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Summary. Evoked potentials were recorded from
the nucleus basalis prosencephali (Bas) of the pi-
geon through chronically implanted electrodes.
The auditory sensitivity of the Bas was assessed
by the amplitude of the potentials. Audiograms
thus obtained were comparable to those similarly
measured from stations of the orthodox auditory
pathway and resembled those obtained by others
with behavioural techniques from the same species.
The sensitivity to vibration applied to the beak
was also measured. The vibrogram revealed two
separate optima, one located in the lower fre-
quency and another in the higher frequency region.
These were shown to be due to trigeminal mechan-
oreceptive sensitivity and to bone/cochlea me-
diated sound sensitivity, respectively. Evoked po-
tentials of the Bas in response to vestibular stimu-
lation are described for the first time. The possibili-
ty that they were artefacts was excluded with sever-
al control procedures. These findings confirm re-
cent anatomical evidence of a direct pathway from
the vestibular nucleus to the nucleus basalis pros-
encephali. All afferents to the Bas are discussed
in conjunction with the probable function of the
nucleus as a sensorimotor coordinator of the pi-
geon’s pecking/feeding behaviour.

Abbreviations: A archistriatum; aL area L of the medial neo-
striatum caudale; Bas nucleus basalis prosencephali; Cb cere-
bellum ; 4 tractus fronto-archistriatalis; HA hyperstriatum ac-
cessorium; Hp hippocampus; HRP horseradish peroxidase; HV
hyperstriatum ventrale; LLy nucleus lemnisci lateralis, pars
ventralis; LPO lobus parolfactorius; MV nucleus motorius
nervi trigemini; MLd nucleus mesencephalicus lateralis, pars
dorsalis; #VI nucleus nervi facialis; nVIIT nervus vestibulo-
cochlearis; N neostriatum; NFL neostriatum frontolaterale;
OM tractus occipitomesencephalicus; Ov nucleus ovoidalis;
PrV nucleus sensorius principalis nervi trigemini; QF tractus
quintofrontalis; Rpv nucleus reticularis parvocellularis, pars
lateralis; T7O tractus opticus; V'S nucleus vestibularis superior

Introduction

Brain lesion (Zeigler 1976), electrical stimulation
(Delius 1971) and, more recently, chemical stimu-
lation (Delius 1985; Lindenblatt, in prep.) and met-
abolic labelling studies (Delius 1985; Delius and
Scheich, in prep.) suggest that the nucleus basalis
prosencephali (Bas), a peculiarity of birds that has
no known homologue or analogue in mammals,
is involved in the motor control of feeding or more
precisely in the control of pecking, grasping and
swallowing. The neostriatum frontolaterale (NFL)
in the immediate neighbourhood of the Bas, and
with which it is intimately connected, projects via
the tractus fronto-archistriatalis (FA) to the anteri-
or archistriatum (A) (Wild et al. 1984; Schall et al.
1986). The archistriatum in turn projects via the
tractus occipitomesencephalicus (OM) to a variety
of di-, mes-, rhombencephalic and spinal siructures
(Zecha 1962; Zeier and Karten 1971; Berkhoudt
etal. 1982). Berkhoudt etal. (1982) established
that a mesencephalic target of the OM, the nucleus
reticularis parvocellularis, pars lateralis (Rpv) pro-
jects to the nucleus motorius nervi trigemini (MV)
and nucleus nervi facialis (nVI). These latter nuclei
in turn innervate the beak musculature (Wild and
Zeigler 1980).

As to sensory afferents to the Bas, the subject
of the present paper, Wallenberg already dis-
covered in 1903 that it receives a direct bilateral
projection from the nucleus sensorius principalis
trigemini (PrV) in the tractus quintofrontalis (QF),
bypassing the thalamus (see also Wallenberg 1966;
Dubbeldam et al. 1981; Wild et al. 1984). Electro-
physiological work (Witkovsky et al. 1973; Berk-
houdt et al. 1981) has since shown that the Bas
responds with a remarkably short latency (4-8 ms)
to electrical and tactile stimulation of the orobuc-
cal lining. A precise specification of the effective
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physical characteristics of the mechanical stimuli
capable of activating the Bas is still lacking, how-
ever.

