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Auditory and Multisensory Responses in the Tectofugal
Pathway of the Barn Owl
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A common visual pathway in all amniotes is the tectofugal pathway connecting the optic tectum with the forebrain. The tectofugal
pathway has been suggested to be involved in tasks such as orienting and attention, tasks that may benefit from integrating information
across senses. Nevertheless, previous research has characterized the tectofugal pathway as strictly visual. Here we recorded from two
stations along the tectofugal pathway of the barn owl: the thalamic nucleus rotundus (nRt) and the forebrain entopallium (E). We report
that neurons in E and nRt respond to auditory stimuli as well as to visual stimuli. Visual tuning to the horizontal position of the stimulus
and auditory tuning to the corresponding spatial cue (interaural time difference) were generally broad, covering a large portion of the
contralateral space. Responses to spatiotemporally coinciding multisensory stimuli were mostly enhanced above the responses to the
single modality stimuli, whereas spatially misaligned stimuli were not. Results from inactivation experiments suggest that the auditory
responses in E are of tectal origin. These findings support the notion that the tectofugal pathway is involved in multisensory processing.
In addition, the findings suggest that the ascending auditory information to the forebrain is not as bottlenecked through the auditory
thalamus as previously thought.

Introduction
A common feature in the organization of the visual system in
birds is the existence of two visual pathways from the retina to
the telencephalon: the thalamofugal pathway and the tectofugal
pathway (Karten, 1969; Shimizu and Bowers, 1999). The tectofu-
gal pathway has been suggested to be homologous to the collicu-
lopulvinar– cortical pathway in mammals (Karten, 1969; Karten
and Shimizu, 1989) (but see Guirado et al., 2005 for an alternative
view). The pathway ascends from the retina to the optic tectum
(OT) (the avian homolog of the superior colliculus), which in
turn projects to the nucleus rotundus (nRt) (Benowitz and
Karten, 1976) of the dorsal thalamus [considered comparable
with parts of pulvinar nuclei and lateral posterior complex in the
thalamus (Raczkowski and Diamond, 1981; Shimizu and Karten,
1993; Reiner et al., 2005)]. The forebrain recipient of the tectofu-
gal pathway (receiving direct inputs from nRt) is a nidopallial
area called the entopallium (E) (Karten and Hodos, 1970).
This region has been compared with parts of the mammalian
extrastriate cortices (Karten and Shimizu, 1989; Shimizu and
Bowers, 1999; Nguyen et al., 2004; Jarvis et al., 2005), although
its mammalian homology remained unresolved (Reiner et al.,
2005).

Behavioral and lesion studies indicated that the E is related to
visual discrimination (Hodos and Karten, 1970; Hodos et al.,

1986, 1988; Nguyen et al., 2004) and visual motion (Nguyen et
al., 2004). Electrophysiological studies have demonstrated
sensitivity to visual motion (Revzin, 1970; Kimberly et al.,
1971; Engelage and Bischof, 1993) and visual looming (Xiao et
al., 2006). More recently, electrophysiological studies (Marín
et al., 2007), suggested involvement of the tectofugal pathway
in saliency mapping.

Across species, the tectofugal pathway has been characterized
as a strictly visual pathway (Chalupa et al., 1983; Robinson, 1993;
Krützfeldt and Wild, 2004; Xiao et al., 2006) and is considered the
main visual pathway in lateral-eyed birds (Bischof and Watanabe,
1997). However, several exceptions from this rule can be found in
the literature. The tectofugal pathway in rattlesnakes, for exam-
ple, carries infrared information as well as visual (Berson and
Hartline, 1988). This raises the possibility that the tectofugal
pathway may have a yet undiscovered multisensory function in
other species.

Here we study the tectofugal pathway in the barn owl, a noc-
turnal predator that has evolved highly precise visual and audi-
tory systems (Knudsen et al., 1979; Pettigrew, 1979; Nieder and
Wagner, 1999; Bala et al., 2003; Harmening et al., 2007). The barn
owl depends on both hearing and vision to detect its prey, pro-
viding a unique opportunity to study the multisensory hypothe-
sis of the tectofugal pathway. We report that neurons in E and nRt
respond to auditory stimuli as well as to visual stimuli. Inactiva-
tion experiments suggest that the auditory responses in E are of
tectal origin. These findings support the notion that the function
of the tectofugal pathway is modality independent. In addition,
the findings suggest a link between the two auditory localization
pathways, the midbrain and the forebrain, pathways that have
been thought previously to be independent (Cohen et al., 1998;
Arthur, 2005).
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Materials and Methods
For this study, 10 barn owls (Tyto alba) were used. All owls were hatched
in captivity, raised, and kept in a large flying cage equipped with perching
spots and nesting boxes. The owls were provided for in accordance with

the guidelines of the Technion Institutional
Animal Care and Use Committee.

