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Abstract––Dopaminergic axons arising from midbrain nuclei innervate the mammalian and avian
telencephalon with heterogeneous regional and laminar distributions. In primate, rodent, and avian
species, the neuromodulator dopamine is low or almost absent in most primary sensory areas and is most
abundant in the striatal parts of the basal ganglia. Furthermore, dopaminergic fibres are present in most
limbic and associative structures.
Herein, the distribution of DARPP-32, a phosphoprotein related to the dopamine D1-receptor, was
investigated in the pigeon telencephalon by immunocytochemical techniques. Furthermore, co-occurrence
of DARPP-32-positive perikarya with tyrosine hydroxylase-positive pericellular axonal ‘‘baskets’’ or
glutamate decarboxylase-positive neurons, as well as co-occurrence of tyrosine hydroxylase and glutamate
decarboxylase were examined. Specificity of the anti-DARPP-32 monoclonal antibody in pigeon brain was
determined by immunoblotting. The distribution of DARPP-32 shared important features with the
distribution of D1-receptors and dopaminergic fibres in the pigeon telencephalon as described previously.
In particular, DARPP-32 was highly abundant in the avian basal ganglia, where a high percentage of
neurons were labelled in the ‘‘striatal’’ parts (paleostriatum augmentatum, lobus parolfactorius), while
only neuropil staining was observed in the ‘‘pallidal’’ portions (paleostriatum primitivum). In contrast,
DARPP-32 was almost absent or present in comparatively lower concentrations in most primary sensory
areas. Secondary sensory and tertiary areas of the neostriatum contained numbers of labelled neurons
comparable to that of the basal ganglia and intermediate levels of neuropil staining. Approximately up to
one-third of DARPP-32-positive neurons received a basket-type innervation from tyrosine hydroxylasepositive fibres in the lateral and caudal neostriatum, but only about half as many did in the medial and
frontal neostriatum, and even less so in the hyperstriatum. No case of colocalization of glutamate
decarboxylase and DARPP-32 and no co-occurrence of glutamate decarboxylase-positive neurons and
tyrosine hydroxylase-basket-like structures could be detected out of more than 2000 glutamate
decarboxylase-positive neurons examined, although the high DARPP-32 and high tyrosine hydroxylase
staining density hampered this analysis in the basal ganglia.
In conclusion, the pigeon dopaminergic system seems to be organized similar to that of mammals.
Apparently, in the telencephalon, dopamine has its primary function in higher level sensory, associative
and motor processes, since primary areas showed only weak or no anatomical cues of dopaminergic
modulation. Dopamine might exert its effects primarily by modulating the physiological properties of
non-GABAergic and therefore presumably excitatory units.  1998 IBRO. Published by Elsevier Science
Ltd.
Key words: DARPP-32, dopamine, D1 receptor, glutamate decarboxylase, tyrosine hydroxylase, pigeon,
immunocytochemistry.

The mesotelencephalic dopaminergic system of mammals9,12,39 and birds46,61,97,103 consists of a relatively
small population of dopaminergic midbrain neurons
in the ventral tegmentum and substantia nigra (cell
groups A8, A9 and A10) which project diffusely to
‡To whom correspondence should be addressed.
Abbreviations: ABC, avidin–biotin conjugate; DAB, 3,3 diaminobenzidine; GAD, glutamate decarboxylase;
PAGE, polyacrylamide gel electrophoresis; PB, phosphate buffer; PBS, phosphate-buffered saline; SDS,
sodium dodecyl sulphate; TH, tyrosine hydroxylase; VIP,
Vector VIP substrate kit; +, positive immunosignal.

various limbic, motor and association areas. Primary
sensory structures receive much weaker innervation.9,10,39,51,61,103 In mammals, the most prominent telencephalic target areas of the dopaminergic
innervation are parts of the basal ganglia (caudate–
putamen, nucleus accumbens), the prefrontal cortex,
and the olfactory, entorhinal and anterior cingulate
cortex. There are considerable differences in the
distributions of dopaminergic fibres in the cortex of
rodents and primates.9 For example, in primates the
cortical motor areas (supplementary motor, premotor and motor cortex) are also densely innervated
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whereas in rats they are not. In addition to these
area-specific differences in dopaminergic intensity,
differential patterns of laminar distribution have also
been observed.9
The dopaminergic system plays an important
role in instrumental learning and working
memory.2,4,6,15,74,75,82,86,90,91 For example, blockade
of D1-receptors in the primate prefrontal cortex
produces severe deficits in a spatial delayed response
task.75 There is evidence that dopamine (DA) is more
involved in the acquisition of instrumental responses
than in their performance.6 Dopaminergic midbrain
neurons are active in new situations where reward or
reward predicting stimuli occur.55,80,81 However,
after acquisition of the operant, stimulus-triggered
activity disappears in most dopaminergic units. In
accordance with these data, Montaron et al.60
showed that lesions of the ventral tegmentum in the
cat disrupt periods of explorative behaviour and
focal attention. Also, the 35–45 Hz electroencephalographic rhythms normally associated with these
states disappear in ventral tegmentum-lesioned
animals. Computational models of dopaminergic
function suggest that dopamine may enable fast
learning in new or unexpected and biologically
significant situations by suppressing interference
with previously learned associations and aiding
‘‘relearning’’ of connections.25
Although extensive data have been accumulated
on the anatomy and functional relevance of the
dopaminergic system, detailed comparative information concerning the neural architecture within which
dopaminergic fibres interact with other chemically
identified systems is lacking. To gain further insight
into the structural basis of dopaminergic function, we
extended previous studies on the dopaminergic innervation of pigeon telencephalon, which demonstrated
substantial similarities to mammals.21,22,40,46,61,97,103
Here, the distribution of DARPP-32 throughout the
pigeon telencephalon was analysed and estimates of
the percentage of DARPP-32-positive (DARPP-32+)
neurons in selected telencephalic regions are provided. Furthermore, co-occurrence of DARPP-32,
tyrosine hydroxylase (TH) and glutamate decarboxylase (GAD) was investigated. DARPP-32 is a
dopamine- and cAMP-regulated phosphoprotein
(32000 mol. wt), which is closely associated with cells
expressing the dopamine D1-receptor.8,38,63,64,96 The
D1 receptor is the principal dopamine receptor subtype in mammalian cortex39 and bird telencephalon
outside the basal ganglia.19 It has been implicated in
working memory and associative learning.6,75 TH,
the rate-limiting enzyme in the synthesis of catecholamines, is present in catecholaminergic neurons and
fibres. A special feature of the dopaminergic innervation of pigeon telencephalon is the presence of
‘‘basket’’-like structures93,103 in which dopaminergic
fibres densely coil around single somata and thereby
provide a massive input to them.56 Baskets make
possible the observation of postsynaptic targets of

dopaminergic innervation at the light microscopic
level. We therefore investigated co-occurrence of
DARPP-32+ neurons and TH baskets. More interestingly from a functional perspective, we determined
whether GABAergic neurons, as assessed by
GAD immunoreactivity, receive this type of dense
catecholaminergic input. In addition, colocalization
of GAD and DARPP-32 was analysed, which
would indicate the expression of D1-receptors in
GABAergic neurons.
EXPERIMENTAL PROCEDURES

