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Abstract. The prefrontal cortex in the monkey is related structurally and
functionally to several subcortical structures in such a way as to suggest that they
constitute a neural system. Both anatomical and behavioral evidence justify dm-
plicating in such a system the prefrontal cortex itself, the head of the caudate
nucleus, the globus pallidus, the substantia nigra, the subthalamic nucleus, the
septal nuclei, the hippocampus, the centromedian nucleus, and the hypothalamus.
There is, furthermore, an indication that this system is organized into at least
two well-defined subsystems: a “dorsal” system originating in the dorsolateral
prefrontal cortex involving the anterodorsal sector of the caudate, the lateral pal-
lidum, the subthalamic nucleus, and the hippocampus; an “orbital” system originating
in the orbital prefrontal cortex and involving the ventrolateral sector of the
caudate nucleus, the medial pallidum, the centromedian nucleus, the hypothalamus
and the septal nuclei. While the anatomical and behavioral dissociation between
these two systems is emphasized, attention is also drawn to the many possibilities
for the two systems to converge upon one another.

At the Symposium on the “Frontal granular cortex and behavior”
held at the Pennsylvania State University in 1962 we (Rosvold and
Szwarcbart 1964) proposed that the intimacy of the relationship between
certain subcortical structures and the prefrontal cortex justified consid-
ering that together they might constitute a neural system regulating
functions involved in the performance of delayed-response type tasks. It
seemed to us that the evidence, admittedly scant, was sufficiently com-
pelling to warrant implicating in such a system the prefrontal cortex
itself, the head of the caudate nucleus, the globus pallidus, the substan-
tia nigra, the subthalamus and the hippocampus. To be sure, our notions
with respect to the structures to be included in a cortical-subcortical
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frontal-lobe system have changed over the years, nevertheless the gen-
eral schema has proved a useful heuristic device. Many studies relating
to prefrontal cortical-subcortical mechanisms have been done in other
laboratories and we are to hear some of them described at this Sympo-
sium by other participants. My purpose is to review principally our own
studies and to bring up to date the evidence for and against the systems
concept.

Cortex

The point of departure for the present analysis is the prefrontal
cortex itself for it is in relation to the deficits produced by ablations
of this cortex that the question of subcortical mechanisms arises. In
assessing cortical-subcortical systems, it is important to recognize that
the prefrontal cortex is not a unitary substrate singularly concerned
with a unitary function, but rather that this expanse of cortical tissue
can be subdivided into at least two major behaviorally meaningful sub-
divisions — one located mainly on the ventral or orbital surface and the
other occupying a dorsolateral position on the convexity. Mishkin (1964)
in his paper at the 1962 Symposium reviewed the series of studies show-
ing how the classical delayed-response type task contained at least two
factors and how lesions in the different subdivisions of the prefrontal
cortex could contribute to impairment on this task by selectively affect-
ing vulnerability to one or the other of these factors. Briefly, the defi-
cits on this task exhibited by monkeys with orbital frontal lesions ap-
peared to be due to the necessity of reversing dominant response tenden-
cies on successive trials while that of the animals with lateral frontal
lesions seemed to be related to the spatial factors in the test. This dissoc-
iation of effects was clearly evident in two of our early studies. The
first, with Brutkowski (Brutkowski, Mishkin and Rosvold 1963), demons-
trated that the abnormal tendency of monkeys with orbital frontal lesions
to respond on negative trials of a differentiation problem clearly disting-
uished them from monkeys with lateral frontal removals. The second was
an unpublished study cited by Mishkin (1964) in which the requirement of
reversing responses on a place discrimination task posed more of a prob-
lem for monkeys with lateral removals than for those with orbital le-
sions. In the nearly ten years that have elapsed since the Pennsylvania
State Symposium, the dissociability of the functions of the orbital and
dorsolateral prefrontal subdivisions, evident in these early studies, has
been amply confirmed (Butter et al. 1963, Lawicka et al. 1966, Mishkin
et al. 1969, Goldman et al. 1970, Pohl 1970, Goldman 1971) and the cor-
tical localization of these functions have been more exact definition
(Mishkin et al. 1969).
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In more recent years, attention has been given less to dissociating
between the functions of the two major subdivisions of the prefrontal
cortex and more to localization of function within each division. With
respect to the orbital cortex, Iversen and Mishkin (1970) have shown that
lesions in the inferior convexity of the frontal lobe resulted in greater
impairments on delayed alternation than did lesions in the medial orbi-
tal cortex. Object reversal, on the other hand, was more affected by me-
dial orbital lesions than by removal of the inferior convexity. Butter
(1968) in his own laboratory, has gone further with localization of func-
tion within the orbital cortex and his results indicate that the postero-
medial cortex on the ventral surface is a focal area for performance on
bar-press extinction.

