standing of the biochemical mecha-
nisms of ischemic cerebrovascular dis-
ease and perhaps lead to more effective
preventative treatment.
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Basal Forebrain and Hypothalamic Connections to
Frontal and Parietal Cortex in the Rhesus Monkey

Abstract. Horseradish peroxidase was injected in different parts of the frontal
and parietal cortex in 17 rhesus monkeys. In all cases the enzyme was transported
retrogradely to neurons in the substantia innominata and hypothalamus as well
as in the thalamus. These new findings demonstrate that these cortical areas
receive direct afferent fibers from limbic basal forebrain areas concerned with

emotion and motivation.

As part of the analysis of the motor
system of the brain, an attempt was
made to determine in the monkey the
precise location of the subcortical cell
populations which send their fibers to
the different parts of the frontal lobe.
For this purpose the retrograde trans-
port of horseradish peroxidase (HRP)
(1, Ia) from fiber terminals to parent

Fig. 1. (A) The cortical areas containing
horseradish peroxidase (HRP) reaction
products after injection of enzyme in the
different lobes of the cases discussed in

the text. In cases 3, 6, and 7, injections
were made in both the left (a) and right
(b) hemispheres. (B-E) The distribution
of HRP-positive neurons in basal fore-
brain areas of case 4, that is, in the sub-
stantia innominata, especially the nucleus
basalis, in the medullary laminae of the
globus pallidus, and in the hypothalamus.

cell body was utilized, since with this
technique cells of origin of the sub-
cortical afferents to restricted cortical
areas can be demonstrated very effec-
tively (Za, 2). The findings in this study
showed that the afferents to the frontal
and parietal lobes are not exclusively
derived from thalamic cell groups but
also come from the substantia innomi-
nata and the hypothalamus, thus link-
ing regions involved in the control of
mood and motivation to neocortical
areas guiding somatic motor and sens-
ory activities. Anatomical evidence for
such a link between these functionally
different brain structures has heretofore
been rather elusive.

In 15 rhesus monkeys 6 to 25 closely
spaced injections of 0.6 ul of 10 percent
HRP (Sigma VI) in distilled water
were made in different parts of the pre-
central gyrus and rostrally adjoining
frontal areas, either unilaterally or bilat-
erally. In three other monkeys, the
enzyme was injected in the postcentral
gyrus, parietal lobules, and occipital
lobe, respectively. In one control animal
30 injections of 0.6 ul of 0.0075 per-
cent saline (approximately the same
molarity as the 10 percent HRP) were
made in the precentral gyrus. After 3
days the animals were anesthetized and
perfused with 6 percent dextran fol-
lowed by a 0.5 percent paraformalde-
hyde-2.5 percent glutaraldehyde mix-
ture. The brains were kept in cacodylate
buffer with 30 percent sucrose for 3
days, and cut transversally in 40-um
frozen sections which were incubated
according to the method of Graham
and Karnovsky (I), dehydrated, and
covered. Some were lightly counter-
stained with cresyl violet. The material
was studied with the microscope under
bright-field and dark-field illumination.

In the control animal no retrogradely
labeled HRP-positive neurons were
found (Fig. 2B). In other animals
HRP-positive neurons were present in
the thalamus but also in the substantia
innominata and hypothalamus, which
will be referred to as basal forebrain
areas. In some cases labeled neurons
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appeared also in the claustrum. In the
six animals (cases 1, 2, 4, 5, 8, and 9
of Fig. 1) with unilateral injections,
the labeled neurons were present vir-
tually exclusively on that side, whereas
in cases of bilateral injection they ap-
peared on both sides.

After precentral gyrus injections, the
HRP-positive neurons in the thalamus
were concentrated in the caudal part of
nucleus ventralis lateralis (VL), and
some were present in nucleus centralis
lateralis and in caudal centre median.
After injections more rostrally in the
frontal lobe (for example, cases 2 and
3 of Fig. 1), the labeled neurons were
concentrated more rostrally and medi-
ally in the thalamus, that is, in the
rostromedial portion of the VL nucleus,
in the ventralis anterior nucleus, and in
the lateral part of the mediodorsal
nucleus.

After injections of HRP in the pre-
central gyrus (case 4 of Fig. 1), the
labeled neurons in the basal forebrain
areas were distributed as follows. Im-
mediately rostral to the anterior com-
missure a group of labeled neurons was
located at the foot of the septum (Fig.
1B and 2A), mainly ipsilaterally. Some
of them probably belonged to the nu-
cleus of the diagonal band of Broca, but
others seemed to be located more later-
ally. At the level of the anterior com-
missure (Fig. 1C) this population of
HRP-positive neurons extended laterally
through the substantia innominata, in
the area of the nucleus basalis (3).
Caudal to the optic chiasm labeled neu-
rons continued to be present in the
nucleus basalis, which at this level is
located laterally immediately ventral to
the globus pallidus (Fig. 1, D and E,
and Fig. 2C). A few such neurons
were present also in the internal and
external medullary laminae of the
globus pallidus, which have been re-
ported to contain cells of the nucleus
basalis (3). HRP-positive neurons ap-
peared also in the lateral hypothalamus
at these levels (Fig. 1, D and E), and
some were located in the area around
the fornix and dorsally in the medial
hypothalamus (Fig. 1, D and E, and
Fig. 2D).