Electrophysiological measures. Owls were
prepared for repeated electrophysiological ex-
periments in a single surgical procedure. A
craniotomy was performed, and a recording
chamber was cemented to the skull. At the be-
ginning of each recording session, the owl un-
derwent anesthesia using isoflurane (2%) and
nitrous oxide in oxygen (4:5). Once anesthe-
tized, the animal was positioned in a stereo-
taxic apparatus at the center of a double-wall
sound-attenuating chamber lined with acous-
tic foam to suppress echoes. The head was
bolted to the stereotaxic apparatus and aligned
using retinal landmarks (as described by Gold
and Knudsen, 2000). Within the chamber, the
bird was maintained on a fixed mixture of ni-
trous oxide and oxygen (4:5). A glass-coated
tungsten microelectrode (�1 M�; NAN Bio-
systems) was driven into the recording cham-
ber using a motorized manipulator (Narishige
SM-191). An MPC Plus-8 System (�lpha
Omega) was used to amplify and filter the sig-
nal (350 – 4000 Hz). Unit recordings were ob-
tained by manually setting a threshold and
consistently selecting the largest unit wave-
forms in the recorded site. The highly bursty
activity characterizing the E and nRt (see Figs.
1C,D, 8C) precluded the isolation of single-
unit templates. Therefore, in this study, we
could not tell with confidence to what extent
the recorded activity reflected a single neuron
or a small cluster of neurons near the tip of the
electrode. At the end of each recording session,
the exposed surface of the brain within the
chamber was treated with chloramphenicol 5%
ointment and closed. The owl was then re-
turned to its home flying cage.

Targeting of the nuclei. The OT was identified
by characteristic bursting activity and spatially
restricted visual receptive fields (Knudsen,
1982). The position within the OT was deter-
mined based on the location of the visual re-
ceptive field (RF). To target the E, we obtained
the position in the OT corresponding to the
visual RF at zero azimuth and zero elevation
(directly in front). From this point, the elec-
trode was advanced 2 mm rostrally, 0.4 mm
laterally, and 6.5–7 mm dorsally. To target
the nRt, we obtained the position in the OT
corresponding to the visual RF of 0 azimuth
and �10 o elevation. From this point, the
electrode was advanced 1.2 mm rostrally and
2.6 mm medially. The dorsoventral position of
the nRt was approximately the same as that of the
tectal reference point. Electrolytic lesions (�5 �A
for 30 s) and Fluorogold (FG) injections per-
formed in several experiments validated the
above coordinates (see Results).

Stimuli presentation. Auditory stimuli gen-
erated on a computer (custom MATLAB
programs; MathWorks) were converted to
analog (48 kHz sampling rate; RP2; Tucker-Davis
Technologies) and transduced by a pair of

matched miniature earphones (Knowles ED-1914). The earphones were
placed in the center of the ear canal �8 mm from the tympanic membrane.
The amplitude and phase spectra of the earphones were equalized within �2
dB and �2 �s between 1 and 12 kHz by computer adjustment of the stim-
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Figure 1. Histological reconstruction of the recording site. A, Schematic illustration of a coronal section through the E. Adapted
from Knudsen and Knudsen (1996). Ar, Arcopallium; PA, paleostriatum augmentum; PP, paleostriatum primitivum; N, neopallium;
SPC, nucleus superficialis parvocellularis. B, Nissl-stained coronal forebrain section. Arrowheads mark the histological borders of
the E. Electrode track was reconstructed based on two electrolytic lesions performed along the route of penetration (white arrows).
Estimated recording site in the bimodal bursty layer was within the boundaries of the E (white asterisk). C, Spontaneous oscillatory
bursts recorded in the E site. D, An expanded short segment of the activity displayed in C (horizontal bar in C).

Figure 2. FG iontophoretic injection in the E. A, Nissl-stained coronal section through the forebrain and midbrain. The position
of an FG injection in the E (B) and the position of retrograde labeled cell bodies in nRt (C) are pointed. Arco, Arcopallium; nOv,
nucleus ovoidalis; PA, paleostriatum augmentum; PP, paleostriatum primitivum.
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ulus waveform. Stimuli consisted of bursts of
broadband (1–12 kHz) noise, presented at an in-
terstimulus interval (ISI) of 2 s. Sound levels were
controlled by two independent attenuators
(PA5; Tucker-Davis Technologies) and are re-
ported as average binaural sound intensity
(ABSI) relative to a fixed sound pressure level.
Tuning curves were generated by varying a sin-
gle parameter [interaural time difference
(ITD), interaural level difference (ILD), or
ABSI] while holding all other parameters con-
stant. ILD was maintained at the best ILD of
the site. The value of the tested parameter was
varied randomly in stimulus sets that were re-
peated 10 times.

Visual stimuli were presented using the
MATLAB Psychophysics Toolbox extensions
(Brainard, 1997; Pelli, 1997) and projected
(refresh rate of 72 Hz; XD400U; Mitsubishi)
on a calibrated screen inside the sound-
attenuating chamber (screen size, 150 � 115
cm; 1.5 m away from the owl). The projector
was positioned outside the chamber, project-
ing the image through a double-glass win-
dow. The visual stimulus was a moving black
dot on a gray background (1.9° diameter; low
contrast was used in bimodal tests, lumi-
nance of background screen was 6.16 cd/m2,
and luminance of dot was 2.74 cd/m2. High
contrast was used in unimodal visual tests,
luminance of background screen was 68.52
cd/m2, and luminance of dot was 0.68 cd/
m2). The stimulus appeared on the screen at
onset, moved a short distance of �4° for du-
ration of 200 –300 ms, and disappeared. Hor-
izontal position tuning curves were obtained
by presenting a randomly interleaved series
of sweeps varying in 5 o steps while maintain-
ing elevation constant at best value.

