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Abstract. In the postero-dorso-lateral neostriatum (PDLNS) of the 
pigeon we found a high density of tyrosine hydroxylase and 
perineuronal nests of fibres labelled with anti-dopamine antibody. 
These data confirm our earlier indirect evidence that PDLNS receives 
a dense dopaminergic innervation and therefore can be compared with 
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INTRODUCTION 

The prefrontal cortex (PFC) in mammals is 
defined as the area innervated by the thalamic me- 
diodorsal nucleus (MD) (Rose and Woolsey 1948, 
Divac and Oberg 1990). Considerable differences 
in the organization of the thalami in birds (Karten 
and Hodos 1967) and mammals (e.g. Paxinos and 
Watson 1986) make the commonly used topo- 
graphic definition of the MD uncertain (Clark and 
Meyer 1950). Thus, the 'dorsomedial nucleus' of 
Karten and Hodos may not be the bird counterpart 
of the 'mediodorsal nucleus' in mammals. In con- 
sequence, the presence in birds of an equivalent of 
mammalian PFC was not even considered until a 
number of studies showed that in mammals this cor- 
tical area receives exceptionally dense dopaminer- 
gic innervation in comparison with other cortical 
areas (Divac et al. 1978 and references therein). 
This observation suggested that dopaminergic in- 
nervation could indicate in the bird brain the 
presence and localization of the tissue equivalent to 
the mammalian PFC. 

Dopamine has been used previously to redefine 
parts of the bird brain. For example, in this way pa- 
leostriatum augmentatum was found to correspond 
to the mammalian neostriatum (Juorio and Vogt 
1967, Baker-Cohen 1968). Thus, a formation in the 
pigeon brain that is particularly densely innervated 
by dopamine-containing fibres and is not to be con- 
fused with other formations with pronounced do- 
paminergic innervation such as neostriatum, 
amygdala, septum and the entorhinal cortex (Divac 
and Mogensen 1985), may be equivalent to the 
mammalian PFC. The results of several experi- 
ments concurred in suggesting that postero-dorso- 
lateral neostriatum (PDLNS) is a candidate for 
being the pigeon equivalent of mammalian PFC: 
First, catecholamine histochemistry showed that 
PDLNS contains a dense network and pericellular 
baskets of catecholamine-containing fibres which 
responded as dopaminergic to pretreatment with 
reserpine and L-DOPA (Divac and Mogensen 
1985). Essentially the same results have been re- 
cently obtained with anti-dopamine antibodies 

(Waldmann and Gunturkun 1993). Secondly, bio- 
chemical measurements revealed a high concentra- 
tion of non-precursor dopamine in PDLNS as 
compared to other regions equivalent to mamma- 
lian cerebral cortex (Divac et al. 1985). Thirdly, a 
functional similarity between PFC and PDLNS 
was found with the neurobehavioural approach 
(Mogensen and Divac 1982,1993, Gagliardo et al., 
submitted). In addition to these positive identifica- 
tion signs, one could add negative: PDLNS has not 
been 'claimed' by any sensory or motor system. In 
conclusion, PDLNS may be equivalent to mamma- 
lian PFC or one of its divisions. 

The most important element in this hypothesis is 
a denser dopaminergic innervation and pericellular 
baskets of dopamine-containing axons in PDLNS 
as compared to other cortical equivalents in the pi- 
geon brain. Presently we have tried to verify this 
observation using immunohistochemistry for de- 
tection of tyrosine hydroxylase and dopamine. 