Animals and tissue preparation
A total of 14 adult pigeons (Columba livia) from local
stock were used. Animals were injected with 1000 IU
heparin 15 min prior to perfusion and deeply anaesthetized
with 0.3–0.4 ml Equithesin34 per 100 g body wt. Pigeons
were then perfused intracardially with 400 ml 0.9% saline
(40C) followed by 1000 ml of a fixative consisting of 4%
paraformaldehyde in 0.12 M phosphate buffer (PB; 4C, pH
7,4). After perfusion, brains were dissected and stored for
1 h in the same fixative to which 30% (w/v) sucrose was
added, and then transferred to 30% (w/v) sucrose in PB for
12 h at 4C. Brains were cut in frontal slices of 35–40 µm
and collected in PB containing 0.05% (w/v) NaN3 as a
preservative. Representative sections were then processed
either for a peroxidase-antiperoxidase [avidin–biotinconjugate (ABC) or Vector VIP (VIP)] or the indirect
immunofluorescence technique. Treatment of animals conformed to the specifications of the German law for the
prevention of cruelty to animals.
Immunocytochemistry: avidin–biotin-peroxidase procedure
For the ABC technique, slices were treated according to
the following procedure. Free-floating sections were incubated overnight at 4C in anti-DARPP-32 (C24-6a) from
mouse36 (working dilution 1:10000) or anti-TH from mouse
(Boehringer; working dilution 1:200) in PB containing 0.9%
(w/v) NaCl (phosphate-buffered saline [PBS]; pH 7,4) and
0.3% (v/v) Triton X-100 (Sigma). The following steps were
carried out at room temperature, separated by three washes
in PBS of 10 min each. Slices were preincubated in 10%
(w/v) bovine albumin fraction V (Serva) or sheep (Sigma)
serum in PB. After washing, slices were incubated in the
secondary antibody directed against mouse from sheep
(Boehringer) diluted 1:200 in PBS containing 0.3% Triton
X-100 for 1 h. After three washes, slices were put for 1 h in
Vectastain ABC (Vector) in PBS and 0.3% Triton X-100.
Three washes in PBS were followed by two additional
washes in 0.12 M acetate buffer (pH 6.0). Staining was
achieved by the 3,3 -diaminobenzidine-(DAB) technique
with heavy-metal amplification1,85 by adding H8N2NiO8S2
(2.5 g/100 ml), NH4Cl and CoCl2 (both 40 mg/100 ml)
or the VIP technique, yielding a black or violet signal,
respectively.
For labelling with DAB, 400 mg/100 ml â--glucose were
added to the solution. After 15 min of preincubation the
reaction was catalyzed with 100–200 IU/mg glucose-oxidase
(Sigma, type VII). In some cases, instead of â--glucose and
glucose-oxidase, a solution of 0.3% H2O2 was used to
catalyse the reaction. Finally, slices were washed three more
times for 5 min in 0.12 M acetate buffer and two times in
PBS.
For labelling with VIP, 110 µl of reagent 1 of the VIP
Substrate Kit were added to 50 ml PBS and mixed well.
Then 70 µl of reagent 2 were added and mixed well. Finally
70 µl of reagent 3 were added and mixed well. The reaction
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was started by a 0.3% H2O2 solution. Washing of slices in
PBS stopped the reaction. Slices were then mounted and
coverslipped.
Immunocytochemistry: indirect immunofluorescence procedure
For indirect immunofluorescence, the following basic
procedure was used. Slices were incubated overnight at 4C
in the first primary antibody in PBS. For DARPP-32 and
TH, but not for GAD, 0.3% (w/v) Triton X-100 was added;
Triton X-100 yields poorer staining with GAD-antibodies.
As described above, slices were washed three times (per
10 min) in PBS, preincubated in 10% (w/v) bovine serum
albumin, and then washed three more times. Slices were
then incubated for 1 h with fluorescence dye-coupled secondary antibody and the reaction was stopped by three
washes in PBS. This procedure was repeated for the second
primary antibody. The primary antibodies were diluted as
follows (the respective dilutions of the secondary antibodies
are given in brackets): mouse anti-DARPP-32 1:1000
(1:200), mouse anti-TH (Boehringer) 1:100 (1:50), rabbit
anti-GAD (Chemicon) 1:500 (1:100). Fluorescein FITC-,
Texas Red TRSC- and Rhodamine LRSC- or TRITClabelled donkey antibodies directed against mouse or rabbit
IgG (all Jackson) were used as secondary antibodies.
In some cases, the following procedure was used to
amplify the DARPP-32, TH, or GAD immunosignal.
Instead of the respective fluorescence dye-coupled secondary antibody, a biotinylated secondary antibody directed
against mouse IgG from sheep (Boehringer) was used. Slices
were then incubated in avidin-coupled fluorescein or Texas
Red (avidin DCS; Vector) for 1 h, followed by incubation in
a biotinylated tertiary antibody directed against avidin
(anti-avidin D; Vector) for 1 h, and again fluorescein or
Texas Red avidin DCS for 1 h. All these steps were carried
out in PBS with Triton X-100 omitted, and were separated
by three washes in PBS of 10 min each.
For immunofluorescence the following filters were used:
Olympus BH–IB block with additional short-pass emitter
filter G520 (FITC). Olympus BH-G with additional longpass exciter filter EO 530 (TRITC/LRSC). Chroma exciter
HQ 577/10 with dichromic beamsplitter Q 585 LP and
emitter HQ 645/75 (TRSC).
In general, fluorescence methods yielded poorer staining
with fewer cells labelled compared to the avidin–biotin–
peroxidase techniques.
Quantitative analysis
To estimate the percentage of DARPP-32+ neurons in
different brain regions, consecutive sections of 35 µm were
stained alternately for DARPP-32 as described above or
Nissl-stained with Cresyl Violet. Twenty anatomical structures, which are listed in the results section, were selected
due to functional considerations. For each of these struc-