Bimodal stimulation protocol. To test bi-
modal integration, visual, auditory, and bi-
modal stimuli were randomly interleaved with
an ISI of 2 s. The azimuth of the visual stimulus
was set at the best visual position that, when
available, was in the contralateral side. However, in the majority of the
cases, the broad tuning curves did not allow to establish a best position.
In these cases, the visual stimulus was positioned at 20 o contralaterally
to the recording side. The ITD of a congruent auditory stimulus was set to
approximately match the position of the visual stimulus [ITD in micro-
seconds equals 2.5 times the azimuth (Brainard and Knudsen, 1993)].
The ITD of a noncongruent stimulus was set in the opposite hemifield
(25–50 �s). The ABSI of both stimuli was set to 10 –20 dB above thresh-
old level. All other acoustic parameters were as described above. The
bimodal stimuli consisted of the combinations of the visual stimulus with
either the congruent or the noncongruent auditory stimulus. The visual
and auditory stimuli were presented approximately in temporal syn-
chrony. A photodetector on the screen was used to measure the actual
synchrony. In our setup, the visual stimulus appeared on the screen 7–26
ms after the onset of the auditory stimulus. This synchrony error resulted
from the discrete refresh rate of the visual projecting system. We re-
garded this synchrony error as negligible because of the long durations of
the typical visual responses in the E and the highly variable delay of the
response onset (see Figs. 3B, 4C, 6 A).

Data analysis. Responses were quantified as the average number of
spikes in a given time window after stimulus onset minus the average
number of spikes during the same amount of time immediately before
stimulus onset (baseline activity). Averages were calculated over at least
10 stimulus repetitions. To quantify the degree of multisensory enhance-
ment and suppression, an enhancement index (EI) (Stein and Meredith,

1993) was used: EI � (AV � max (A, V ))/max(A, V ), where AV is the
average response to the bimodal stimulus, and A and V are the average
responses to the auditory and visual components, respectively.

To obtain population average responses, single test poststimulus time
histograms (PSTHs) with 2-ms-wide bins were normalized to their max-
imum and averaged across the entire population (see Fig. 7). PSTHs were
smoothed for display purposes (see Figs. 6, 7, 10, 11).

Tracer injection. Focal iontophoretic application of FG was used for
retrograde tracings. Glass electrodes were prepared as follows: borosili-
cate glass (1 mm) was pulled on a vertical puller (Kation Scientific), and
the electrode tip was broken to a diameter of �20 �m. The electrodes
were filled with FG solution (10% in dH2O; Fluorochrome) and lowered
to the target site. Multiunit activity recorded with the glass electrode was
used to verify physiological characteristics of target nuclei. Once a desir-
able position was achieved, the tracer was injected iontophoretically by
passing a constant positive current of 3–5 �A for 10 min (A-365 stimulus
isolator; World Precision Instruments).

Histology. Seven days after FG injections or electrolytic lesions, owls
were deeply anesthetized with isoflurane and nitrous oxide/oxygen and
given a dose of heparin (0.3 ml) and Nembutal (0.5 ml) injected directly
into the left ventricle. Owls were then perfused through the heart with
500 ml of 0.4 M phosphate buffer (PO4), pH 7.4, followed by 500 ml of 4%
formaldehyde solution. Brains were immersed in 20% sucrose and 4%
formaldehyde for at least 2 d and were transversely sliced in 40 �m
sections on a freezing cryostat. Sections were then mounted onto Super-
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Figure 3. Example of visual and auditory responses in a single E site. A, Raster plot showing responses to sounds with ITD values
ranging from �200 to 200 �s. Negative ITD values represent left ear-leading (here ipsilateral) sounds. The gray shaded bar
denotes the duration of stimulus. B, Average response per trial as a function of the ITD of the sound. Error bars represent SEM. C, The
PSTH accumulated over all ITD values in A. The gray shaded bar denotes the duration of stimulus. D–F, Responses of the same
site as in A to visual stimuli. Visual stimuli varied in horizontal location between 20 o left to 20 o right of the center. Figure
format as in A–C.

9604 • J. Neurosci., July 29, 2009 • 29(30):9602–9613 Reches and Gutfreund • The Tectofugal Pathway in the Barn Owl



frost Plus glass slides, Nissl stained, dehydrated, cleared in xylene, and
coverslipped.

Inactivation experiments. A guide cannula was made as follows: first a
glass-coated tungsten microelectrode (�1 M�; NAN Biosystems) was
externally fastened to a stainless steel tube (3.5 cm length; 24 gauge; A-M
Systems) using a small-diameter shrink tube (0.6 mm; Advanced Poly-
mers). The tip of the electrode was set, under stereo microscope supervi-

sion, to extend �500 �m beyond the tip of the
guide tube. The attached electrode allowed the
continuous monitoring of unit activity at the in-
jection site. The tip of the electrode was posi-
tioned at the intermediate layers of the OT, and
the best ITD of the site was obtained. A second
microelectrode (�1 M�; NAN Biosystems)
was then lowered into the E to assess auditory
responses. If the ITD value obtained at the tectal
site elicited significant responses in the E, the in-
activation procedure was initiated. An injection
cannula (30 gauge; A-M Systems) connected to a
10 or 100 �l Hamilton syringe by a 1 m length
of polyethylene tubing filled with either TTX
solution (10 �M in artificial CSF) or lidocaine
HCl (2%) was inserted through the guide tube.
The opening of the inner cannula was located
150 –300 �m from the tip of the recording elec-
trode. An auditory stimulus was presented ev-
ery 3–5 s while the response discharge rate in
the OT was monitored. An injection of 300 nl
(TTX) or 1 �l (lidocaine) was applied. If a clear
reduction in the discharge rate was not ob-
served, an additional injection was applied 1
min later.

