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PAUL 1. MacLEAN anp KARRL H. PRIBRAM:?
Duepurtmenis of Physiology and Psychialtry, Yale University Schoof of Medicine,
New Haven, Conn.

{Received for publication July 22, 1953)

IN RECENT YEARS evidence has accumulated that portions of the medial and
basal cortex of the cerebral hemispheres are implicaled in “affective” (*‘emo-
tional”) processes (6, 7, 11). Comparative, onlogenelic, and cytoarchitec-
tural studies have drawn a distinction between the cortex contained in the
convolutions surrounding the hilus of each hemisphere, known as the great
limbic lobe (2), and the rest of the cerebral mantle. Phylogentically, this cor-
tex appears to have differentiated before the neOpaﬂlunl Ontogenetic and
cyloarchitectural studies also attest to the primitive origin as well as to the
primitive organization of the limbic cortex. These considerations, together
with recent physiological and psychological findings, suggest that the limbic
system represents an early neural development involved in affectively de-
termined processes.

But it still remains to be ascertained whethet or not the limbic system
has holistic functions pertaining to affective behavior that dislinguish it
from the phylogentically newer part of the forebrain. A logical formulation
for further investigation presupposes the need for more detailed knowledge
about the functional anatomy of the limbic system and its relationship with
the rest of the nervous system. Essentially this involves an inquiry into the
origin, transmission and destination of signals passing through this part of
the brain. As part of this study the present investigation was undertaken to
demonstrale the interrelationship of the limbic and ex{ralimbic cortex. The
method of physiological neuronography developed by Dusser de Barenne
and McCulloch (4) provided an appropriate method for this purpose. A
comparatlive study limited to two such easily available and commonly used
laboratory animals as the cat and the monkey was decided upon in the hope
of oblaining informatjon regarding phylogenetic trends of the organization
of this relationship.

Analysis of the neuronographic data obtained in the present experiments
suggesled that on the basis of their reciprocally related parts the limbic
and extralimbie corlex could be divided inlo five large regions. This first
paper reports the findings in the cat. Certain comparative aspects of the
sludy will be considered in both this and the following paper on the monkey.

' Aided by o grant from the Veterans Administration, Contract No. VAm 23379- A
* Nuow ot Department. of Neurophysiolopy, [nstilute of Living, Harllfurd, Conneclicul.
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MATERTALS AN METHODS

The method of physiological neuronography developed by Dusser de Barenne and
McCulloch {4), and since modified by other workers, was selectedfor this study on the
grounds that it gives one an estimation of the extent of funclionally related cortex. There
hag been some doubt expressed as Lo whether or not activity induced in a cortfew! neurone
by strychnine can pass corfical synapses.® Significant as this problem is, the et remains
that in a serics of preparations where dial anesthesia is used, the firing patierns sbtained
fromy a parlicular area of Lhe cortex arve usually similar and do nol exceed certain Junila. ‘The
variations one may find within these limils could conceivably be related Lo o number of
variables such as the size of the area strychninized, the anatomical differences among ani-
mals of the same species, Lhe depth of ancsthesia, flectuations of hameoslatic mechanismes,
manipulative trauma, ete. It is Lhe consistency of the limils beyond which no firing is
obtained Lhat gives one assurance ihal physiological neuronography is 4 useful meihod
for demonstraling funclionally related parts of Lhe cortex.

Applicution o mefhod. A sroall picce of filter paper (about 2 X3 mm.) was soaked in 4
saturated solulion of strychnine sulfate and applied to the cortex, Precauliong were taken
to prevent the aceumulation and flow uf cerebrospinal fluid from spreading the strychinine
to the surrounding corlex. Silver chloride clectrodes were used. The clectrode used as o
monitor of Lthe spike activity in the strychninized area wus referred Lo anelecirode on the
sculp. Afier rapid vollage fluclaalions (spiking) appeared (usually within 1 to 5 minutes),
the filler paper was remaved. Hipolur elecirades whose poinls were 1.5 2.0 mm. apart
were manually employed to explore the distribution of propagated poteniials. Tn Lhe
repetition of some experiments where Lthere had been a question regardiog Lhe nature of
low-amplitude patentials ohscored by the ink-writer, the findings were checked by means
of an clectronically swilched double-beam cathode-ray oscillograph which alliwed ane
ta compare in cleaver detail Lthe activily at Lhe moniloring und exploring elecirodes.