Both a decussating and non-decussating projec-
tion from the nucleus lemniscus lateralis, pars ven-
tralis (LLv), mentioned by Kirsch (1983) for the
starling (Sturnus vulgaris), was recently confirmed
for the pigeon (Columba livia) on the basis of retro-
grade horseradish peroxidase (HRP) transport
after injection into the Bas (Schall et al. 1986). The
LLv is known to receive direct input from the nu-
cleus angularis, pars medialis and the nucleus mag-
nocellularis, pars medialis, rhombencephalic termi-
nations of the cochlear component of the eighth
nerve (nVIIT) (Boord 1968; Correia et al. 1982).
Much earlier, Iljitschew and coworkers (Naumov
and Iljitschew 1964 ; see also Harman and Phillips
1967) had recorded short latency (5-8 ms) auditory
evoked potentials from the Bas area. Although
they were initially disregarded by others as arte-
facts (Karten 1969) they are genuine cochlearly
driven responses (Delius et al. 1979; see also Berk-
houdt et al. 1981; Kirsch 1983). It is not known,
however, whether the responses of the Bas show
a specialized frequency sensitivity as compared to
the orthodox auditory pathway to the telencepha-
lon. This pathway has stations in the mesencepha-
lon (nucleus mesencephalicus lateralis, pars dorsa-
lis (MLd), homologous to the colliculus inferior
of mammals) and in the thalamus (nucleus ovoida-
lis (Ov), homologous to the nucleus geniculatus
medialis of mammals) and terminating in the me-
dial neostriatum caudale, the area L (homologous
to the auditory cortex in mammals).

Schall et al. (1986) discovered that the Bas of
the pigeon receives further afferents from sensory
structures that had not been reported previously.
Most striking was a direct crossed projection from
the nucleus vestibularis superior (VS). The VS, a
rhombencephalic termination of the vestibular
component of the nVIII appears to receive input
mainly from the ipsilateral ampullary receptors
(Wilson and Felpel 1972; Wold 1975). Nothing is
known about a physiological responsiveness of the
Bas to vestibular stimulation that might relate to
this vestibulofugal pathway.

The Bas also receives, as Schall et al. (1986)
showed, afferents from the peri-ectostriatal belt,
a visual projection area (Karten and Hodos 1970;
Parker and Delius 1972; Ritchie and Cohen 1977)
and from the tuberculum olfactorium, an olfactory
projection area (Rieke and Wenzel 1978; Macdar
et al. 1980) but these afferents will not concern us
here. The present paper’s aim is to extend the
knowledge concerning the characteristics of the au-

ditory and vibratory sensitivity of the Bas and to
establish that it also responds with short latencies
to vestibular stimulation.

Materials and methods

13 adult pigeons (Columba livia) of local stock were used. All
surgery was performed under general pentobarbital/chloral
hydrate anaesthesia (see Mallin and Delius 1983 for details)
and, where relevant, under additional topical xylocaine anaes-
thesia. Any bleeding was controlled with thrombin and wounds
were treated with sulfonamide. The animals were postoperative-
ly injected with an antibiotic.

Recording electrodes were implanted stereotactically (Kar-
ten and Hodos 1967) into the Bas and either into the area L
(al) of the medial neostriatum caudale, or the nucleus mesence-
phalicus lateralis, pars dorsalis (MLd) of all birds. The position
of the electrodes during implantation was additionally checked
by recording evoked responses to auditory stimuli delivered
with a miniature loudspeaker coupled to the hollow ear-bars
of the stereotactic instrument. The electrodes consisted of a
pair of insulated stainless steel wires (0.01 mm diam.) with bare
tips (0.5 mm) staggered 1 mm apart. A loop of bare stainless
steel wire placed under the scalp served as an indifferent elec-
trode. All the electrodes terminated in a miniature connector
that was cemented to the skull.