Results
Identification of the E
At approximately 4 mm above the audi-
tory arcopallium (Knudsen et al., 1995),
we have identified a layer of neurons
characterized by a high level of sponta-
neous bursty activity (Fig. 1C,D). This
layer was �1.5 mm thick (dorsoventral)
and commonly displayed visual and au-
ditory responses.

To identify the site of recording, we
have reconstructed electrode tracks in
three separated experiments, using at least
two electrolytic lesions in each experi-
ment. In all cases, the multisensory bursty
layer was estimated to be within the
boundaries of the E (Mikula et al., 2007).
The asterisk in Figure 1B designates the
estimated position of the recording site
whose results are shown in Figure 3.

In two experiments, we have injected FG
into the multisensory layer in the entopal-
lium (Fig. 2A,B). In both cases, retrogradely
labeled cell bodies were observed in the ip-
silateral thalamic nRt (Fig. 2C). This re-
sult, which confirmed the identification
of the entopallium based on its connec-
tions from the thalamus, suggests that
the multisensory entopallium receives
direct inputs from the thalamus. Most
labeled cell bodies in nRt appeared in
clusters. However, in this study, we did
not further quantify the distribution of
cell locations.

Auditory and visual responses in the E
Figure 3 shows multiunit responses of a single site in the left E.
The neurons strongly favored positive ITD values (contralateral
ear leading), displaying no responses to negative ITDs (ipsilateral
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Figure 4. Population summary of auditory responses in the E. A, ITD tuning curves of 53 recording sites in the E are shown. Each
row represents an ITD tuning curve from a single recording site. Each tuning curve was normalized to its maximal response. ITD
values on the left side of the x-axis represent contralateral ear-leading sounds. B, Average of all ITD tuning curves presented in A.
Error bars represent the SEM. C, Raster plot from a single site showing responses to increasing levels of sound. The ordinate denotes
level of sound attenuation. The shaded area marks the duration of stimulation. D, Average rate level function of all recorded sites.
The abscissa depicts level of sound attenuation, and the ordinate displays average spike count. The error bars designate the SEM.
Asterisks mark intensity values with mean response significantly smaller (t test, p 	 0.01) than the mean response to a weaker
sound (ABI of �70 dB).

A B

Figure 5. Population summary of visual responses in the E. A, Color plot depicting the azimuthal tuning curves from 68 recorded
sites. Each row represents a tuning curve from a single recording site. Each tuning curve was normalized to its maximal response.
Horizontal position values on the left side of the x-axis represent contralaterally positioned visual stimuli. B, Average of all visual
tuning curves presented in A. Error bars represent the SEM.
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ear leading) (Fig. 3A,B). Conversely, vi-
sual responses were induced by stimuli in
both ipsilateral and contralateral space
covering the range between left and right
20° (Fig. 3D,E). Because of the limitation
of our visual projection system, we did not
examine responses to more lateral stimuli.
Interestingly, both visual and auditory re-
sponses showed sustained activity exceed-
ing the duration of the stimulus.

We have recorded from 78 sites in the
E. In 67% of the sites (53 of 78), significant
auditory responses were recorded (t test,
p 	 0.05). The auditory responses could
be roughly divided to three response
types. In most cases, the responses were
characterized by a relatively early compo-
nent (20 –30 ms latency), followed by a
late long-lasting response (Fig. 3A–C).
Occasionally, either the late component
(Fig. 4C) (see Fig. 10A) or the early com-
ponent (see Fig. 10C,D) appeared alone.
From the auditory responding sites, 56%
(30 of 53) were significantly modulated by
the ITD of the sound ( p 	 0.05,
ANOVA). Entopallial neurons showed
strong preference to contralateral ear-
leading ITDs. This can be seen in the single-
site curves in Figures 3B and 4A and in the
population average ITD response in Figure
4B. Neurons generally responded to a wide
range of frequency tones ranging between 2
and 10 kHz (data not shown).

Another apparent characteristic of the
auditory responses in E was a tendency to
respond better to low- and high-level
sounds compared with mid-level sounds.
This is demonstrated in the single-site ex-
ample in Figure 4C. The non-monotonic rise in response can also
be seen in the population average rate level function (Fig. 4D).
The population average response to low-level sounds (�70 dB)
was significantly higher than the average responses to louder
sounds (t test, p 	 0.01).

The visual responses in the E were more robust than the au-
ditory responses, significantly observed in 88% of the recording
sites. From these, only 40% (28 of 69) were significantly modulated
by the horizontal position of the visual stimulus within the recorded
range ( p 	 0.05, ANOVA). Unlike the auditory responses, the visual
responses usually covered the measured horizontal range that was
between contralateral 25° to ipsilateral 15° (Fig. 5A). The horizontal
positions that evoked the maximal responses were not significantly
biased to the contralateral field (sign test, p 
 0.05).

Sites significantly responding to both visual and auditory
stimuli (bimodal sites) were common in the E. Sixty percent (47
of 78) of the recording sites were bimodal (example in Fig. 3).
From the sites in which only one modality passed the significance
level, most were visual (22 of 28). In bimodal sites, spatial align-
ment of auditory and visual receptive fields was coarse; correlation
of best ITD values with best horizontal positions of visual receptive
fields did not reach statistical significance (data not shown). How-
ever, because of the large width of the receptive fields, the visual and
auditory response ranges overlapped substantially in the contralat-
eral side (compare Figs. 4A, 5A). As a result of the multiunit record-

ings, we cannot conclusively say whether the auditory and visual
signals were carried by the same neurons (multisensory neurons) or
by neighboring neurons (but see Results and Discussion below for
evidence in favor of multisensory neurons in the E).