Animals, anesthesia, and surgical procedires, Kighteen enls woere nsed in {hese experi-
ments, Ancsthesin was obladned by the intraperiboneal injection of dinl with urethanet
in a dogape of 0.4 ce/kg. of budy weighl. Supplementary doses were given Lo maintain
angsthesia. Aceess 1o the entire Iateral aspect of the hemisphere was obtained by a pro-
cedure which involved the remoeval of the temparal muscle, Lhe zygoma, the roof and con-
tenls of Lthe orhit, and the calvarium. In those experimentls requiring explorition of the
medial surface, the sagitlal veins were congulaied by elecirocautery and then sectioned.
Aflerwards, genile traciion and packing with colton pattics resulted in an adequate ex-
posure of the medial surface. o gain aceess Lo the enlire frontomedial surface il was
wsually necessary to muke a subpial resection of Lthe opposite frontal lebe. In all the fore-
going pricedures, the head of the animal was placed In whatever position afforded maxi-
mum exposure of the region to lu: investigaled.

Experimental procednre. Restrictions on Lime and materials made it impracticable Lo
gxplore Lhe cortex iv the deplhs of the sulei and fissures. Tn the cal, The superficial limbic
coriex is contuined in the subeallogad, cingulate, parasplenial, and hippocampal gyei and
the pyriform arei. The plan in these expueriments was ta strychninize suceessive areas of
the limbic cortex around the hilns of the hemisphere and Lo map in each instance the dis-
trihution of the propagated potentinls. Both negative and positive findings were recorded
on brain maps. The extralimbic arens shown Lo be "fired’” in Lhese experiments were 1hen
slryehainized and the findings similarly recorded. Tn this way it could be ascertained whal
portions of the limbic and extridimbic cortex had unidirectional, reciprocal, or no connec-
livns. Jn order to be assured of good preparations, as well ax to allow adequale recovery of
lhe nervous clements between sirychninizations, only three to four strychninizalions were
performed on each eal. Whenever possible, successive strychninizations were done on
paris of the brain remote frem each other.

Explanation of terminology and figures. Tn keeping willy the nature of these experiments,
a deseriplion of the results will e given in terms of Lhe external morphology of the cat’s

(Continved on puge 3200

# A digcussion of this problem is precluded bere, ol at least 1o regrard Lo the so-called
“agsacialion” niuranes ib should be pointed out that there are cyloarchiteclural and
physiological considerations that snpgest their ciccuilry is such that they are unable, hy
themselves, to initiate firing of elTeclor nevrones (3).

* Each ce. contnined 0.1 g of dixllylharbituric acid, 0.4 g of urethane, and 6.4 g. of
monoeihylurea.
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314 PAUL . MacLEAN AND KARL H. PRIBRAM

T 1A, B: The pyriform area fires itself and Lthe corlex of the hippocampal gyrus.
Exploration was difficnlt, hut as far ss could be deterrnined, no potentials were propagated
inlo the gyrus rectus or the subeallosal gyrus. 1t will be noted in FFig. 6A and B3, however,
thal these Ialler struclures fire into {he pyriform area. Abave Lhe rhinal fissure the pyn-
form aren fires into the coronal, orbital, and anterior sylvian, temparal polar and fusiform
gyri. 1L will be scen in the following figures that Lhere is & reciprocal relationship of
the pyriform area only with extralimhbic cortex conlained in Lhe orbital, anterior sylvian
and Letmporal polar gyri. [ is Lhe reciprocal conneetians nmang all this limbic-extralimbic
vorlex Uhat define the lrontotemporal region. Steychninization of the part of the fusiform
gyrus immuoedinlely adjacent 1o Lhe lemporal polar gyrus, as well as the more caudal portion
isee Fig. 21, resulls in no firing of the pyrifurm area. Il is the failure of the fusiform gyrus
Lo reciprocale eonneclions with the pyriform aren that determines Lhe eaudal limits of the
fronintempnral region. Similarly, the rostral margin of Lhis region is establiched by the
fiuding of no reciprocity of connections of the pyriform area wilth the coranal gyrus ar witk
Lhe: gy rus reclins and subeallusal gyrus,