METHODS 

Dopamine immunohistochemistry 

Six adult pigeons of unknown gender, weighing 
400-520 g were used in this part of study. The birds 
were anaesthetized with Equithesin (Divac and 
Mogensen 1985) injected intramuscularly. The 
transcardial perfusion started with about 25 ml of 
phosphate buffered saline (PBS) pH 7.4 at room 
temperature followed by 300 ml of ice-cold 3.5% 
glutaraldehyde in O.1M phosphate buffer, contain- 
ing 1% sodium metabisulfite (Na2S204) with pH 
adjusted to 7.4. The brain was taken out of the skull, 
divided in two by a coronal or sagital cut and post- 
fixed in the same fixative for 2 to 4 h. The caudal 
and lateral blocks were rinsed for at least 24 h in PB S 
and cut at 40 pm on a vibratome either in coronal 
or sagital plane. The sections were transferred to a 
cryoprotective solution (25% ethyleneglycol, 20% 
glycerol in 0.1 M phosphate buffer, final pH 7.48) 
and stored in this protectant at -20 OC for two to 
eight weeks. Prior to the immunohistochemical pro- 
cedure the sections were first rinsed in 1% sodium 
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metabisulfite dissolved in 0.1 M phosphate buffer 
(PMBS) and then placed in 1 % sodiumborohydride 
(NaBH4) in PMBS for 10 min. Following several 
rinses in PMBS the sections were preincubated with 
10% normal horse serum for one hour and then 
with a mouse primary antibody against dopamine 
(Changaud et al. 1987) diluted 1:5,000 for 48 h at 
+~OC. This monoclonal antibody has been shown to 
be highly specific when used for the detection of do- 
pamine in glutaraldehyde-fixed tissue (Changaud et 
al. 1987). After a thorough rinse with PMBS the 
sections were incubated with a biotinylated horse 
antimouse antibody diluted 1:200 (Vector) for 2 h at 
room temperature. Following rinses, sections were 
incubated for 2 additional hours with an avidin-per- 
oxidase complex diluted to 1 : 100 (Vectastain ABC 
kit, Vector). Peroxidase localization was revealed by 
exposure of sections to 0.05% 3,3'-diaminobenzidine 
tetrahydrochloride and 0.03% hydrogen peroxyde. 
The rinsed sections were mounted on slides and finally 
exposed to 1 % Os04 in order to enhance the visibility 
of the reaction product. Thereafter the sections were 
dried and coverslipped with DPX (Merck). 

Tyrosine hydroxylase (TH) 

Twelve adult male pigeons (Columba livia, 1-2 
years old, 450-550 g body weight, provided by S. 
Abdel'Al, Basle, Switzerland) were killed by de- 
capitation, brains were immediately removed and 
rapidly frozen on dry ice. Sections 10 ym thick were 
cut with a microtome cryostat (Leitz, Ziirich, 
Switzerland), mounted onto gelatin-coated slides 
and stored at - 2 0 ' ~  until used. (TH)-like immu- 
noreactivity (THLI) was detected as previously re- 
ported for substance P-like immunoreactivity (Dietl 
et al. 1985). The antibodies to TH were produced by 
one of us (Thibault et al. 1981). Tissue sections 
were brought to room temperature and fixed for 2 h 
in 4% paraformaldehyde in 0.05 M phosphate buff- 
er saline (PBS). The following steps were per- 
formed at room temperature in a PBS 0. lM, pH 7.4. 
After fixation, tissues were washed twice for 10 min 
in PBS and preincubated for 30 min in PBS contain- 
ing 1% bovine serum albumine (Serva, FRG) and 

1% normal goat serum (Nordic Immunologicals, 
The Netherlands). Then, tissues were incubated for 
30 min in the same preincubation buffer containing 
in addition 0.3% Triton X-100 (Serva, FRG) and an 
antibody against TH at a dilution of 115000. The in- 
cubation was continued at 4 ' ~  overnight and ended 
next day with a further 30 min period at room tem- 
perature. After that, tissues were rinsed two times 
for 15 min in PBS and incubated with a second 
antibody, a goat anti-rabitt radiolabelled with 
[125~]iodine at 300,000 cprnlml (8.2 yCi1g; New 
England Nuclear, Dreieich, FRG). Finally, sections 
were washed 8 times for 15 min in PBS, dipped in 
cold distilled water, dried under a stream of air. 

The specificity of immunohistochemical label- 
ling was controlled either by omitting the specific 
anti-TH antibody in the first incubation or by pre- 
absorption of the anti-TH antibody with 1 yglml of 
TH (Tassin et al. 1978, Dietl et al. 1985). Under 
these conditions no immunoreactive labelling was 
observed on the sections. 

Autoradiograms were generated by apposing the 
labelled tissue sections to a tritium-sensitive Ultro- 
films (LKB, Sweden). The exposures were 1 and 4 
days for 125~-ligands. Films were then developed in 
D-19 Kodak developer, washed and fixed. To per- 
mit a precise anatomical localization of the label- 
ling, adjacent sections were stained with cresyl 
violet or for acetylcholinesterase reaction and the 
atlas of the pigeon brain by Karten and Hodos 
(1967) was employed. To estimate the density of the 
labelling, and increase the contrast, an image-ana- 
lysis system (MCID, Imaging Res. Inc., Ontario, 
Canada) was used. 

