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Abstract 

The pigeon caudolateral neostriatum (NCL) shares a dopaminergic innervation ,a ilh mammalian frontal cortical areas and is implicated 
m the regulation of avian cognitive behavior. Retrograde tracing methods were used to identify forebrain pro ections to NCL and to 
,mggest a possible role of this area in mediating spatial behavior. NCL receixes telencephalic projections from the hyperstriatum 
accessorium, cells ahmg the border of hyperstriatum dorsale and hyperstriatum ventrale, anterolateral hyperstriatum adjacent to the 
vallecula, confined cell groups within the anterior neostriatum, and subdivisions of the archistriatum. In addition, labeling of a small 
number of large cells near the fasciculus prosencephali lateralis was observed at the level of the anterior commissure. In accordance with 
previous studies, projections of subtelencephalic areas were revealed to originate from the thalamic posterior dorsolateral nucleus and 
nucleus subrotundus, as well as from the tegmental nucleus pedunculopontinus and locus coeruleus. Forebrain connections of NCL show ~ 
1hat somatosensory, visual, and olfactory information can combine in this division of the neostriatum. NCI, is therefore suited to 
participate in a neural circuit that regulates spatial behavior. Moreover, the present study reveals that NCI, is reached by a limbic 
projection from the nucleus taeniae. This projection also suggests similarity between NCL and mammalian frolllal c~wtical areas. 

Ke~wm'd~v ('ognilion; Pigeon: Preh'ontal cortex: Hippocampus; Homing behavior: Pathway tracin,~ 

I. In troduct ion  

Based on neurochemical criteria, the caudolateral aspect 
of  the avian neostriatum (NCL) can be discerned as a 
crescent shaped area situated along the ventral border of  
lhe lateral ventricle. Dense dopaminergic,  basket-like ax- 
,real terminations delineate this region within the larger, 
cytoarchitectonically defined neostriatum [13A0]. In addi- 
lion to receiving the distinct catecholaminergic innerw> 
lion, NCL is innervated by thalamic afferents from the 
nucleus subrotundus (SRt) and nucleus dorsolateralis pos- 
terior (DLP) [23,29,40]. SRt extensively projects to striatal 
;rod primary sensory areas [4,29,39], while DLP relays 
multiple sensory inputs to the neostriatum and hyperstria- 
lure [2.23,24,29.41,43]. Although efferents from N C L  have 
not been studied explicitly, at least two structures that 
participate in motor control have been found to receive a 
projection from NCL. In the archistriatum, a projection 
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from NCL specifically terminates in the intermediate sub- 
division [44,45]. In the avian basal ganglia, projections are 
directed to the medial lobus parolfactorius (LPO), lateral 
paleostriatum augmentatum (PA) and ventral pallidal nu- 
clei. The projections to the basal ganglia complex are 
characteristics of NCL that further distinguish this area 
from rostrally and ventrally adjoining cell grtmps within 
the larger neostriatum [7,39]. 

In line with its anatomical distinctiveness. NCL seems 
to be selectively involved in the performance of spatial 
cognitive tasks, Ablation of this neostriatal division pro- 
duces impairments in delayed alternation, but leaves visual 
discrimination performance intact [30]. Furthermore, NCL 
lesions in homing pigeons result in navigatkmal deficits 
when birds are released from both nearby, familiar [27] 
and distant, unfamiliar sites [16]. Although different spatial 
processing mechanisms are involved in navigation from 
familiar and unfamiliar locations [5], successful homing 
appears to require the integrity of NC1, for both mecha- 
nisms [16,271. 

Connectional,  neurochemical,  and behavioral data have 
been used to define prefrontal cortex (PC). Afferent input 
f l o m  the mediodorsal thalamic nucleus, dopaminergic ter- 
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minals, and deficits in delayed alternation have been ap- 

plied as standard criteria for defining mammalian PC 
[12,26,36]. The dense dopaminergic innervation of  NCL 
and the deficits in spatial alternation as a consequence of 
lesions to this structure have led to speculations that avian 
NCL may be functionally similar to PC in mammals 
[13,14,30,40]. 

