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Abstract

The neostriatum caudolaterale (NCL) of birds is thought to be equivalent to the mammalian prefrontal cortex (PFC) due to
its dense dopaminergic innervation, its associative structure, and its importance for cognitive tasks which are known to be affected
in mammals with prefrontal lesions. The aim of the present study was to analyze the functional importance of the NCL and its
main thalamic afferent structure, the n. dorsolateralis posterior thalami (DLP), in reversal and go/no-go tasks, two behavioral
procedures which are often used to assess mammalian prefrontal functions. Using a multiple regression analysis in which
structure-specific lesion extents are correlated with different postoperative behavioral measures, the specific contribution of the
relevant structures were differentiated from the neighbouring areas CDL (area corticoidea dorsolateralis) and NC (neostriatum
caudale). The analyses showed a highly significant contribution of the NCL to reversal but not to go/no-go or to visual
discrimination performance, while all other structures under analysis had no impact on any behavioral measure. These results
underline the specific contribution of the pigeons’ NCL on a subset of cognitive tasks which are known to be affected by
prefrontal lesions in mammals. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Comparative neuroanatomical studies have demon-
strated important similarities in the chemoarchitecture
and connectivity of avian and mammalian forebrains
[44]. However, these investigations mostly concentrated
on sensory and motor pathways, with only limited
emphasis on associative structures. Recently, Ivan Di-
vac and colleagues proposed an area in the caudolateral
part of the avian forebrain to be comparable to the
mammalian prefrontal cortex (PFC) [10,35]. One hall-

mark of the PFC is the dense dopaminergic innervation
[47,50]. Indeed several studies could show that the
neostriatum caudolaterale (NCL), a semilunar area in
the caudalmost subventricular part of the avian fore-
brain, receives a dense dopaminergic innervation com-
parable to the PFC [10,12,34,48,51], and displays a high
density of dopaminergic D1-receptors [42]. The pattern
of intratelencephalic afferents of the NCL also resem-
bles that of the PFC and demonstrates a multisensory
convergence [31,34,37]. Additionally, behavioral studies
could demonstrate that lesions of the caudolateral fore-
brain caused deficits in spatial working memory tasks
like delayed alternation [14,18,35,36], and sequential
procedures like go/no-go [18], but left performance in
various visual discriminations intact [14,35,36].
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Lesion studies are always faced with the problem that
the lesioned area generally also includes, at least to a
certain extent, neighbouring structures. This is espe-
cially problematic in studying the NCL, since every
approach inevitably also damages parts of the overlying
area corticoidea dorsolateralis (CDL) and the neigh-
bouring neostriatum caudale (NC). Given the dense
reciprocal connections of the CDL with the hippocam-
pal formation [5] and the multimodal nature of the NC
[37] it is conceivable that a part of the cognitive deficits
after NCL-lesions is due to lesioning these neighbour-
ing structures. One elegant way to deal with this prob-
lem is to use multiple-regression analyses based on
quantitative reconstructions of structure-specific lesion
extents which are correlated with different postopera-
tive behavioral measures [21]. Using this method would
allow the statistical assessment of the possibly separate
contributions of neighbouring structures to different
behavioral tasks.

The aim of the present study was to use multiple-re-
gression analyses to examine the functional importance
of the pigeon’s NCL and its thalamic afferent structure,
the n. dorsolateralis posterior thalami (DLP) [48], in
further tasks which are generally associated with pre-
frontal functions. If it could be shown that these struc-
tures are specifically involved in the procedures
examined, the idea of an equivalence of NCL and PFC
could be substantiated. Four different behavioral tasks
were employed. The first was a reversal procedure since
deficits in this task are often observed in mammals after
prefrontal [6,40] or hippocampal [3] lesions while le-
sions of the pigeon’s caudal neostriatum are not associ-
ated with reversal deficits [32]. Go/no-go was used as a
second task, since it is also often observed to be defi-
cient after lesions of the ventromedial prefrontal cortex
[25,41]. Performance attenuations in go/no-go tasks
were not observed after ablations of the complete cau-
dal neostriatum in pigeons [39] although deficits were
seen after extensive NCL-lesions [18]. Finally a grain–
grit and a simultaneous pattern discrimination task
were employed to control two very different procedures
for possible sensory deficits.