With regard to the dorsolateral subdivision, we (Goldman, Rosvold,
Vest and Galkin 1971) have recently completed a series of studies which
indicate that this subdivision also can be further fractionated into behav-
ioral subunits. We were able to demonstrate that the functions measured
by two spatial tasks — delayed alternation and a conditional position
response test — could be dissociated and were localized in different
areas of the dorsolateral cortex. Figure 1 shows the lesions that were
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Fig. 1. Schematic representation of the lesions in the principal and arcuate sulci
which resulted in the dissociation of functions illustrated in Fig. 2.

compared and Fig. 2 shows the results. It may be seen that the tasks
which contain both spatial and delay factors are selectively impaired by
lesions of the cortex in the principal sulcus while those involving a spa-
tial factor and no delay or delay but no spatial factor are impaired by
lesions in the arcuate cortex. While it is too early to be sure what the
functions of the arcuate cortex might be, these results suggest that
the principal sulcus may be uniquely concerned with proprioceptive mem-
ory.

These studies on the cortex form the background for the studies on
subcortical structures now to be discussed.



442 H. E. ROSVOLD

SPATIAL DELAYED
ALTERNATION

v 5004
[ 4
A ¢
[
]
z 3007 CONDITIONAL POSITION
.;, RESPONSE
100+ 300
(7]
3
0 & 2004
w
SPATIAL DELAYED 5
RESPONSE L I
500
(%]
B S X
3 P A
W 300
-4
-
= GO — NO GO DELAYED
100+ ALTERNATION
5004
14
E ¢
[
w 3004
PLACE DISCRIMINATION z
REVERSAL w
100
C 2001 | ]

P A

1001

MEAN ERRORS

Fig. 2. Effect of principalis (P) and arcuate (A) lesions on A: spatial delayed
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ditional position response; and E, go-no go alternation. (From Goldman et al.
1971.)

Hippocampus

At the previous Symposium we reviewed the behavioral, anatomical,
and electrophysiological evidence supporting the inclusion of the hippo-
campus in the frontal-lobe system. We also presented new behavioral
data confirming that hippocampal lesions impair the monkey’s perform-
ance on spatial delayed alternation and indicating further that the
severity of this itm{)airment depends on the size of the lesion. However,
hardly had this material been published when Dorff (1964), working in
our own laboratory, found that hippocampal lesions did not necessarily
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result in impairment on delayed-alternation performance. But because
his lesions proved to be relatively small, and interanimal variability
great, we tended to discount his negative findings and argued that if the
lesions had been large enough, the variability would have been overcome
and reliable deficits would have emerged. To test this, we (Waxler and
Rosvold 1970) made much larger lesions by electrocautery, resection, or
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Fig. 3. Reconstructions of the lesions of two of the subjects who were tested for

retention of delayed alternation after resection of the hippocampus. Dashes outline

the hippocampus and the amygdala. Horizontal striations, hippocampal damage;

dots, cortical damage; random stipple, amygdala damage. (From Waxler and
Rosvold 1970.)
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lobectomy to assure removal of the entire hippocampus in every way
that had been tried and tested the effects of such lesions on both initial
learning and post-operative retention of spatial delayed alternation. As
may be seen in Fig. 3 and 4, no matter which method of making the le-
sions was used, no matter whether the monkeys were tested in retention
or initial learning, the effects on delayed alternation were the same:
some animals were severely impaired, others not at all. Figure 5 illus-
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Tig. 4. Reconstructions of the lesions of two of the subjects who were tested for

learning of delayed alternation after electrocoagulation of the hippocampus. Dashes

outline the hippocampus and the amygdala. Horizontal striations, hippocampal

damage; dots, cortical damage; random stipple, amygdala damage. (From Waxler
and Rosvold 1970.)
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trates that the distribution of scores was essentially bimodal; about half
were within the normal range while the other half were outside the normal
distribution altogether. It must be admitted, then, that including the
hippocampus in the frontal-lobe system is not, on the basis of effects of
lesions on delayed-alternation performance, unquestionably justified.
Still further difficulties for doing so are raised by the findings, most
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Fig. 5. Spatial delayed alternation learning error scores of 8 operated subjects
compared with those of 36 normal subjects. Each circle represents the score of one
subject. (From Waxler and Rosvold 1970.)
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recently confirmed by Mahut (1971) of Northeastern University, that
on another test of frontal-lobe function, spatial delayed response, mon-
keys with hippocampal lesions are not impaired.

These contradictory results are difficult for us to understand. Quali-
tative and quantitative differences between delayed response and de-
layed alternation are easy to point out, but that these differences are
critical in determining the discrepancies in the effects of hippocampal
lesions has not been demonstrated. With respect to the uncertain results
on delayed alternation, the only interpretations we have been able to
suggest, admittedly not very satisfying, are that some monkeys use
a variety of strategies to perform delayed alternation and the utilization
of some of these strategies requires an intact hippocampus while others
do not, or alternatively, that in some monkeys other brain tissue com-
pensates for the loss of the hippocampus.