In 3 animals the canalis semicircularis posterior (sagittal
semicircular canal) contralateral to the Bas electrode was ex-
posed through an opening of the occipital surface of the skull,
some 4 mm lateral from the occiput just ventral to the insertion
of the neck muscles. At this location the canalis semicircularis
posterior crosses over the canalis semicircularis externus (hori-
zontal canal). This landmark is faintly visible through the skuil
surface due to a sinus venosus that accompanies the canals.
The posterior bony canal was exposed for about 1.5 mm above
and below the crossing and two small perforations were made
into it. Two insulated stainless steel wires (0.1 mm diam.), with
the ends exposed for 1.5 mm and tightly bent over to form
blunt tips, were carefully inserted through these openings for
about 1.5 mm towards the canal’s ampulla, without damaging
the membranous canal. They were fixed with surgical glue to
the bone casing and led to a connector cemented to the skull.
The skin was sutured over the wound around the connector.

The ipsilateral cochlea was removed from one of the above
animals and bilaterally removed from 5 other birds following
a procedure similar to that described by Schwartzkopff (1949).
Starting from the ventro-lateral quadrant delimited by the sagit-
tal and horizontal canals, which where exposed as described
above, bone trabecula were removed in a beakward direction
until the ampulla of the posterior canal could be seen with
the aid of an operating microscope. About 0.25 mm medially
and ventrally from the ampulla the bony inner ear casing was
opened at the base of the cochlea. A fine wire hook was intro-
duced through this perforation for about 3 mm in a beakward
direction and then retracted, thus pulling out the membranous
cochlea including the lagena. The opening was closed with a
drop of surgical cement. The hollow in the skull bone was
filled with surgical gelatine sponge and the skin sutured.

The trigeminal nerve branches that innervate the face and
the beak were bilaterally transsected in two birds according
to a technique similar to that of Zeigler et al. (1975). For this
the skin and connective tissue between the ventro-posterior edge
of the eye and the external auditory meatus was incised to
give access to the orbital cavity. The eye was slightly com-
pressed in a dorso-frontal direction with a specially made minia-



ture wound retractor. With the aid of an operating microscope
the ophthalmic, maxillary and mandibular branches of the tri-
geminal nerve were lifted onto a wire hook and cut with iridec-
tomy scissors. The skin was sutured over the wound. In two
other birds a reversible blockade of the same trigeminal
branches was brought about by multiple injections of a total
of 0.5 ml of xylocaine and novocaine solution at the site where
the nerve branches enter the orbital cavity. In another bird
a blockade was produced with similar injections into the soft
palate of the beak. The effectiveness and temporal course of
these blockades was gauged by observing the Bas potentials
evoked by electrical stimulation of the soft palate.

All recording was made from awake birds several days
after the electrode implantation and again after recovery from
one of the additional operations. The animal was restrained
in a cloth sack, its head protruding through an opening. Leads
with plugs established the link between the chronic electrodes
and the preamplifier of a Neurolog modular system. The poten-
tials were bandpass-filtered between 10 and 100 Hz and moni-
tored with a storage oscilloscope. 3 to 5 superposed individual
potentials were photographed from the oscilloscope screen. An
averager module derived the mean responses evoked by 32 stim-
ulus presentations. These averaged responses were written out
with a penrecorder or photographed from an oscilloscope dis-
play. All the latencies mentioned in the text are measured to
the first inflection from the baseline.