NCL has been identified as a dopamine rich forebrain 
structure that participates in the regulation of spatial be- 
havior [16,27,3()]. Given its behavioral importance, it is 
surprising that little is known about its forebrain connec- 
tions. Of particular interest might be connections with 
other forebrain structures that also regulate homing pigeon 
navigational behavior such as the hippocampal formation 
[6] and pyriform cortex (CPy) [31]. The present study 
reports the results of a pathway tracing study identifying 
afferent projections to NCL with an emphasis on telen- 
cephalic origins. 

2. Materials and Methods 

Homing pigeons (Columba livia), both males and fe- 
males of approximately 450-600  g, received either unilat- 
eral or bilateral 100 nl pressure injections of a retrograde 
tracer. For surgical procedures, the animals were anes- 
thetized with xylazine (10 m g / k g )  followed by ketamine 
(50 m g / k g )  and placed in a stereotaxic apparatus. Alter  
removing the skin, bone and dura, a glass micropipette was 
lowered and pressure was applied either manually with a l 
txl syringe or automatically with a pulsed air system 
(Picospritzer II, General Valve, Fairfield, NJ). An aqueous 
solution of either 2.5% Fast Blue (Sigma, St. Louis, MO) 
( N =  13) or 1% Cholera Toxin subunit B (CTb, List 
Biological Laboratories, Campbell ,  CA) ( N =  12) was 
placed about 2 mm below the pial surface at the stereo- 
taxic coordinates A 4 . 8 - 5 . 0 / L  6 .0-7 .0  from the atlas of 
Karten and Hodos [19]. The micropipette was left in place 
at the injection site for at least 20 min to minimize spread 
of the tracer into the lateral ventricle and along the trajec- 
tory path. After a survival time of  5 - 1 0  days, Fast Blue 
birds were intravenously injected with an overdose of  
sodium pentobarbital and then perfused through the left 

ventricle with 0.9% saline and 4% fi~rmaldehyde in 0.1 M 
phosphate buffer (PBF, pH 7.4). The brains were im- 
mersed overnight in a 20% sucrose solution in PBF at 4°C. 
The following day, frozen sections were coronally cut at 
40 p,m, collected in phosphate buffer, mounted onto glass 
slides, and coverslipped with non-fluorescent medium. Us- 
ing ultraviolet excitation, retrogradely labeled cells were 
identified by visualizing granular deposits of Fast Blue 
within perikarya and proximal dendrites. Pigeons injected 
with CTb were deeply anesthetized with xylazine and 
ketamine 1-3 days after surgery and perfused transcar- 
dially with saline followed by PBF. The brains were kept 
for 6 -12  h in the same fixative and transferred to a 3(19~ 
sucrose solution in PBF for an additional 12-36 h at 4°C, 
Sections were taken a t40 txm in the transverse plane tm a 
freezing microtome and CTb-like immunoreactivity was 
visualized according to the avidin-biot in-peroxidase 
method. Details of these procedures are published else- 
where [38]. Using a light microscope, all observations 
were mapped onto the corresponding transversal atlas 
planes of  Karten and Hodos [19]. Non-specific labeling 
and outlines of  the sections served as landmarks. In addi- 
tion to the conventional nomenclature [19], modifications 
were adopted for the thalamus [46], archistriatum [48] and 
basal telencephalon [39]. 

3. Results 

All injections successfully deposited retrograde tracers 
into NCL. Injections confined to NCL ( N  = 15) generally 
extended from A 7.25 to A 5.00 along the rostrocaudal 
axis, but varied along the mediolateral extent of  the target 
area as summarized in Fig. 1. A representative intermedi- 
ate injection (site B in Fig. 1) was placed at the coordi- 
nates A 5 . 7 5 / L  7.00 and extended for about 1 mm through 
the cell mass of the caudal neostriatum adjacent to the 
ventral boundary of the lateral ventricle. Labeling resulting 
from this case is described in detail, but the same pattern is 
found in all cases with similar injection sites. 

Subtelencephalic afferents to NCL. In accordance with 
previous studies [13,21,22,40], retrogradely labeled cells 
were observed in the thalamus, midbrain and tegmentum. 