The anomalous results notwithstanding, however, encouragement for
relating the hippocampus to the frontal lobes continues to be provided.
Mahut (1971) has very recently reported that, in her own laboratory at
least, hippocampal damage invariably results in severe and long-lasting
impairment on delayed-alternation performance. Furthermore, she has
provided evidence, recently confirmed by Jones and Mishkin (un-
published data) in our own laboratory, that hippocampal animals are
impaired on a spatial reversal test but not on an object reversal test,
suggesting that the functions of the hippocampus, while resembling those
of the frontal lobes, are principally related to those of the dorsolateral
frontal cortex.

In the face of the equivocal behavioral evidence, the inclination is
to deny that the hippocampus participates in the frontal-lobe system.
However, the persistence of the positive evidence should not be ignored,
and in view of the increasing anatomical and electrophysiological evi-
dence supporting the view, I prefer, for the present, to think that it
does play a role, particularly in the sphere of dorsolateral frontal-lobe
functions, with the significance of the negative evidence still not evi-
dent to us.

Septal nuclei

The septal nuclei were not included in the 1962 schema of the fron-
tal-lobe system principally because there were virtually no relevant be-
havioral data from investigations using monkeys, though evidence from
studies using other animals would have been sufficient reason for inclu-
ding them (McCleary 1967). Certainly, the anatomical relationships of
the septal nuclei, both with the hippocampus and the prefrontal cortex
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are compelling enough (Adey and Meyer 1952, Johnson et al. 1968) to
warrant thinking of them as part of the same system. In particular, the
selective affinity of the orbital frontal projection for the medial septal
nuclei, which are located almost exclusively in a ventral sector of the
septum (Johnson et al. 1968), would suggest that lesions placed ventrally
rather than dorsally in the septum would mimic the effects of orbital
frontal lesions.

One clear selective effect of orbital frontal lesions, as we (Butter,
Mishkin and Rosvold 1963) demonstrated some time ago, is an abnor-
mal resistance to extinction of a bar-press habit. It was reasonable to
suppose, therefore, that lesions placed ventrally in the septum would
also lead to resistance to extinction of a bar-press habit, while lesions
placed dorsally would not. Butters and I (1968b) showed this to be the
case. As may be seen in Fig. 6, only those lesions involving the ventral
septum resulted in an abnormal number of responses in extinction.

2000
«v++++ Unoperated Controls (N=9)
1800 Combined Septal (N=16)
———— Ventral Septal (N=4)
T — Dorsal Septal (N=5)
14001’
12001
U
w p
)
Z 10001
a
(0] .
u 0
& 800
| RS <~
6001 N . ~
: - === oY
) ] e e EINL N Tl TN
400 A e T T N T T
N
200
0 T T T T T T T T T —r - T T T "5
| 2 3 4 5 6 7 8 9 10 ] 12 13 14
DAYS

Fig. 6. The mean number of responses emitted during extinction by monkeys
with lesions in the dorsal septum, in ventral septum, in both areas of the septum
combined, and in normal monkeys. (From Butters and Rosvold 1968b.)

We (Butters and Rosvold 1968b) also tested the effects of septal
nuclei lesions on post-operative initial learning of spatial delayed alter-
nation. None of the lesions resulted in impaired performance on this
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test in terms trials and errors to criterion. There was, however, a sig-
nificant positive correlation between the size of the ventral sector dam-
age and the number of perseverative errors and, as well, with the
number of long runs of consecutive errors.

Thus, on both the bar-press and on the delayed-alternation tasks,
monkeys with lesions in the medial septal nuclei exhibit a tendency to
perseverate inappropriate responses. They are, in this respect, similar
to monkeys with orbital frontal lesions, and, it may be argued, therefore,
that at least the medial part of the septal area should be included in the
frontal-lobe system.

Centromedian nucleus

Like the septal nuclei, the centromedian nucleus of the thalamus could
have been included in the frontal system on the basis of its anatomical
relationships with both the frontal cortex and the basal ganglia (John-
son et al. 1968). However, at the time of the 1962 Symposium there were
no data to suggest the significance for behavior of these anatomical rela-
tionships. Since then, behavioral data have been accumulating from stu-
dies, principally in the rat and on aversive conditioning ‘(Delacour 1969),
which suggest that the centromedian nucleus is functionally related to
the orbital frontal cortex. Until this last year, however, virtually no

DA OR
160 T
1404 63 /
1204 {
@ 1007 NN
§ IOO- §§
80 %\%
il
o JAN
| me % I e ot ate
) \\ e ) Locions.  (Based. o

Normol data in Marburg 1970.)