For microscopic examination and microphoto- 
graphy a Leitz microscope equipped with Orthomat 
was used. 

RESULTS 

Dopamine immunohistochemistry 

In the brains prepared for dopamine immunoh-' 
istochemistry, microscopic examination of the 
telencephalon revealed in PDLNS a dense network 
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Fig. 1. Dopamine-like immunohistochemical staining in some structures of the pigeon brain. A and B, characteristic pericellular 
baskets of labelled fibres are seen in PDLNS at two different magnifications; C, the labelling is characteristically disperse in 
the archistriatum; D, the density of labelled fibres is largest in the paleostriatum augmentatum. Abbreviations: AS, archistria- 
tum; LV, lateral ventricle; NS, neostriatum; PA, paleostriatum augmentatum; PDLNS, postero-dorso-lateral neostriatum; PP, 
paleostriatum primitivum. For topography consult Fig. 2 and Karten and Hodos (1967). Calibration: 25 ym in A, 50 pm in B,  
C and D. 

of labelled fibres which made numerous pericellu- 
lar baskets (Fig. 1A and B). In some brains the stain- 
ing intensity of PDLNS was even macroscopically 
stronger than that of other dorsal telencephalic re- 
gions (Fig. 2A). The archistriatum and paleostria- 
tum augmentatum were intensely stained, but the 
distribution of dopamine fibres differed from that in 
PDLNS (compare Fig. 1A and B with 1C and D). 

Tyrosine hydroxylase 
immunohistochemistry 

This labelling in PDLNS was conspicuously 
stronger than in other dorsal telencephalic regions 
(Fig. 2 B and C). 

DISCUSSION 

The present results show that among the regions 
in the pigeon brain that are comparable to the mam- 
malian cerebral cortex (Karten and Hodos 1967, 
Karten 1969), PDLNS is the largest formation char- 
acterized by a dense dopaminergic innervation for- 
ming perineuronal nests. In this way PDLNS 
resembles the prefrontal cortex (PFC) in the rat 
(Emson and Koob 1978, Palkovits et al. 1979, 
Slopsoema et al. 1982, Tassin et al. 1987, Van Eden 
et al. 1987, Yoshida et al. 1988; for the review of 
the work prior to 1978 see Divac et al. 1978). Do- 
pamine-containing fibres have been seen in some 
areas of the rat cortex outside the PFC (Berger et al. 
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Fig. 2. Distribution of dopamine (A) and tyrosine hydroxylase 
(B and C) in parasagital (A and B) and horizontal (C) sections 
of pigeon brains. The rostra1 direction is to the right in A and 
B, and down in C. Arrows point toward PDLNS. The asym- 
metric intensity of staining of TH is probably due to uneven 
pressure of the tissue against the film. Notice in A and B also 
the intensely labelled ring of the paleostriatum augmentatum, 
the bird equivalent of the mammalian neostriatum. 

1985, Phillipson et al. 1987) but the density of in- 
nervation and the regional amount of dopamine are 
considerably smaller (references above). In pri- 

mates, dense dopaminergic innervation has been 
found not only in the PFC but also all other cortical 
areas (review in Berger et al. 1991). This difference 
between primates and lower mammalian species 
suggests that dopaminergic innervation of the cere- 
bral cortex or cortical equivalents may indicate PFC 
only if a steep gradient in this innervation is found. 
In primates, the amount of dopamine rather than 
density of dopamine-containing fibres (Brown and 
Goldman 1977, Bjorklund et al. 1978, Berger et al. 
199 1) may be used to indicate the localization of PFC. 

Several studies employing different techniques 
have shown that PDLNS in pigeons is more densely 
innervated with dopaminergic fibres than any other 
cortical equivalent: catecholamine fluorescence 
with pharmacological elimination of the nora- 
drenergic fluorescence (Divac and Mogensen 1985), 
immunohistochernistry of dopamine (Waldmann and 
Gunturkun 1993 and present data), immunohisto- 
chemistry of tyrosine hydroxylase (Shimizu and 
Karten 1990 and present data). The amount of do- 
pamine, determined biochemically in tissue sam- 
ples, was higher in PDLNS than in any other major 
part of the cortical equivalent (Divac et al. 1985). 

