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The central auditory system translates sound localization cues into a map of 
space guided, in part, by visual experience. In barn owls, this process takes place 
in the external nucleus of the inferior colliculus (ICX). However, to date, no 
trace of visual activity has been observed in this auditory nucleus. Here we show 
that strong visual responses, which are appropriate to guide auditory plasticity, 
appear in the ICX when inhibition is blocked in the optic tectum. Thus, visual 
spatial information is gated into the auditory system by an inhibitory mech- 
anism that operates at a higher level in the brain. 

The auditory system synthesizes a map of space 
in the midbrain that acts to orient an animal's 
gaze toward interesting auditory stimuli (1, 2). 
This space map requires that representations 
of sound localization cues, such as interaural 
time difference (ITD) and interaural level 
difference (ILD), be transformed into an ac- 
curate, topographic representation of space. 
In the barn owl, the auditory map is created in 
the ICX and transmitted to the optic tectum 
(OT), where it aligns with a visual map of 
space (3) (Fig. 1A). 

The OT provides a signal that instructs the 
representation of auditory localization cues in 
the ICX. A pathway projects topographically 
from the OT to the ICX (4, 5), and interrup- 
tion of this pathway eliminates visually driv- 
en auditory plasticity in the ICX (6). Al- 
though the instructive signal depends on 
visual input (7-9), the exact nature of the 
signal is not known. The simplest hypothesis 
is that the OT provides the ICX with a topo- 
graphic representation of visual space that 
acts as a template for instructing the tuning of 
ICX neurons to appropriate values of sound 
localization cues. Extensive extracellular re- 
cordings have failed, however, to detect any 
visually driven activity in the ICX, even 
when visual stimuli were presented together 
with auditory stimuli. This raises the question 
of how visual activity could instruct plasticity 
in this auditory nucleus. 

One hypothesis is that visual signals from 
the OT to the ICX are gated. In theory, the 
gating of visual activity could be accom- 
plished by y-aminobutyric acid (GABA)- 
mediated inhibition in the OT, which is rich 
in GABAergic receptors (10) and receives 
several major GABAergic afferents (11, 12). 

To test this hypothesis we blocked focally 
GABAergic inhibition in the OT while look- 
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ing for visual activity in the ICX (13). Ionto- 
phoretic application of bicuculline methio- 
dide was used to block inhibition in the OT 
(Fig. 1). Electrodes were positioned at 
matched locations in the auditory space maps 
in the OT and ICX (Fig. 1, B and C). The 
visual receptive field (RF) for the OT site was 
assessed and a light-emitting diode (LED) 
was positioned in the center of the visual RF. 
A light flash was presented every 5 s while 

multiunit activity was recorded simultaneous- 
ly in the OT and ICX. Before bicuculline was 
applied in the OT, visual responses were 
observed in the OT but not in the ICX (Fig. 1, 
D and E). After about 6 min of drug applica- 
tion, however, clear visual responses began to 
appear in the ICX (Fig. 1E). Approximately 5 
min after drug application was stopped, visu- 
al responses in the ICX disappeared. The 
delay between onset of bicuculline ionto- 
phoresis and the appearance of a response to 
the visual stimulus ranged from 1.8 to 6 min 
(n = 6). This range rules out the possibility 
that the effect is due to current injection and 
suggests that bicuculline must defuse to act at 
a particular site in the OT space map in order 
to produce the effect. 