tures, a centre region was defined as illustrated in Fig. 3,
divided into thirds, and from each third one sample area
was drawn randomly. These sample areas had a size
of 10887 µm2, which was the maximum size processed
by our image analysis system (analySIS, Münster) using
a 1002.51.6 magnification. All DARPP-32 labelled
neurons in this area were counted. By use of landmarks, the
corresponding area at the same location was selected in the
succeeding Nissl-stained section, and here also all neurons
were counted. DAB sections were shrunk by a factor of
approximately 1.43 compared to Nissl preparations and cell
countings were adjusted accordingly. The percentage of
DARPP-32+ neurons in a region was estimated by dividing
the corrected mean DARPP-32+ count by the respective
mean of Nissl-stained neurons.
For calculating percentages of DARPP-32+ neurons
located in TH-baskets, we used sections with TH+ fibres
labelled with DAB, and DARPP-32+ neurons labelled with
VIP, with anti-TH used first. As both antibodies are derived
from mouse, cross-reactions might be expected. However,
since TH labels only fibres in the telencephalon, with the
sole exception of a number of cell bodies in the olfactory
bulb,103 staining patterns of DARPP-32 and TH could
easily be separated. Proceeding in steps of 500 µm from
rostral A 13.0 to caudal A 4.5, a frame of size 9580 µm2
was moved across the whole lateromedial and dorsocaudal
extent of the telencephalon with a constant step size of
800 µm in vertical and horizontal direction. All labelled
neurons within the area enclosed by the frame were checked
for being enwrapped by a TH-basket. The same basic
procedure was applied to the investigation of GAD/TH and
GAD/DARPP-32 co-localizations. However, in these analysis, indirect immunofluorescence was used, since double
labelling against GAD and TH with ABC produced a high
background such that the GAD signal could not be well
discriminated.
Control experiments
For GAD, a blocking experiment was performed. Slices
were incubated in the primary antibody together with
the GAD antigen (103 M, Worthington) and then
processed according to the ABC-technique. This resulted
in an unspecific light brown staining. The specificity of
the antibody directed against DARPP-32 was assessed by
immunoblotting (see below).
As controls for the fluorescence double-labelling studies,
in different trials either one of the two primary or one of the
secondary antibodies was omitted. In all of these cases, no
specific staining or no signal at all could be detected for the
respective target protein.
Immunoblotting
Samples of pigeon brain cerebellum and neostriatum were
rapidly dissected and frozen. Frozen brain samples were

Abbreviations used in the figures
Acc
Ad
Aid
Aiv
Ap
APH
Av
Bas
CDL
E
Ep
FPL
HA
HD
Hp
HV

nucleus accumbens
archistriatum, pars dorsalis
archistriatum intermedium, pars dorsalis
archistriatum intermedium, pars ventralis
archistriatum posterior
area parahippocampalis
archistriatum, pars ventralis
nucleus basalis
area corticoidea dorsolateralis
ectostriatum
peri-ectostriatal belt
fasciculus prosencephali lateralis
hyperstriatum accessorium
hyperstriatum dorsale
hippocampus
hyperstriatum ventrale
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INP
L1
L2
LPO
NC
N
NCL
NFL
NFT
PA
PP
SL
SM
Tn
TPO

nucleus intrapeduncularis
auditory field L1
auditory field L2
lobus parolfactorius
neostriatum caudale
neostriatum
neostriatum caudolaterale
neostriatum frontolaterale
neostriatum frontale, pars trigeminale
paleostriatum augmentatum
paleostriatum primitivum
nucleus septalis lateralis
nucleus septalis medialis
nucleus taeniae
area temporo-parieto-occipitalis
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thawed and homogenized in 1% (w/v) sodium dodecyl
sulphate (SDS) and 10 µg/ml leupeptin (Chemicon).
Aliquots (100 µg of total protein determined by the bicinchoninic acid method89 with bovine serum albumin as
standard) were subjected to SDS–polyacrylamide gel electrophoresis (SDS–PAGE) on gels cast from 13% (w/v)
acrylamide and transferred to 0.2-µm nitrocellulose
membranes (Schlicher and Scheull) as described.35 Immunoblotting with anti-bovine DARPP-32 antibody C24-6a36 at
a 1:500 dilution was performed as described35 using
prestained molecular weight markers (Amersham).
RESULTS

Immunoblotting
The specificity of the antibody to DARPP-32
was demonstrated by the selective labelling of
a single protein of 32,000 mol.wt in pigeon neostriatum (Fig. 1). No immunoreactive protein was
detected in the cerebellum by immunoblotting or by
immunocytochemistry.
Distribution of DARPP-32
The antibody directed against DARPP-32 stained
a number of neurons to a large extent so that
fine dendritic processes with spines were clearly
visible (Figs 2D–F, 4D). More often, however, only
somata with the first segments of stem dendrites were
labelled (Fig. 2B, C). Neurons of various sizes and
shapes were stained, with soma diameters ranging
from about 5–25 µm. Neurons also differed considerably in their degree of staining intensity.
Telencephalic regions differed with respect to the
ratio of soma to neuropil staining. Whereas, for
example, in the paleostriatum primitivum the
neuropil was densely stained and neurons seemed to
be selectively spared (Fig. 5B), in the nucleus basalis
there was almost no neuropil staining while a large
number of somata were clearly DARPP-32+ (Fig.
4A). To acknowledge the different contributions of
neuropil and soma labelling, telencephalic subdivisions were classified according to two different
schemes with four categories each. The results are
shown in Fig. 3. The first categorization was based on
neuropil staining intensity. Structures were defined as
‘‘1’’ when being virtually devoid of any labelling, as
‘‘2’’ for a light neuropil staining, as ‘‘3’’ for considerably stronger staining, and as ‘‘4’’ for extremely
dense staining (Fig. 2A). The second categorization
was based on the percentage of DARPP-32+
neurons. Percentage estimates were obtained as
described in Experimental Procedures for a subset of
20 areas, selected for functional reasons. Primary
sensory forebrain areas included in our analysis were
the ectostriatum of the visual tectofugal,7 the hyperstriatum dorsale pars lateralis of the visual thalamofugal,44 field L2 of the auditory,13 and nucleus basalis
of the trigeminal system.78 The intercalated nucleus
of the hyperstriatum accessorium, a further termination area of the visual thalamofugal pathway,33
was not included in the analysis since percentage

Fig. 1. Characterization of the specificity of anti-DARPP-32
monoclonal antibody C24-6a by immunoblotting. Samples
of pigeon cerebellum (left 2 lanes) and neostriatum (right 2
lanes) were dissected from the brain, homogenized in SDS,
subjected to SDS–PAGE (13% acrylamide), and electrophoretically transferred to a nitrocellulose membrane as
described in Experimental Procedures. The nitrocellulose
membrane was labelled with a 1:500 dilution of monoclonal
antibody C24-6a, followed by 1:500 rabbit anti-mouse IgG
and 125I-labelled protein A, and analysed by autoradiography. Pigeon DARPP-32 (32,600 mol.wt) is indicated by the
arrow. Samples contained 100 µg of total brain protein.

