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Sensory projections to the nucleus basalis prosencephali

of the pigeon
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Summary. The afferent pathways to the nucleus basalis pro-
sencephali of the pigeon were studied by use of the horse-
radish peroxidase (HRP) technique. It was confirmed that
this nucleus receives a direct pathway from the nucleus sen-
sorius principalis nervi trigemini and that, as in the starling,
it receives a direct input from the nucleus lemnisci lateralis,
pars ventralis, an auditory relay. Totally novel is the finding
that the nucleus basalis prosencephali is the target of a
direct pathway originating in the medullary nucleus vestibu-
laris superior. All three pathways bypass the thalamus.
From within the telencephalon the nucleus basalis prosence-
phali also receives fibres from the tuberculum olfactorium
and the peri-ectostriatal belt, suggestive of olfactory and
visual input. Marked cell bodies were also found in the
neostriatum frontolaterale. It is assumed that these arose
from HRP uptake by axons of the tractus fronto-archistria-
talis that course through the nucleus basalis prosencephali
to the anterodorsal archistriatum. Marked fibres and bou-
ton-like formations were observed in the latter structure.
The afferents to the nucleus basalis prosencephali are dis-
cussed in conjunction with the probable role of the nucleus
as a sensorimotor coordinator of the pecking/feeding
behaviour of the pigeon.
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The nucleus basalis prosencephali (Bas) is a salient feature
of the frontal forebrain of birds. In 1903 Wallenberg dis-
covered that the Bas of birds receives a direct projection
from the nucleus sensorius principalis nervi trigemini (PrV)
via the tractus quintofrontalis (QF), bypassing the thalamus
(see also Wallenberg 1966; Dubbeldam et al. 1981; Wild
et al. 1984). Later electrophysiological work (Witkovsky
et al. 1973; Berkhoudt et al. 1981) showed that the Bas re-
ceives short latency (4-8 ms) somatosensory input from the
beak area. Additionally, Hjitschev and coworkers (Naumov
and Iljitschev 1964; see also Harman and Phillips 1967)
recorded short latency (5-8 ms) auditory-evoked potentials
from the Bas area. These latter findings were initially disre-
garded by other workers as artefacts (Karten 1969) but
a study incorporating various control procedures proved
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the auditory potentials to be genuine, cochlearly driven re-
sponses (Delius et al. 1979; see also Berkhoudt et al. 1981).
Kirsch (1983) mentioned that in the starling (Sturnus vulgar-
is) the auditory pathway has its origin in the nucleus lem-
nisci lateralis, pars ventralis (LLv), itself an auditory nucle-
us (Boord 1968).

Brain lesion (Zeigler 1976), electrical stimulation (Delius
1971) and, more recently, chemical stimulation and meta-
bolic labelling studies (Delius 1985) suggest that the Bas
is involved in the control of feeding or more precisely in
the control of pecking, grasping and swallowing. It is
known that the neostriatum [rontolaterale (NFL) in the
neighbourhood of the Bas projects via the tractus fronto-
archistriatalis (FA) to the anterior archistriatum (A) (Veen-
man 1984; Wild et al. 1984, 1985) and that the archistria-
tum in turn projects via the tractus occipitomesencephalicus
(OM) to a variety of di-, mes-, rhombencephalic and spinal
structures (Zecha 1962; Zeier and Karten 1971; Berkhoudt
et al. 1982). At least one of these structures has motor func-
tions related to pecking. Berkhoudt et al. (1982) established
that a mesencephalic target of the OM, the nucleus reticu-
laris parvocellularis, pars lateralis (Rpv) projects to the nu-
cleus motorius nervi trigemini (MV) and nucleus nervi fa-
cialis (nVI). These innervate the musculature of the beak
(Wild and Zeigler 1980).

We now report results of a horseradish-peroxidase injec-
tion study. It shows that the Bas of the pigeon receives
further sensory afferents, in addition to those mentioned
above. These fit its role as a sensorimotor coordinator of
the pecking response of the pigeon.