The visual activity in the ICX that ap- 
peared when inhibition in the OT was 
blocked exhibited restricted RFs. At the site 
shown in Fig. 2A, the strongest visual re- 
sponse was evoked when the LED was locat- 
ed 12? left of and 5? below the owl's center of 
gaze. The site failed to respond (P > 0.01; 
Student's t test) when the LED was located 5? 
left, right, above, or 10? below this position. 
Thus, the visual RF was smaller than 10? in 
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Fig. 1. Visually driven activity in 
the ICX revealed by blocking in- 
hibition in the OT. (A) Diagram 
of the flow of information be- 
tween the ICX and the OT. (B) 
Diagram of a horizontal section 
through the optic lobe, showing 
the central nucleus of the inferi- 
or colliculus (ICC), the ICX, and 
the OT. Ovals indicate horizontal 
locations in the space maps. Ap- 
proximate electrode positions in 
the ICX (R, recording) and the OT 
(R+I, recording and iontophore- 
sis) are indicated. (C) Horizontal 
section through the optic lobe 
shows electrolytic lesions that 
were made at recording sites in 
the ICX (R) and OT (R+I). (D and 
E) Multiunit responses to a light 
flash (50 ms duration, indicated 
by bars on the bottom) in the OT 
(D), and ICX (E), before, during, 
and after bicuculline application 
in the OT. Each dot indicates the 
occurrence of a spike. The gray 
area indicates the period of bicu- 
culline iontophoresis. 
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the horizontal dimension and smaller than 
15? in the vertical dimension. The largest 
visual RF measured in the ICX (n = 13 sites) 
was smaller than 15? wide and 20? high. The 
visual RFs in the ICX were similar in size to 
those in the OT (3). 

The limited size of the visual RFs could 
have been an artifact of the localized disinhi- 
bition caused by bicuculline iontophoresis. It 
is possible that every point in the ICX re- 
ceives visual input from a large portion of the 
OT space map, but because only a small 
portion of the OT map was disinhibited, vi- 
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sual responses in the ICX appeared to be 
spatially restricted. We thus moved the ICX 
electrode dorsoventrally to sites having dif- 
ferent ILD tuning (Fig. 2B) and, therefore, 
different auditory RFs (2). The position of the 
iontophoretic electrode in the OT and the 
location of the visual stimulus remained un- 
changed. If ICX sites had received input from 
a large region of the OT space map, then 
visual responses should have been observed 
across a similarly large portion of the ICX. 
Instead, visual responses in the ICX were 
observed only within a small portion of the 

Fig. 2. Visual receptive 
fields in the ICX. (A) Each 
histogram represents re- 
sponses to 50 light flash- 
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Electrode depth in the ICX (mm) ter the onset of the light 
stimulus) were signifi- 

cantly larger (P < 0.01) than the baseline (defined as the number of 
spikes in the 80 ms before the stimulus). The graph shows the number 
of recording sites at which significant responses were recorded at each 
depth. Depth is given relative to the depth where the strongest visual 
response was recorded. 

ICX (Fig. 2B): visual responses were dimin- 
ished sharply 150 ILm away from the site that 
responded best to the visual stimulus and 
were rarely measurable 300 JIm away (Fig. 
2C). Thus, the projection of information from 
the OT to the ICX is precise, and visual 
responses in the ICX, like auditory responses, 
have spatially restricted RFs. 

The locations of visual RFs recorded in 
the ICX corresponded with the locations of 
auditory RFs measured at individual sites. 
Auditory RFs were quantified as the region of 
space within which a noise burst generated by 
a loudspeaker evoked a response that was 
greater than 50% of the site's maximal re- 
sponse (auditory best area). Auditory best 
areas overlapped with, and covaried with, 
visual RFs (13) (Fig. 3A). Consistent with 
this covariation of spatial tuning, visual RF 
location also predicted tuning for ITD, the 
primary cue used to derive the horizontal 
location of a sound source (2) (Fig. 3B). 
Thus, visual RFs in the ICX form a map of 
space that is aligned with and, therefore, pre- 
dicts the auditory space map. 

The auditory space map in the ICX is 
calibrated by experience with bimodal, audi- 
tory-visual stimuli (8). Therefore, it is of 
interest to examine how the visual responses 
that appear in the ICX when inhibition is 
blocked in the OT interact with auditory re- 
sponses. Light pulses from the LED were 
combined with noise bursts presented 
through earphones so that ITD could be ma- 
nipulated systematically (13). For the site 
shown in Fig. 4, A to G, the visual RF was 
located 17? to the left, which corresponds to 
an ITD of -42 ps (negative values indicate 
left-ear-leading) (14). The visual stimulus 
was presented from the center of the site's 
visual RF. Simultaneous sound and light 
stimuli resulted in distinct auditory and visual 
responses in the ICX that were separated by 
up to 50 ms, because of the longer latency for 
visual versus auditory responses (compare 
Fig. 4, A and C). The visual response, ob- 
served 80 to140 ms after stimulus onset (Fig. 
4, C and D), was reduced dramatically when 
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Fig. 4. The influence A Multi unit 
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Error bars indicate standard error. 

the ITD of the accompanying sound ap- 
proached the ITD predicted by the visual RF 
(Fig. 4, E and F; arrow). 