2. Method

A total of 20 adult homing pigeons (Columba li6ia)
of local stock were used. They were kept in individual
cages with water always available. During the experi-
ments the pigeons were food deprived to 80% of their
normal body weight. All subjects were pretrained on a
daily basis in a grain–grit discrimination procedure and
a simultaneous pattern discrimination task with two
response keys in a conventional skinner-box for food
reward.

2.1. Simultaneous pattern discrimination

The patterns used were a T and a � which were
backprojected on the two keys of a Skinner-box with
the aid of multichannel microprojectors. All events
within a session, consisting of 40 trials, were controlled
and recorded by modular logic programming equip-
ment. The box was illuminated by a house light. A trial
began with the presentation of the stimulus pair. When
the animal pecked the positive stimulus, both stimuli
extinguished, food was offered for 3 s and the next trial
began immediately afterwards, with the left-right posi-
tions of the stimuli being determined by a quasi-ran-
dom sequence [16]. Following an error the pigeon
spend 3 s in darkness, followed by a correction trial
with unchanged positions of the stimuli. Correction
trials were presented until the animal ceased pecking
the incorrect pattern. These correction trials were not
considered when calculating the discrimination accu-
racy measures. All animals were given one session per
day, weekends excepted. The training continued until
an animal made at least 90% correct responses on 2
consecutive days.

2.2. Grain–grit discrimination

Always half an hour after the pattern discrimination
task the pigeons were tested in the grain–grit discrimi-
nation with the procedure being slightly altered to that
described by Güntürkün and Kesch [19]. The birds had
to discriminate brownish-white dari grains from similar
looking small pebbles. First, 30 grains were mixed with
30 g of pebbles (about 1000 in number) in an opaque
tray, which could be attached to an opening in the
pigeon’s home cage. Then, the animal was allowed to
peck 30 times before the tray was removed. By counting
the remaining grains the percentage of pecks leading to
swallowing of grain could be calculated, which served
as a measure for the discrimination performance. The
pigeons reached stable performance for 1 week before
surgery started.

After reaching baseline in the grain–grit discrimina-
tion experiment and passing discrimination criterion in
the simultaneous pattern discrimination the birds were
assigned to the three surgical groups (NCL, DLP and
NC) based upon their performance in the latter experi-
ment. Thus, the best three pigeons were first randomly
distributed to the three groups, then the three second
best and so on, until NC- and DLP-groups contained
six and the NCL-group eight animals. Since four birds
died during surgery, minor rearrangements had to be
made such that six animals underwent NCL-ablation,
five had the DLP removed and five served in the
NC-group. The regression method employs data from
all lesioned animals and tests the significance of struc-
ture-to-performance correlations. Therefore, there is no
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Table 1
Coordinates of electrocoagulation lesions of the three groups according to the pigeon brain atlas of Karten and Hodos [27]

NC-lesions (25 mA, 10 s)DLP-lesions (25 mA, 8 s) NC L-lesions (25 mA, 10 s)
(vertical approach)(vertical approach) (30° tilt of the tip to lateral)

A 6.00, L 4.50, D 5.00A 5.25, L 2.00, D 7.50 A 4.00, L 4.40, D 3.20
A 4.50, L 3.50, D 3.60A 6.50, L 4.50, D 4.50
A 4.50, L 5.30, D 3.10A 7.00, L 4.50, D 5.00
A 5.00, L 2.80, D 3.10
A 5.00, L 4.80, D 3.20
A 5.00, L 5.30, D 4.00 and 5.20
A 5.50, L 3.80, D 3.40
A 5.50, L 5.40, D 3.90 and 5.90
A 6.00, L 4.90, D 3.50
A 6.00, L 6.00, D 5.20
A 6.50, L 5.00, D 3.60
A 6.50, L 5.80, D 5.00

For an animal of a given group, coagulations were applied at each of these coordinates in each hemisphere.

need for a control group like in traditional approaches.