estimates of labelled neurons could not be obtained
reliably in this extremely thin structure. The secondary sensory forebrain areas included in our analysis
were the ectostriatal belt, which receives afferents
from the ectostriatal core,73 the hyperstriatum accessorium as the projection zone of the lateral hyperstriatum dorsalis,84 field L1, which receives afferents
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Fig. 2. DARPP-32 immunolabelling in the pigeon forebrain. (A) Frontal section at level A 9.00 according
to the pigeon brain atlas of Karten and Hodos,43 illustrating the four categories of DARPP-32+ neuropil
staining (see text). Paleostriatum augmentatum and paleostriatum primitivum, displaying the densest
neuropil labelling, were classified as ‘‘4’’, ectostriatum (E), showing almost no labelling, as ‘‘1’’,
neostriatum as ‘‘3’’, and hyperstriatum ventrale as ‘‘2’’. (B, C) Most DARPP-32+ cells displayed only
labelling of the soma and initial dendritic segments. (D–F) In some neurons, however, also fine dendritic
processes and spines were visible. Photomicrographs were taken from the nucleus basalis (B), neostriatum
frontolaterale (C), ventromedial hippocampus (D), border of ectostriatum and ectostriatal belt (E), and
medial septum (F). Scale bars=250 µm (A); 50 µm (B, D, E); 20 µm (C); 15 µm (F).
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Fig. 3. Distribution of DARPP-32 in pigeon telencephalon (levels according to the atlas of Karten and
Hodos43). The left side of each section shows the relative density of DARPP-32+ neuropil staining; on the
right side shading codes for the percentage of DARPP-32+ neurons. Telencephalic regions, for which no
percentage estimates were obtained (see text), appear blank. Frames indicate the areas from which samples
for counting were actually drawn as described in Experimental Procedures.

from L2,100 and the neostriatum frontale, pars
trigeminale, which is innervated by the primary
trigeminal nucleus basalis.99 Multimodal (tertiary)
areas were the neostriatum caudolaterale as defined
by Waldmann and Güntürkün93 with its afferents
from ectostriatal belt,73 hyperstriatum accessorium,84
L1,67 and neostriatum frontale trigeminale.99 Three
further multimodal structures, which comprise the

pallium externum of Veenman et al.,94 were included
in our analysis: the neostriatum frontolaterale as
defined by Shimizu et al.84 with its afferents from
hyperstriatum accessorium/hyperstriatum dorsale84
and ectostriatal belt;73 the temporo-parieto-occipital
area, and the area corticoidea dorsolateralis. The
latter two are known to receive visual afferents from
hyperstriatum dorsale84 and ectostriatal belt,94 as
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Fig. 4. DARPP-32 immunoreactivity in primary and adjacent secondary sensory areas of the pigeon
telencephalon. (A) The trigeminal nucleus basalis displays a high number of DARPP-32+ neurons,
although neuropil staining is very low in this area. (B) Primary auditory field L2 shows almost no labelling
in contrast to the adjacent secondary areas. (C) Hyperstriatum dorsale, from which the lateral portion
receives thalamic input and is part of the primary thalamofugal visual system, shows clearly less soma and
neuropil labeling than its secondary projection zone, the hyperstriatum accessorium. (D) Single DARPP32-positive cell in the otherwise unstained ectostriatum (E), surrounded by the ectostriatal belt and the
neostriatum. Scale bars=500 µm (A–C); 200 µm (D).

well as trigeminal afferents from neostriatum frontale
trigeminale.24 The archistriatum intermedium with
its descending projections to various brainstem structures was considered as a motor output area.105
Limbic structures included in our analysis were
the archistriatum ventrale and archistriatum posterior.94,105 The lobus parolfactorius, the paleostriatum augmentatum, and the paleostriatum primitivum
were analysed as parts of the avian basal ganglia.42,69,94 The description of DARPP-32 distribution follows this functional classification. Fig. 3
depicts the topographical distribution of neuropil
staining density and the DARPP-32+ neuron
percentage classification.
Primary sensory areas. Primary sensory regions
showed the lowest DARPP-32 immunoreactivity of
all telencephalic areas (Figs 3, 4). The ectostriatum
and field L2 appeared almost completely blank, containing only few broadly scattered cells (Figs 2A, 4B,
D). The lateral hyperstriatum dorsale had more
neuropil staining and labelled neurons, but was considerably lower in both respects compared to most

secondary sensory and tertiary areas, particularly its
secondary projection zone, the hyperstriatum accessorium (Fig. 4C). The primary sensory area of the
trigeminal system, the nucleus basalis, was an exception. Although it showed very light neuropil staining,
it actually contained the highest percentage of
DARPP-32+ neurons of all selected areas (Figs
2B, 4A).
Secondary sensory areas. The secondary sensory
areas of the visual-tectofugal (ectostriatal belt),
visual-thalamofugal (hyperstriatum accessorium) and
auditory (L1) system ranked clearly higher in both
neuropil labelling and the relative number of
DARPP-32+ neurons when compared to the respective primary sensory areas (Fig. 3). As mentioned
above, the trigeminal system was an exception with
the neostriatum frontale trigeminale having a much
denser neuropil staining than the nucleus basalis, but
containing a lower percentage of labelled neurons
than the latter one (Fig. 4A). In general, secondary
structures displayed approximately equal relative
numbers of DARPP-32+ neurons. Only the caudally
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Fig. 5. DARPP-32 immunoreactivity of pigeon motor and limbic structures. (A) Avian basal ganglia at
level A 8.50. (B) Border between the paleostriatum augmentatum, in which both neuropil and cell bodies
were extensively labelled, and the paleostriatum primitivum, which showed only neuropil labelling. (C)
Archistriatum at level A 7.50. While the ventral archistriatum contains many DARPP-32+ neurons, the
dorsal archistriatum (Ad) displays only neuropil labelling, with the exception of a dorsomedial rim where
also high perikaryal labelling could be observed (arrowhead). Unstained fibres of the tractus occipitomesencephalicus travel through the archistriatum ventrale. (D) Septum, showing two DARPP-32+ cell
populations in the lateral and ventromedial part. Scale bars=1000 µm (A); 250 µm (B); 500 µm (C, D).

located field L1 scored lower than the more rostral
structures.
Tertiary areas. The tertiary structures neostriatum
frontolaterale, area temporo-parieto-occipitalis, corticoidea dorsolateralis, neostriatum caudolaterale,
and the caudal neostriatum were stained homogeneously at medium to high densities. Based on the
intensity of neuropil labelling as well as on the
percentage of DARPP-32+ neurons, these areas
could not be differentiated from the secondary
sensory structures (Fig. 3). Among the tertiary
regions, the more rostral areas of the neostriatum
(neostriatum frontolaterale, area temporo-parietooccipitalis, corticoidea dorsolateralis) showed more
DARPP-32+ neurons than the caudal components
(neostriatum caudale, neostriatum caudolaterale).
Motor and limbic structures. According to neuropil
staining intensity, structures of the avian basal ganglia (paleostriatum augmentatum, paleostriatum
primitivum, lobus parolfactorius) were most heavily
labelled and could not be distinguished from each
other (Figs 2A, 3, 5A). Lobus parolfactorius and
paleostriatum augmentatum also contained a high