Auditory stimuli were generated with a variable frequency
sinewave oscillator gated by a trapezoid pulse geperator set
to give a pulse with a rise- and falitime of 1 ms, a duration
of 6 ms and an interstimulus interval of 2.3 s. The amplitude
of the tone bursts was set with a variable gain amplifier. The
frequency setting of the oscillator was monitored with a univer-
sal counter. The subject was placed within a soundproof ane-
choic chamber (140 cm x 110 ¢m x 120 cm) with the loudspeak-
er 40 cm in front of it. The sound pressure delivered was mea-
sured by placing the microphone of a calibrated sound pressure
meter immediately above the pigeon’s head and temporarily
lengthening the pulse duration to 10 s without altering the other
stimulus parameters.

Vibratory stimuli were generated with two different ar-
rangements. A transducer constructed from a loudspeaker de-
void of its membrane and provided with a blunt probe was
used for some exploratory measurements. An excursion ampli-
tude of 25 um was set throughout by observing a whisker at-
tached perpendicularly to the vibrator probe against a graticule
with a binocular microscope while it was illuminated strobos-
copically. For stimulation the trapezoid pulse generator output
had a rise/fall time of 25 ms and a duration of 50 ms. The
effective range of the vibrator extended to maximally 1.4 kHz.

A commercial vibration transducer (Ling) equipped with
a proximity transducer (Vibrometrics) that permitted direct
monitoring of the excursion amplitudes of the stimulation stylus
was used for more critical experiments. This system allowed
vibration frequencies from 0.15 to 5 kHz. A stimulus envelope
of triangular shape was produced by setting both the rise and
the immediately following fall of the trapezoid pulse generator
to 5ms. As the vibrator produced a faintly audible sound at
the higher frequencies, the ears of the subjects were blocked
with small cotton plugs dipped in a lanoline based paste. This
measure could be shown to effectively prevent any evoked re-
sponses to the air conducted sound. The probe was positioned
against the tip of the subject’s beak with the help of a heavy
stand while the pigeon’s head was held firmly clamped by the
connectors cemented to its skull. The interstimulus interval con-
tinued to be 2.3 s.

The soft palate was stimulated electrically by holding the
subject’s beak closed over a pair of parallel, closely spaced,
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thin stainless steel bars connected to a stimulus isolation unit
delivering 1 ms square pulses of 50 LA at 2.3 s intervals.

Vestibular stimuli were delivered by connecting a stimulus
isolation unit to the relevant head mounted connector and de-
livering 1 ms square pulses of 40 pA amplitude at the same
intervals (2.3 s). Natural rotational stimulation of the head was
obtained by clamping the head-mounted connector of the sub-
jects to the axle of a pendulum. The body rested immobile
on a platform. Head rotations in both directions around all
three axes were performed. Repeated head rotations were
achieved by releasing the pendulum, previously armed by hand,
from a silent electromagnetic catch activated by 50 ms off-
pulses at 5s intervals. The angular extent of the swings was
approximately 45° and the initial angular acceleration was
26-10° deg/s>.

After the experiments had been completed the animals were
anaesthetized and perfused transcardially, first with saline and
then with formalin. After the electrodes had been withdrawn
the brains were removed from the skull and embedded in egg-
yolk. After hardening with formalin vapour the brains were
sectioned at 40 pm with a freezing microtome and stained with
cresyl violet.

Results

The brain sections were examined with a micro-
scope and the electrode tip locations were trans-
ferred onto drawings based on the Karten and Ho-
dos (1967) pigeon brain atlas. Figure 1 shows typi-
cal placements in the three relevant structures.

Fig. 1. Examples of electrode positions in the nucleus basalis
prosencephali (Bas), the areal («L) and the nucleus
mesencephalicus lateralis, pars dorsalis (MLd) reconstructed
from lesion marked histological sections. Drawings of brain
sections based on the Karten and Hodos (1967) atlas. Further
abbreviations:  archistriatum  (4), cerebellum  (Cb),
hyperstriatum  accessorium (HA), hippocampus (Hp),
hyperstriatum ventrale (HV), lobus parolfactorius (LPO),
neostriatum (N), tractus opticus (7rO)
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Fig. 2. Superposed and averaged auditory evoked potentials
from the nucleus basalis (Bas), the nucleus mesencephalicus
iateralis, pars dorsalis (MLd) and the area L of the pigeon.
Calibrations: 20 pV and 10 ms. No polarity is indicated as
recordings are from bipolar pairs of electrodes. The same
applies to all remaining evoked potentials illustrated

