visual space
are mutually aligned, particularly in the
tectum of the barn owl where they corre-

spond, both in azimuth and elevation, to
within a few degrees (/). This alignment
of sensory maps is manifested as a spa-
tial coincidence of the optimal locations
of auditory and visual stimuli for exciting
single units (/-3).

How does the alignment of spatial
maps from different sensory modalities
come about? The visual and auditory
maps are constructed differently. The
visual map results from point-to-point
projections from the retinas to the tec-

939




Table 1. Location of centers of auditory best areas relative to centers of visual receptive fields
in the rostrodorsal portion of the optic tectum. Misalignments are given as means (and standard
deviations). Abbreviations: L, left; R, right; +, up; —, down.

Age (days) at Misalignment
o Ear which plug was (degrees) Units
wl
plugged In- Re- Azi- Ele- (No.)
serted moved muth vation
Control
1 0.0 (2.5) 0.0 (3.3) 15
2 0.0 2.2) -3.1(4.8) 20
3 L1.72.2) —-1.0 (3.5) 11
Experimental

TO3 Left 41 342

Plug in place 0.0 (1.5) -2.3(7.5) 15

Plug removed R 10.4 (4.6) +14.6(5.9) 8
TO4 Right 40 275

Plug in place R 1.8 (2.6) +4.8 (4.4) 20

Plug removed 7.0 (1.8) -5.809.2) 6
TO6 Right 31 261

Plug in place . R4.53.7) +3.6 (7.7) 22

Plug removed L 8.8 (1.6) —10.1 (7.0) 11
TO7 Right 43 202

Plug removed L 9.7 (2.5 -6.1 (9.2) 35

tum, whereas the auditory map is based
on systematic variations in the sensitiv-
ity of the neurons to differences in the
intensity and timing of sound at the two
ears (4). Thus, the convergence of audi-
tory and visual inputs in the tectum
represents an association of specific sets
of binaural difference cues with locations
in visual space.

To investigate whether the alignment
of the auditory and visual maps of space
is regulated by sensory experience, I
altered the binaural localization cues as-
sociated with each location in space,
then examined the tecta for induced

Fig. 1. Auditory re-
ceptive field, best
area, and visual re-
ceptive field of a sin-
gle unit in the optic
tectum of owl TO3
measured before and
after a plug in the left
ear was removed. The
unit was recorded in
the deep layers of the
right tectum (contra-
lateral to the plugged
ear) on the day the ear
plug was removed.
The grid represents
space in double-pole
coordinates. The au-

ditory receptive field ¢ 20f Best area!
and best area center 2 center .
measured with the & 1o

plug still in the ear are =

plotted with dashed @ o

lines and a circled A,
respectively. The vi-
sual receptive field is

405 20R

) 20, 40_
Sound azimuth (degrees)

changes in the auditory map. Young barn
owls were studied because these animals
recover accurate sound localization be-
havior after their binaural cues have
been disrupted by monaural occlusion
(6). Owls localize sound in azimuth pri-
marily on the basis of interaural timing
cues and in elevation on the basis of
interaural intensity cues (4, 6); an eleva-
tion-dependent, interaural intensity cue
is available because the owl’s right ear is
more sensitive to sounds located up and
to the right, and the left ear is more
sensitive to sounds located down and to
the left (7). Chronic monaural occlusion

Spikes (No.)
20 10 0

o N H
o o

1
)
)
Sound elevation (degrees)

1 -40

A

\

Oowl TO3
Left ear plugged, day 41
Plug removed, day 342

represented by the hatched rectangle marked with a V. The auditory receptive field and best
area center of this same unit were measured immediately after the ear plug was removed, and
are plotted with solid lines and circled A (stippled). The spike counts shown below and to the
right are from eight presentations of a noise burst 20 dB above unit threshold. These counts
were used to determine the best areas of this unit before and after the removal of the ear plug.
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was accomplished by suturing a dense
foam-rubber plug (E-A-R, Cabot Corpo-
ration) into the external meatus while the
owl was anesthetized with halothane and
nitrous oxide. The ear plug not only
altered interaural timing and intensity,
but altered them differently for different
frequencies (8). Ear occlusion, unlike
eye occlusion, does not completely de-
prive the brain of patterned sensory in-
put, but merely reduces the input and
changes its temporal characteristics.