Multisensory integration
To assess the integration of visual and auditory signals in the E,
we recorded responses to bimodal stimuli (stimuli that con-
sisted of synchronous visual and auditory stimuli) and com-
pared them with the responses to the unimodal components
(visual or auditory alone). In the example shown in Figure 6 A,
we presented 30 repetitions of five different stimuli: one audi-
tory stimulus with an ITD of 50 �s ipsilateral ear leading (Ai),
one auditory stimulus with an ITD of 50 �s contralateral ear
leading (Ac), one visual stimulus positioned 20 o to the con-
tralateral side (V), and two bimodal combinations of the vi-
sual stimulus with the auditory stimuli (AiV and AcV). When
the visual and auditory stimuli congruently appeared at the con-
tralateral side (AcV), the bimodal response was clearly enhanced
above the unimodal responses. Incongruent bimodal stimuli, com-
posed of the ipsilateral auditory stimulus and the visual stimulus
(AiV), induced a response that was not significantly different
from the visual response (Fig. 6C).

This enhancement cannot be attributed to an electrode
summation of independent visual and auditory responses (as
would be expected if the visual and auditory responses are

A B

C

Figure 6. Example of bimodal enhancement in a single E site. A, Raster plots showing responses to an auditory stimulus with an
ITD of 50 �s contralateral ear leading (Ac, 30 repetitions, bottom raster), to an auditory stimulus with an ITD of 50 �s ipsilateral ear
leading (Ai, 30 repetitions, second plot from bottom), to a visual stimulus 20 o in the contralateral side (V, 30 repetitions, middle
plot), to the visual together with the contralateral auditory stimulus (AcV, 30 repetitions, second plot from top), and to the visual
stimulus with the ipsilateral auditory stimulus (AiV, 30 repetitions, top plot). The shaded bar shows the duration of stimuli. B, The
PSTH of responses to the congruent bimodal stimulus (AcV, cyan) is compared with the PSTHs of responses to the visual stimulus
(red) and with the contralateral auditory stimulus (blue). The vertical dashed line designates the onset of visual responses. Note
that bimodal enhancement (deviation of cyan curve) begins with the visual response. C, Average spike count of stimuli presented
in A. The error bars represent the SEM. The bimodal congruent response (AcV) significantly exceeded the sum of its unimodal
components (dashed horizontal line; t test, p 	 0.01).
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carried by distinct populations of neu-
rons) because the strength of the bimodal
response exceeded the sum of the unimo-
dal responses (Fig. 6C, dashed horizontal
line). Close inspection of the time course
of the responses further emphasizes the
nonlinear relation between the visual and
the auditory inputs. The late visual com-
ponent is strongly enhanced (beyond the
dashed vertical line in Fig. 6B), although it
hardly overlaps with the early auditory
response.

The experiment described in Figure 6
was repeated in 41 recording sites in the E.
The normalized average responses of the
population of sites to the five different
stimuli are shown in Figure 7A. The re-
sults described in Figure 6 can be seen in
the population average as well. The con-
gruent bimodal stimuli induced an av-
erage response (cyan curve) that was
substantially larger than the average re-
sponse to the visual stimuli (compare with
red curve and see inset in Fig. 7A). The
enhancement was apparent not only in
the amplitude but also in the timing. The
average bimodal response peaked earlier
compared with the peak of the average vi-
sual response (20 ms) (Fig. 7A, dashed
vertical lines), an effect that was signifi-
cant at the population level: the mean dif-
ference between the congruent bimodal
peaks and the corresponding visual peaks
was significantly smaller than zero (one
tailed t test, p 	 0.05). The incongruent
bimodal stimulus (magenta curve) in-
duced an average response that was very
similar to the early part of the visual re-
sponse with a slight reduction of the re-
sponse at later times (Fig. 7A, arrowhead).

To assess the bimodal integration in
the population, we compared for each re-
cording site the response to the congruent
bimodal stimulus with the response to the
unimodal stimulus that elicited the maxi-
mal response. This comparison is shown
in the scatter plot in Figure 7B. The ma-
jority of the points were above the diago-
nal line (sign test, p 	 0.01), indicating a
significant tendency for bimodal enhance-
ment. The incongruent bimodal responses
were compared with the unimodal re-
sponses (Fig. 7D). In this case, most of
the points were below the diagonal line
(24 of 41); however, this tendency for
bimodal suppression was not signifi-
cant. The distribution of the bimodal
enhancement indices are shown in Fig-
ure 7, C and E, showing a significant
enhancement tendency in the congru-
ent stimuli (sign test, p 	 0.01) (Fig. 7C)
and no such effect in the noncongruent
stimuli (Fig. 7E).