Auditory sensitivity

The auditory stimuli yielded evoked responses in
the Bas, the alL and the MLd with a latency to
the first inflection of 6-8 ms, 12-14 ms and 5-6 ms,
respectively. This is in accordance with the earlier
reports cited in the Introduction. Examples of the
evoked potentials are shown in Fig. 2.

To measure the frequency sensitivity of the Bas
and the MLd or the area L locations the peak-to-
peak amplitude in pV of the average evoked re-
sponse to a stimulus of a 1000 Hz and 50 dB (SPL)
was taken as standard. This procedure compen-
sated for the appreciable variations in absolute am-
plitudes of the potentials recorded from the various
sites. As the frequency of the stimulus was quasi-
randomly varied through 15 preselected steps
down to 200 Hz and up to 10 kHz the intensity
of the relevant stimulus was adjusted until the am-
plitude of the evoked potential was within +5%
of the standard amplitude for two successive aver-
ages. The sound pressure in dB (SPL) required to
evoke the standard response was noted for each

r
.2

frequency

Fig. 3. Audiograms based on evoked potentials from the Bas,
MILd and the area L of the pigeon. Bas: average of the mean
audiograms of three pigeons. MLd and area L: means of
5 measurements, each from one recording site. 5% confidence
limits are indicated. All averages are referred to the response
to 1000 Hz as standard

frequency step. For each frequency step the proce-
dure was repeated 5 times for each recording site.
The averages together with the 5% confidence lim-
its of these repeated measures are shown for the
MLd and area L sites in Fig. 3. Means of these
audiograms over the 3 subjects are plotted for the
Bas sites with their 5% confidence limits and also
shown in Fig. 3.

To construct more complete audiograms for
the Bas sites, the intensity of the stimulus tone
at a given frequency was varied in a separate series
of measurements in set steps of 10 dB from 40 to
90 dB (SPL). The average evoked potentials
(32 sweeps) were recorded for each of these stimu-
lus intensities. The peak-to-peak amplitude of the
evoked potentials corresponding to each intensity
step was measured from the graticule of the oscillo-
scope display and plotted against the intensity.
This was repeated for tone stimuli of 500, 1000,
2000, 4000 and 8000 Hz. Between each measure-
ment there was an interval of between 1 to 2 min.
3 such series of measurements were obtained for
each of the 3 recording sites. Linear regressions
between sound pressures and evoked potential am-
plitudes were calculated for each frequency and
each recording site on the basis of this data. The
regression lines for all 3 Bas sites were quite simi-
lar. Mean regression lines were therefore computed
over the three Bas sites, samples of which are
shown in Fig. 4.

Using the slopes of these mean regression lines,
equal evoked response profiles were calculated,
taking the mean frequency sensitivity curve of the
Bas shown in Fig. 3 as the origin. Profiles chosen
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regressions for the Bas. Equal response audiograms derived
from such regression lines in conjunction with the Bas
audiogram of Fig. 3 (see text for further explanations)
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Fig. 5. Vibration averaged evoked responses from the Bas of
a pigeon before and after bilateral trigeminal transection.
Calibrations: 20 pV and 5 ms

to be 10 dB apart at the reference frequency of
1000 Hz are illustrated in Fig. 4.