percentage of DARPP-32+ neurons, whereas in the
paleostriatum primitivum only a very small number
of cells was labelled (Fig. 5B). On the basis of cell
counting alone, no difference between lobus
parolfactorius/paleostriatum augmentatum and secondary or tertiary areas could be observed (Fig. 3).
The nucleus accumbens and the bed nucleus of the
stria terminalis, according to the definition of
Veenman et al.,94 also showed a considerable number
of labelled cells.
Neuropil labelling in the archistriatum was homogeneous, comparable to the neostriatal regions and
considerably lower than in the basal ganglia (Figs 3,
5C). The ventral portions of the ‘‘motor’’ as well as
of the ‘‘limbic-visceral’’ archistriatum demonstrated
a high percentage of DARPP-32+ neurons (Fig. 3).
In contrast, in the dorsal parts of the archistriatum mainly neuropil was labelled, with exception
of a small dorsomedial rim of labelled perikarya
(Fig. 5C).
Other limbic structures in the telencephalon of
the pigeon include the hippocampal system and the
septum. Neuropil labelling in most regions of the
hippocampus was comparable to that of the archistriatum and higher sensory and multimodal areas of
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Fig. 6. TH+ fibres and DARPP-32+ neurons in the pigeon caudal neostriatum. (A, B) TH+ baskets
consist of axons densely coiling around single perikarya and initial dendritic segments, so that neurons
virtually become visible by the TH+ signal alone. (C–E) VIP-stained DARPP-32+ neurons enwrapped by
DAB-stained TH+ fibres. Scale bars=30 µm (A); 20 µm (B, D, E); 50 µm (C).

the neostriatum. Also, a high number of DARPP32+ neurons was observed in the ventromedial area
and at the lateral border, which probably correspond
to the V-shaped region and area 7 of Krebs et al.47
and Erichsen et al.26 (Fig. 2D). The medial border,
however, which is part of the ventromedial and
inferior dorsomedial region as defined by these
authors, was found to be completely blank. In the
septum, DARPP-32 immunoreactivity strongly paralleled the distribution of TH+ fibres. Only two
restricted portions of the lateral and ventromedial
septum, the latter probably corresponding to the
nucleus commissuralis of Baylé et al.,5 contained
numbers of DARPP32+ cells, while the whole sep-

tum demonstrated very low levels of DARPP-32+
neuropil staining (Fig. 5D).
Co-occurrence of DARPP-32 and tyrosine hydroxylase baskets
‘‘Baskets’’, which consist of fibres densely coiling
around single perikarya and initial dendritic segments, represent a striking feature of catecholaminergic innervation in avian telencephalon (Fig. 6A, B).
As illustrated in Fig. 6C–E and Fig. 7A, a number
of DARPP-32+ neurons receive input from TH+
baskets. To obtain estimates of the percentage of
DARPP-32+ neurons located in TH-baskets, a total
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Fig. 7. Fluorescence double-labelling against (A) DARPP-32 and TH, (B) GAD and TH, and (C)
DARPP-32 and GAD. The photomicrographs of each pair were taken from the same site in caudal
neostriatum of the pigeon telencephalon. Two of three DARPP-32+ neurons (A1) are surrounded by TH+
baskets (A2). GAD+ neurons (B1) do not receive input from TH+ baskets (B2). GAD+ neurons (C2) do
not show DARPP-32 immunoreactivity (C1), although GAD+ and DARPP-32+ neurons may occur in
close vicinity to each other. Arrows mark corresponding positions in each pair. In C, open and filled
arrows indicate positions of DARPP-32+ and some GAD+ cells, respectively. Scale bars=30 µm (A, B);
40 µm (C).

of 3692 neurons were examined. Analysis of several
regions were pooled and classified into one of three
categories. Because of the extremely dense meshwork
of TH+ fibres and the very high DARPP-32 abun-

dance in regions of the avian basal ganglia (paleostriatum augmentatum, paleostriatum primitivum,
lobus parolfactorius), reliable countings were impossible here and these areas were not included in the

Distribution of DARPP-32 in pigeon telencephalon

analysis. The highest percentage of co-occurrence
was seen in the multimodal lateral and caudal neostriatum (area temporo-parieto-occipitalis/corticoidea
dorsolateralis/neostriatum caudale/neostriatum caudolaterale: 15–30%). This value was lower in the
intermediate medial and frontal neostriatum (including ectostriatal belt/neostriatum frontolaterale/
neostriatum frontale trigeminale: 5–15%). The lowest
percentage of co-occurrences was observed in the
hyperstriatal and hippocampal regions (hyperstriatum accessorium/area parahippocampalis/hippocampus: <5%), although these areas were rich in
DARPP-32+ neurons. Also, many TH-baskets
containing no DARPP-32-labelled neurons were
observed throughout the telencephalon. Forebrain
regions differed with respect to the number of fibres
constituting single baskets. Baskets in the caudal
neostriatum consisted of a large number of axonal
loops surrounding perikarya and initial dendrites,
while TH+ fibres in the frontal neostriatum coiled
only a few times around single somata.97
Co-occurrence of glutamate decarboxylase and tyrosine hydroxylase baskets
To examine whether GAD+ neurons receive THbasket-type input, 861 GAD+ neurons and 636 THbaskets throughout the telencephalon were inspected.
As demonstrated in Fig. 7B, no co-occurrence
was found. However, in the lobus parolfactorius,
paleostriatum augmentatum and paleostriatum
primitivum reliable counting could not be obtained
due to the dense net of catecholaminergic fibres in
these regions.
Co-localization of glutamate decarboxylase and
DARPP-32
To investigate the possible co-localization of
DARPP-32 and GAD antigen, a total of 939
DARPP-32+ and 1149 GAD+ neurons throughout
the telencephalon were examined. No co-localization
was observed. Fig. 7C shows examples of neurons in
the neostriatum, labeled for GAD and DARPP-32,
respectively. However, in the basal ganglia the possibility of co-localization cannot be excluded with
certainty, since the high DARPP-32 staining density
in these regions hampered the analysis.
DISCUSSION

The present study describes the distribution of
DARPP-32 in the avian telencephalon and provides
a classification of telencephalic regions in terms of
their neuropil staining intensity and DARPP-32+
neuron numbers. Additionally, co-localization of
GAD and DARPP-32-labelled cells and their
co-occurrence with TH-labelled axonal baskets were
investigated.