THE FRONTAL LOBE SYSTEM 449

63 [}
60- / F
/77 |7
504
é 40 §§ 4
5 s N
N\ <
20- 2) \
\
10- %\
\\O§ = O §\O R N
. Preop Postop Preop Postop Preop Postop
N=12 N=11 N=23
NORMALS SMALL LARGE ALL OPS.

Fig. 8. Post-operative retention of spatial delayed alternation. Mean pre- and post-

operative error scores are shown for normals, small-lesion group (less than 30%

of CMd), large-lesion group (more than 40% of CMd), and these two groups
combined. (Based on data from Marburg 1970.)

relevant information had been available with respect to the functions of
this nucleus in the monkey. Marburg (1970), therefore, undertook to in-
vestigate the effects of lesions in the centromedian nucleus of the mon-
key on spatial-delayed alternation, object reversal, and escape from
shock. The results for post-operative initial learning of delayed alterna-
tion and object reversal are shown in Fig. 7. It may be seen that centro-
median lesions do not significantly affect the ability of the monkey to
learn these tasks. Figure 8 shows his findings concerning post-operative
retention of delayed alternation. Though the lesions have the effect of
increasing the range of the scores, they do not result in reliable diffe-
rences in pre- and post-operative comparisons. Similarly, as may be seen
in Fig. 9, lesions of the centromedian nucleus do not affect the retention
of object reversal. It should be emphasized that some of these lesions
were large, in some cases involving 85% of the nucleus itself as well as
substantial amounts of surrounding tissue, and thus it is unlikely that
the failure to find an effect om these tests is attributable to the lesion
being too small. Rather, it seems reasonable to accept the negative find-
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Fig. 9. Post-operative retention of object reversal. Mean pre- and post-operative

errors scores are shown for normals, small- (less than 30% of CMd) lesion group,

large- (more than 40°% of CMd) lesion group, and these two groups combined.
(Based on data from Marburg 1970.)

ings on these two tests as indicating that the centromedian nucleus
does not participate in all of the functions of the frontal-lobe system.

A probable role for the centromedian nucleus is apparent, however,
in the results of the other test which Marburg administered. Figure 10
illustrates that there was an increase in shock-escape thresholds after
damage to the nucleus. The difference between the thresholds before
and after large (more than 40% of the nucleus) lesions is significant.
Thus, in monkeys as well as in other animals the centromedian nucleus
is concerned with responses to painful stimuli.

This pattern of deficits, namely, no impairment on delayed alterna-
tion or object reversal, but a clear-cut change in response to aversive
stimuli, is similar to that found after damage to the dorsomedial nucleus
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Fig. 10. Shock-escape threshold changes after CMd lesions. Pre- and post-opera-

tive thresholds are shown in milliamperes for normals, small- (less than 30°% of

CMd) lesion group, and large-(more than 40°% of CMd) lesion group. (Based on
data from Marburg 1970.)

of the thalamus (Peters et al. 1956, Roberts 1962). No satisfactory explan-
ation can be offered for the apparent lack of effect on delayed re-
sponse-type tests of lesions in these structures which are so intimately
related anatomically to the frontal lobes. It is, of course, possible to
suggest that these nuclei have so many connections with other structures
in the frontal-lobe system that in their absence their functions are
subsumed by alternate structures. There is little evidence bearing on this
question, but Marburg’s observations in two monkeys suggests that it
is mot, at least, the dorsomedial and the centromedian nuclei which sub-
stitute for one another. These two additional animals were given mas-
sive lesions involving both these structures, but, even so, their perform-
ance on delayed alternation and object reversal remained unaffected.

It seems indicated, then, that if the centromedian nucleus is to be
included in the frontal-lobe system on the basis of behavioral evidence,

22 — Acta Neurobiologiae Experimentalis
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it is because of its participation in functions related to the response to
painful stimuli rather than in the functions involved in spatial delayed-
alternation and object-reversal tasks.

Hypothalamus

Few would object to including the hypothalamus in a frontal-lobe
system; indeed, in many respects the hypothalamus appears to be contin-
uous both in structure and function with the posterior orbital frontal
cortex (Nauta 1964, Robinson and Mishkin 1968, Nauta and Haymaker
1969, MacLean 1969). It is somewhat surprising then to find so little
correlative behavioral analysis which attempts to relate the functions of
the hypothalamus to those of the prefrontal cortex in terms of the tests
with which we have been concerned. Much of what has been done has,
in fact, been done in Poland by Romaniuk (1962) and by Balinska, Brut-
kowski and Stefanicka (1966). Their data, derived principally from stud-
ies on the rabbit, would support the contention that the hypothalamus
should be included in the frontal-lobe system on behavioral as well as
on anatomical bases.