Vibratory sensitivity

The vibratory stimuli yielded evoked potentials in
the Bas that had a latency of 34 ms to the first
inflection (Fig. 5). The sensitivity to such stimuli
was studied in two phases. During the first explora-
tory phase the amplitude of the evoked potentials
to a standard 25 pm amplitude stimulus was mea-
sured at 8 predetermined frequency steps between
150 and 1400 Hz using the modified loudspeaker
vibrator. For each recording site at each frequency
step the peak-to-peak amplitude of the average
evoked response was measured 3 times. This proce-
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Fig. 6. Vibrograms based on evoked potentials of the Bas of
the pigeon. Average before and after cochlear extirpation. Part
of the Bas audiogram from Fig. 3 is shown for comparison.
5% confidence limits are indicated
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Fig. 7. Vibrograms based on Bas evoked responses of two
pigeons. Means with ranges. Circles: before any intervention;
triangles: during anaesthetic blockade of trigeminal nerve
branches; squares: after extirpation of the cochleae; ovals: after
cochlear extirpation and during trigeminal blockade

dure was repeated after removal of the cochleae
with the intention of excluding the contribution
of potentials due to hearing of bone-conducted
(and also of any airborne) sound. Means were cal-
culated for the three subjects and averages of these
means over the subjects are plotted in Fig. 6 to-
gether with part of the Bas audiogram from Fig. 3
for comparison. A slight loss of high and low fre-
quency sensitivity after bilateral cochlear extirpa-
tion is not statistically significant.

The shape of the evoked potentials to square
pulse vibration was only slightly modified after
cochlear ablation. However, we cannot be sure that
this was not due to variations in the mechanical



coupling between the vibrator probe and the beak
during successive recording sessions. The success
of the extirpation could incidentally be confirmed
by the complete absence of auditory evoked poten-
tials both at the Bas and the other recording sites
(area L, MLJd) after the operation.

Local anaesthesia of the beak, which blocked
Bas potentials evoked by electrical stimulation of
the palate, slightly modified but certainly did not

audit
vestib.
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vestib.
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stimulu
Bas
audit
areal
audit
Bas
vestib
Fig. 8a, b. Averaged and
superposed evoked responses of
areal  the Bas and area L of the pigeon
vestib. to auditory and vestibular
stimulation. a The vestibular
response of the Bas is not affected
by cochlear ablation. b The area
stimulus L. yields no response upon

vestibular stimulation.
Calibrations: 20 uV, 10 ms

annul responses to vibration stimuli applied to the
beak tip. The bilateral section of the trigeminal
nerve branches similarly did not seem to eliminate
the potentials evoked by a square pulse vibration
(Fig. 5).

In a second phase the vibratory sensitivity of
the Bas was determined over a wider range of fre-
quencies (12 steps between 150 Hz and 5 kHz) us-
ing a special purpose vibration transducer. The vi-



brogram of two pigeons with chronically im-
planted Bas electrodes was measured. At each fre-
quency the stimulus amplitude required to elicit
the same potential amplitude as obtained with a
1 kHz and 5 pm stimulus was determined. The
measurements were repeated after the trigeminal
nerve branches or ganglion were blocked with local
anaesthesia with the intention of isolating the sen-
sitivity due to bone-mediated hearing. After the

subjects had recovered from the trigeminus block-

ade the cochleae were removed and after 3 days
of recovery the measurements were repeated. This
was designed to isolate the mechanoreceptive sensi-
tivity. Finally the vibrogram was determined again
in the cochlea-ablated pigeons after trigeminal
blockade to determine any remaining sensitivity.
The vibrograms obtained under all these 4 condi-
tions are illustrated in Fig. 7.

It is apparent that the baseline vibrogram has
two high sensitivity regions, one at about
0.6-0.7 kHz and another between 3 and 4 kHz.
The trigeminal blockade strongly attenuated the
low frequency sensitivity but did not completely
eliminate it. It must be remembered that the nor-
mal auditory sensitivity of birds, differently from
mammals, extends far into the lower frequencies
(Kreithen and Quine 1979; Klinke and Schermuly
1986). Cochlear extirpation on the other hand
leaves the low frequency sensitivity unmodified but
attenuated drastically that at higher frequencies
which is thus shown to be due to hearing of bone-
conducted sound. Finally the additional trigeminal
block considerably elevates the thresholds of the
remaining sensitivity so much so that the standard
stimulus of 5 pm amplitude at 1 kHz no longer
evokes a response. To achieve comparability the
stimulus amplitude was increased until the poten-
tials at 1 kHz had again the size of the earlier re-
sponses to the standard stimulus.