Materials and methods

Eight adult homing pigeons (Columba livia) with body
weights of 450-600 g were used. While the birds were anaes-
thetized, 0.1-0.3 pul of 30-40% horseradish peroxidase
(HRP, Sigma VI} in 0.9% saline solution were injected into
the brain with the use of a Hamilton microsyringe via a
glass microcapillary with a 40-pm diameter tip under stereo-
taxic guidance. The microcapillary remained in the brain
for 30 min after the injection. The survival time for all pi-
geons was 24 h. The composition and dosage of the anaes-
thetic used, a chloral hydrate-pentobarbital mixture, is de-
scribed by Mallin and Delius (1983).

The animals were perfused intracardially under anaes-
thesia with 500 ml 0.9% saline solution (40° C) followed
by 500 ml fixation solution consisting of 1% paraformalde-
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hyde and 1.25% glutaraldehyde in 0.12 M sodium phos-
phate buffer (pH 7.4, 20° C). Following fixation, 500 ml
10% saccharose in 0.12 M sodium phosphate buffer solu-
tion (pH 7.4, 4° C) was used to flush out excess aldehydes.
The brains were immediately removed from the skulls and
cut sagittally on a freezing microtome in steps of 40 pm.
The sections were collected in 0.12 M sodium phosphate
buffer solution (pH 7.4) and incubated for visualisation
with tetramethylbenzidine (TMB Sigma) according to the
procedure described by Mesulam (1978). Then, the sections
were mounted on slides, dried for 12 h at 35° C, counter-
stained with 0.1% neutral red, cleared in a series of graded
alcohol (15-17 sec in each of 70%, 96% and 2 x 100% solu-
tions) and in xylol (5 min), and coverslipped. Sections of
brains from control pigeons stained with Nissl or Nissl/
myelin staining and the atlas of Karten and Hodos (1967)
aided the identification of anatomical structures in the
HRP-stained sections.

Results

In three of the eight pigeons the detectable deposits of the
HRP-injections were exclusively restricted to the nucleus
basalis prosencephali (Bas). In one pigeon the injection was
placed in the neostriatum frontolaterale (NFL), rostral to
the Bas. In another pigeon the Bas and the NFL were
equally marked with HRP and in two pigeons the HRP-
deposits diffused slightly from the Bas into the paleostria-
tum augmentatum (PA).

Injections that involved the Bas lead to labelling of cell
bodies and axons in the telencephalon and in the rhomben-
cephalon. The areas labelled in these two brain structures
will be described separately. Following injection in the
NFL, rostral to the Bas, only labelled neurones in the Bas
could be detected. Under this condition no labelled struc-
tures could be observed either in the telencephalon or in
the rhombencephalon.

Telencephalon

Following HRP-injections into the Bas, numerous neurones
with a diameter of perikaryon of 9-15 pm were consistently
labelled in the ipsilateral NFL (Figs. 1, 2). The retrogradely
filled axons of these cells course in parallel fascicles to the
Bas (Fig. 3). Posterior to the Bas, HRP-positive axons lead
via the tractus fronto-archistriatalis (FA) to the frontal
parts of the ipsilateral archistriatum and the neostriatum
directly overlying it (Fig. 4). Since bouton-like knobs were
observed on the terminations of these axons, it is assumed
that HRP labelled the FA in an anterograde manner
(Fig. 5). To check whether the axons of the FA originate

in the Bas or the NFL, the sections of a pigeon from a
previous unpublished HRP-study were reexamined. The an-
imal received an HRP-injection in the most anterior portion
of the archistriatum, bordering on the overlying neostria-
tum. This injection labelled numerous neurons in the NFL
but no HRP-positive cells could be detected in the Bas.
In accordance with the results of Wild et al. (1984, 1985)
it is concluded that the neurones of the NFL project via
the FA through the Bas to the anterior portions of the
ipsilateral archistriatum. Our injections into Bas apparently
interrupted this projection and lead to anterograde labelling
of the Fa and to retrograde labelling of the NFL-neurones.

The injections into the Bas lead to the labelling of neu-
rones in the anterior part of the paleostriatum augmenta-
tum at the border to the Bas and in two [urther, more
distinct ipsilateral telencephalic regions: the tuberculum ol-
factorium (TO) and the peri-ectostriatal belt (Ep). The neu-
rones of the tuberculum olfactorium with a diameter of
7-11 pm were observed in the ventromedial part of the tel-
encephalon. The HRP-positive ectostriatal neurones were
detected in the medial part of the peri-ectostriatal belt corre-
sponding approximately to the sagittal level L 3 Karten
and Hodos’ atlas (Fig. 6). The axons of these neurones
could be traced running along the lamina medullaris dorsa-
lis (LMD) into the Bas. All intratelencephalic afferents and
efferents are shown in Fig. 7.