Only in the past few months, however, has any similarly relevant
data become available for the monkey. This has been provided in a study
with Vereczkei (L. Vereczkei, P. S. Goldman and H. E. Rosvold, unpublish-
ed data) of the University of Pecs, Hungary, who has just completed a year
with us. We placed lesions in the anterior, ventromedial, or lateral
areas of the hypothalamus, and as well, large lesions in these three
areas combined, and observed the effects on tests of visual pattern dis-
crimination, spatial delayed alternation, and object reversal. The data
have not yet been completely analyzed, particularly with respect to the
precise boundaries of the lesions; nevertheless, a preliminary analysis
of the data suggests that initial learning of each of the tasks is impaired
to some extent after each of the lesions, except perhaps after the lateral
lesion on delayed alternation (Table I). Indeed, the magnitude of these
deficits (some animals failed to learn delayed alternation in 1000 trials),
often as great as one expects from cortical lesions, is particularly im-
pressive when one considers how small the subcortical lesion is in com-
parison with the cortical lesion. Another suggestion in the data is appar-
ent in the pattern of the effects of the lesions — impairment on spatial
delayed alternation, visual pattern discrimination, and on object rever-
sal; such a pattern is similar to that seen after orbital lesions (Goldman
et al. 1970).

If these encouraging findings are borne out in the more systematic



THE FRONTAL LOBE SYSTEM 453

TABLE 1

Effects of hypothalamic lesions: mean scores to criterion on visual pattern discrim-
ination, spatial delayed alternation and object reversal®

VD DA OR
Groups® n 3
Trials | Errors Trials Errors Errors

N 115 47 238 80 36

AH 305 142 510 , 160 90

VM 281 122 508 160 90

LH 290 125 360 100 98

AH+VM+ |

+LH 393 | 184 793 | 296 100

a Abbreviations: VD, visual pattern discrimination; DA, spatial
delayed alternation; OR, object reversal; N, normal; AH, anterior
hypothalamic area; VM, ventromedial area; LH, lateral hypothala-
mic area.

b The assignment of animals to groups is based on a prelimin-
ary study of the brains and should be considered tentative. While
there may be reassignments of some animals when the lesion sites
are more systematically verified, the preliminary analysis suggests
that there are not likely to be so many as to invalidate the general
points made in the text.

analysis of the data now under way, it would then seem justified to in-
clude the hypothalamus in the frontal-lobe system, and probably in that
part related to the orbital frontal cortex.

Caudate nucleus

It will be recalled that at the time of the Pennsylvania Symposium,
of all the structures alleged to belong to a frontal-lobe system, the head
of the caudate nucleus seemed most to warrant a place. Its intimate
relationship with the frontal lobes had been established on the basis of
anatomical connections, electrophysiological interrelationships, and simi-
larities in the behavior subserved. Indeed the similarities in function
based on behavioral evidence were so compelling that it seemed justi-
fied to conclude that there is an identity of function between these two
structures. The results of studies since then have continued to support
this conclusion. For example, on two other tests of frontal-lobe function
(conditional position response and auditory go-no go) on which Lawicka,
Mishkin and I (1966) found monkeys with frontal cortical lesions to be
impaired, B. Vest and I (unpublished data) later found, as may be seen
in Fig. 11, equally severe impairments in monkeys with lesions in the
head of the caudate nucleus. There seems to be no exception, then, to
the rule that whenever a frontal-lobe lesion results in impaired perform-
ance on a test, so do lesions in the head of the caudate.

At a more recent meeting I (Rosvold 1968) described how this simi-
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larity in function could be extended to encompass the implications of
newly discovered topographical relationships between parts of the fron-
tal cortex and parts of the head of the caudate. Anatomical studies from
several laboratories (Nauta 1964, Kemp and Powell 1970), ours among
them (Johnson et al. 1968), had demonstrated that the head of the caudate
nucleus was not a homogeneous mass, but rather, had a clearly definable
topography based on differential projections from the cortex. Of special
relevance to our work was the finding that the dorsolateral frontal cortex
projected selectively on an anterodorsal sector of the head of the caudate
nucleus, while the orbital frontal cortex directed its fibers to a ventro-
lateral sector of the head of the caudate.

Divac, Szwarcbart and I (1967) provided evidence of behavioral rele-
vance for these findings in demonstrating that the functions of these
two sectors of the head of the caudate could be dissociated in much the
same way as the functions of the dorsolateral and orbital cortex, re-
spectively. Monkeys with anterodorsal lesions were impaired on delayed
alternation but not object reversal; monkeys with ventrolateral lesions
were impaired on object reversal but not on delayed alternation. Fur-
thermore, Butters and I (1968a) later showed that the effects of ventro-
lateral caudate lesions mimicked orbital cortical lesions in another way;
that is to say, either lesion resulted in an abnormal resistance to extinc-
tion of a bar-press habit. It seems justified to conclude, then, that the
anterodorsal sector of the head of the caudate, like the dorsolateral
frontal cortex, is concerned with the spatial factors in a test while the
ventrolateral sector of the caudate, like the orbital frontal cortex, is
concerned with the inhibition of prepotent response tendencies.