773

Distribution of DARPP-32
The strongest DARPP-32 immunoreactivity was
observed in parts of the avian basal ganglia, namely
the paleostriatum augmentatum, lobus parolfactorius
and paleostriatum primitivum, which are regarded as
equivalent to the mammalian caudate–putamen and
globus pallidus, respectively.94 In the paleostriatum
augmentatum/lobus parolfactorius both fibres and
somata were densely labelled. In these areas, TH+
and DA+ fibres have been shown to contact predominantely dendritic spines but also somata, suggesting possible sites for dopamine receptors.41 The
strong staining in the paleostriatum primitivum on
the other hand resulted almost exclusively from
neuropil labelling (see Fig. 5B). This clear difference
in somatic labeling between the paleostriatum
augmentatum/lobus parolfactorius and paleostriatum primitivum corresponds to results obtained
with other markers of the dopaminergic system in
mammals and birds: the abundance of dopaminergic
fibres as well as of D1 and D2 receptors is highest
in the caudate–putamen and the paleostriatum
augmentatum/lobus parolfactorius of the mammalian and avian basal ganglia, but is relatively low
in the globus pallidus and the paleostriatum primitivum, respectively.3,9,14,39,61,71,79,92,103,104 The dense
neuropil labelling in the paleostriatum primitivum
may stem from descending D1-positive axons, as in
the globus pallidus of rats where DARPP-32+ and
D1- but not D2 receptor-positive axons have been
described surrounding unlabelled perikarya and
dendrites.62,104 These axons probably belong to the
descending striatonigral and striatoentopeduncular
tract.104
Besides the basal ganglia, several other structures
of the avian motor and limbic system showed
medium-to-high
DARPP-32
immunoreactivity,
namely the archistriatum and the area parahippocampalis/hippocampus. According to Zeier and
Karten,105,106 the anterior two thirds of the archistriatum (archistriatum pars dorsalis and archistriatum intermedium) correspond to the mammalian
motor cortex, whereas the archistriatum posterior
and pars ventralis have been compared to the mammalian amygdala. In the present study, neurons in
the ventral parts of the motor as well as of the limbic
archistriatum were strongly DARPP-32 labelled
while in the dorsal parts only neuropil was labelled.
This finding stands in contrast to the pattern
described for dopaminergic fibres in the archistriatum by Wynne and Güntürkün,103 who found
dopamine baskets, presumably innervating somata,
especially in those archistriatal portions where no or
few DARPP-32 cells were labelled. D2 receptors
cannot account for the observed mismatch, since
these are known to have extremely low densities
outside the basal ganglia.19,71,92 However, differences
regarding the dopaminergic innervation and the
distribution of dopamine receptors also exist in
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motor output areas of various mammalian species. In
primates, the motor cortex receives an exceptionally
strong dopaminergic innervation9,12,101 but displays
only a sparse distribution of DARPP-32-labelled
cells and contains only medium densities of D1
receptors.8,17,52,53,63,72
DARPP-32 soma and neuropil labelling revealed a
general pattern of low or no staining in primary and
much stronger labelling in secondary and multimodal
association areas (see Fig. 3). This is in good agreement with studies on the distribution of dopaminergic fibres and D1 receptors in birds.19,61,103 It is also
in accordance with data from rodents and primates,
where the density of D1-receptors and dopaminergic
fibres is lowest in primary sensory but higher in
secondary and association cortices.9,10,39,51
The nucleus basalis is a notable exception from the
rule outlined above. Although showing weak
neuropil labelling, it contains a high percentage of
DARPP-32+ neurons (see Fig. 4A). This observation
contrasts with results for other primary sensory
regions and could be linked to other peculiarities of
the pigeon’s trigeminal system. The nucleus basalis
receives, among other afferents, direct input from the
nucleus sensorius principalis nervi trigemini and
projects through other forebrain areas to rhombencephalic structures related to pecking.76,78,98,99 It is
thus the only avian forebrain structure with sensory
afferents bypassing the thalamus. The projection via
the nucleus basalis, neostriatum frontale trigeminale
and archistriatum constitutes a trigeminal circuit for
the control of pecking.76,77,107 Within this circuit,
sensory signals and motor outputs probably have to
be integrated within extremely short time spans.
Therefore, dopaminergic modulation (see general
discussion) might start earlier in this system than in
other sensorimotor circuits.
The presence of DARPP-32+ cells within the
nucleus basalis contrasts with a number of previous
anatomical studies. According to Dietl and
Palacios19 the levels of D1 receptors in the nucleus
basalis are negligibly low. Kusunoki48 could also not
reveal monoaminoxidase activity in the nucleus
basalis, and Wynne and Güntürkün103 were unable
to detect dopaminergic fibres in this structure. In
contrast to these anatomical results, behavioural data
make it likely that dopaminergic modulation exists
within this nucleus. Apomorphine-induced pecking
fits are accompanied by an increase of glucose uptake
in the nucleus basalis18 and intracranial apomorphine
injections into this structure induce stereotypical
pecking bouts.54 Therefore, nucleus basalis was
thought to be a central element of apomorphine
triggered pecking stereotypies and to possess
dopamine receptors.18 This last assumption was
strengthened by the finding of Wynne and Delius102
that nucleus basalis lesions significantly reduce pecking fits after apomorphine injection. The present
finding of a prominent group of DARPP-32+ cells in
the nucleus basalis does not fit easily with the chemo-

anatomic results gathered up to now but may provide
an anatomical clue to behavioural data.
According to biochemical, hodological and behavioural results, the neostriatum caudolaterale has been
suggested as an avian equivalent of the prefrontal
cortex.20–22,32,57,58,68,97,103 The dopaminergic innervation of the neostriatum caudolaterale is among the
strongest in the pigeon telencephalon,22,97,103 just as
it is in the mammalian prefrontal cortex.10,39,51,101
The percentage of DARPP-32+ neurons in the neostriatum caudolaterale, as revealed in the present
study, is lower than in the secondary sensory areas
ectostriatal belt or neostriatum frontale trigeminale,
while this pattern is reversed for the innervation by
dopaminergic fibres in these regions.103 Again, this
finding parallels data from mammals: The dorsolateral prefrontal cortex of adult monkeys also displays a low number of DARPP-32+ neurons despite
its dense dopaminergic innervation.8
DARPP-32 AS A MARKER FOR D1 RECEPTORS

In rodents and primates the distribution of
DARPP-32 has been found to parallel the distribution of cells possessing D1 receptors.8,36,63,64,96
Receptors of the D1 family are positively coupled to
adenylyl cyclase activity and can thus stimulate
cAMP synthesis.45 This in turn leads to phosphorylation of DARPP-32 via cAMP-dependent protein
kinase, resulting in inhibition of phosphatase-1.37,38
DARPP-32 acting as an intracellular ‘‘third
messenger’’ is thus involved in mediating the D1
receptor-dependent effects of dopamine.
Key features of the distribution of dopaminergic
fibres and D1-receptors in the avian brain, such as
sparing of primary sensory areas or dense innervation of structures of the basal ganglia,3,19,61,71,92,97,103
could also be observed in the distribution of DARPP32. There are some exceptions, however. Richfield
et al.71 and Stewart et al.92 demonstrated higher
D1-specific binding in hyperstriatum ventrale than in
neostriatum, while this pattern is reversed with
DARPP-32. Mismatches in the distributions of
DARPP-32 and D1 receptors have also been noted in
mammals, e.g., in primate motor cortex.8 In general,
however, these distributions overlap to a high degree,
and DARPP-32 thus seems to represent a useful
marker for dopaminoceptive cells expressing D1
receptors within the mammalian as well as within the
avian telencephalon.
It has been noted that glia may also contain
DARPP-32.8,64 Thus, the cell counting analysis presented here may contain overestimations. However,
most DARPP-32+ cells observed were larger than
glia cells (Ø>6 µm) or expressed clear neuronal properties like dendritic elements (see Fig. 2B–F). Also, in
Nissl-counterstained preparations, very few DARPP32+ cells were observed resembling glia cells. The
estimation error due to glia staining therefore was
probably very low in our preparations.