Fig. 1. Distribution of labeled cells seen in three individual cases with injections of Fast Blue along the mediolateral extent of NCL Retrograde labeling is 
indicated as • for injection site A, • for B, and • for C. Injection sites are indicated in the left hemisphere, but note that all of the projections are 
~psilateral. See text for a more detailed description. Coronal planes were adapted from the atlas of Karten and Hodos [19]. Ad, archistriatum, pars dorsalis: 
~PH, arca parahippocampalis: BO, bulbus olfactorius; CA, commissura anterior: CDL, area corticoidea dorsolateralis; CO. chiasma opticum: CPy, cortex 
pyrifomus: CPP. cortex prepyriformis; DMP, nucleus dorsomedialis posterior thalami; FDB. fascicutus diagonalis brocae: FPL, fasciculus prosencephali 
lateralis: HA, hyperstriatum accessorium; HD, hyperstriatum dorsale: Hp, hippocampus: HV. hyperstriatum ventrale: LC, nucleus linearis caudalis: LHy, 
nucleus lateralis hypothalami: LoC, locus coeruleus: LPO. lobus parolfactorius: ML, nucleus mammillaris lateralis; N, neostriatum; NC, neostriatum 
caudale; NCL, neostriatum, pars caudolaterale: OM, tractus occipitomesencephalicus: O'~, nucleus ovoidalis: PA, paleostriatum augmentatum: PT, nucleus 
pretectalis: R, nucleus raphes: RPO. nucleus reticularis pontis oralis: Rt, nucleus rotundus; Ru, nucleus ruber: S, septum: SGF, stratum griseum el fibrosum 
~uperficiale: SIT, bed nucleus of the stria terminalis: SP, nucleus subpretectalis: SRt, nucleus subrotundus; TeO, tectnm opticum: Tn. nucleus tacniae: TO, 
lubercuhun olfactorium: ToS, lotus semicircularis: lpc, nucleus isthmi, pars magnocellularis: TSM. tractus septomesencepha[icus: V. ventricle: Va, 
vallecula: VO, ~lt'aclor\ venlricle. 
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In the lower brainstem, labeling was limited to cell groups 
in the nucleus tegmenti pedunculopontinus, pars compacta 
(TPc) (Fig. 2F), and locus coeruleus (LoC). The cells in 
LoC were clustered in a division that was previously 
identified as tyrosine hydroxylase positive [33]. In the 
thalamus, SRt (Fig. 2E) and rostral DLP (DLPr) were 
highlighted. DLPr can be recognized as a nucleus that is 
distinct from the tectorecipient caudal DLP (cDLP) and 
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should be referred to as intermediate dorsolateral nucleus 
(DLI) [1,17,41,42]. 

Telencephalic afferents to NCL. Projections from hyper- 
striatal cell layers, from distinct areas in the neostriatum, 
and from divisions of the archistriatum were revealed. 
Fluorescent cells in the accessory hyperstriatum (HA) (Fig. 
2A) were scattered and restricted to the medial half of this 
structure. Cells along the border between the dorsal hyper- 
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Fig. 2. Photomicrographs of retrogradely labeled cells visualized after an unilateral injection of Fast Blue into NCL at the coordinates shown in Fig. I. 
Fluorescent perikarya were observed in the HA (A), border between HD and HVdv (B), anterior neostriatum (C). lateral hyperstriatum adjacent to the 
vallecula (D), thalamus (E), and midbrain (F). Archistriatum, cells aligning FPL at the level of the anterior commissure, and LoC are not shown. FPI,. 
fasciculus prosencephali lateralis: HA, hyperstriatum accessorium; HD, hyperstriatum dorsale: HVdv, hyperstriatum ventrale, pars dorsoventrale: L~,C. 
locus coeruleus; LPO, lobus parolfactorius; N, neostriatum: NCL. neostriatum, pars caudolaterale; SRt, nucleus subrotundus: TPc. nucleus tegmenti 
pedunculopontinus, pars compacta; Va. vallecula. Scale bars = 400 ixm. except in F where scale bar 200 Ixm. 
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striatum and dorsal division of the ventral hyperstriatum 
(HD/HVdv) (Fig. 2B) appeared as a dense band expand- 
ing into a triangular shaped termination zone in the vallec- 