Rhombencephalon

HRP-injections into any part of the Bas always lead to
heavy bilateral labelling of neurones in the lateral half of
the nucleus sensorius principalis nervi trigemini (PrV,
Figs. 8, 9). Only injections in the most lateral Bas yielded
some HRP-positive cells in the medial PrV. This projec-
tional pattern of the PrV upon the Bas confirms the obser-
vations in the duck of Dubbeldam et al. (1981), who dem-
onstrated that the medial and lateral areas of the PrV,
which receive afferents from the ramus mandibularis nervi
trigemini project to the medial parts of the Bas. Afferents
from the ramus maxillaris reach the medial PrV and project
from there to the lateral regions of the PrV. The numbers
of labelled cells in the PrV ipsi- and contralateral to the
injection side were similar. The perikaryon diameter of the
HRP-positive cells was about §-11 pm.

After HRP-injections into the Bas, labelled cells were
also observed in the contralateral nucleus vestibularis supe-
rior (VS). The location of these sparsely distributed neu-
rones with a perikaryon diameter of 815 pm ranged from
the dorsal border of the PrV to the ventral extent of the
brachium conjunctivum (Figs. 10. 11).

In agreement with the findings of Kirsch (1983) in the

Fig. 1. HRP-injection into the nucleus basalis prosencephali (Bas) (large arrow). Retrogradely labelled, parallel fibres and HRP-positive
neurones (small arrow on the right) are visible in the NFL. A portion of the anterogradely labelled FA can be seen coursing caudally
(small arrow on the left). The section corresponds to the L 3.50 plane of the Karten and Hodos (1967) atlas. Bas nucleus basalis,
FA tractus fronto-archistriatalis, NFL neostriatum frontolaterale, P4 paleostriatum augmentatum. x 56

Figs. 2, 3. Retrogradely labelled neurones and axons in the NFL after an HRP-injection into the Bas, x 595 and x 200, respectively

Fig. 4. Following an HRP-injection into the Bas anterogradely labelled fibres of the FA can be seen reaching the anterior portion
of the archistriatum. The section corresponds to the sagittal plane L 6.25 of the Karten and Hodos atlas (1967). x74. The small
square is shown magnified in Fig. 5. 4 archistriatum, N neostriatum: see also Fig. 1

Fig. 5. Enlargement of a portion of Fig. 4 showing end-boutons of the FA fibres. x 1250
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Figs. 1-5. All photomicrographs are from sagittal sections, Ventral is downward and frontal is to the right



Fig. 6. Photomicrograph of a sagittal section. Ventral is downward and frontal is to the right. Labelled fibres in the peri-ectostriatal
belt following an HRP-injection into the Bas. The section corresponds to the L 3.00 plane according to the atlas of Karten and

Hodos. x 85

Fig. 7. Intratelencephalic afferents of the Bas. The drawing of a
sagittal section shows the injection site and the structures in which
labelled neurons (dots) were found. The anterogradely labelled ax-
ons of the FA are shown to course through the Bas and the paleos-
triatum (dashes). Their terminal field in the archistriatum is more
lateral than this section, which corresponds to the L 3.25 plane
of the pigeon brain atlas (Karten and Hodos 1967)

starling, injections in the lateral part of the Bas yielded
bilateral labelling of cells with a diameter of perikaryon
of 815 pm in the nucleus lemnisci lateralis, pars ventralis,
a known auditory nucleus (LLv, Fig. 12). Since injections
in medial parts of the Bas (L 2.50-L 3.50) yielded no HRP-
positive neurones in the LLv it was concluded that the audi-
tory input to the Bas is restricted to its lateral half. Fig. 13
shows the rhombencephalic afferents of the Bas.