Four barn owls (Tyto alba) served as
experimental subjects and three as con-
trols. Each experimental bird had one
ear plugged (one left and three right) at
an age between 31 and 43 days after
hatching. The experimental and control
birds were raised to maturity (7 months
old) in an aviary. As adults, these birds
were anesthetized and implanted with a
stainless steel chamber in the skull over
each optic tectum in preparation for neu-
rophysiological recording. The chambers
provided access to the tecta for repeated
recording sessions over a period of
weeks. Three of the experimental birds
were recorded from immediately before
and after ear plug removal. The ear plug
of the remaining bird (TO7) was removed
4 months before neurophysiological test-
ing was begun.

The recording procedure was the same
for all birds. Each owl was anesthetized
with ketamine hydrochloride, wrapped
in a leather harness, and suspended in a
prone position inside a sound isolation
chamber containing a speaker movement
system (9). The owl’s head was centered
in the apparatus so that its midsagittal
and visual planes lined up with 0° azi-
muth and 0° elevation of the speaker
movement system (/0). Single units were
recorded extracellularly (//) from the
superficial and deep layers of the optic
tectum, both of which contain multimod-
al units in the barn owl (/). Wide-band
noise bursts (/2) 20 dB above unit
threshold were used to plot auditory
receptive fields and best areas. A unit’s
receptive field was defined as the area
within which noise bursts elicited spike
activity above background. The best
area was the portion of the receptive
field where noise bursts elicited more
than 50 percent of the maximum spike
response. Sizes of receptive fields and
locations of best areas were largely inde-
pendent of sound intensity (/). To plot
visual receptive fields, a plexiglass hemi-
sphere was brought into the chamber and
placed in front of the owl. Bars and spots
of positive and negative contrasts were
projected onto the hemisphere by a
hand-held projector. A unit’s visual re-
ceptive field was defined as the area in
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which such visual stimuli elicited an ex-
citatory response. All angular' measure-
ments and locations are given in coordi-
nates in which azimuth is measured in
degrees right or left from the owl’s mid-
sagittal plane, and elevation in degrees
above or below the owl’s visual plane
(/). When viewed in line with the origin,
isoazimuth and isoelevation lines of this
coordinate system appear as perpendicu-
lar sets of parallel lines (Fig. 1).

In normal birds, auditory best areas
and visual receptive fields are mutually
aligned over most of the tectum, but the
alignment is most accurate in the rostro-
dorsal portion, where frontal and upper
regions of space are represented (/).
Table 1 lists the average misalignment of
auditory best areas and visual receptive
fields for units with visual fields centered
at less than 20° in azimuth and between
+15° and —5° in elevation. The align-
ment is nearly perfect, and there is little
variation from one unit to the next, as is
indicated by the small standard devi-
ations. Because of their consistently
close alignment in control birds, the
fields of units from the rostrodorsal por-
tion of the tectum were used to evaluate
the degree of map misalignment in the
experimental birds.

Most units in the tecta of the control
owls responded vigorously to auditory
and visual stimulation. In contrast, units
recorded from experimental birds with
ear plugs still in place exhibited elevated
auditory thresholds and increased mini-
mum response latencies, and often habit-
uated to repetitive acoustic stimulation.
In addition, the degree of bimodality
decreased appreciably; most units were
driven predominantly or exclusively by
one sensory modality.

Despite the general weakening of audi-
tory responses, most units that were
responsive to sounds were selective for
the location of the source. Of 82 auditory
units recorded from birds with ear plugs
still in place, only seven units responded
to all speaker locations tested, and five
responded to all elevations but over lim-
ited ranges of azimuth. The remaining 70
units had auditory receptive fields that
were limited in both azimuth and eleva-
tion.