Fre VC: "The orbilal gyrus overlies the most rosteal part of the claustram. Some inves-
Ligators consider it to be the homalogue of the posterior orbhital area of primates. 1ts in-
tlusion in Lthe lronlolemporad region resls on ils reciproeal relalions wilh Lhe limbic cortex
of the pyriform area and with Lhe exbralimbic cortex of the anlerior sylvian amd Lhe
temporal polar gyri (el 83, 13, 5}, Its other extralimbic connections include Lhose wilh
the anterior cctosylvian, coronal, suprasylvian, and anlterior and posterior sigmoid gyri
as shown in the diagram.

11z 112 The inferior portion of the anterior sylvian gyrus correspangs Lo at least part
ol the insula of higher forms. s inclusion as parl of the lrentolemporal region is evidenl
frum its reciproeal conneclions with the limbic cortex of Lhe pyriform aren and the exira-
limbic corlex of Lhe orbilal and temporal polar gyri (A, B, C, 1), [ fires the proximal por-
Lwvns of Lhe sybvian pyri, and in some preparalions potentials were propagaled into discrete
parts of Lhe gigmeid, coronal, and anterior ectosylvian gyri as indicaled in the figure.

Fic. 115: The temporal polar gyrus belongs Lo Uhe lrontotemporal region because of ils
reciprocal relationship with the limbic cortex of the pyriform area and the extralimbic
vortex conlained in the orbital gyrus and inferior portion of the anteriar sylvian. Bt fires
Lhe grenter extent of the sylvian gyri, the conliguous part of tbe fusiform, and the inferior
portion of ilie pusierior ectosylvian,
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316 PAUL D. MacLEAN AND KARL H. PRIBRAM

Py 2A: Phe reciproeal conneclions of the hippocampal gyrus provide the basis for
identifying o limbic-exiralimbic region in Lhis part of Lhe hrain which may be called the
medial occipilofemporal region. As exemplificd by the strychninization shown here, this
gyrug relater omly Lo the exirtimbic cortex of the fusiform and hippocampal fusiform
gyri (Wl 13, Gy whichuin turn reciprocate connections. 1ls limbie connections extend forward
inte the pyriform area, and caodally as far as the parsplenial gyrus.

Fia. 213: The fusiform gyrus Logether with the hippoesmpal fusiform gyrus (cf. C)
comprizes Lhe extralirnbie portion of Lhe occipilolemporal region, reciprucnl.ing conneclions
wilh the hippoeampal gyrus. Reference to 115 shows that there is remarkably little overlap
of connections belaveen the fusiform and Lempaoral polar gyri, allowing one Lo draw a lairly
sharp line of demarention between these conliguous areas in cat. [ will be seen in Lhe fol-
lowing paper thal an analogous situation helds for monkey (12). Otherwise its extralimbic
conneclions are slriking in Lheir extent, including admost the enbire suprasylvinon gyrus,
the inferior portion of the posterior ectosylvian s the enlire hippoeampal Tusiform gyros.

i 2C: The firing pattern of Lhe hippoeampnl fusiform gyrus is essentially similar
Lo thai shown Tor the Tusiform in the preceding fguree, excepe that it extends into Lhe
lingual and suprasplenial gyri aml does nol. involve se much ol the poslerior ectosylvian,
Homologivs are immediately suggesied when okre compares the ficing palterns of both Lhis
aml 3 wilh Lhose obtained by Petr et ol (10) in Lheie strychninization of the areas ihey
label "IKO™ and *TF” in monkey.

G, 3A: The parsplenial gyrus is differentinted e conliguous limbic areas heeause
ol reciprocal cxtralimbic connections thal are exclusively conlined o the suprasplenial
pyrus. This region of reciprocidly related limbic-extralimbic cortex may be duesignated Lhe
mudinl paricto-occipital region. Sirychnine applicd to any poriion of Lhe parasplenial
gyrus resalts in firing of Lhe whole gyrus (limbie cortex) as well as the proximal porlion of
the suprasplenial gyros. [Tstrychnine is placed al Lhe eaudal part of Lhe gyrus, a8 indicated
in the fignre, Lhere is alko firing into the hippocampal gyrus,