Discussion

The results described above confirm several findings of pre-
vious anatomical and electrophysiological investigations
concerning the sensory afferents to the nucleus basalis
(Fig. 14). The projection of the PrV upon the Bas was dem-
onstrated earlier by anterograde (Wallenberg 1903; Zeigler
and Karten 1973; Dubbeldam et al. 1981; Wild et al. 1984)
as well as by retrograde anatomical tract tracing methods
(Kirsch 1983; Wild et al. 1984, 1985). The direct afferents
of the Bas from the PrV are also confirmed by evoked
potentials (Schall and Delius, in preparation) as well as
by two studies with single-unit recordings (Witkovsky et al.
1973; Berkhoudt et al. 1981), which demonstrated that the
neurones of the Bas can be activated with latencies of 3
ms by electrical and tactile stimulation of the beak. A bilat-

Figs. 8-11. Photomicrographs of sagittal sections. Ventral is downward and frontal is to the right

Fig. 8. Nucleus sensorius principalis nervi trigemini (PrV) with labelled fibres after HRP-injection into the Bas. x 325

Fig. 9. Enlargement of another section showing labelled neurones in the PrV. x 1580
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Fig. 10. Labelled neurones in the Pr¥ and in the nucleus vestibularis superior (¥S) after HRP injection into the Bas. The section
corresponds to the L 3.00 plane of the atlas of Karten and Hodos. x 26

Fig. 11. Enlargement of Fig. 9 showing labelled neurons in the VS. x 1020

Fig. 12. Photomicrograph of a sagittal section. Labelled neurones in the nucleus lemnisci lateralis, pars ventralis (LLv) after an HRP-
injection into the Bas. x 500
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Fig. 13. Rhombencephalic afferents of the Bas. The drawing shows
the structures in which labelled neurones (dots) were found. The
section corresponds to the L 3,00 sagittal plane of the pigeon brain
atlas (Karten and Hodos 1967)

nVIII

eral projection from the LLv first described by Kirsch
(1983) for the starling is now confirmed by our results for
the pigeon. The LLv is known to receive direct input from
the nucleus angularis, pars medialis and the nucleus magno-
cellularis, pars medialis, rhombencephalic terminations of
the cochlear component of nerve VIII (Boord 1968; Correia
et al. 1982). As in the case of the trigeminal somatosensory
input to the Bas there are also electrophysiological data
from single units (Berkhoudt et al. 1981; Kirsch 1983) and
of evoked potentials with short latencies (Naumov and II-
jitschev 1964 ; Harman and Phillips 1967 ; Delius et al. 1979;
Schall and Delius, in preparation) which demonstrated that
the neurones of the Bas can be activated by auditory stimu-
lation.

Our findings, however, also show that the Bas receives
further sensory inputs not thus far reported. Most striking
is the direct crossed projection from the nucleus vestibularis
superior (VS) indicating that the Bas should receive short
latency input from the vestibular complex. The VS, a rhomb-
encephalic termination of the vestibular component of
nerve VIIIL, appears to receive input mainly from the ipsilat-
eral ampullary receptors (Wilson and Felpel 1972; Wold
1975). Recent electrophysiological studies in cochlea-extir-
pated pigeons demonstrate that electrical stimulation of the
contralateral canalis semicircularis caudalis (saggital canal,
Baumel 1979) leads to vestibularly evoked potentials of
short latency (3.6 ms) in the Bas (Schall and Delius, in prep-
aration), agreeing with a paucisynaptic pathway. Angular
accelerations of the head lead to the activation of units
in the Bas. It is remarkable that the somatosensory, audito-
ry and vestibular pathways to a nucleus in the most anterior
telencephalon, differing from the more orthodox avian tel-

Fig. 14. Afferents and efferents of
the nucleus basalis prosencephali
(Bas). Schematic diagram of a
parasagittal section through the
brain of a pigeon illustrating the
main anatomical structures
involved in the basalis circuit. The
regions in which retrogradely
labelled cell bodies were found
after HRP-injections into the Bas
in the present study are stippled.

A archistriatum, Am nucleus angularis, pars medialis, BO bulbus olfactorius, Cb cerebellum, Ep peri-ectostriatal belt, FA tractus [ronto-
archistriatalis, LLv nucleus lemnisci lateralis, pars ventralis, Mm nucleus magnocellularis, pars medialis, M}V nucleus motorius nervi
trigemini, M VII nucleus nervi facialis, NFL neostriatum frontolaterale, n.l. nervus olfactorius, n./I nervus opticus, #.Vm nervus motorius
trigemini, n. Vs nervus sensorius trigemini, n. VI nervus facialis, n. VIII nervus vestibulocochlearis, pars cochlearis (p.c.) et pars vestibularis
(p.v.), PrV nucleus sensorius principalis nervi trigemini, OM tractus occipitomesencephalicus, QF tractus quintofrontalis, Rpe nucleus
reticularis parvocellularis, Rt nucleus rotundus, SC spinal cord, TeO tectum opticum, TO tuberculum olfactorium, VS nucleus vestibularis

superior.



