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I. DeriniTiON oF "REINENCEPHALON"

Renewed interest in the “olfactory brain” or “rhinencephalon” has been
provoked by the suggestion that in mammals this portion of the brain serves
emotional rather than olfactory functions. Recent theoretical and experi-
mental studies have examined various aspects of this suggestion. There has
arisen a certain amount of confusion due to discrepancies in results. Fur-
thermore, authors vary in their conceptions of what constitutes “emotion”;
and they differ widely in their definitions of which morphological formations
are to be subsumed under *‘rhinencephalon.”

Some of the confusion may be traced to differences in resuits when dif-
ferent techniques are applied; a generalization from the data derived with
one technigue may not be substantiated by data derived with another tech-

-nmique. Discrepancies of fact may sometimes be resolved by considering the
reliability of data (1. 2., the number of subjects used ; the number of investi-
gations reporting essentially similar results; and siguificance of the results
if statistical technigues are applicable}. At other times, the adequacy of
the repart must be taken into account (e. g., comparing cerebral ablation
studies without anatomical verification of lesions with those where such
verification is reported}. Usually, discrepancies can be resolved only by
further experiments ; ignoring them is least likely to encourage such experi-
ments. .

In-this review, “emotion” is dealt with as an inference from behavipral
data; speculations regarding emotions based solely on neurcanatomical data
assume a greater knowledge of the biological variables determining emotion
than we possess. ’

-Choice of data is implicit in any survey of this scope and depends cn the
framework chesen for discussion. Whenever we are aware of them, such
implicit choices will be made explicit. Thus, whether a neura! formation

_might be subsumed under a definition of “rhinencephalon” depends in part
on whether the reference is “olfactory function,” or “emotional behavior,”
or both, as in this review. This first secton deals, therefore, with our defi-
nition of the neural formations which are to be included in the '‘rhinen-
cephalon.”

The term “rhinencephalon” was first used by Kolliker 3 to denote a
group of cerebral structures which, though apparently cortical, could be
easily differentiated from the rest of the cerebral mantle. Meynert 2% had
distinguished between cortex with gray surface and cortex with white sur-
face: the latter constitutes Kélliker’s “rhinencephalon” and is found. in the
“olfactory lobe,” “hippocampus,” and "septal region.” The conception that
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these structures are related to each other-and to olfaction came from studies
of comparative and ontogenetic morphology. In subreptilian vertebrates,
the entire forebrain is mterwperacd with a large mass of tibers originating in
the oliactory bulb or anterior olfactory nuclens.¥* ™ In reptiles, although
fibers originating in other systems become inore promtinent, the forebrain is
still “"dominated” by olfactory connections.** Those neural components of
the forebrain which are recognizable in submammalian vertebrates can also
be distinguished in mammals. although other, "newer” formations are added.
In terms of the presumed order of their appearance, the divisions of the
mammalian brain have been classified as “archipallium” (“hippocampus”™),
"pateopalhium’™ (“olfactory lobe” and probably “septal region”), and “neo-
palliunn” % A body of evidence relating the size of structures subsumed
under archi- and paleopallium to the size of peripheral olfactory structures
has been summanzed by Kappers ¢f al,?®

Classification invariably runs into difficulty with junctional or transitional
categories. Thus, in the case of pallial formations, it is often difficult to dis-
tinguish hilar cortex from subcortical masses, »iz., in the amygdalaid com-
plex and in the septal region. Anocther difficulty in classification arises in
distinguishing between neocortex and “older” cortex. At the turn of the
century. the biclogical generalization that “ontogeny recapitulates phylog-
eny” became current.®* Brodmann ®® and the Vogts and their pupils 1%
used Nissl's methed for selectively stamning cell bodies to make ontogenetic
comparisons of cortical stratification in an attempt to reselve difficulties in
classification. As can be seen from the recent review of these studies by
Bailey and v. Bonin,'® they were only partially successful. However, their
conclusions, in general, support the distinction between new and older corti-
cal formations. The former, wh:ch pass throughadevelopmental six-layered
stage, were termed “isocortex”’; the latter, “allocortex.”

There remain, however, Iarge areas of cortex which are not readily
piaced into one or another of these categories. One such area, the cingulate
gyrus, does not pass through a six-layered developmental stage but approxi-
mates the appearance of isocortex in the adult. M. Rose '** suggested the
term “‘mesocortex” to designate this area. A still more useful suggestion is
that made by Filimonoff ** who finds a transitional zone of cortex {both in
development and in the adult brain) to separate typical allo- and isocortex
along the entire length of the junctional boundary. - He designates this
transitional cortex {including that of the cingulate gyrus) “juxtallocortex.”
This suggestion is congriuent with the cytoarchitectonic descriptions of v.
Econemo *3 and has been adopted by Bailey and v. Bonin. We shall {ollow
them in referring to this cortex as juxtallocortex.* TIn mammals, and es-
pecially primates, the increase in the size of isocortical relative to allocortical
formations is shared by the increased development of the juxtallocortical
transitiona! areas. Thus, allocortical and juxtallocortical structures fornt a
ring around the hilus of the hemisphere. This ringlike formation was the-