The similarity in function between parts of the frontal cortex and
parts of the head of the caudate nucleus, determined, it seemed, by se-
lective anatomical connections between them, led us to ask if, in turm,
each part of the caudate directed fibers selectively to other structures
and similarly determined their functions. Accordingly, Johnson and I
(1971) undertook an anatomical study seeking to determine if the effe-
rents of the two sectors of the caudate could be distinguished. We
placed lesions selectively in one or the other sector or the head of the
caudate nucleus and traced the consequent degeneration of fibers. Degen-
erating fibers from the selectively placed lesions could be traced along
separate trajectories to different areas of termination in the globus
pallidus, those from the anterodorsal caudate terminating more laterally
in the pallidum than those from the ventrolateral caudate. I have sum-
marized these findings in Fig. 12. Also shown in the Figure is the
significant fact, demonstrated some years ago by Nauta and Mehler (1966),



456 H. E. ROSVOLD

Fig. 12. Schematic representation of the “dorsal” and the “orbital” frontal system
as determined by fiber degeneration following selectivedy placed lesions at each
successive relay.

that the principal efferent projections of the medial and the lateral seg-
ments of pallidum also tend to take different courses; the medial by
way of the thalamic fasciculus to the dorsal thalamus, and the lateral by
way of the subthalamic fasciculus to the subthalamic nucleus. Thus, at
least two well-defined systems originating in the cortex and maintaining
their integrity through successive subcortical relays may be distinguish-
ed. The first is a “dorsal” system which finds its way from the dorso-
lateral prefrontal cortex, through the anterodorsal caudate and lateral
pallidum to the subthalamic nucleus, and the other is an “orbital” system
which finds its way from the orbital cortex through the ventrolateral
caudate and medial pallidum to the dorsal thalamus.

As we have discussed in our published report of this study, the data
from behavioral studies are consistent in demonstrating that the cortical
and caudate components of the “dorsal” and of the “orbital” systems
subserve different functions. Whether or not the behavioral distinc-
tions between the two systems are maintained at successive relays be-
yond the caudate nucleus is at present unclear. There have been no stud-
ies relating the effects of selctive lesions in the pallidum to prefrontal
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functions on the basis of the customary behavioral problems, and only
one relevant study involving lesions in the subthalamic nucleus; and
this study did not attempt to distinguish between “dorsal” and “orbital”
functions. The evidence from studies concerning the function of the dor-
sal thalamus is equally unsatisfactory for making a distinction between
the two systems. On the one hand, lesions in the dorsomedial (Peters et
al. 1956) or the centromedian (Marburg 1970) nucleus do not affect per-
formance on any of the tests on which the dissociation between the two
systems rests. On the other hand, lesions in these thalamic muclei do
impair responses to noxious stimuli (Roberts 1962, Delacour 1969, Mar-
burg 1970); effects which are probably more closely related to “orbital”
(limbic) than to “dorsal’”’ system lesions.

Clearly, what is now required is a comprehensive investigation com-
paring the effects of selectively placed lesions in all of the structures
in the system on a battery of tests which samples the entire gamut of
frontal-lobe functions. Only then will it be possible to avoid the bias,
evident in this presentation, of making the most of the positive evidence
favoring the hypothesis. Furthermore, if the systems concept is to be-
come meaningful, it will be necessary ultimately to provide behavioral
and electrophysiological evidence not only that these interrelated struc-
tures do, in fact, function as a system, but also to give some indication
as to the functional contribution which each component makes to the
system. In the meantime, accepting the available evidence as consistent
with the notion that there are two dissociable frontal-subcortical systems
serves to suggest what research remains to be done if this goal is to
be achieved.

Conclusion

The evidence available at the time of the Pennsylvania Symposium
justified thinking of the prefrontal cortex and certain subcortical struc-
tures as parts of a functional system. In the years between that Sympo-
sium and this one, a clear dissociation between the functions of the
dorsolateral and the orbital parts of the prefrontal cortex has evolved
and, as I have described in this review, it has been possible to align
subcortical structures with one or the other part of the prefrontal cortex.
Thus there appears to be a “dorsal” system and an “orbital” system
composed of structures which have functions similar to those subserved
by the division of the prefrontal cortex with which it is related.