ula (Fig. 2D). In the anterior neostriatum, two distinct cell 
groups were obset+ved dorsal to the paleostriatum adjoining 
the ectostriatum at its lateral and medial boundary (Fig. 
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legmentum (F). Arruws m B point at the boundary  o f  HV and HVdv.  In addit ion to labeled cells, D shows anterograde labeling tdark ly  stained area) m the 

archis t r ia tum l\)l[owing the same injection. Ad,  archis t r ia tum dorsale;  Av, archis t r ia tum ventrale: Bas, nucleus basalis:  DLP ( D L P r / D I , I  in the text), 

nucleus dorsolateral is  posterior,  pars ro s t r a l i s /nuc leus  dorsolateral is  intermedius:  HA,  hypcrs t r ia tum accessor ium;  HI), hypers t r ia tum dorsale; ttVd~,, 
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2C). Cells were also found in the ventral archistriatum and 
in the nucleus taeniae (Tn). In addition, Fast Blue injec- 
tions labeled a small number of large cells in the fasciculus 
prosencephali lateralis at the level of the anterior commis- 
sure. 

An injection of CTb at similar coordinates resulted in 
labeling resembling the pattern observed for Fast Blue 
injections. In subtelencephalic areas, labeled cells were 
found in TPc, LoC (Fig. 3F), DLPr/DLI,  and SRt (Fig. 
3E). Retrograde transport within the telencephalon re- 
vealed projections from HA (Fig. 3A), border between HD 
and HVdv (Fig. 3B), the lateral hyperstriatum bordering 
the vallecula, confined cell groups in the anterior neostria- 
tum (Fig. 3C), and the ventral archistriatum (Fig. 3D). A 
few cells in Tn were also labeled. In addition to retro- 
gradely labeled cells in the archistriatum, anterograde 
staining can be observed in its dorsal division (Fig. 3D). 

In cases with injections placed in the most medial and 
lateral aspects of NCL (sites A and C in Fig. 1), a slightly 
different distribution of labeled cells was found when 
compared to representative injections centered in the inter- 
mediate area of NCL (site B in Fig. 1). An unilateral 
injection placed in the medial portion of NCL (L 6.00, site 
C in Fig. 1) labeled only neostriatal cells medial to the 
ectostriatum. No labeled cells were found in more lateral 
parts of the anterior neostriatum. In contrast, an injection 
of retrograde tracer in the lateral aspect of NCL (L 7.50, 
site A in Fig. 1) revealed projections from neostriatal cells 
aligning the lateral rim of the neostriatum in addition to 
the projections from medial neostriatal cells. In the same 
lateral case, retrograde labeling in HA was restricted to its 
dorsal margin. Moreover, labeled cells in HA were entirely 
absent with the medial injection. Taken together, the varia- 
tion of retrogradely labeling seen in the neostriatum and 
HA suggests that these areas project only to limited por- 
tions of NCL. 

The injections in lateral and medial NCL also suggest a 
topographical projection to NCL from deep hyperstriatal 
layers (see Fig. 1). Projections to lateral NCL seem to 
originate in the medial part of HD/HVdv.  The lateral 
injection described in the previous paragraph and an addi- 
tional injection at a similar site labeled only few cells in 
lateral H D / H V d v  and the area adjacent to the vallecula 
was found entirely devoid of labeling. In contrast, an 
inverse pattern of labeling was observed with the most 
medial injection sites. Retrogradely labeled cells appeared 
to be confined to the dorsolateral edge of H D / H V d v  and 
were continuous with an extensively labeled vallecular 
area. The labeling seen in H D / H V d v  suggests that projec- 
tions from this layer might relate to a lateral to medial 
organization of NCL. 