Fre: 313 As staled for Al the extratimbic cortex forming pack of the medial pariele-
oecipilal region iz contained in the partion of the suprasplenial gyrus lying io prosimity
o the parssplenial gyros. The resulls of the particular sirychninizalion shown here not
anly rxemplily the reviprocity of conneclions ol this extratimbic corlex with the enlire
parisplenial gyrus, bul atso dllustrate the extent of its peripheral firing iido the rest of
Lhe suprasplenial gyrus Torward of Lhe oceinibal pole and into Lhe laderal gyras,
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318 PAUL D, MacLLLAN AND KARL H. PRIBRAM

e, 4, Phis s includoed Lo illostrade the natore of the restricled firing that resulted
whenever stryclinine was applicd to any parl of the coriex fornting ihe Lransition belween
Lhe parasplenial and amerior cingulale gy, A simidar sibuation appears Lo obiain in mon-
key (121, These findings therelore suppliod an added renson for dividing the limlic-extra-
Lanhic region just considered Trom the mediad frontoparietal region now Lo be deseeibed,

Fra, SA: Phe applicidion of sirychnine Lo the part of the cingulate gyrus indicaied
here resulled in fiving of o1l Lhe limbie corlex comprising Lhis gyrus The distribution of
the exbralimbic conneclions extends furwaed, superiorly, and eaudally seruss the genuanl,
criscinte, and hercalary sulci, respeclively, Only Lhe exiralimbic cortex conlained in the
superior frontal gpyrus el B) reciprocated connections with this nrea, however, and thereby
provided o basis for differentinting a hmbic-ext elimbic vegion refereed (o hore as (he madial
frontoparicial region, The schematic represeniation of the firing pattern bas a {orm thalis
reminiscant. of the “cingualiar belt” deseribed by Bailey of of. (1) in monkey,

e BHr As Just noted, the superior frontad gyrus wns thie only exdralimbic cortex
Tound 1o have reciprocal connections wilh the eingulute gyrus. B fiting patlern has ihe
same hoell-like™ distribution ol Lhe nller, and extends Lo include the anterior and posterior
sipmoid and middle frontal gyrei The comparison of the results ol steyehninizing the supe-
rior frondal and cingulite pyri in eat wilh those oblained from the same numed areas in
monkey (12} supgpesis a siriking homolopgy hetween the limbic-exiealimbic regions referrad
Lo as the medial frooloparictal in the Lwo species.

Fres 6A: Tds extromely dithoult Lo get aceess Lo Lho subeallnsal gy ros, Stryelninization
of this lhnine cortex resalls in firing of the medial surface of the frontal lohe up Lo the level
of the venlral bank of the crucinte suleous, On the latersl surfaoce, potentinks are propagnted
into the superior banks of the presylvian and anterior rhinal sulci, respoctively, as well s
tnlo the pyriform cortex and the mosk caudal part of the inferior Trontal gyros (gyros
proveusi. Reciprocal conneclions wilh Lhe extralimbic cortex of the ventromedial polar
areny (et 1) served Lo differenbinbe o Bmbicoextratimbic ropion called the medial frontnd
region.

¢
1 61 The venlromedial fronlad polar area repeesents (e oater extent of the exirn.
limbie corlex having reciprocal vonnections with the subeallosid pyrus. Along with the
latter it comprises Lie medial frontal region which is Uhe last of the five limbic-exlralimbic
regions distinguished in this study, Laterally, the ventromedial fronlal polar aren fires the
inferior frontal gyrus (pyrus proreur) and the cortex jusl ncross Lhe presylvian sulcus. In
one inslanece there was firing of the pyriform aren
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320 PAUL 1. MacLEAN AND KARL H. PRIBRAM

brain. The lerminologry nsed Lo desipnaie the suled and gyri is taken from Vaper's Com pro-
tiue nenrofogy 197 with the exception thatl Winkler and Detter’s (14) term, “orbital gyrus,”
will be applicd to Une cortex Tying belween the diagonal (orhilal) and rhm 1 osalel,