While this review has emphasized the evidence supporting the con-
cept of anatomically interrelated structures forming two distinguishable
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functional systems, there are important questions remaining to be an-
swered if the concept is to continue to be useful. It is a fact, for exam-
ple, that the two systems, though clearly dissociable structurally and
functionally, also converge upon one another at several levels: the
“dorsal” system meets the “orbital” system at the level of the medial
pallidum through reentrant fibers from the subthalamic nucleus, and the
“orbital” system reaches the “dorsal” system through projections from
medial pallidum to the thalamus and thence back to the cortex and to
the striatum. The significance for behavior of this interdigitation is not
apparent, though it obviously provides a mechanism for activity in one
system to influence activity in the other.

Another question requiring explanation concerns the finding that
lesions in subcortical structures may produce some but not all of the
effects associated with lesions in their affiliated cortical areas. Thus,
lesions in the hippocampus result in deficits on delayed-alternation but
not on delayed response. Septal lesions increase resistance to extinction
of a bar-press habit but do not result in severe delayed alternation
deficits. And ventrolateral caudate lesions, though resulting in impair-
ment on object reversal and on bar-press extinction, do not affect per-
formance on delayed alternation. Given that there is support for inclu-
ding each of these structures in the system indicated, it can be concluded
that the functions of the cortex need not be replicated in detail by each
of the subcortical structures. If it could be determined what factor in
a test is particularly vulnerable to the effects of a certain subcortical
lesion, much could be said concerning the unique contribution of that
structure to the function of the frontal-lobe system.

Many other questions could be raised, both with respect to other
structures to be incorporated into the system, and also concerning such
behaviorally anomalous structures as the centromedian and the dorsal
medial nuclei which on anatomical grounds seem so much to be an integ-
ral part of the system. Ferreting out the answers to these many ques-
tions poses a challenge for future research.

REFERENCES

ADEY, W. R., and MEYER, M. 1952. An experimental study of hippocampal affer-
ent pathways from prefrontal and cingulate areas in the monkey. J. Anat.
86: 58-74.

BALINSKA, H., BRUTKOWSKI, S. and STEFANICKA, J. 1966. Frontohypothala-
mic control over food-reinforced conditioned-reflex performance and differ-
ential inhibition in rabbits. Acta Biol. Exp. 26: 3-23.

BRUTKOWSKI, S., MISHKIN, M. and ROSVOLD, H, E. 1963, Positive and inhibi-



THE FRONTAL LOBE SYSTEM 459

tory motor CRs in monkeys after ablation of orbital or dorsolateral surface
of the frontal cortex. In E. Gutman and P. Hnik (ed.), Central and periph-
eral mechanisms in motor functions. Czech. Acad. Sci., Prague, p. 133-141.

BUTTER, C. M. 1968. Perseveration in extinction and in discrimination reversal
tasks following selective frontal ablations in Macaca mulatta. Physiol.
Behav. 4: 163-171.

BUTTER, C. M., MISHKIN, M. and ROSVOLD, H. E. 1963. Conditioning and extinc-
tion of a food-rewarded response after selective ablations of frontal cortex
in rhesus monkeys. Exp. Neurol. 7: 65-75.

BUTTERS, N. and ROSVOLD, H. E. 1968a. Effect of caudate and septal nuclei
lesions on resistance to extinction and delayed-alternation. J. Comp. Phy-
siol. Psychol. 65: 397-403.

BUTTERS, N. and ROSVOLD, H. E. 1968b. Effect of septal lesions on resistance
to extinction and delayed alternation in monkeys. J. Comp. Physiol. Psy-
chol. 66: 389-395.

DELACOUR, J. 1969. Role of a medial thalamic structure in various types of
instrumental defensive conditioning. Physiol. Behav. 4: 969-974.

DIVAC, I, ROSVOLD, H. E. and SZWARCBART, M. K. 1967. Behavioral effects
of selective ablation of the caudate nucleus. J. Comp. Physiol. Psychol.
63: 184-190.

DORFF, J. E. 1964. The effect of combined subcortical lesions in monkeys on
delayed alternation and the extinction of a bar-pressing response. Ph.
D. Thesis. Catholic University, Washington.

GOLDMAN, P. S. 1971. Functional development of the prefrontal cortex in early
life and the problem of neuronal plasticity. Exp. Neurol. 32: 366-387.

GOLDMAN, P. S.,, ROSVOLD, H. E. and MISHKIN, M. 1970. Selective sparing of
function following prefrontal lobectomy in infant monkeys. Exp. Neurol.
29: 221-226,

GOLDMAN, P. S., ROSVOLD, H. E., VEST, B. and GALKIN, T. W. 1971. Analysis
of the delayed alternation deficit produced by dorsolateral prefrontal
lesions in the rhesus monkey. J. Comp. Physiol. Psychol. 77: 212-220.

IVERSEN, S. D. and MISHKIN, M. 1970. Perseverative interference in monkeys
following selective lesions of the interior prefrontal convexity. Exp. Brain
Res. 11: 376-386.