2.3. Surgery

The animals were anaesthetized with equithesin (0.5
ml/kg), the scalp was incised at the midline and re-
tracted sideways. The skull was trephined using a den-
tal drill over the appropriate locations. For
electrocoagulations a 0.25 mm thick insect needle, in-
sulated except for 0.5 mm at the tip, was used. The
electrode was introduced under stereotaxic guidance
and the tissue at the target locations was coagulated
for 10 s with 25 mA (8 s for DLP-group). Preliminary
data had shown that a coagulation with these
parameters resulted in a lesion size of slightly less
than 1 mm3. Lesions were placed symmetrically in
both hemispheres at the locations given in Table 1. At
the same time, care was taken to leave the dorsally
situated CDL and parahippocampal areas intact. The
definition of the NC as used in the present study
involves the neostriatum outside the NCL and caudal
to A 7.00 according to the pigeon brain atlas of
Karten and Hodos [27].

Cytoarchitectonically this region displays no obvi-
ous inhomogeneities and is largely consistent with
area Ne16 outside NCL according to the quantifica-
tion of grey level indices in the pigeons’ neostriatum
[38].

2.4. Postoperati6e retention

After 4–6 days of postoperative recovery, both the
grain–grit discrimination as well as the simultaneous
pattern discrimination were repeated as a postopera-
tive retention test. Postoperative testing in the pattern
discrimination lasted until the 90%-criterion of learn-
ing had been reached again. Grain–grit discrimination
was performed for seven postoperative sessions.

2.5. Re6ersal learning

After successful completion of the postoperative re-
tention tests the values of the two stimuli in the pat-
tern discrimination task were reversed. Procedures
were the same as before. Pigeons had to reach learn-
ing criterion of 90% before being admitted to the next
experiment.

2.6. Go/no-go

The Skinner-box for this task contained only one
pecking key in the center of the front panel. A session
consisted of 40 trials, each of which lasted 20 s. Dur-
ing this period only one of two new stimuli, a 4 and
an N, was backprojected on the key in a quasi-ran-
dom sequence [16]. During a positive trial, each peck
on the key was reinforced with access to food for 3 s.
Immediately thereafter the same stimulus was pre-
sented again and the sequence could be repeated until
the 20 s of the trial had passed. During the 20 s of a
‘no-go’-trial each response of the animal was followed
by 3-s time-out in which all lights were switched off.
The number of correct and incorrect resonses were
recorded. Daily sessions were given until the subject
had reached the 90%-criterion of learning.

2.7. Perfusion and anatomical analysis

After completion of all behavioral experiments the
animals were perfused intracardially with saline (40°C)
followed by 4% paraformaldehyde in 1.2 M phos-
phate buffer (pH 7.4, 4°C). Brains were removed and
kept for 6 h in a 4% buffered paraformaldehyde solu-
tion containing 30% sucrose (6°C) before being trans-
ferred for 48 h to a 30% sucrose solution (6°C). With
a freezing microtome sections of 30-mm thickness
were cut in frontal plane. Every third section was



B. Hartmann, O. Güntürkün / Beha6ioural Brain Research 96 (1998) 125–133128

mounted, dried and stained with cresyl violet. Lesioned
areas were measured with the image analysis system
AnalySIS (Münster, Germany) in steps of 500 mm from
A 3.50 to A 7.50 for NCL and NC and in steps of 250
mm from A 4.75 to 5.75 for DLP. Since the pigeons’
caudal forebrain offers only limited cytoarchitectural
heterogeneities which could easily be used for structure
delineations, a set of landmarks including their relative
topographical positions was used for the reconstruc-
tions, which had been developed according to the map
of the NCL provided by Waldmann and Güntürkün
[48]. Normal tissue volumes of NCL, NC, DLP, CDL,
archistriatum (A), and paleostriatum augmentatum
(PA) were measured along their complete rostrocaudal
extension in steps of 500 mm in non-lesioned birds.
From these data the percentage volume losses for NCL,
DLP, NC, CDL, A and PA were calculated for each
hemisphere (L% and R%) and animal. L% and R%
were combined in W%, a the weighted index of bilateral
damage introduced by Hodos and Bobko [20]. W%
[W% = (L%×R%)/100] indicates the amount of com-
bined damage incurred in the two hemispheres by min-
imizing the influence of asymmetrical lesions on the
statistical analysis. It ranges from 0 to 100% and has
the following properties: it is equal to zero for unilat-
eral lesions; lesions that exhibit either nearly complete
bilateral sparing or are grossly asymmetrical have W%
values close to 1.0; it is equal to 100% in cases where
total bilateral destruction occured.