A

B C

D E

Figure 7. Population summary of bimodal enhancement. A, Overlaid are the population PSTHs normalized and averaged
across all sites. The average response to the congruent bimodal stimulus is shown in cyan, to the incongruent bimodal
stimulus in magenta, to the visual stimulus in red, to the contralateral auditory stimulus in blue, and to the auditory
ipsilateral stimulus in black. The peak responses to the visual and to the congruent bimodal stimuli are marked by the
dashed vertical lines. The average response to the congruent bimodal stimulus peaked significantly earlier than the visual
stimulus (t test, p 	 0.01). Inset denotes average spike counts of bimodal (cyan and magenta) and visual (red) stimuli.
Mean response to bimodal congruent stimulus was significantly larger than mean response to visual only or to bimodal
incongruent stimulus (t test, p 	 0.01). B, A scatter plot showing the responses to the congruent bimodal stimulus versus
the responses to the unimodal stimulus that induced maximal response. Most recording sites were above the midline (sign
test, p 	 0.01). D, A scatter plot showing the responses to the incongruent bimodal stimulus versus the responses to the
maximal unimodal stimulus. Recording sites were evenly distributed below or above the midline (sign test, p 
 0.05).
C, E, Distributions of the enhancement indices in the population of sites recorded for congruent (C) and incongruent (E)
bimodal stimuli.
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Visual and auditory responses in nRt
An important question is whether the au-
ditory signals recorded in the entopallium
ascend in the tectofugal pathway along-
side visual information or whether they
are contributed from other forebrain ar-
eas. To examine this question, we re-
corded from neurons in nRt, the thalamic
nucleus projecting to the E. Recordings in
nRt were performed in two owls. An FG
injection, performed in one of the experi-
ments, was within the distinct borders of
the nRt (Mikula et al., 2007), validating
the location of the recording site (Fig.
8A,B). Recordings in this brain area were
characterized by a high level of spontane-
ous bursty activity (Fig. 8C). Surveying
the region, we encountered sites with clear
responses to both visual and auditory sig-
nals. An example from one such bimodal
site is shown in Figure 9. In this example,
the electrode was positioned in the right
side of the brain. Auditory responses (Fig.
9A,B) were highly specific to contralateral ear-leading sounds
(negative ITDs). The visual responses (Fig. 9E,F) were also stron-
ger in the contralateral side of the visual field but were less specific
than the auditory responses. The observed responses in nRt were
remarkably similar to the typical responses recorded in the E, not
only in their spatial preferences but also in the high level of spon-
taneous activity and in the elongated responses exceeding the
stimulus duration (compare Figs. 9, 3).

We have recorded from 19 different sites in nRt that signifi-
cantly responded to auditory stimuli (t test, p 	 0.05). All sites
were characterized by bursty activity and all responded signifi-
cantly to visual stimuli as well (t test, p 	 0.05). The average visual
and auditory responses of all 19 sites are shown in Figure 9, D and
H. It can be seen that the observations described in the single-site
example were maintained in the population averages. Bimodal
sites were found adjacent to sites with visual only responses. We
did not encounter sites that responded to the auditory stimulus
only. Bimodal sites seemed to be clustered, suggesting functional
subdivisions within nRt, yet our data at the moment is not suffi-
cient to resolve the topographical arrangement of these different
subregions.

Inactivation of the OT
We investigated the effect of focal pharmacological inactivation
in the OT on the auditory responses in the E. Injections were
performed in bursty layers: 600 –1000 �m below the surface of
the OT. The raster plot in Figure 10A shows the time course of
one injection (lidocaine). Multiunit activity recorded near the
injection site in the OT is shown on the left, and the multiunit
activity recorded simultaneously at an E site is shown on the right.
An auditory stimulus of 200 ms duration was presented every 5 s
for 15 min. The ITD and the ILD of the sound were chosen to
match the best ITD and best ILD recorded at the injection site in
the OT (in this example, ITD of �50 �s and ILD of 5 dB). The
strong auditory responses in the OT were dramatically reduced
after the injection of lidocaine (the time of injection is indicated
by the red arrow in Fig. 10A). This reduction in response was
accompanied by a complete diminishment of the long-lasting
auditory responses in the E. A later gradual recovery from inac-
tivation in the OT was followed by a parallel recovery of the

auditory responses in the E. This effect of diminishment and
recovery can be seen in the PSTHs shown in Figure 10B. Reduc-
tion of auditory responses in the E and recovery to baseline ac-
tivity was also observed in the two TTX injections (Fig. 10C,D).

To assess the locality of the effective inactivation in the OT, we
have injected in an additional experiment lidocaine into the OT
while recording entopallial responses to two different sounds
(Fig. 11): one with an ITD set to match the optimal ITD recorded
at the injection site (�50 �s; matched sound) and another with
an ITD set to be outside of the response range of the tectal injec-
tion site (�150 �s; nonmatched sound). The two sounds were
alternately presented every 3 s. The neural representation of ITD
is topographically mapped along the rostrocaudal axis of the OT
(Olsen et al., 1989). Therefore, local inactivation is expected to
preferentially affect responses to the matched sound. Figure 11
shows the responses in the E to the matched sound (Fig. 11A) and
to the nonmatched sound (Fig. 11B) before and after the inacti-
vation. Because of the wide ITD tuning in the E, both sounds
elicited responses before the injection of lidocaine (Fig. 11, bot-
tom graphs). After the injection (Fig. 11, above the horizontal
arrow) the responses to the matched sound (Fig. 11A) were abol-
ished, whereas the responses to the nonmatched sound were
maintained throughout the experiment (Fig. 11B). After �50
min, responses returned toward their initial level (Fig. 11A, top
graph). In two additional sites in which this experiment was per-
formed, a similar result, i.e., stronger reduction in responses to
matched sounds compared with nonmatched sounds, was ob-
served. Furthermore, we have observed similar inactivation ef-
fects in the visual modality: responses were abolished to visual
stimuli inside the visual receptive field of the tectal injection site
and not to signals outside of the receptive field (data not shown).