JOHNSON, T. N, ROSVOLD, H. E. and MISHKIN, M. 1968. Projections from
behaviorally-defined sectors of the prefrontal cortex to the basal ganglia,
septum and diencephalon of the monkey. Exp. Neurol. 21: 20-34.

JOHNSON, T. N. and ROSVOLD, H. E. 1971. Topographic projections on the globus
pallidus and the substantia nigra of selectively placed lesions in the pre-
comissural caudate nucleus and putamen in the monkey. Exp. Neurol.
33: 584-596.

KEMP, J. M. and POWELL, T. P. S. 1970. The corticostriate projection in the
monkey. Brain 93: 525-546.

LAWICKA, W. MISHKIN, M. and ROSVOLD, H. E. 1966. Dissociation of impair-
ment on auditory tasks following orbital and dorsolateral frontal lesions.
in monkeys. Proc. X Congr. Pol. Physiol. Soc. (Lublin) 10: 178.

McCLEARY, R. A. 1967. Response modulating functions of the limbic system:
Initiation and suppression. In E. Stellar and J. M. Sprague (ed.), Progress.
in physiological psychology. Acad. Press, New York, p. 210-272.

MacLEAN, P. D. 1969. The hypothalamus and emotional behavior. In W. Haymaker,



460 H. E. ROSVOLD

E. Anderson, and W. J. H. Nauta (ed.), The hypothalamus. Charles C Tho-
mas, Springfield, p. 659-677.

MAHUT, H. 1971, Spatial and object reversal learning in monkeys with partial
temporal lobe ablations. Neuropsychologia (in press).

MARBURG, D. L. 1970. Behavioral effects of ablation of the centromedian nucleus
in the thalamus of the monkey. Ph. D. Thesis. Univ. Texas, Austin.

MISHKIN, M. 1964. Perseveration of central sets after frontal lesions in monkeys.
In J. M. Warren and K. Akert (ed.), The frontal granular cortex and
behavior. McGraw-Hill Book Co., New York, p. 219-241.

MISHKIN, M. VEST, B.,, WAXLER, M. and ROSVOLD, H. E. 1969. A re-examina-
tion of the effects of frontal lesions on object alternation. Neuropsychologia
7: 357-363.

NAUTA, W. J. H. 1964. Some efferent connections of the prefrontal cortex in the
monkey. In J. M. Warren and K. Akert (ed.), The frontal granular cortex
and behavior. McGraw-Hill Book Co., New York, p. 397-409.

NAUTA, W. J. H. and HAYMAKER, W. 1969. Hypothalamic nuclei and fiber con-
nections. In W. Haymaker, E. Anderson and W. J. H. Nauta (ed.), The
hypothalamus. Charles C Thomas, Springfield, p. 136-209.

NAUTA, W. J. H,, and MEHLER, W, R. 1966. Projections of the lentiform nucleus
in the monkey. Brain Res. 1: 3-42.

PETERS, R. H, ROSVOLD, H. E. and MIRSKY, A. F. 1956. The effect of thalamic
lesions upon delayed response-type tests in the rhesus monkey. J. Comp.
Phystiol. Psychol. 49: 111-116.

POHL, W, 1970. Dissociation of spatial discrimination deficits following frontal
and parietal lesions in monkeys. Ph. D. Thesis. George Washington Univ.,
Washington.

ROBERTS, W. W. 1962, Fear-like behavior elicited from dorsomedial thalamus of
cat. J. Comp. Physiol. Psychol. 55: 191-197.

ROBINSON, B. W. and MISHKIN, M. 1968. Alimentary responses to forebrain
stimulation in monkeys. Exp. Brain Res. 4: 330-366.

ROMANIUK, A. 1962. The effects of lesions of the medial hypothalamus on the
conditioned reflexes type II and emotional behaviour. Acta Biol. Exp. 22:
59-67.

ROSVOLD, H. E. 1968. The prefrontal cortex and caudate nucleus: A system for
effecting correction in response mechanisms. In C. Rupp (ed.), Mind as
a tissue. Harper and Row, New York, p. 21-38.

ROSVOLD, H. E. and SZWARCBART, M. K. 1964, Neural structures involved in
delayed-response performance. In J. M. Warren and K. Akert (ed.), The
frontal granular cortex and behavior. McGraw-Hill Book Co., New York,
p. 1-15.

WAXLER, M. and ROSVOLD, H. E. 1970. Delayed alternation in monkeys after
removal of the hippocampus. Neuropsychologia 8: 137-146.

Received 3 November 1971

H. Enger ROSVOLD, Section on Neuropsychology, Laboratory of Psychology, National
Institute of Mental Health, Bethesda, Maryland 20014, USA.