The resulls of the respective sirychninizalions are di Agramny atically summarized in
Gpures showing (he Taterad and mediad sgpects of ithe cat’s brde In each figure the back
rectangle identilios the aren strychninized. A positive sign indicates casily identifinble
firing: n plus-minos sign, harely dedectablo Bring: and o zero sipn, no firing, A plios mark
within n zero signifies tlhed o firieg of the respective vortex was fouied in some preparations,
hat net in olhers, Unexplored arens are left Dlank. Mxeept for whe superior frontal gyros
all bhe figures are Tnsed on e results oblained in two or more cals, Steyehninization of
extralintbic areas Lhatl did nol resnit in firing of the timbic corlex will now be represented
by figrures,

IRESuLTS

As previously staled, it was not practicable in this study to explore the
cortex in the depths of the sulei and fissures. In regard to the superficial cor-
tex, however, it will be seen Lhat almost every portion of the limbic lobe was
related to a greater or lesser exient Lo neighboring parls of extralimbic cor-
tex. Where the relationship was of a reciprocal nature, it was presumed that
these respective areas of limbic and extralimbic cortex could uscfully be
grouped Lo the exclusion of those with unidirectional connections or no con-
nections. An analysis of all the sirychninizations showed that Lhere were
five regions comprised of contiguous areas of limbic and extralimbic cortex
that could be distinguished on the basis of their reciprocal connections. To-
gelher these regions surround the hilus of the hemisphere. Their respective
locations, and the strychninizalions on which they were dilferentinted, will
now be considered.

To facilitate comparative examination ol the data as well ag to avoid rep-
etition, the greater part of the textural description of the results will be
given in the legends which appear on the page opposile the ligures. The
legends therefore should be read in continuation as though they were part
of the body of the text.

DiscussioN

In presenting the results of the individual strychninizations it was indi-
cated how five regions of limbic-extralimbic corlex can be differentiated if one
allocates Lo a region all those arens of cortex that are reciprocally counected,
In suinmary, the five regions and the limbic and exlralimbic arens ujmprlq-
ing them are tabulated below (Table 1).

The existence of reciprocal connections among cortical areas is indicative
that the lalter may function together as a unit. In regard to the frontotem-
poral region, physiological and psychological studies have been performed
that support this assumption, Briefly, this work indicates that the fronto-
lemporal region is concerned with organizing the oral and aflfective be-
havior of animals as ik pertains to feeding, vocalizing, approach and avoid-
ance situations (8, 11). Details of these studies are reported in other com-
munications, as well as invesligations on the functions of the other regions.

A number of other findings come oul of the present study. If one super-
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MEDIOBASAL CORTEX OF CAT 3

Table 1
Region Limbic Ares Ioxtralimbic Aren
1. Frontolemporal Pyriform area Ocbital gyrus, inferior portion of
anterier sylvian gyrus, lemporal
potar gyrus
2 Medial Hippocampal gyrus Fusiform and hippocampal  lusi-
wecipitolemporal form gyri
3. Medhal PParasptenial gyrus Torlion ol suprasplenial pyrus con-
parielp-neeipilal liguous wilh parasplenial gyeus
4. Medial Anterior portion of cingulale  Superior lrontal gyrus
lrontoparielal EYrus
5. Medial frental Subeallosad gyrus Venlromedial frontal polar cortex

imposes the firing patterns produced by the areas comprising one of Lhe lim-
bic-extralimbic regions, one finds they form a large corlical segment, e.g., the
segment formed by the total area fired by the frontotemporal region and
representted in Figure 7 by the bold and fine stippling. Further analysis
ghows that the extralimbic portion of each region accounts for the firing of
the greater part of the exiralimbic cortex within respective segments,
whereas the limbic poriion fires the bulk of the limbic cortex.

In turn, if one were to represent the five segments by various colors and
to plot them on the brain of the catl, they would be seen 1o fil together some-