3. Results

3.1. Histology

Table 2 presents a summary of the quantitative anal-
ysis of the lesion reconstructions. The first six cases in
the table are the NCL-animals, followed by the five
NC-cases, and the five DLP-lesioned pigeons. The first
three data columns give the total lesion volume in mm3

encountered in the left and the right hemisphere, as well
as the addition of these two values indicating the total
lesion amount in a single animal. The remaining rows
present the percentage of damage on the left (L%) and
the right (R%) side of the brain for a certain structure.
In addition, the weighted index W% is given which was
calculated as outlined in the method section.

The NCL-group sustained bilateral forebrain dam-
ages from 35.2 to 107.3 mm3. Lesions to the NCL
ranged from W%=12.2 to 71.2. Inevitably their lesions
had also encroached on surrounding structures like the
NC in which volume losses ranged from W%=0.01 to
3.64. Although care was taken to spare the overlying
CDL as much as possible, all NCL-animals also had
damages in this structure from W%=1.2 to 19.1. In
three pigeons minor lesions in the left archistriatum

were observed.
The NC-animals had bilateral forebrain lesions

reaching from 6.8 to 31.5 mm3. The volume loss in the
target area ranged from W%=0.7 to 1.53. In animal
471 the NCL had also sustained a small lesion of
W%=0.4. Several pigeons of this group also had small
A and/or PA-damages. Overall, the W% values of the
NC were in this group much smaller than those for the
NCL in the NCL-group. When evaluating this differ-
ence, it has to be considered that the NCL is much
smaller than the NC as defined in the present study. In
addition, however, the absolute values of the volume
losses were also larger in the NCL- than in the NC-
group. Therefore, a part of the following statistical
anysis was devoted to the possibility that the extent of
the behavioral deficits were a mere effect of lesion size.

The pigeons with damage of the DLP had bilateral
thalamic lesion volumes ranging from 2.0 to 4.97 mm3.
The specific extent of volume loss in DLP took values
between W%=0.84 and 60.1. Fig. 1 presents recon-
structions of the lesions of an NCL-, an NC-, and a
DLP-animal. In the following statistical analysis W%-
values of NCL, NC, DLP, and CDL were employed.
The data for A and PA were not used, since these
structures were only damaged in very few animals and
to some exteremely limited extent.

3.2. Beha6iour

Postoperatively, none of the animals displayed any
obvious sensory or motor deficit. The sensory aspect
was quantitatively tested in the grain–grit discrimina-
tion and the retention of the simultaneous pattern
discrimination task. For the pre- to postoperative com-
parison of the grain–grit task the discrimination accu-
racy of the pigeons was not significantly altered
(t15=1.5, n. s.). The absence of sensory deficits was
even more obvious in the retention of the simultaneous
pattern discrimination in which all animals reached
criterion in the first postoperative session.

3.3. Group results, correlations and multiple regression
analyses

Multiple-regression analyses were carried out to sepa-
rate the contribution of each structure to the deficits of
the behavioral tasks. Since all animals had reached
criterion in the first postoperative session of the simul-
taneous pattern discrimination, this variable was dis-
carded from further analyses. The three remaining tasks
for which structure-deficit relations were analyzed were
the grain–grit discrimination, the reversal task and
the go/no-go paradigm. Performance in the grain–grit
discrimination accuracy (GGD) was calculated with
the grain–grit index: grain–grit index=GGDpost−
GGDpre/GGDpost+GGDpre.



B. Hartmann, O. Güntürkün / Beha6ioural Brain Research 96 (1998) 125–133 129

T
ab

le
2

L
es

io
n

vo
lu

m
es

an
d

pe
rc

en
t

st
ru

ct
ur

e
lo

ss
es

fo
r

al
l

ex
pe

ri
m

en
ta

l
an

im
al

s
an

d
le

si
on

ed
ar

ea
s

in
th

e
le

ft
(L

%
)

an
d

th
e

ri
gh

t
he

m
is

ph
er

e
(R

%
)

G
ro

up
C

D
L

C
as

e
A

P
A

T
ot

al
le

si
on

(m
m

3
)

N
C

L
N

C
D

L
P

R
%

W
%

L
%

R
%

W
%

L
%

R
%

W
%

L
%

R
%

W
%

L
%

R
%

W
%

L
%

R
%

W
%

L
R

bo
th

L
%

56
29

.1
13

15
1.