Vestibular stimulation

The vestibular system was stimulated via the elec-
trodes implanted into the contralateral sagittal
semicircular canal. Evoked responses from the Bas
had a latency of 3-4 ms, appreciably shorter than
the auditory evoked potentials at the same site
(6-8 ms). The removal of the cochlea on the stimu-
lated side had no appreciable effect on the poten-
tials evoked by vestibular stimulation (Fig. 8a).
The responses were thus of truly vestibular ori-
gin and not auditory potentials due to an uninten-
tional spreading of the electrical stimulus to the
cochlea. Similarly, while auditory stimulation eli-
cited evoked potentials both in Bas and al, vesti-
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bular stimulation only produced an evoked re-
sponse of any amplitude in the Bas (Fig. 8b). If
the latter evoked potentials were of cochlear origin
they should also have yielded responses in area L.
It remains uncertain of course whether the evoked
responses are due to the stimulation of the sagittal
canal ampulla only or whether the stimulus also
spreads to the other receptor pads of the vestibular
organ.

Forward head rotations around the transversal
axis yielded clear cut evoked potentials with laten-
cies of 5-6 ms. Other rotation axes and directions
probably yielded lesser responses but this was not
examined systematically during the experiments re-
ported here.

Discussion

This series of experiments has again confirmed that
the Bas of the pigeon receives short latency audito-
ry input of true cochlear origin (Naumov and Ilji-
tschew 1964; Delius et al. 1979) and dismisses the
notion that the Bas auditory responses are arte-
facts due to unintended mechanostimulation of tri-
geminal sensory structures (Karten 1968; Wit-
kovsky et al. 1973). Furthermore it has now been
shown that the audiogram of the Bas, as assessed
by its evoked responses, is quite similar to that
of two stations of the orthodox auditory projection
of birds, the MLd (homologous to the inferior col-
liculus of mammals) and the al. (homologous to
the auditory cortex of mammals). Slight deviations
of the alL audiogram in the low frequency region
could easily be due to the fact that the aL is tono-
topically organized over a considerable volume of
tissue (Bonke et al. 1979) and our clectrode might
have preferentially picked up the activity of the
higher frequency projection region. Overall the au-
diograms are also similar in shape to those ob-
tained with various behavioural techniques in the
pigeon by several authors and recently illustrated
by Goerdel-Leich and Schwartzkopff (1984).

All the audiograms evince a relatively high sen-
sitivity at low frequencies and a steep loss of sensi-
tivity at high frequencies. That is characteristic for
the audiogram of this species as compared, for ex-
ample, with the human audiogram. We could not
find evidence that the Bas of the pigeon is special-
ized for the processing of higher frequencies as has
been suggested for the Bas of starlings on the basis
of single unit recordings (M. Kirsch, pers. comm.)
and as one might perhaps have expected if it was
especially tuned to feeding-related sounds.

The vibratory sensitivity of the Bas upon me-
chanical stimulation of the beak has a tuning curve
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with one minimum cenired around a best fre-
quency of about 700 Hz and another located at
about 3 kHz. The sensitivity components which
give rise to these two minima could be largely iso-
lated from one another by trigeminal blockade and
cochlear extirpation. The first component is similar
to that characterizing the vibrogram of the wing
and the leg measured in the pigeon, cither behav-
iourally with a heart rate conditioning technique
or electrophysiologically from single Herbst cor-
puscles (Shen 1983; Horster et al. 1983). Com-
pared with the vibratory sensitivity of mammals
the relatively high frequency responsiveness is
striking. The dermal palate of the pigeon is known
to contain both Herbst and Merkel corpuscles in
considerable numbers that certainly could mediate
this mechanosensitivity (Necker 1983; see also
Necker 1985). But it remains possible that the vi-
brational input that we employed also reached the
Bas through mechanoreceptors located elsewhere
in the jaw system. These perhaps are supplied by
other trigeminal branches, or even other cranial
nerves as some low frequency responsivity re-
mained even after section or blockade of the trige-
minal branches innervating the beak and following
cochlear ablation.