This effect of the auditory stimulus on 
visual responses (Fig. 4G) was revealed by 
subtracting responses to the auditory stimulus 
alone (Fig. 4, A and B) from responses to the 
combined, auditory-visual stimulus (Fig. 4, E 
and F). A summary of this analysis, averaged 
across all ICX sites (n = 18), is shown in Fig. 
4H. The results demonstrate a consistent re- 
duction in visually driven responses when the 
ITD of the auditory stimulus was near the 
ITD value corresponding with the location of 
the visual stimulus. Thus, the visual activity 
in the ICX that results from a bimodal stim- 
ulus encodes the mismatch between the spa- 
tial representations of auditory and visual 
stimuli. 

This study shows that visual responses 
appear in the ICX when GABAergic inhibi- 
tion in the OT is blocked. We suggest that the 
purpose of this intrusion of visual activity 
into the auditory system is to adjust the rep- 
resentation of auditory localization cues in 
the map of space. The visual signal in the 
ICX has all of the characteristics expected of 
the instructive signal (6, 9, 15): it is mediated 
by the OT; it is topographic; and it predicts 

auditory spatial tuning. Moreover, the effect 
of synchronized auditory and visual stimuli 
on visual responses in the ICX suggests how 
this visual activity could act selectively as an 
instructive signal: Visual activity does not 
excite ICX neurons if they have been activat- 
ed strongly by an auditory stimulus in the 
immediate past, perhaps due to response ad- 
aptation. As a result, the visual activity aris- 
ing from a bimodal stimulus does not inter- 
fere with auditory processing as long as 
sound localization cues are represented cor- 
rectly in the space map. On the other hand, if 
the visual and auditory maps in the ICX are 
misaligned, visual activity from bimodal 
stimuli will excite ICX neurons strongly. 
This excitation could cause strengthening of 
auditory inputs that were active in the recent 
past and thereby adjust the representation of 
auditory localization cues in the ICX to 
match the visual representation of space. 

An intriguing finding is that visual ac- 
tivity in the ICX, with the properties of an 
instructive signal, is gated by an inhibitory 
network in the OT. Teaching signals in 
other systems (16, 17) are inhibited under 
circumstances when learning is not re- 
quired. Gating of instructive signals may be 
a fundamental tactic used by the central 

nervous system to ensure that learning is 
adaptive and efficient (18). The gating of 
visual activity to the ICX prevents visual 
signals from constantly accessing this au- 
ditory nucleus. If the function of the visual 
activity in the ICX is indeed to adjust the 
representation of auditory localization cues, 
then visual activity is useful only when it 
occurs simultaneously with auditory activity 
and both activities represent a common 
source. Thus, only visual activation that is 
associated with a salient auditory stimulus 
should be permitted through the gate. The 
fact that in anesthetized owls visual signals 
are normally gated off even when auditory 
and visual stimuli are presented simulta- 
neously suggests that cognitive and/or atten- 
tional processes may control the gate. 
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Constitutive Hedgehog (Hh) pathway activity is associated with initiation of 
neoplasia, but its role in the continued growth of established tumors is unclear. 
Here, we investigate the therapeutic efficacy of the Hh pathway antagonist 
cyclopamine in preclinical models of medulloblastoma, the most common 
malignant brain tumor in children. Cyclopamine treatment of murine medul- 
loblastoma cells blocked proliferation in vitro and induced changes in gene 
expression consistent with initiation of neuronal differentiation and loss of 
neuronal stem cell-like character. This compound also caused regression of 
murine tumor allografts in vivo and induced rapid death of cells from freshly 
resected human medulloblastomas, but not from other brain tumors, thus 
establishing a specific role for Hh pathway activity in medulloblastoma growth. 
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Signaling by the Hh family of secreted proteins 
was implicated initially in determination of em- 
bryonic cell fate, and more recently in mainte- 
nance of somatic stem cells and in specification 
of organ size. The latter role is illustrated in the 
developing cerebellum, where Hh signaling de- 
lays neuronal differentiation and induces prolif- 
eration of cerebellar granular neuronal precur- 
sors (CGNPs) (1-4). Medulloblastomas, which 
are aggressive childhood tumors of cerebellar 
origin, are associated with inappropriate Hh 
pathway activity (5-8). The activation of this 
pathway normally requires antagonism of the 
12-transmembrane protein Patched (Ptch) by 
Hh ligand, thus releasing the seven-transmem- 
brane protein Smoothened (Smo) for activation 
of target genes by the Cubitus interruptus/Gli 
(Ci/Gli) family of transcription factors (9-11). 
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Ligand-independent pathway activity in medul- 
loblastoma is caused either by mutations that 
render Smo insensitive to regulation by Ptch or 
by mutational inactivation of Ptch. The tran- 
scription of Ptch is induced by Hh pathway 
activity, thus generating a negative feedback 
loop and serving as a convenient indicator of 
pathway activation. 