Distribution of DARPP-32 in pigeon telencephalon

Co-localization of glutamate decarboxylase with
DARPP-32 and co-occurrence with tyrosine hydroxylase
GAD is relatively homogeneously distributed
throughout the pigeon telencephalon.23,93 Veenman
and Reiner93 report that the distributions of GAD+
and GABA+ cells overlap almost completely, and
they estimate the fraction of GABAergic neurons to
be about 10–12% in the neo- and hyperstriatum,
showing only slight regional differences. According
to the present results, GAD+ neurons do not express
DARPP-32 and do not receive input from THbaskets. Therefore, GABAergic cells, at least in the
avian ‘‘neocortex’’, do not seem to be the target of
the dense type of dopaminergic innervation and
probably do not express D1 receptors. Yet the possibility remains that these cells express receptors of the
D2 receptor family. In mammalian neocortex, there
is indeed electrophysiological evidence that GABAergic neurons may be modulated by dopamine via D2
receptors.65,70 However, receptor autoradiography
studies in birds have shown that, with exception of
the basal ganglia, the abundance of D2 receptors
in the telencephalon is very low.19,71,79,92 Thus,
GABAergic cells in the pigeon telencephalon might
not, or at least not to an important extent, be
innervated by dopamine. Therefore presumably excitatory neurons are the main target of dopaminergic
afferents. This interpretation would also be consistent
with data from mammalian frontal cortex, where
dopaminergic axons mainly, but not exclusively,88
synapse on presumably glutamatergic pyramidal
cells,9,30,88 which also constitute the major cell
population expressing DARPP-32.8
In the pigeon basal ganglia also no co-localization
of GAD and DARPP-32 was detected. In contrast,
GABAergic neurons in mammalian caudate–
putamen express D1-receptors and very likely also
DARPP-32.39,64,104 This discrepancy may be
explained in terms of another difference between
avian and mammalian basal ganglia. The avian basal
ganglia contain only 5–10% GAD+ cells93 as
opposed to the vast majority of medium spiny
neurons in mammalian basal ganglia, which are
supposed to utilitize GABA.31 Yet, for several
reasons we cannot exclude the possibility that some
GAD/DARPP-32 co-localizations went unnoticed in
the present study. First, as noted in the results
section, co-localizations were difficult to analyse in
the avian basal ganglia due to the high DARPP-32
neuropil staining. Second, it is conceivable that some
GABAergic cells were indeed co-localized with
DARPP-32 but were not labelled by GAD immunohistochemistry, since Veenman and Reiner93 report a
subpopulation of small cells which show GABA but
not GAD immunoreactivity. Third, the methods used
in the present study may have been not sensitive
enough to detect all GAD+ cells. However, although
Veenman and Reiner93 note that pre-treatment of
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pigeons with colchicine enhances GAD perikaryal
labelling, the percentage of GAD+ cells in the paleostriatum as estimated by these authors (5–10%) seems
to be in the same range as in the present study.
In conclusion, the present results make it likely
that dopamine in the pigeon’s forebrain exert its
effects primarily by changing physiological parameters of non-GABAergic and thus presumably
excitatory units, although this conclusion has to be
treated with caution with respect to the avian basal
ganglia.
Co-occurrence of DARPP-32 and tyrosine hydroxylase
In the present study, a large number of DARPP32+ neurons localized in TH-baskets have been observed, although the majority of labelled perikarya
did not receive this type of dense catecholaminergic
innervation. The highest percentage of DARPP32/TH co-occurrences was found in the lateral and
caudal parts of the neostriatum and thus in parts
of the neostriatal association areas. In contrast to
primary and secondary sensory areas, these association areas are also known to have a direct link
to the avian basal ganglia.94 The finding that
there are many ‘‘empty’’ TH-baskets could be due
to noradrenergic fibres, and TH-baskets of nondopaminergic origin have indeed been demonstrated.103 Alternatively, neurons expressing other
than D1 dopamine receptor subtypes could also be
the target of the basket-type input.
General discussion
What are the possible functional implications of
the present findings and the fact that a similar
organization of the dopaminergic innervation exists
in mammals? The sparing of most primary sensory
regions by markers of dopaminergic innervation and
the medium to high levels in most other telencephalic
structures imply that dopamine has its most
prominent role in higher level sensory and motor
processes. Based on the findings by Schultz and
co-workers,2,55,80–82 who showed that dopaminergic
midbrain neurons are activated in new and
unexpected situations, and computational studies,25
one may infer that dopamine allows for rapid
strengthening of couplings between higher sensory
representations, motor outputs, and the reward value
of the behaviour. By stabilizing such new configurations, the dopaminergic system may enable the
organism to develop predictions of behavioural consequences.59,82 This type of fast and highly flexible
learning may not be that important in primary sensory regions for two reasons. First, most structural
modifications in these areas occur during pre- and
early postnatal development. In contrast, in adult
primary sensory structures there may be need
for only slight incremental modifications of, e.g.,
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receptive field properties. In line with this assumption, considerable amounts of DARPP-32 are present
in the visual cortex of infant monkeys but not in that
of adults.8 Second, only higher elaborated sensory
representations may participate in those associations
reinforced by the dopaminergic system because only
these representations may stand in a unique relationship to relevant aspects of the situation. In contrast,
there may be too many interpretational possibilities
for activity patterns in primary sensory areas. Therefore, these patterns possibly cannot become directly
coupled to certain motor functions but must first be
resolved by higher processes.
In cortex, dopamine has been shown to inhibit
spontaneous and evoked activity in vivo,11,27,29,83,95
to reduce excitatory synaptic transmission,50,66 and
to shift the probability of long-term modifications in
favour of long-term depression as opposed to longterm potentiation.16,49 Computational modelling
suggests that dopamine, by these physiological
mechanisms, suppresses the recall of previously
learned associations during learning and thereby
enables the fast formation of new couplings.25 This
hypothesis implies that dopaminergic fibres mainly
innervate excitatory neurons and that these cells are
the biggest subpopulation expressing dopaminergic
receptors. This prediction is consistent with the
present findings that GABAergic units do not
express DARPP-32 and are not targets of a strong
dopaminergic input.
A remaining question concerns why only a certain
fraction of DARPP-32+ neurons receives the dense
basket-type catecholaminergic input. It is conceivable
that these neurons serve special functions in the
innervated neural networks. One hypothesis derives
from the proposed role of dopamine in fast associative learning.25 Fast learning presumably requires
the respective neurons or cell populations to be
synchronously active for some time to allow for
long-term synaptic modifications.87 The dopaminergic system may be involved in keeping new patterns

active by inducing oscillatory processes.60 In the
avian telencephalon, the strong basket-type dopaminergic input may terminate on those excitatory
cells which can acquire pacemaker-like characteristics
in learning situations. Thereby, dopamine in the
avian brain may excert some control over the longterm formation of associations between certain
situations and profitable behaviours. Of course, these
notions are highly speculative and clearly more
evidence is needed. However, our assumptions may
guide further research on the possible functions of
dopamine in learning in different species.
CONCLUSIONS