encephalic sensory projections (Cohen and Karten 1974),
all bypass thalamic relay stations. Wild et al. (1985) did
not report any rhombencephalic afferents to the Bas other
than from the PrV in their excellent study on the trigeminal
system of the pigeon. But these authors made only an HRP
injection into the Bas of a single pigeon in order to confirm
the anterograde projection of the sensory trigeminal nucleus
they had established. Afferents other than from the PrV
might have been overlooked in this pigeon. That these affer-
ents actually terminate in the Bas and where not labelled
by the transport of interrupted fibres that pass through
the Bas, is demonstrated by the electrophysiological data
cited above and by the fact that the HRP-injection slightly
rostral Lo the Bas did not result in a retrograde transport
into any of the reported rhombencephalic or telencephalic
sensory areas.

The present results also indicate that the Bas is likely
to receive visual information since the HRP-injections in
this structure yielded labelling of cell somata in the peri-
ectostriatal belt, a target of both the tectofugal (Karten
and Hodos 1970) and the thalamofugal visual pathways
(Ritchie and Cohen 1977). These anatomical data confirm
electrophysiological results demonstrating that the neu-
rones of the Bas respond to optic stimulation (Schall and
Delius. in preparation).

The labelled cell bodies in the tuberculum olfactorium
(TO) indicate that the Bas receives olfactory input from
this structure. Although Rieke and Wenzel (1978) do not
explicitly mention the TO in their study of the olfactory
bulb projections in pigeons, it is apparent from their figures
that they found degenerating terminals in the TO after ol-
factory bulb lesions. The electrophysiological evidence
available (Macadar et al. 1980) is as yet unspecific about
an olfactory projection to the Bas. The labelled neurones
in the paleostriatum augmentatum were observed directly
at the border to the Bas. Since we could not be certain
that these neurones were not labelled by diffusion of HRP
this result was not taken into consideration.

The spectrum of afferents to the Bas concur well with
the conception that it is a sensorimotor coordinator for
pecking (Zeigler 1976; Delius 1985). No special argument
in this respect is required relating to the tactile input from
the beak, as particularly the grasping/swallowing phase of
a peck leading to the uptake of grains involves fine manipu-
Jative motions (Zweers 1982) that clearly are under the close
control of local tactile feedback (Zeigler 1976). Concerning
the auditory input to the Bas. although pigeons feed on
silent food, pecks generate a good deal of noise as a result
of impact and friction. This stimulus may support feedback
that controls grasping and further pecking as we have ex-
plained elsewhere (Delius 1985). Bone conduction of peck-
generated sound may be important. The jaw (beak) bones
of birds are mechanically coupled with the tympanum and
electrophysiological evidence suggests that sound con-
ducted through the bones can activate the Bas (Schall and
Delius, in preparation). The short latency, paucisynaptic
transmission of tactile and auditory information seems es-
sential if it is to have a feedback function since pecking
in the pigeon is an exceedingly fast motion (Smith 1974;
Zweers 1982).

Since pigeons close their eyes during the terminal phase
of the pecking thrust as a protection against particle backs-
catter (Hodos et al. 1976; Delius 1985), it is understandable
that visual information has a delayed, plurisynaptic access
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to the Bas through the peri-ectostriatal belt as it cannot
provide short-term feedback. However it most certainly
could exercise feedforward control over pecking for which
a longer latency would not be critical.

The probable olfactory input to the Bas does not disag-
ree with functional considerations since such information
is clearly useful for the quality control of food. That feeding
in some bird species at least is indeed under the control
of odours seems certain (Henton 1969; Wiirdinger 1979).
One is left to wonder about a gustatory input to the Bas
as much the same can be said for the role of taste in feeding
(Gentle 1975; Marriotti and Fiore 1980). This needs further
investigation.

The fact that the final pecking thrust of pigeons is
visually ballistic makes it almost mandatory that the consid-
erable accelerations of the head during this movement phase
should be under fast vestibular feedback control. Having
provided evidence that the neural circuitry for such reaffer-
ents is present in the pigeon is the most important result
of our study.