Of particular significance was that the
bimodal units had auditory and visual
receptive fields that were fairly well
aligned in space. Receptive field data
from a single unit recorded in the right
tectum of owl TO3 are shown in Fig. 1.
With the left ear still plugged, the best
area was perfectly aligned in azimuth
and 1° above the visual field. The mean
misalignments of fields recorded in the
rostrodorsal portions of both tecta in
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each of three experimental birds is
shown in Table 1; the mean misalign-
ment for all fields in the three birds was
2.4° + 2.7° in azimuth and 3.7° £ 6.8°in
elevation (N = 57). This approximate
field alignment in birds experiencing a
strong disruption of binaural inputs indi-
cates that these bimodal units had devel-
oped specificities for the altered binaural
cues that were spatially consistent with
their visual receptive fields.

The unit described in Fig. 1 is unique
in that its auditory receptive field and
best area were measured both before and
after the ear plug was removed. On the
day this recording was made, the left ear
of this owl had been plugged for 301
days. When the ear plug was removed,
the auditory field and best area moved
abruptly to the right and up, resulting in
a gross misalignment between the audi-
tory best area and the visual receptive

>
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Right tectum
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Fig. 2. The misalignment of auditory best area centers relative to
visual receptive field centers of single units and the shifts in the
auditory maps of space in the optic tecta of owl TO7, which had been
subjected to right-ear occlusion during early life. Normal field mis-
alignment (mean and standard deviation) measured in control owls is
indicated by the stippled areas. Recordings were made over a period
of 4 weeks beginning 124 days after the ear plug had been removed.
(A) Horizontal misalignment of auditory best area centers (circles)
plotted as a function of the azimuth of visual receptive field centers.
(B) Vertical misalignment of auditory best area centers (circles)
plotted as a function of the elevation of visual receptive field centers. (C) Shift and distortion of
the auditory maps corresponding to the misalignments shown in (A) and (B) depicted on lateral
views of the tecta. The dashed coordinate lines represent the auditory map in normal owls (/).
The solid coordinate lines represent the shifted auditory map in owl TO7. These coordinate
lines were derived by calculating the shift in the tectum of the representations of the corner
locations; that is, 0°4, +10°g; 0°4, —10°; 20°4, +10%; 20°s, —10°g, where A and E refer to
azimuth and elevation. This was done by computing the mean field misalignments for units with
visual receptive fields located within 10° of each location. The mean field misalignment for
equivalent locations in control birds was subtracted, yielding the actual induced shift. These
shifts were plotted onto the tectal surface through the use of the visual map (/). The vectors
indicate the shift in the representation of auditory 0°4, 0°g in the tecta. The positions and lengths
of these vectors were confirmed by electrolytic lesions placed at visual 0°4, 0°; and auditory
0°4, 0°¢ on each side. Inset shows the position of the tectum in the ow!’s brain.
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field. The best areas and visual fields of
nine more bimodal units (four from the
left tectum and five from the right) were
measured on this day. Their mean mis-
alignment (auditory best areas relative to
visual receptive fields) was right 11.1° =
4.7° and up 16.6° = 3.6°; the direction of
the elevation shift is expected from the
directional asymmetry of the ears (7).

Additional recordings were made from
the rostral tecta in this owl 3 days and 14
days after removal of the plug. On both
days the field misalignments were similar
for units in the left and right tecta, so the
data were combined. The average mis-
alignment for all units on day 3 was to
the right 9.4° = 3.1° and up 16.1° = 3.6°
(N = 8);onday 14 it was to the right 9.4°
+ 1.5 and up 12.4° = 4.4° (N = 8). Of
these units, eight had visual receptive
fields centered at less than 20° in azi-
muth, and between +15° and —5° in
elevation. The average field misalign-
ment for these units is shown in Table 1.

The same procedure was followed
with owls TO4 and TO6. In both cases,
after the plug was removed auditory best
areas were distinctly misaligned with vi-
sual receptive fields. However, since in
these birds the right ear had been
plugged, the auditory fields and best
areas moved in the opposite direction—
to the left and down relative to the visual
receptive fields. Units were recorded
until 14 days after plug removal in owl
TO4 and until 19 days after plug removal
in TO6. In each bird the magnitude of
field misalignments decreased slightly in
successive recording sessions, but the
decrease was within the standard devi-
ations of the samples. Estimates of the
misalignment between the auditory and
visual maps in these tecta were made by
averaging the field misalignments of all
units recorded in the rostrodorsal por-
tions of the tecta of each bird (Table 1).