HRP-positive neurons also appeared
in the basal forebrain areas when the
enzyme was injected in restricted parts
of the precentral gyrus, as in cases 5 and
. 6 of Fig. 1. These neurons showed the
same distribution as in case 4, but were
less numerous. Labeled neurons were
found bilaterally in the basal forebrain
areas when the enzyme was injected in
the area above the arcuate sulcus in one
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hemisphere and below it in the other, as
in case 3 of Fig. 1. They were found
also in case 2 of Fig. 1 ipsilateral to
an HRP injection in the arcuate gyrus
and in smaller numbers in case 1 of
Fig. 1 with injections in the rostral part
of the upper part of the upper bank of
the principal sulcus.

In order to determine whether HRP
was also transported from cortical areas
behind the central sulcus to the basal
forebrain areas, the enzyme was in-
jected in these cortical areas in three
monkeys (cases 7, 8, and 9 of Fig. 1).
In case 7, injections were placed in the
postcentral gyrus on one side and in
the precentral gyrus on the other, while
in case 8 of Fig. 1 they were made in
the superior and inferior parietal lob-
ules on one side. In these two animals
likewise, HRP-positive neurons were
present in the basal forebrain areas, bi-
laterally in case 7 (Fig. 2D) and al-
most exclusively ipsilaterally in case 8.
However, in case 9 of Fig. 1 with in-
jections in one occipital lobe very few
labeled neurons appeared in the rostral
part of the nucleus basalis (levels B
and C in Fig. 1). Yet, some were
present in the caudal part of the nu-
cleus and in the internal and external

#

Fig. 2. Dark-field photomicrographs of HRP-positive neurons in basal forebrain areas

medullary laminae of the globus palli-
dus (level D of Fig. 1), and a few
were found in the hypothalamus.

The fact that in 17 monkeys HRP
injections in the frontal, postcentral,
and parietal cortex consistently resulted
in retrograde transport of the enzyme
to cells in the nucleus basalis of the
substantia innominata and in the hy-
pothalamus indicates that neurons in
these basal forebrain areas send axons
to the neocortex of these lobes. Recent
electrophysiological findings had sug-
gested the possible existence of such
direct connections (4), but to our
knowledge such connections had not
been demonstrated anatomically.

The direct fiber connections from
the basal forebrain areas to the frontal
and parietal cortex are comparable in
some respects to the ascending mono-
aminergic pathways (5) which also
lead directly from cell groups in the
brainstem to the cortex. These mono-
aminergic pathways in addition may be
connected with the projection system
from the basal forebrain areas, since
the monoaminergic fibers on their way
to the cortex in part traverse the lateral
hypothalamus and the substantia in-
nominata (5).

after injection of the enzyme in frontal and parietal cortex. (a) Concentration of
HRP-positive neurons (X56) in case 4 in medial part of substantia innominata (area
labeled a in Fig. 1C). (b) The same area (X56) in control animal with saline injected
in precentral gyrus. (c) HRP-positive neurons (Xx56) in case 4 in caudal part of
nucleus basalis after light counterstaining with cresyl violet (area labeled ¢ in Fig. 1D).
(d) HRP-positive neurons (x61) in case 8 in lateral hypothalamus (area labeled d

in Fig. 1D).
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The substantia innominata and the
lateral hypothalamus receive fiber con-
nections from the mesencephalic reticu-
lar formation and paramedial limbic
areas as well as from the amygdala (3).
The HRP-positive neurons in the basal
forebrain areas appear, therefore, to
be located at the crossroads of limbic
brainstem pathways. The activity of the
limbic system has been shown to be
related to motivational and emotional
states. For example, stimulation of basal
forebrain areas and hypothalamus may
elicit sleep, food intake, and sexual ac-
tivity (6), and the activity of neurons
in the substantia innominata and the
medullary laminae of the globus palli-
dus has been found in operant condi-
tioning experiments to be related to the
delivery of a fruit juice reward (7). In
addition, lesions of the lateral hypo-
thalamus have been shown to result in
contralateral sensory inattention (8).

The present findings make it likely
that the behavioral phenomena elicited
by stimulation of limbic basal forebrain
areas may be brought about not only
by way of descending pathways to the
brainstem as suggested by Nauta’s
classic anatomical findings (3) but also
by way of the direct connections to the
cerebral cortex demonstrated in the
present study. Moreover, the latter con-
nections may provide a channel by
which the basal forebrain areas can
influence directly the precentral motor
cortex and cortical sensory areas in
accordance with the motivational and
emotional state of the organism.