In general, the pattern of labeling seen after intermedi- 
ate injections (site B in Fig. 1) was also observed for 
medial and lateral cases (site A and C in Fig. 1). However, 
additional cell groups (not shown in Fig. 1) including 
hippocampus and anterolateral neostriatum were found 

along with spread of tracer to archistriatum, CPy, caudal 
neostriatum, and ventral hyperstriatum. Labeling that was 
not consistent with the general pattern can be attributed to 
spread of tracer primarily into CPy [4]. 

4. Discussion 

Intratelencephalic afferents converging on the caudolat- 
eral neostriatum originate from three main forebrain areas. 
First, multiple layers of the hyperstriatum innervate NCL. 
Second, NCL receives a projection originating from ante- 
rior areas within the neostriatum. Finally, a pathway from 
the archistriatum was found to project to NCL. These 
telencephalic connections together with afferents from tha- 
lamic and tegmental nuclei are summarized in Fig. 4. 

The present results obtained with retrograde tracers 
confirm previous anterograde tracing studies that reported 
telencephalic projections to NCL [34,38,44,45,48]. In the 
anterior wulst, projections to NCL were revealed to origi- 
nate from HA and areas along the border between HD and 
HVdv. These wulst projections are thought to originate at 
least in part from areas known to be involved in visual and 
somatosensory processing [2,11,20,38,41 ]. Projections from 
the archistriatum and anterior neostriatum have also been 
reported and the anterior neostriatal projection is thought 
to be an additional source of visual and somatosensory 
input to NCL [34,35,44,45,48]. However, a detailed 
anatomical description of the archistriatal and intraneostri- 
atal connections will require complementary anterograde 
tracer injection in subdivisions of those regions. 

The pathway data reported here indicate that subdivi- 
sions within NCL receive projections that do not corre- 
spond to reported dopaminergic boundaries [13,40]. For 
example, intermediate injections retrogradely labeled por- 
tions of HA, while lateral and medial injections resulted 
sparse labeling in HA. In support of this regional variation, 
anterograde tracing has revealed that the hyperstriatum 
accessorium selectively innervates intermediate NCL [38]. 
In contrast, perikarya at the border between HD and HVdv 
were labeled irrespective of the specific injection site 
within NCL. The terminal field of cells along the 
H D / H V d v  border includes widespread parts of the caudal 
neostriatum and extends to areas outside the boundaries of 
NCL [38]. 

Additional variation in the targets of afferent projec- 
tions to NCL was revealed by connections from the lateral 
and more medial anterior neostriatal regions. Afferents 
from cell groups lateral to the nucleus basalis (Bas) and 
ectostriatum were only found to terminate in lateral por- 
tions of NCL. In cases where the injected tracer spread 
into the neighboring CPy, labeled cells also extended into 
prepyriform cortex and the pattern of stained perikarya 
partly resembled previously described connections seen 
after retrograde tracer injections in CPy [4]. As reviewed 
by Rehkfimper and Zilles [34], the caudal neostriatum is 
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Fig. 4. Summary ol sources contributing projections to NCL. A, archis- 
iriatum; DLP (I)LPr/DLI in the text), nucleus dorsolateralis posterior, 
pars rostralis/nuclcus dorsolateralis intermedius; HA, hyperstriatum ac- 
cessorium; HD. hyperstriatum dorsale: HVdv, hyperstriatum ventrale, 
pars dorsoventrale: LnC, locus coeruleus: N, neostriatum; NCL, neostria- 
lure. pars caudolalerale: SRI. nucleus subrotundus; TPc, nucleus tegmenti 
pedunculopontinus, pars compacta; Va, vallecula. 

also innervated by different neostriatal areas along its 
dorsoventral extent. Cells that are located lateral to the 
ectostriatum were reported to project to an area ventral to 

N C L  In the present study, the same cells were labeled 
after lateral injections, which extended further ventrally 
than the more medial injections. In contrast to the more 
lateral neostriatal cells, the medial cell group was always 
labeled inespective of  the specific injection site within 
N C L  Taken together, the earlier observations [34] and the 
data of the present study reveal differences in the NCL 
target of  anterior neostriafial projections, but the complete 
topography of the connections remains to be described. 