95
0

0
0

39
49

10
7

19
.1

N
C

L
2.

1
0

0
0

0
0

52
58

.4
48

.9
47

0
47

8
34

40
13

.6
12

8
0.

96
0

0
0

12
23

2.
76

2.
96

0
0

0
0

0
30

30
.2

N
C

L
60

.2
27

12
.2

13
28

N
C

L
3.

64
48

1
0

0
0

38
7

2.
66

9.
15

0
0

0
0

0
48

35
.1

84
.2

45
42

23
.5

14
9

1.
26

0
0

0
42

28
11

.8
56

0
44

.9
0

0
0

0
0

98
.5

N
C

L
47

4
53

.7
49

.1
67

9
41

.4
20

.3
2

0.
05

0.
00

1
0

0
0

8.
5

17
.6

1.
5

0
0

0
0

0
0

14
.9

20
.3

35
.2

N
C

L
86

.2
13

82
.6

71
.2

4.
7

4.
3

0.
2

0
0

0
11

.4
10

1.
2

0
0

0
0

0
0

30
.2

26
.1

56
.3

N
C

L
0

0
3

4
0.

07
0

0
0

0
0

0
0

0
N

C
0

0
0

0
0

6.
8

4.
2

2.
6

67
8

19
.1

0
0

0
8

80
0.

64
0

0
0

0
0

0
7.

1
6.

9
0.

49
3.

03
9.

65
0.

29
N

C
27

9.
25

9.
88

0
0

5
6

0.
3

0
0

0
0

0
0

0
1

48
0

0
0

0.
35

1.
86

0.
01

N
C

11
.1

5.
79

5.
31

0
96

0
0

12
7

0.
84

0
0

0
0

0
0

1.
27

0
0

2.
1

1.
61

0.
03

12
.2

6.
98

19
.1

N
C

4
47

1
10

0.
4

9
17

1.
53

0
0

0
0

0
0

1.
1

0
0

0
0

0
10

.4
21

.1
31

.5
N

C
0

0
0

0
0

68
88

.4
60

.1
0

0
0

0
0

D
L

P
0

0
0

0
0

4.
97

2.
8

2.
17

47
2

0
D

L
P

0
32

4
0

0
0

53
.5

92
.6

49
.5

0
0

0
0

0
0

0
0

0
1.

84
2.

24
4.

08
0

0
0

0
0

0
68

.6
57

39
.1

0
0

0
0

0
2.

46
0

0
0

0
0

D
L

P
46

0
1.

32
1.

13
0

0
0

0
0

25
.9

77
.3

20
0

0
0

0
0

D
L

P
0

95
0

0
0

79
2.

48
3.

27
0

0
0

0
0

0
4.

57
18

.3
0.

84
0

0
0

0
0

0
0

D
L

P
0

0
0

47
6

0.
9

1.
1

2

T
he

co
m

bi
ne

d
st

ru
ct

ur
e

lo
ss

is
ad

di
ti

on
al

ly
ex

pr
es

se
d

as
W

%
,

a
w

ei
gh

te
d

in
de

x
of

bi
la

te
ra

l
da

m
ag

e.
A

(a
rc

hi
st

ri
at

um
),

D
L

P
(n

.
do

rs
ol

at
er

al
is

po
st

er
io

r
th

al
am

i)
,

N
C

(n
eo

st
ri

at
um

ca
ud

al
e)

,
N

C
L

(n
eo

st
ri

at
um

ca
ud

ol
at

er
al

e)
,

P
A

(p
al

eo
st

ri
at

um
au

gm
en

ta
tu

m
).
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Fig. 1. Lesions locations (hatched areas) depicted on frontal sections in three representative animals from the NCL-, the NC-, and the DLP-group.
Coordinates are from the pigeon brain atlas of Karten and Hodos ([27]). Abbreviations: A (archistriatum), APH (area parahippocampalis), CDL
(area corticoidea dorsolateralis), DLP (n. dorsolateralis posterior thalami), NC (neostriatum caudale), NCL (neostriatum caudolaterale), PA
(paleostriatum augmentatum), TO (tectum opticum). Bars below the sections indicate the length of 2 mm.