JoB KIEVIT
HEenNricus G. J. M. KUYPERS
Department of Anatomy, Rotterdam
Medical Faculty, Erasmus University
Rotterdam, Rotterdam, Netherlands

References and Notes

=+ R. C. Graham and M. J. Karnovsky, J. Exp.
Med. 124, 1123 (1966); K. Kristensson and
Y. Olsson, Brain Res. 29, 363 (1971); J. H.
Lavail and M. M. Lavail, Science 176, 1416
(1972); J. H. Lavail, K. R. Winston, A. Tish,
Brain Res, 58, 470 (1973); H. J. W. Nauta,
M. B. Pritz, R. J. Lasek, ibid., p. 219; A. H.
Bunt, R. D. Lund, J. S. Lund, ibid. 73, 215
(1974).

la. H. G. J. M. Kuypers, J. Kievit, M. Groen-
Klevant, Brain Res. 67, 211 (1974).

2. E. G. Jones and R, Y. Leavitt, J. Comp. Neu-
rol. 154, 349 (1974); J. J. Dekker, J. Kievit, S.
Jacobson, H. G. J. M. Kuypers, Golgi Cen-
tennial: Geometry of the Neuron and Elec-
trotonic versus Chemical Neurotransmission,
M. Santini, Ed. (Raven, New York, in press).

3, W. J. H. Nauta and W, Haymaker, The
Hypothalamus (Thomas, Springfield, Ill., 1969),
pp. 136-209; J. Olszewski, The Thalamus of

the Macaca Mulatta (Karger, New York,
1952).

4. J. Siegel and R. Y. Wang, Exp. Neurol. 42,
28 (1974).

5. U. Ungerstedt, Acta Physiol. Scand. Suppl.
367, 1 (1971); V. M. Pickel, M. Segal, F. E.
Bloom, J. Comp. Neurol. 155, 15 (1974).

6. W. R. Hess, Das Zwischenhirn (Schwabe,
Basel, 1949); M. B. Sterman and C. D.
Clemente, Exp. Neurol. 6, 103 (1962); B. W.

662

Robinson and M. Mishkin, Exp. Brain Res.
4, 330 (1968); P. D. Maclean, The Hypo-

thalamus (Thomas, Springfield, Iil.,, 1969),
pp. 659-678.

7. M. D. Delong, J. Neurophysiol. 34, 414
(1971).

8. J. F. Marshall and P. Teitelbaum, J. Comp.
Physiol. Psychol. 68, 375 (1974).
9. We thank Dr. S. Jacobson and Mr. J. Tro-

Symbolic Matching by Pigeons:
Discriminations Predicted from

janowsky for their help in preparing some
of the animals, Dr. D. Hopkins for reading
the manuscript, and Mr. W. van den Ouden-
alder for his help with the photography. This
study was supported in part by grant 13-31-12
of the Dutch Organization for Fundamental
Research in Medicine (FUNGO) and by a
Dutch Interdepartmental Government grant.

20 August 1974 1

Rate of Learning Complex
Simple Discriminations

Abstract. Pigeons had no greater difficulty learning a complex discrimination
involving arbitrary interrelations among stimuli (symbolic matching) than one
involving interrelations based on stimulus similarity (matching-to-sample). The
relative rates of acquisition of matching and symbolic matching may be accounted
for by the discriminability between sample stimuli and between comparison
stimuli, with the former playing the more important role.

Cumming and Berryman (/) re-
ported that pigeons readily learn to
select, from among comparison colors,
that hue which is identical to a sample
color. Their procedure for establishing
matching-to-sample performance is as
follows. A naive pigeon, reduced to 80
percent of its normal weight, is placed
in a chamber with three response keys
on one wall. When a sample is pre-
sented on the center key, a single peck
at this sample turns on the remaining
keys. Now three stimuli are present,
the sample and two comparison stimuli,
one of which is identical to the sam-

ple. If the bird pecks at the comparison
that matches the sample, it is given
access to grain for 3 seconds. A peck
at the odd key turns off all lights in
the chamber for 3 seconds. Trials are
separated by a 15-second interval.
Using a variant of this procedure,
Eckerman trained pigeons in a sym-
bolic matching task (2). The compari-
son stimuli were vertical or horizontal
lines, but the sample stimuli were col-
ors. When the sample was wavelength
506 nm, pigeons were rewarded with
food for pecking the horizontal line,
but when the sample was wavelength
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Fig. 1. Mean percentage of correct responses for each session for all four complex
discrimination groups and for both simultaneous discrimination groups. The upper
abscissa has been used for all discriminations involving colors on the side keys (com-
parison stimuli). The lower abscissa has been used for all procedures using lines on
the side keys. One session on the upper abscissa is equal to 2.5 sessions on the lower

abscissa.
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