We studied Hh pathway activity and func- 
tion in cerebellar tumors from mice carrying 
a single mutant allele of the Ptch gene 
(Ptch+/-) (5). Wild-type Ptch mRNA expres- 
sion was never detected in pure tumor tissue, 
indicating a lack of functional Ptch gene 
product that should result in Hh pathway 
activation (see supporting online material, 
fig. Si). The frequency of medulloblastomas 
in Ptch+/- mice was increased by a p53 mu- 
tant background (12); loss of p53 function 
also enabled propagation of these tumors in 
athymic mice as subcutaneous allografts that 
displayed diagnostic features of human me- 
dulloblastoma (Fig. 1, A and B; fig. S2) (13). 
From four such allografts independently orig- 
inating in Ptch'- mice, cultured cell lines 
were derived that lacked p53 function (Fig. 
1C), retained a Ptch+- genotype (Fig. 1C), 
and displayed elevated levels of Hh pathway 
activity (see below). Treatment with the 
DNA demethylating agent 5-azacytidine (5- 
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cells to express high levels of Glil, which 
activates the Hh pathway downstream of 
Ptch. In such cells, 5-azaC did not block Hh 
pathway activity (Fig. lE), despite restoration 
of Ptch mRNA expression (15). These results 
indicate that silencing by DNA methylation 
of the functional Ptch allele is the precipitat- 
ing event in pathway activation and tumor 
initiation in these animals. 

To test the role of Hh pathway activity in 
tumor growth, we used cyclopamine, a plant- 
derived pathway antagonist that acts at the level 
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lines were cultured with cyclopamine or with 
tomatidine, another steroidal alkaloid with little 
effect on the Hh pathway (16). By 72 hours, 
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growth of fibroblast control cells was unaffected 
(Fig. 2A). Cyclopamine also completely and 
specifically abolished [-galactosidase activity in 
all murine medulloblastoma lines (Fig. 2B), 
demonstrating that the effect of cyclopamine on 
cell growth parallels the reduction in Hh path- 
way activity. 

The effect of cyclopamine treatment on 
murine medulloblastoma cell growth is large- 
ly mediated by inhibition of cell proliferation, 
because culture of the PZp53MEDl allograft 
line with cyclopamine reduced DNA synthe- 
sis by 90%, as compared to tomatidine-treat- 
ed cells (Fig. 2C), with only low levels of 
apoptosis (less than 1% of cells) (15). This 
effect depends on specific pathway inhibi- 
tion, because PZp53MED1 cells engineered to 

overexpress Glil retained high levels of 
P-galactosidase activity (15) and cell growth 
(fig. S3A) upon treatment with cyclopamine. 

To determine the effect of Hh pathway inhi- 
bition on cellular pathways that regulate prolif- 
eration or differentiation, we examined the ex- 
pression of cell cycle components and cerebellar 
neuronal differentiation markers in control and 
cyclopamine-treated PZp53MDl cells. Cyclins 
D1, D2, El, and hyperphosphorylated Rb, 
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