This measure varies between −1 and +1. A score
of zero indicates no discrimination accuracy changes
after surgery, negative scores show a performance de-
cline while positive scores indicate higher postoperative
achievements.

Before starting with the analyses of the lesion effects
of different structures, first the effect of the total lesion
extent had to be evaluated. Therefore, correlations be-
tween total lesion volumes irrespective of anatomical
boundaries and the grain–grit index (r=0.01), reversal
learning (r=0.18), and go/no-go performance (r=
0.40) were calculated. None of these correlations ap-
proached significance. The same was true when
analyzing correlations with the total lesion volume of
only the left (grain–grit index: r= −0.06, reversal
learning: r=0.18, go/no-go: r=0.39), or only the right
hemisphere (grain–grit index: r=0.09, reversal learn-
ing: r=0.17, go/no-go: r=0.39). Thus, the behavioral
results did not depend on the overall magnitude of the
lesions.

As shown in Table 3, none of the lesion groups
displayed important postoperative declines in discrimi-
nation accuracy as measured with the grain–grit index.
To analyze a possibly specific contribution of a certain
brain structure to grain–grit performance, a multiple
regression analysis with the W%-values of NCL, NC,
DLP, and CDL as independent, and the grain–grit
index as the dependent variable was conducted. The

Table 3
Means and standard errors (S.E.) of the three lesion groups for the
grain–grit index (GGI) and the number of sessions needed to reach
learning criterion in the learning and the go/no-go task

Reversal Go/no-goGGIGroup

Mean S.E.S. E. Mean S.E.Mean

1.58.71.57.8NCL 0.02−0.03
8.0 1.3NC 0.360.38 5.4 1.0

1.57.20.86.4−0.13 0.04DLP
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result was not significant (F(4,11)=0.59), and all re-
gression coefficients between structure specific lesion
volumes and the discrimination capacity as tested with
the grain–grit index were very low (bNCL= −0.11,
rNCL= −0.13; bNC=0.36, rNC=0.26; bDLP= −0.15,
rDLP= −0.18; bCDL= −0.3, rCDL = −0.14; all t11B
1.1, n.s.). The same result was observed after analyzing
only left (F(4,11)=0.64), or only right hemisphere
structures (F(4,11)=1.01). Thus, none of the lesioned
structures seemed to be involved in visual discrimina-
tion performance as revealed by the grain–grit index.

As a next step, the number of sessions needed by the
animals to reach learning criterion in reversal learning
was analyzed. As shown in Table 3, the NCL-lesion
group required on the average a larger number of
sessions to manage this task. However, all NCL-ani-
mals also had partly substantial NC- or CDL-lesions.
Since the group average thus masks the possible contri-
bution of different structures under examination, the
specific impact of NCL-, NC-, DLP-, and CDL-lesions
on reversal learning performance was tested with a
multiple regression analysis. This model was highly
significant (F(4,11)=6.18, PB0.01). From the differ-
ent independent variables only the standardized regres-
sion coefficient for the NCL was significant (b= 0.85,
r=0.73, t12=4.5, PB0.001), while those of the other
structures were not (bNC= −0.24, rNC= −0.25;
bDLP=0.23, rDLP=0.08; bCDL= −0.05, rCDL=0.11;
all t11 B 0.8, n.s.). Partial correlations, which represent
the unique contribution of the respective independent
variable to the prediction of the dependent variable
adjusted for other factors, also revealed lesion extent of
NCL as the only significant predictive factor for rever-
sal deficits (r=0.804, t12=4.5, PB0.001). From these
data it follows that about 57% of the variance in the
reversal data can be accounted by the NCL-lesion. The
NCL of both hemispheres seemed to contribute to this
effect. The model for both multiple regressions with
lesion volumes of the left (F(4,11)=4.27, PB0.05),
and of the right side (F(4,11)=4.52, PB0.05) was
significant. From the different independent variables
only the standardized regression coefficients for the
NCL of the left (b=1.02, r=0.72, t12=3.4, PB0.01),
and of the right hemisphere (b= 1.07, r=0.75, t12=
3.78, PB0.005) turned out to be significant.