Wulst inputs to NCL include a projection from a lateral 
hyperstriatal region adjoining the vallecula, which is inner- 
rated by projections from HA, dorsal thalamic nuclei, and 
the hypothalamus [2,3,38]. The function of the vallecular 
region is presently unknown, but the afferents to this area 
suggest a role in the integration of limbic and visual 
inlk~rmation. Another wulst projection to NCL originating 
from H D / H V d v  is also interesting from a number of 
perspectives. HD, including cells along the border with 
HVdv, connects to numerous areas that also connect to 
NCL. Both NCL and HD receive terminal projections from 
brainstem catecholaminergic cell groups [21,22,40] and 
send projections to the archistriatum, PA and LPO 
[34,39,44,45]. HD, in turn, is a source of sensory inputs to 
NCL. Lateral HD is in receipt o1 projections from the 
dorsolateral nuclei of the thalamus, which can be consid- 
ered primarily visual [2,20] and medial HD receives non- 
visual projections from the mediodorsal thalamus [20]. 

Visceral and somatosensory information can reach NCL 
directly from the thalamus. SRt as well as r D L P / D L I  
receive afferents from the parabrachial nucleus [1,46] and 
projections to rDLP also originate from the external 
cuneate, lateral cerebellar and vestibular nuclei. These 
multiple afferents suggest that rDLP is important for pro- 
cessing information that is related to movement [1]. Other 
somatosensory inputs may be provided by the anterior 
neostriatum, which receives a projection from the nucleus 
basalis and dorsal thalamus [41,44,45]. In addition, projec- 
tions from auditory pathways terminate in the caudal neos- 
triatum at the approximate medial bouudar~, of Ihe 
dopamine rich NCL [13A0,47]. The dorsal neostriatum 
seems to receive, from medial to lateral, auditory infl~rma- 
tion, visual input and multiple sources of somatosensory 
information [38,44,45,47]. 

The relationship between NCL, hippocampal formation, 
CPy and homing behavior is worthy of special considera- 
tion. Neither the hippocampal formation nor CPy were 
found to project to NCL. However, HD, in addition to its 
projection to NCL, also shares reciprocal connections with 
the hippocampal formation and CPy [4,8,38]. As such, the 
H D / H V d v  protection to NCL may regulate the transfer of 
information between NCL, hippocampal formation and 
CPy necessary for navigational learning. Further, HD as a 
recipient of a presumably offactory projection l'rom CPy, is 
also a potential source of olfiictory information that could 
reach NCL [4]. Thus, NCL is a structure that could com- 
bine visual, olfactory, somatosensorv and vestibular infor- 
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mation and is therefore ideally suited to regulate naviga- 
tional learning. 

Efferent projections from NCL terminate in the interme- 
diate division of the archistriatum [34,44,45]. The results 
presented here demonstrate that the connection is returned 
to NCL via the ventral archistriatum and Tn. In general, 
ventral archistriatum projects to other telencephalic regions 
including the wulst, whereas the projection from the nu- 
cleus taeniae adds a limbic component to the neostriatal 
afferents [ 15,48,49]. 

At first glance, the data reported here lend further 
support to the hypothesis that NCL is functionally equiva- 
lent to PC in mammals. We found a projection to NCL 
originating from the nucleus taeniae, which is thought to 
correspond to portions of the mammalian amygdala 
[15,48,49] and PC also receives an amygdala projection 
[9,10,25,28,37]. However, it must be emphasized that the 
anatomical criteria used to define prefrontal cortical areas 
in various mammalian species do not unambiguously char- 
acterize the primate granular, dorsolateral division, includ- 
ing the area around the sulcus principalis, known to regu- 
late spatial cognition. In primates, all of the projections 
terminating in dorsolateral prefrontal cortex also reach 
precentral and anterior cingulate areas [12,18,32,36,37]. 
Therefore, Preuss [2] argues for the absence of a rat frontal 
area that corresponds to primate PC. The confusion of 
what is prefrontal cortex in non-primate mammals renders 
it almost impossible to assess the relationship between 
prefrontal cortex and avian NCL. It is probably sufficient 
to state that the anatomical data, including those presented 
here, suggest that NCL may be functionally similar to 
prefrontal, premotor, or limbic cortex. 
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