That bone/cochlea-mediated hearing was re-
sponsible for the higher frequency optimum was
clearly established by the cochlear extirpations.
They essentially eliminated the vibratory sensitivity
above 1.5 kHz. It is important to stress that the
procedures used ensured that this effect on the vi-
brogram was not due somehow to a loss of air-
borne sound sensitivity but truly due to the loss
of bone-conducted sound sensitivity.

The continued presence of Bas responses to
wide band square pulse vibrations after section or
blockade of the ophthalmic, maxillary and man-
dibular trigeminal nerve branches is explained by
this contribution of bone-mediated hearing. Such
a contribution is in fact to be expected as the jaw
bones of pigeons, and of birds in general, are me-
chanically closely coupled with the otic capsule.
In fact the tympanum itself is in part suspended
from a bone, the quadratum, that is an integral
part of the jaw-bone system (Delius 1985). Inciden-
tally, we also observed that vibratory stimuli
evoked responses in area L but by themselves they
cannot be construed as representing bone-hearing
potentials since a somatosensory projection receiv-
ing afferents from the head is known to exist in
the immediate neighbourhood of the auditory pro-
jection (Delius and Bennetto 1972).

A further result of this study is that it con-
firmed physiologically a hypothesis that derived

from anatomical evidence. Schall etal. (1986)
found that the nucleus vestibularis superior (VS)
of the medulla projects directly to the Bas. Here
we showed that, indeed, electrical stimulation of
the vestibular organ elicits evoked potentials with
a latency consistent with a direct, oligosynaptic
pathway even when possible artefactual cochlear
stimulation is excluded. More natural stimulation
of the vestibular system by head rotation is equally
effective in producing responses. Incidentally, the
possibility that the potentials could be due to nys-
tagmic eye movement artefacts can be rejected.
Firstly, the brief electrical stimulation used did not
elicit any observable ocular responses. Secondly,
recent experiments employing head rotations as
stimuli showed that the corresponding evoked re-
sponses of the Bas are not suppressed by ocular
succinyle/atropine applications that abolish all
oculomotor activity. The combined anatomical
and physiological evidence is reasonable proof that
yet another rhomb-mesencephalic sensory nucleus,
the VS, in addition to the nucleus sensorius princi-
palis nervi trigemini (PrV) and the nucleus lem-
niscus lateralis, pars ventralis (LLv), monosynapti-
cally accesses the Bas, bypassing the classical tha-
lamic stations of the more orthodox sensory path-
ways to the telencephalon.

As stated at the beginning of this report there
is ample evidence that the Bas is functionally in-
volved in the control of pecking movements. It
remains now to briefly consider how the present
findings fit in with this role of the Bas. An exquisite
vibratory sensitivity seems essential for a neural
structure that controls a motor act that involves
impact with the substrate. Elsewhere we have
pointed out that the impact also generates sound
and adduced behavioural evidence that to control
its pecking the pigeon uses at least as feedforward
information the airborne component (Delius
1985). There is now a strong possibility that bone-
conducted sound is similarly utilized. The auditory
responsiveness of the Bas provides a basis for the
reafferent of peck generated sound carried by ei-

" ther medium. Finally the pecking act involves con-

siderable head accelerations that can, if uncon-

trolled, produce injury. Fast vestibular feedback

or feedforward seems ideally suited to ensure an

adequate course of movement, particularly if one

takes into account that in the critical final phase -
of pecks, pigeons are effectively blind as they then

always close their eyes to protect them from sub-

strate backscatter (Delius 1985).
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