In birds, dopaminergic innervation of the telencephalon with clear regional differences arises from
the midbrain nuclei tegmenti pedunculopontinus pars
lateralis and area ventralis tegmentalis, comparable
to the projections from the mammalian substantia
nigra pars compacta and area ventralis tegmentalis,
respectively.46,97 Our study shows that dopaminergic
innervation of the pigeon telencephalon is comparable to that of mammals in three important respects.
First, DARPP-32, and therefore presumably the D1
receptor, is most abundant in parts of the avian basal
ganglia and is present in medium to high concentrations in most other telencephalic secondary sensory, associative, limbic and motor regions. Second,
the primary auditory and visual areas show no or
only weak DARPP-32 labelling. Third, GAD+ neurons are not co-localized with DARPP-32 and do not
receive TH-basket input. Thus, dopamine presumably mainly innervates excitatory forebrain units in
pigeons, a situation at least partly comparable to
ammalian neocortex.9,28,30,88
Acknowledgements—Supported by grants to O.G. of the
Deutsche Forschungsgemeinschaft through its graduate
program KOGNET and its Sonderforschungsbereich
NEUOROVISION as well as by the Alfried Krupp–
Stiftung.

REFERENCES

1.
2.
3.
4.
5.
6.
7.
8.
9.

Adams J. C. (1981) Heavy metal intensification of DAB-based HRP reaction product. J. Histochem. Cytochem. 29,
775.
Apicella P., Scarnati E., Ljungberg T. and Schultz W. (1992) Neuronal activity in monkey striatum related to the
expectation of predictable environmental events. J. Neurophysiol. 68, 945–960.
Ball G. F., Casto J. M. and Balthazart J. (1995) Autoradiographic localization of D1-like dopamine receptors in the
forebrain of male and female Japanese quail and their relationship with immunoreactive tyrosine hydroxylase.
J. chem. Neuroanat. 9, 121–133.
Baunez C., Nieoullon A. and Amalric M. (1995) Dopamine and complex sensorimotor integration: Further studies
in a conditioned motor task in the rat. Neuroscience 65, 375–384.
Baylé J. D., Ramade F. and Oliver J. (1974) Stereotaxic topography of the brain of the quail. J. Physiol., Paris 68,
219–241.
Beninger R. J. (1993) Role of D1 and D2 Receptors in Learning. In D1:D2 Dopamine Receptor Interactions (ed.
Waddington J. L.), pp. 115–157. Academic, London.
Benowitz L. I. and Karten H. J. (1976) The tractus infundibuli and other afferents to the parahippocampal region of
the pigeon. Brain Res. 102, 174–180.
Berger B., Febvret A., Greengard P. and Goldman-Rakic P. S. (1990) DARPP-32, a phosphoprotein enriched in
dopaminoceptive neurons bearing dopamine D1 receptors: distribution in the cerebral cortex of the newborn and
adult rhesus monkey. J. comp. Neurol. 299, 327–348.
Berger B., Gaspar P. and Verney C. (1991) Dopaminergic innervation of the cerebral cortex: unexpected differences
between rodents and primates. Trends Neurosci. 14, 21–27.

Distribution of DARPP-32 in pigeon telencephalon
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.

777

Berger B., Trottier S., Verney C., Gaspar P. and Alvarez C. (1988) Regional and laminar distribution of the
dopamine and serotonin innervation in the macaque cerebral cortex: a radioautographic study. J. comp. Neurol. 273,
99–119.
Bernardi G., Cherubini E., Marciani M. G., Mercuri N. and Stanzione P. (1982) Responses of intracellularly
recorded cortical neurons to the iontophoretic application of dopamine. Brain Res. 245, 267–274.
Björklund A. and Lindvall O. (1984) Dopamine-containing systems in the CNS. In Handbook of Chemical
Neuroanatomy, Vol. 2: Classical Transmitters in the CNS, Part I (eds Björklund A. and Hökfelt T.), pp. 55–122.
Elsevier, Amsterdam.
Bonke B. A., Bonke D. and Scheich H. (1979) Connectivity in the auditory forebrain nuclei in the Guinea fowl
(Numida meleagris). Cell Tiss. Res. 200, 101–121.
Brock J. W., Farooqui S., Ross K. and Prasad C. (1992) Localization of dopamine D2 receptor protein in rat using
polyclonal antibody. Brain Res. 578, 244–250.
Brozoski T. J., Brown R. M., Rosvold H. E. and Goldman P. S. (1979) Cognitive deficit caused by regional depletion
of dopamine in prefrontal cortex of rhesus monkey. Science 205, 929–932.
Chen Z., Fujii S., Ken-Ichi I., Kato H., Kaneko K. and Miyakawa H. (1995) Activation of dopamine D1 receptors
enhances long-term depression of synaptic transmission induced by low frequency stimulation in rat hippocampal
CA1 neurons. Neurosci. Lett. 188, 95–198.
Cortés R., Gueye B., Pazos A., Probst A. and Palacios J. M. (1989) Dopamine receptors in the human brain:
Autoradiographic distribution of D1 sites. Neuroscience 28, 263–273.
Delius J. D. (1985) The peck of pigeon—free for all. In Behaviour Analysis and Contemporary Psychology (eds Lowe
C. F., Richelle D. E., Blackman D. E. and Bradshaw C. M.), pp. 53–81. Erlbaum, New York.
Dietl M. M. and Palacios J. M. (1988) Neurotransmitter receptors in the avian brain. I. Dopamine receptors. Brain
Res. 439, 354–359.
Divac I. and Mogensen J. (1985) The prefrontal ‘‘cortex’’ in the pigeon: catecholamine histofluorescence.
Neuroscience 15, 677–682.
Divac I., Mogensen J. and Björklund A. (1985) The prefrontal ‘‘cortex’’ in the pigeon. Biochemical evidence. Brain
Res. 332, 365–368.
Divac I., Thibault J., Skageberg G., Palacios J. M. and Dietl M. M. (1994) Dopaminergic innervation of the brain
in pigeons. The presumed prefrontal cortex. Acta neurobiol. exp. 54, 227–234.
Domenici L., Waldvogel H. J., Matute C. and Streit P. (1988) Distribution of GABA-like immunoreactivity in the
pigeon brain. Neuroscience 25, 931–950.
Dubbeldam J. L. and Visser A. M. (1987) The organization of the nucleus basalis-neostriatum complex of the mallard
(Anas Platyhrynchos L.) and its connections with the archistriatum and the paleostriatal complex. Neuroscience 21,
487–517.
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Güntürkün O. and Remy M. (1990) The topographical projection of the n. isthmi pars parvocellularis (Ipc) onto the
tectum opticum in the pigeon. Neurosci. Lett. 111, 18–22.
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