Discussion
Auditory pathways to the forebrain
The ascending auditory pathway in barn owls diverges at the level
of the central nucleus of the inferior colliculus. One branch goes
to nOv (Proctor and Konishi, 1997; Pérez and Peña, 2006), the
main auditory nucleus of the thalamus, and on to the forebrain
(Cohen and Knudsen, 1998, 1999; Vonderschen and Wagner,
2009). The other branch goes to the external nucleus of the infe-

A B

C

Figure 8. Histological identification of a recording site in the nRt. A, Nissl-stained coronal section through the midbrain. The
dashed square shows the area of the enlarged fluorescent image in B. B, An FG injection site, revealed by fluorescent imaging, was
within the borders of the nRt. C, Spontaneous bursty activity recorded in the nRt site in B.
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rior colliculus and on to the OT (Knudsen, 1983; Brainard et al.,
1992; Peña and Konishi, 2001; Euston and Takahashi, 2002).
Based on this anatomical organization, it was postulated that the
final stages of the computation of auditory space are replicated
twice in the brain (Cohen and Knudsen, 1999) (but see Arthur,
2005): once in the midbrain, resulting in space specific neu-
rons organized as a map in the OT (Knudsen, 1982), and a
second time in the forebrain, resulting in space specific neu-
rons organized in clusters in the auditory arcopallium (Cohen
and Knudsen, 1995; Cohen and Knudsen, 1999). The results

reported here question the fundamental
assumption that the two auditory path-
ways are indeed independent.

The auditory responses we have ob-
served in nRt, and the results from the inac-
tivation experiments support the notion
that auditory information from the OT as-
cends through the tectofugal pathway to the
forebrain. Still, alternative interpretations
exist. It is possible that the inactivating
substances managed to diffuse to audi-
tory areas outside the OT, such as the
nearby inferior colliculus, affecting au-
ditory responses in the E not through
the tectofugal pathway. Another possible
interpretation is that, by inactivating the
OT, which is a source of an ascending
pathway to the E, we affect the properties
of entopallial neurons so that they cease to
respond to auditory inputs coming from
elsewhere in the brain. However, both
these possibilities are not likely. The inac-
tivation specifically affected sounds corre-
sponding to the ITD tuning properties at
the injection site in the OT (Fig. 11), a
result that is inconsistent with the alterna-
tive possibilities. The likely interpretation
is that the focal injection inactivated a lim-
ited patch of the ITD map in the OT, spar-
ing auditory signals with ITDs outside
this patch. In addition, in the example
shown in Figure 10A, the lidocaine re-
duced but did not completely abolish the
neural activity at the tectal electrode (note
the continuity of responses throughout
the experiment), suggesting that the ra-
dius of the inactivated patch was not more
than several hundred micrometers. This
estimation is consistent with results from
a systematic assessment of the effective
spread of lidocaine injections (Tehovnik
and Sommer, 1997). Together, the tect-
ofugal pathway provides an anatomical
and physiological substrate for a link that
may break the barrier between the mid-
brain and forebrain pathways.

The existence of an extra-ovoidalis au-
ditory pathway is of interest from both an
evolutionary and a functional point of
view. It is possible that there are more
pathways that bypass nOv. For example,
Wild et al. (2001) showed direct auditory
inputs from the brainstem into the fore-

brain nucleus basalis of the barn owl. Overall, the emerging
picture is that of an ascending auditory pathway that is not as
bottlenecked through nOv as previously thought.

The avian tectofugal pathway
The physiological properties of the avian tectofugal pathway have
been studied mostly in pigeons (Wang et al., 1993; Nguyen et al.,
2004; Xiao et al., 2006; Marín et al., 2007). The tectofugal pathway
originates in large neurons known as tectal ganglion cells (TGCs)
(Wang et al., 2006) residing in tectal layer 13 (Karten et al., 1997).

A

B

C

E

F

G

HD

Figure 9. Visual and auditory responses in nRt. A–C, Responses to auditory stimuli with an ITD ranging from�200 �s to�200
�s from a single site in the nRt. Negative ITD values represent left ear-leading (here contralateral) sounds. The gray shaded bar
denotes the duration of stimulus. B, Average of responses presented in A as a function of the ITD of the sound. Error bars represent
SEM. C, The PSTH accumulated over all ITD values in A. The gray shaded bar denotes the duration of stimulus. D, Average of all ITD
tuning curves recorded in the nRt. Error bars represent the SEM. E–G, Responses of the same site as in A–C to visual stimuli. Visual
stimuli varied in horizontal location between 30 o left to 20 o right of the center. Figure format as in A–C. H, Average of all visual
tuning curves recorded in the nRt. Error bars represent the SEM.
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These cells possess large dendritic arbors and have been shown to
have large visual receptive fields with high sensitivity to moving
visual stimuli (Luksch et al., 1998). Interestingly, a single site in
nRt receives inputs from TGCs that are evenly distributed
throughout the OT (Marín et al., 2003). This arrangement im-
plies a strong reduction of spatial sensitivity from the superficial
and intermediate layers of the OT to nRt. Indeed, neurons in nRt
and in E of pigeons had large visual receptive fields (Revzin, 1970;
Wang et al., 1993) and high sensitivity to complex stimuli such as
motion and looming (Wang and Frost, 1992; Wang et al., 1993;
Xiao et al., 2006). Our recordings of visual responses in nRt and E
of barn owls confirmed similar types of visual responses, includ-
ing large receptive fields (Figs. 3D,E, 5) and high sensitivity to
motion and looming (data not shown). Interestingly, the audi-
tory responses in nRt and E, reported here for the first time, point
to a similar transformation from a highly specific representa-
tion of ITD in the OT (Olsen et al., 1989) to a broad represen-
tation in nRt and E. The ability to inactivate responses only to
sounds with ITDs that corresponded to the inactivated area of
the tectal map (Fig. 11) suggests that the broad tuning of the
single site in the E is a result of space-specific inputs converging from
a wide area of the OT. Thus, the results presented here provide phys-
iological evidence in favor of spatial information convergence, as
suggested by the anatomical organization (Karten et al., 1997; Luk-
sch et al., 1998; Marín et al., 2003).