As displayed in Table 3, none of the lesion groups
displayed obvious group differences in the go/no-go
task. The specific contribution of NCL-, NC-, DLP-,
and CDL-lesions on go/no-go performance was again
tested with a multiple regression analysis. The regres-
sion model was not significant (F(4,11)=1.05) and all
regression coefficients were very low (bNCL=0.09,
rNCL=0.23; bNC=0.37, rNC=0.48; bDLP= −0.11,
rDLP= −0.32; bCDL=0.11, rCDL=0.35; all t11B1.2,
n.s.). The same was true for the analyses of left
(F(4,11)=0.86), and right hemisphere structures

(F(4,11)=1.09). Thus, none of the lesioned areas
seemed to be involved in go/no-go achievement.

4. Discussion

The present study shows that lesion extent of the
NCL is significantly related to the extent of reversal
deficits in pigeons. A comparable significant relation
could not be revealed for NC and CDL, which border
to NCL, and for DLP, the afferent diencephalic relay
of the NCL. None of the lesions produced sensory
deficits as tested in a pattern and a grain–grit discrimi-
nation task. Contrary to a previous study [18] no
deficits in a go/no-go task could be revealed for any
structure.

The most important aspect of the present study is the
finding that reversal deficits are significantly related to
lesion extent of NCL but not to lesions of the neigh-
bouring NC and CDL. Based on the pioneering studies
of Divac and colleagues [10–12,35], the NCL was
defined by Waldmann and Güntürkün [48] by quantify-
ing the density of immunocytochemically labelled do-
paminergic fibers. The multiple regression approach of
the present study makes it likely that this anatomical
definition also corresponds to a functional unit. Rever-
sal deficits without sensory pertuberations have been
repeatedly obtained with prefrontal lesions in different
mammals like rats [29], cats [23], old world monkeys
[25,46], new world monkeys [8], and humans [6]. Thus,
together with previous anatomical [10,12,48,51], bio-
chemical [11], electrophysiological [26], and behavioral
studies [14,18,35,36], the present result adds further
support to the assumption that the pigeon’s NCL is
equivalent to the mammalian prefrontal cortex.

At least a part of the deficits of the NCL-lesioned
pigeons in the homing experiment of Gagliardo and
Divac [15] might also be due to reversal learning prob-
lems. In this study the average orientation of the van-
ishing bearings (170°) of the lesioned animals are well
in the direction of the home loft (161°) when being
released from a familiar site. At the two unfamilar
release sites, however, NCL-pigeons stuck to the south-
east direction (168° and 134°), although the actual loft
location was now at completely different positions
(298° and 262°).

The NCL is not the only avian forebrain structure
for which postlesional reversal deficits have been re-
ported. Similar attenuations are usually observed after
lesions of the hyperstriatum in chicks [4], quails [45],
and pigeons [32,33]. Shimizu and Hodos [43] showed
that this is specifically due to lesioning the thalamore-
cipient laminae of the visual Wulst. At least in one of
these studies [32], the NC served as a control lesion
area and, similar to the present results, no lesion-depen-
dent reversal deficit were obtained. Thus, at least two
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different forebrain structures, NCL and the thalamore-
cipient hyperstriatal laminae, are involved in processes
which are important for pattern reversal learning. This
picture resemble at least in part the situation in mam-
mals, where beside the prefrontal cortex also different
structures of the temporal lobe have been implicated in
reversal tasks [1,3].

For none of the examined structures in the current
study could a sensory deficit be obtained. This accords
with previous studies which could not reveal visual
discrimination deficits after NCL [35. 36] or NC lesions
[32]. This is similar to studies using PFC-ablated animals
which also generally display no or only very transitory
sensory deficits [8,13].