The data indicate that monaural occlu-
sion during early life results in a change
in the set of binaural cues to which each
unit in the tectum is tuned. These
changes enable the bimodal neurons to
respond to auditory and visual stimuli in
the same spatial location as long as an
ear plug is in place. When the plug is
removed and binaural balance is re-
stored, the auditory cues to which these
neurons respond no longer correspond to
the location of their visual receptive
fields, but rather to a location away from
the side of the plugged ear. The horizon-
tal shift of the auditory fields implies a
change in the optimal interaural time
delays, and the vertical shift implies a
change in the optimal interaural intensity
differences necessary to excite these
units (4).
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The shifted auditory maps in the first
three experimental birds were stable for
as long as 19 days after plug removal. To
test the stability of the altered map over
a longer period of time, I waited for 124
days after removing the ear plug from
owl TO7 before mapping its tecta. Data
from this bird were collected over a
period of 4 weeks (Fig. 2).

Auditory responses in both tecta were
strong with normal thresholds and laten-
cies. The only prominent abnormality
was the misalignment of auditory and
visual receptive fields: auditory best ar-
eas were located to the left of and usually
below visual receptive fields. For units
in the rostrodorsal portions of both tecta
the average misalignment from the visual
fields was comparable to the misalign-
ments measured in the two other birds
that had been raised with their right ears
plugged (Table 1).

Extensive sampling of units through-
out the right and left tecta revealed that
the field misalignments were not exactly
equal on both sides nor in all portions of
the same side (Fig. 2). In the right tectum
(contralateral to the previously plugged
ear), auditory best areas were consist-
ently shifted to the left of visual recep-
tive fields by an average of 8.9°, but their
vertical locations ranged from normal in
the dorsal tectum to well below normal
in the ventral tectum. In the left tectum,
horizontal misalignment increased pro-
gressively from left 10.2° in the rostral
end to left 18.5° in the middle portion of
the tectum (visual field centers between
right 20° and right 60°). Vertical misalign-
ment was small only in the most dorso-
medial portion of the tectum, and it
increased dramatically in the middle and
ventral portions.

The auditory map was both shifted and
distorted by early monaural occlusion
(Fig. 2C). The constant horizontal mis-
alignment of fields in the right tectum
(Fig. 2A) does not correspond to a linear
shift of the auditory map across the
tectal surface, because the magnification
factor (millimeters of tissue surface per
degree of space) in the auditory map
decreases sharply toward the caudal end
(I). For example, the auditory represen-
tation of 0° azimuth shifted rostralward
by 1.3 mm, while the representation of
left 20° azimuth shifted rostralward by
only 0.4 mm (/3). In the left tectum the
differential shift of azimuth representa-
tions was less severe because the caudal-
ly increasing horizontal misalignment of
fields partially compensated for the de-
creasing magnification factor. The great-
est distortion in the auditory map was in
the representation of elevations. The
progressive increase in the vertical mis-

alignments of fields ventrally, that oc-
curred in both tecta (Fig. 2B), represents
a dorsally directed compression of audi-
tory elevations, affecting particularly el-
evations below 0°.

Electrolytic lesions placed in each tec-
tum at the representations of visual 0°4,
0°t and auditory 0°,, 0° verified the
magnitudes of the shifts and established
the absolute positions of the coordinate
grids in each tectum (vectors in Fig. 2C).
Comparing these lesions with equivalent
lesions in control birds showed that the
auditory map, but not the visual map,
had moved in the tecta.

The results demonstrate that the posi-
tion and relative magnification proper-
ties of the auditory map in the optic
tectum are regulated by early auditory
experience. They do not address the
question of whether the experience-de-
pendent modifications take place in the
tectum itself or at an earlier stage in the
auditory pathway. The persistence of the
misaligned auditory maps in adult birds
suggests that the mechanism for adjust-
ing neuronal specificities for binaural
cues is lost or greatly slowed in the adult
nervous system.

Eric I. KNUDSEN
Department of Neurobiology,
Stanford University School of
Medicine, Stanford, California 94305
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