In pigeons, experimental data support the notion that the
tectofugal pathway is composed of several parallel pathways en-

gaged in different aspects of visual processing (Wang et al., 1993;
Hellmann et al., 1995; Hellmann and Güntürkün, 2001; Nguyen
et al., 2004). This parceling into parallel pathways originates in
the OT in which different subclasses of TGCs project to separate
regions in nRt (Benowitz and Karten, 1976; Mpodozis et al., 1996;
Karten et al., 1997; Marín et al., 2003). It is possible that the
bimodal information we report here is originating in a subclass of
multisensory TGCs and is transferred alongside other visual
pathways.

Multisensory integration in the forebrain
Multisensory neurons that respond both to visual and auditory
signals are common in the OT of birds (Knudsen, 1982; Lewald
and Dörrscheidt, 1998) and in the superior colliculus of mam-
mals (King and Palmer, 1985; Wallace et al., 1996). Clearly in
mammals, multisensory processing is not limited to the midbrain.
Several cortical areas, such as the anterior ectosylvian sulcus in cats,
the intraparietal sulcus in primates, and others, combine visual and
auditory information (Wallace et al., 1992; Kaas and Collins,
2004). Here we found that an area in the pallium [the avian
pallium is considered analogous to the mammalian neocortex
(Jarvis et al., 2005)] is bimodal. In the E, responses to spatially
coinciding bimodal stimuli were commonly enhanced, whereas
spatially misaligned stimuli were not. Such spatial integration,
also reported in cats (Stein and Meredith, 1993) and primates
(Wallace et al., 1996), was suggested to underlie the behavioral
ability to integrate visual and auditory signals in an adaptive

A B

C

D

Figure 10. Local inactivation in the OT. A, Multiunit responses to a broad band auditory stimulus (2–10 kHz, indicated by the shaded area) in the OT (left raster) and in the E (right raster). The
auditory stimulus was presented every 5 s, starting at time 0 and ending 15 min later. The red arrow points to the time of lidocaine injection in the OT. Each line represents a response to a single
auditory stimulus. B–D, Average PSTHs of 10 responses in the E, before (blue), during (green), and after inactivation (red). Results from a different experiment are shown in each plot. Time between
inactivation and recovery is presented in the top right corner. The bars below each graph indicate the time of stimulation.
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manner (Stein et al., 1988). Interestingly, multisensory enhance-
ment occurred in the E despite the fact that visual responses
usually had longer response delays (Fig. 7). A similar effect was
reported in the OT of the barn owl (Zahar et al., 2009). Although
we did not show unequivocally that visual and auditory signals
are conveyed in single neurons, the results presented here (Figs. 6,
7) demonstrate that the entopallium is involved in multisensory
processing. Thus, in barn owls as in mammals, multisensory inte-
gration is achieved by a broad network, involving forebrain and
midbrain nuclei.

Comparison with the tectofugal
pathway in other species
Previous studies in barn owls have shown
auditory or bimodal responses in areas
that are considered visual in other species.
Nucleus isthmi and the superficial layers
of the OT are reported as visual areas in
birds and in homologues structures in
mammals (Wang, 2003; King, 2004). How-
ever, in barn owls, these areas are bimodal
(Knudsen, 1982; Maczko et al., 2006). Our
study adds two additional structures to
this count: the thalamic nRt and the fore-
brain E. Both areas are considered to be
visual in birds and in the mammalian
homolog structures (Frost et al., 1990;
Robinson and Petersen, 1992; Butler and
Cotterill, 2006). Why does this prolifera-
tion of auditory responses in visual areas
occur in the barn owl’s brain? One possi-
bility is that, in barn owls, which are audi-
tory specialists, functions that are only
visual in other species are taken over by
the auditory system, hence auditory infor-
mation finds its way to visual regions. The
other possibility, which we find more
plausible, is that these areas are multisen-
sory in other species as well but the con-
tribution of the other modalities may vary
according to the species under study. In
visually dominant animals such as pri-
mates and pigeons, the weight of the au-
ditory modality is expected to be smaller
and therefore this trait may pass unno-
ticed. Supporting this possibility are sev-
eral reports of nonvisual responses in the
mammalian tectofugal pathway. For ex-
ample, Yirmiya and Hocherman (1987)
reported auditory responses of pulvinar
neurons from monkeys engaged in audi-
tory discrimination tasks. Avanzini et al.
(1980) reported sparse responses to pas-
sive somatosensory and auditory stimuli
in cat pulvinar neurons.

Interestingly, the output of the
isthmo-tectal loop, which has been re-
cently shown to process auditory as well as
visual information (Maczko et al., 2006),
is conveyed through the tectofugal path-
way (Marín et al., 2007). It is important to
note that the functions that have been tra-
ditionally attributed to the tectofugal
pathway and the isthmo-tectal loop such

as attention control, stimulus selection, and motion detection
(Robinson and Petersen, 1992; Casanova et al., 2001; Shipp, 2004;
Marín et al., 2005, 2007) are modality independent. Such func-
tions may benefit from the integration of information from dif-
ferent senses (Stein and Meredith, 1993).
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