The three ascending sensory projections to the Bas all
bypass the thalamus to terminate directly in the telencepha-
lon. This makes the Bas an unusual structure, which is
probably unique to birds. Since this organisational pattern
challenges the concept of a * Bauplan® common to all verte-
brate brains, Cohen and Karten (1974) suggested that the
Bas 1s actually a displaced thalamic nucleus and that the
neighbouring NFL is in fact the primary telencephalic trige-
minal projection arca. This interpretation conforms with
the parcellation theory of the evolution of the vertebrate
brain, which would posit that the avian rhombencephalic
auditory, vestibular and trigeminal nuclei could not bypass
the thalamus to invade the telencephalon (Ebbesson 1984).
However, ontogenetic studies have not so far produced evi-
dence that would support the highly speculative hypothesis
that the Bas is a thalamic nucleus (Killen 1962). It seems
thus more reasonable 1o accept the Bas for what it is: a
telencephalic structure with sensory afferents from rhomb-
encephalic nuclei.

Acknowledgements. The research was supported by the Deutsche
Forschungsgemeinschaft through its Sonderforschungsbereich 114
and by the Wissenschaftsminister of Nordrhein Westfalen. We
thank Dr. J. Emmerton, D. Hagenkétter and G. Keim for assis-
tance of various kinds.

References

Baumel 1J (ed) (1979) Nomina anatomica avium. Academic Press,
London

Berkhoudt H, Dubbeldam JL, Zeilstra S (1981) Studies on the
somatotopy of the trigeminal system in the mallard, 4nas platy-
rhynchos L. 1V Tactile representation in the nucleus basalis.
J Comp Neurol 196:407-420

Berkhoudt H, Klein BG, Zeigler HP (1982) Afferents to the trige-
minal and lascial motor nuclei in pigeon (Columba livia): Cen-
tral connections of jaw motorneurons. J Comp Neurol
209:301-312

Boord RL (1968) Ascending projections ol the primary cochlear
nuclei and nucleus laminaris in the pigeon. J Comp Neurol
133:523-542

Cohen DH, Karten HJ (1974) The structural organization of avian
brain: an overview. In: Goodman 1J, Schein MW (eds) Birds,
Brain and Behavior. Academic Press, New York San Francisco
London, pp 29-71

Correia MJ, Eden AR, Westlund KN, Coulter JD (1982) Organiza-
tion of ascending auditory pathways in the pigeon (Columba



546

livia) as determined by autoradiographic methods. Brain Res
234:205-212

Delius JD (1971) Foraging behavior patterns of herring gulls eli-
cited by electrical forebrain stimulation. Experientia
27:1287-1289

Delius JD (1985) The pecking of the pigeon: free for all. In: Lowe
CF, Richelle M, Blackman DE, Bradshaw CM (eds) Behaviour
analysis and contemporary psychology. Erlbaum, New York

Delius JD, Runge TE, Oeckinghaus H (1979) Short latency audito-
ry projections to the frontal telencephalon of the pigeon. Exp
Neurol 63:594-609

Dubbeldam JL., Brauch CSM, Don A (1981) Studies on the soma-
totopy of the trigeminal system in the mallard, Anas platyrhyn-
chos L. 111 Afferents and organization of the nucleus basalis.
J comp Neurol 196:391-405

Ebbesson SOE (1984) Evolution and ontogeny of neural circuits.
Behay Brain Sci 7:321-366

Gentle MS (1975) Gustatory behaviour of the chicken and other
birds. In: Wright P, Caryl PG, Vowles DM (eds) Neural and
endocrine aspects of behaviour in birds. Elsevier, Amsterdam

Harman AL, Phillips RF (1967) Responses in the avian forebrain
evoked by click stimuli. Exp Neurol 18:276-286

Henton WW (1969) Conditioned suppression to odorous stimuli
in pigeons. J Exp Anal Behav 12:175-185

Hodos W, Leibowitz RW, Bonbright JC (1976) Near field acuity
of pigeons: effects of head location and stimulus luminance.
J Exp Anal Behav 25:129-141

Kallen B (1962) Embryogenesis of brain nuclei in the chick telence-
phalon. Ergeb Anat Entwicklungsgesch 36:62-82