For none of the examined structures could a signifi-
cant relation to go/no-go performance be shown. This
contrasts with PFC-lesion studies in different mam-
malian species [17,23,28,41] and also a previous experi-
ment with pigeons [18] which revealed for the same task
slight but significant deficits after NCL lesions. This last
contradiction might be related to the fact that in the
present go/no-go task the birds could make up to five
pecks without reinforcemet. This might have discour-
aged slightly disinhibited individuals. Additionally, the
NCL-lesions in the study of Güntürkün [18] extended far
more anterior along the lateral telencephalon into the
area temporo-parieto-occipitalis (TPO). Lesions of this
structure are known to impair the animals in intensity,
hue, and pattern discriminations [7]. It is therefore
possible that the go/no-go deficits obtained by Gün-
türkün [18] were related to the sensory and not the
sequential nature of the task. However, it is also conceiv-
able that the absence of go/no-go deficits in the present
study resulted from the fact that this was the last
experiment in a series of postoperative tasks so that the
animals might have recovered before being tested. The
pigeons of the present study had all completed well
above 700 trials in more than 1 month before beginning
to run in the go/no-go experiment. Behavioral recoveries
in less than 700 trials have been reported for rats [49] and
cats [9] with PFC-lesions, although of course the nature
of the trials might considerably differ from the procedure
used here. Mogensen and Divac [35,36] also observed a
complete recovery of their NCL-lesioned pigeons in
delayed alternation learning after 255–816 trials. Thus,
although it cannot be ruled out that the absence of
go/no-go deficits is due to a fast postlesional recovery,
the present data clearly show that given several weeks of
recovery NCL-lesions cause no deficits in a sequential
go/no-go task like the one used in this study.

DLP-lesions could not be shown to affect perfor-
mance in reversal- and go/no-go-tasks. In contrast,
lesions of the main thalamic input source to the PFC, the
mammalian nucleus mediodorsalis (MD) has been
demonstrated to affect performance in these tasks
[22,24,41]. The NCL in birds receives its main input from

the DLP [31,48] which itself is the projection area of
different sensory pathways [30]. The DLP is thus
thought to contribute to the multimodal character of the
NCL. Thus, although the DLP is very likely not ho-
mologous to the mammalian MD [18] it is conceivable
that DLP participates in functions equivalent to MD.
This seems indeed to be true for delayed alternation but
not for go/no-go (present study) and reversal learning
(present study). Thus, the projection of the DLP onto
NCL subserves only a subset of the functions of the
MD-PFC connection.

Anatomical and electrophysiological data make it
likely that the pigeons’ DLP is equivalent to the mam-
malian posterior complex of nuclei (Po) [30]. Subnuclei
of the Po project to PFC [2] in mammals, and it is
possible that the DLP-NCL system is anatomically
equivalent to the Po-PFC projection. Metzger et al. [34]
suggest according to anatomical data the avian n. dorso-
medialis anterior thalami (DMA) to be equivalent to the
mammalian MD. Unfortunately, no behavioral data
testing prefrontal functions are available for the mam-
malian Po and the avian DMA. Thus, the functional
architecture of the avian thalamus has to be elucidated
in further studies to clarify the issue of the prefrontal
system in birds.
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[19] Güntürkün O, Kesch S. Visual lateralization during feeding in
pigeons. Behav Neurosci 1987;101:433–5.

[20] Hodos W, Bobko P. A weighted index of bilateral brain lesions.
J Neurosci Methods 1984;12:37–43.

[21] Hodos W, Weiss SRB, Bessette BB. Intensity difference
thresholds after lesions of ectostriatum in pigeons. Behav Brain
Res 1988;30:43–53.

[22] Hunt PR, Aggleton JP. Medial dorsal thalamic lesions and
working memory in the rat. Behav Neural Biol 1991;55:227–46.

[23] Irle E, Markowitsch HJ. Differential effects of prefrontal lesions
and combined prefrontal and limbic lesions on subsequent learn-
ing performance in the cat. Behav Neurosci 1984;98:884–97.

[24] Isseroff A, Rosvold HE, Galkin TW, Goldman-Rakic PS. Spa-
tial memory impairments following damage to the mediodorsal
nucleus of the thalamus in rhesus monkeys. Brain Res
1982;232:97–113.

[25] Iversen SD, Mishkin M. Perseverative interference in monkeys
following selective lesions of the inferior prefrontal convexity.
Exp Brain Res 1970;11:376–86.
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