Some pericellular nests of axons stained for ty- 
rosine hydroxylase have been seen in the hyperstri- 
atum accessorium by Shimizu and Karten (1990). 
There are several ways to interprete this observa- 
tion. First, PFC may be represented by two spatially 
separated regions in the pigeon brain (see discus- 
sion in Divac and Mogensen 1985) . Second, the 
hyperstriatum accessorium may correspond to the 
cingulate portion of the dopaminergic innervation 
of the mesial cortex in the rat (Lindvall et al. 1978). 
In the rat, ablations of the pregenual PFC induce a 
significantly stronger impairment in delayed alter- 
nation than lesions of the supragenual cortex 
(Larsen and Divac 1978). Similarly, selective le- 
sions in the PDLNS but not in the hyperstriatum ac- 
cessorium induced delayed alternation impairment 
(Mogensen and Divac 1993). Finally, the opinions 
vary about the usefulness of tyrosine hydroxylase as 
a marker of dopamine-containing axons. Hokfelt et 
al. (1976, 1984) and Lewis et al. (1988) find it ac- 
ceptable, but Berger et al. (1985, 1991) have reser- 
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vations. The dopamine immunohistochemistry, 
however, stains pericellular baskets in hyperstria- 
tum accessorium (0 .  Gunturkun, personal com- 
munication), removing the doubt about identity of 
the transmitter. 

It is not likely that all parameters found in PFC 
of one species will be found in PFC of all other 
species. We already know about similarities and 
differences of PFC in different mammalian species 
(Divac and Oberg 1990). Some differences in PFC 
of the rat and PDLNS of the pigeon have been de- 
scribed especially in activity of glutarnic acid decar- 
boxylase (Bissoli et al. 1988). Such differences 
should be catalogued but cannot alone falsify the 
hypothesis about PFC and PDLNS equivalence. On 
the other hand, the values for the AChE in the PFC 
and PDLNS are among the highest in both species. 
The same work revealed a chemical difference be- 
tween the rat and pigeon hippocampi: among the re- 
spective cortical samples the activity of AChE has 
the highest value in the rat hippocampus, but among 
the lowest in the pigeon. This difference cannot be 
sufficient to discard the equivalence of the hippo- 
campi in mammals and birds. 

In their studies on dopamine receptors in the pi- 
geon brain, Palacios and collaborators (Dietl and 
Palacios 1988, Camps et al. 1990) consistently 
found low binding of sulpride in PDLNS. This in- 
dication of low density of D2 receptors in this for- 
mation is an agreement with the results on 
doparnine receptors in rats (Tassin et al. 1978, Cha- 
ruchinda et al. 1987, Lidow et al. 1991, Wamsley et 
al. 1989). Binding of Schering 23390, a ligand to 
D l  receptors, however, was inconsistent in differ- 
ent specimens (Dietl and Palacios 1988). A dense 
dopaminergic innervation and absence of a similar- 
ly high density of dopamine receptors in PDLNS 
appears to be an instance of the mismatch of 
amounts of a transmitter and density of co&espond- 
ing receptors emphasized by Herkenham (1987). It 
should be noticed, however, that an increasing num- 
ber of dopamine receptor subtypes (Dl to D5) have 
been described in mammalian brain (Sibley and 
Monsma 1992). These subtypes, however, have not 
been characterized in brains of other vertebrates. It 

is possible that PDLNS contains a dopamine recep- 
tor which under the conditions used in this work 
does not bind the ligands used in our study. 

Architectonical study of the pigeon brain 
(Rehkamper et al. 1985) has revealed in the caudal 
part of the neostriatum a region (Ne16) that in its lat- 
eral portion, which closely corresponds to PDLNS, 
contains a dense network of myelinated fibres. The 
ventrolateral border of this subdivision of the cau- 
dal neostriatum is not sharp, resembling the same 
border as seen in dopamine staining. Thus, not only 
dopaminergic innervation but also architectonical 
approach singles out PDLNS as a separate entity of 
the pigeon brain. 

In summary, our data support the hypothetical 
equivalence of PDLNS and mammalian PFC. Un- 
like the mammalian PFC, however, the PDLNS 
does not consistently display a comparable high 
binding density of D l  receptors. Whether this 
should contribute to falsification of our hypothesis, 
will depend on results of further work. 
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