Karten HJ (1969) The ascending auditory pathway in the pigeon
{Columba livia). 11. Telencephalic projections of the nucleus
ovoidalis thalami. Brain Res 11:134-153

Karten HJ, Hodos W (1967) A stereotaxic atlas of the brain of
the pigeon. Johns Hopkins Press, Baltimore, Maryland

Karten HJ, Hodos W (1970) Telencephalic projections of the nucle-
us rotundus in the pigeon (Columba livia). ] Comp Neurol
140:35-52

Kirsch M (1983) Antworteigenschaften und Verbindungen des
akustischen Zentrums mit kurzer Latenz im frontalen Vorder-
hirn (Sturnus vulzaris L.). Verh Disch Zool Ges 296:296

Macadar AW, Rausch LI, Wenzel BM, Hutchinson LV (1980)
Electrophysiology of the olfactory pathway in the pigeon. [
Comp Physiol 137:39-46

Mallin HD, Delius JD (1983) Inter- and intraocular transfer of
colour discriminations with mandibulation as an operant in
the head-fixed pigeon. Behav Anat Lett 3:297-309

Mariotti G, Fiore L (1980) Operant conditioning studies of taste
discrimination in the pigeon (Columba livia). Physiol Behav
24:163-168

Mesulam MM (1978) Tetramethyl benzidine for horseradish perox-

idase neurohistochemistry. A non-carcinogenic biue reaction-
product with superior sensitivity for visualizing neural afferents
and efferents. J Histochem Cytochem 26:106-117

Naumov NP, Iljitschev WD (1964) Klanganalyse im GroBhirn der
Vogel. Naturwissenschaften 51:644

Rieke GK, Wenzel BM (1978) Forebrain projections of the pigeon
olfactory bulb. J Morphol 158:41-55

Ritchie TLC, Cohen DH (1977) The avian tectofugal visual path-
way: projections of its telencephalic target, the ectostriatal com-
plex. Neurosci Abstr 3:275

Smith RF (1974) Topography of the food-reinforced key peck and
the source of 30-millisecond interresponse times. J Exp Anal
Behav 21:541-551

Veenman CL (1984) The organization of the nculeus basalis — neo-
striatum complex in the goose (Anser anser L.). Thesis, Univer-
sity Leiden, Netherlands

Wallenberg A (1903) Der Ursprung des Tractus isthmo-stnatus
(oder bulbo-striatus) der Taube. Neurol Zentralbl 22:98-101

Wallenberg A (1966) Beitriige zur vergleichenden Anatomie des
Zentralnervensystems. J Hirnforsch 7:275-300

Wild JM, Zeigler HA (1980) Central representation of the jaw
muscles within the facial and trigeminal nuclei of the pigeon
(Columba livia). ] Comp Neurol 192:175-201

Wild JM, Arends JJA, Zeigler HP (1984) A trigeminal sensorimo-
tor circuit for pecking, grasping and feeding in the pigeon (Col-
wmba livia). Brain Res 300:146-151

Wild JM, Arends JJA, Zeigler HP (1985) Telencephalic connections
of the trigeminal system in the pigeon (Columba livia): a trige-
minal sensorimotor circuit. ] Comp Neurol 234:441-464

Wilson VI, Felpel LP (1972) Specificity of semicircular input to
neurons in the pigeon’s vestibular nuclei. J Neurophysiol
35:253-264

Witkovsky P, Silver R, Zeigler HP (1973) The nucleus basalis of
the pigeon: a single unit analysis. J] Comp Neurol 147:119-128

Wold JE (1975) The vestibular nuclei in the domestic hen (Gallus
domesticus). 11. Primary afferents. Brain Res 95:531-543

Wiirdinger 1 (1979) Olfaction and feeding behaviour in juvenile
geese (Anser a. anser and Anser domesticus). Z Tierpsychol
49:132-135

Zecha A (1962) The “pyramidal tract™ and other telencephalic
efferents in birds. Acta Morphol Neerl Scand 5:194-195

Zeier H, Karten HJ (1971) The archistriatum of the pigeon: organi-
zation of afferent and efferent connections. Brain Res
31:313-326

Zeigler HP (1976) Feeding behavior of the pigeon. Adv Study Be-
hay 7:285-389

Zweers GA (1982) Pecking of the pigeon (Columba livia L.). Behav-
iour 81:173-230