s \\\\\\\‘\E\ N L

%,

I'1a. 7. I'his figure, depicting lateral and medial aspects ol cal’s beain, shows disgram-
maticilly distribunion ol the regilons and assoclated sepgments deseribed o text Gy Bluck
revtungtes next Lo hilus of hemisphere indicate representutive points of steyebninization of
limbic cortex; more peripheral recltongles lie on extralimbic cortex. it All rectangles within
vach varionsly heavy shided zone coreespond 1o areas of limbic and extralimbic cortex
shinwn Lo be reciprocadly connected. Such reciprocally connected vortex is referred 1o as a
repion, i) Hewey dluck stepple and fines represent extent of cortex fired by limbic portions
wilhin each region. (iv) Fore stipple and lines corresponding to that of heavy shading
depiets (he additiona) cortex which is fived by indicated extralimbic arcists) within each
region. Total area covered by corresponding heavy und light shading Torms what is re-
ferred Lo as o cortical segment. Points of overlap between contiguous sepments are schemal-
iwally bnlicaded, Note that 1he five segments collealively vover all exposed cartex with
exceplion of pirts of visual, auditory and soinatic projeciion areas. Hegions: 272 = fronte-
femporal; W =medial occipitotemporal; I = mediad - paticto-vecipital; = - medial fron-
twpariclal; 47 = medial frontal.
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322 PAUL D, Macl.LEAN AND KARL H. PRIBRAM

what in the manner of a jigsaw puzzle or to resemble an imitation mosaic in
wirich the pigmenls ran together at the edges. This situation is schematically
indicaled in Figure 7. Such a schematization also reveals that only a few
parts of the cerebral cortex contained in the somatic, auditory and visual
projeclion areas are excluded by the joint firing of the limbic-extralimbic re-
gions (cf. Woolsey’s diagrams, 15). Finally, there is {o be noted the relation-
ship of two of the imbic-extralimbic regions with those parts of the cerebral
mantie that ure generally classified as "association™ cortex. The extralimbic
portions of the vecipitotenporal region ({usiform and hippocanipal fusiform
gyri) fires a striking extenl ol the arch-like span of cortex formed by the
suprasylvian gyrus in which is contained{the cortex encompassed by the
visual, auditory and somatic areas. And in the frontal lobe the segment fired
by the mediat frontal region includes the entire so-called “orbitofrontal”
cortex which has been distinguished by Rose and Woolsey {13) on the basis
of its thalamic connections and which is inferred Lo correspond in part to
the frontal association cortex of higher forms.

It is apparent from the foregoing descriptive material that respective
portions of the entire limbie fobe are reciprocaily connected to extralimbie
areas which in Lurn relate to all parts of the cerebral mantle with the excep-
tion of parts of the visual, auditory and somatic projection areas, When, in
addition, it is recalled that the extralimbic portions of the regions described
in this paper represent the most peripheral parts of the neopallium found to
fire inte the limbic lobe, it emphasizes the strategic role they must play in all
interassociations between the phylogenetically old and new cortex.

In the subsequent puaper it will be seen that limbic-extralimbic regions
have been found in the monkey which, on a topographical basis, appear to
be hemelogous to these deseribed for the cat. It will also be seen that the
farge cortical segments which have been pointed out in this discussion to be
associated with these regions follow a similar pattern in the monkey.

SUMMARY

Phylogenetic, ontogenetic and cytoarchitectural studies, together with
recent physiciogical and psychelogical investigations, suggest that the
limbic system represenis an early neural development involved in affectively
determined processes. The limbic system comprises the cortex contained in
the great limbic lobe of Broca and its associaled subcortical cell stations.
Further analysis of the functions of the limbic system requires a more de-
tailed knowledge about its anatomical relalionship with the rest of the nerv-
ous syslem. This investigation was undertaken Lo show on a comparative
basig in the cat and the monkey the interrelationship of the Himhic and ex-
tralimbic cortex. The method of physiological neuronography was employed
for showing this retationship. This first paper reports the findings in the cat.

Eighteen animals were used in this study, The vesulls indicate that five
regions of limbic-extralimbic cortex can be differentiated if one allocates to
a region all those areas of cortex that are reciprocally connected. Together
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these regions surround the hilus of ithe hemisphere. They are named ac-
cording to their Lopographical location. Further analysis shows that the
total area of cortex fired by all peints within a region forms a large cortical
segment, The five resulting segments collectively cover the entire cerebral
mantle with the exception of parts of the visual, auditory and somatic areas.

In the subsequent paper it will he seen that limbic-extralimbic regions
have been found in the monkey which, on a topographical basis, appear to be
homologous to those deseribed for the cat. It will also be seen that the large
cortical segments associated with these regions follow a similar pattern in
the monkey. T'he relevance of these regions and their associated segments Lo
cortical function is at preseni being invesligaled and will be reported in
subsequent communications.
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