basis upon which Broca 2% and others, reviewed by Elliot Smith,'4? antici-
* However, we do pot wish to follow Bailey and Bonin in classifying juxtallocortex i isocoriex.
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pating cytoarchitectural studies, grouped the hilar structures under the term
limbic lobe. Support for this grouping has come not only fram cytoarchi-
tectural comparisens based on Niss! techniques, but also {ram the studies of
(ajal ?® and Lorente de Na %% which, using silver staining methods, com-
pared the minute fibro-architecture of these limbic portions of the cerebral
mantle with some of those of the lateral cortex. Current interest in the rela-
tion of cortex to emotion has encompassed structures which can be discussed
only if the definition of “rhinencephalon” includes juxtallocortex as well as
allocortex. This review is concerned, therefore, with all cortical formations
not typicelly isocortical : f.e., thase which do not definitely pass through a
six-layer stage in ontogeny. A variety of structures make up the “rhinen-
cephalon” when it is defined in this manner. On morphological grounds,
the following units can be distinguished :

1. The offactory tubercie is synonymous with the anterior perforate sub-
stance in primates,

2. The prepyriform cortex is the area surrounding the lateral olfactory
tract. Because of current usage in primate literature, this term is preierred
to “anterjor pyriform,” which is often used to describe the homoiogous cor-
tex in macrosmatic animals.

3. The einygdaloid compier lies caudomedial to the prepyriform cortex
and may be subdivided into corticomedial and basolateral groups. The
former is also referred to as the periamygdaloid cortex. These terms are
preferred to pyriform or posterior pyriform which usually refer to the same
structures because occastonally the latter are used to include the enrorhinal
cortex, ™

4. The frontotemporal cortexr 1s a junctional band of cortex lying between
prepyriform and periamygdaloid cortex and orbitofrontal and polar tempo-
ral isocortex. Synonymous with orbito-insulo-temporal cortex, “ironrotem-
poral” is preferred because of brevity,*

3. The area of the diagonal band is the cortex surrounding the medial
olfactory stria.

6. The septal region has the same gross anatomical relationship to the
area of the diagonal band 4s the amygdaloid complex has to the prepyriform
cortex. The septal area refers to the cortical portion ; septal nuclei to the
subcortical portion of the region.

7. The subcallasal area is a junctional band of cortex lying between the
area of the diagonal band and septal nuclei on the one hand. and the medio-
frontal isocortex on the other.®

8. Ammaon’s formation is composed of the hippocampus and adjacent
structures, the subiculum and fascia dentatn.’?® The term Ammon’s forma-
tion is preferred to hippocampal formation because the latter has been used
by some to include the hippocampal gyrus. Hippocampal gyrus has in turn
been variously used: some authors include only entorhinal cortex; others .

include isocortex and the amygdaloid complex ag well.

* Evidence regarding the histcgenesis of the fmntotempﬂral (unit 4} and subcallosal juxtailo-
cartex (unit 7) is relatively scanty. Theae fransitional areas are given status apart from isocortex
for beucistic reasony, See below page 113 for further discussion.
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9. The entorhinal cortexr and adjacent presubiculum constitute a junc-
tional band of cortex lying between Ammon’s formation and temporal iso-
cortex. .

10. The cingnlate and retrosplenial areas are a junctional band of cortex
iving between the supracallosal hippocampal rudiment (synonym: in-
duseum griseum) and medial frontoparietal isocortex. “Cingulate” is pre-
ferred to the term “limbic” because the latter is sometimes used to inciude
the entorbinal cortex and Ammon's formation.

II. CLass{FICATION 0F “RHINENCEPHALIC” SvysTEMS
A. Ontogenetic Histology

These heterogeneous morphological umits which have been grouped to-
gether "by exclusion” {i. e., by failing to meet the criterion defining isocor-
tex} need not, a prior, serve homogeneous functions. It seems fruitful,
therefore, to attempt some classification of these units into systems prior to
a discussion of function,

TanLe |
M. Rose's HISTOGENETIC CLASSIFICATION (SIMPLIFIED)

1. Totocortex:
A. Holocortex: isocortex: cingulate and retrosplenial mesocortex; Ammon's
formation.
B. Schizocortex: entorhinal cortex.
11, Semicoreex: olfactory tubercle; area of the diagonal band: septal area; prepyriform
cortex: periamygdaloid cortex.
I1I. Bicortex: insular cortex.

M. Rose 132333 hag presented thoroughly documented histogenetic studies
in an attempt to make such a classification {see TABLE 1). All cortex is de-
fved from a migration of cells originating from centrally located nuclear
masses of the forebrain. Rose pointed out that in some piaces practically all
of the cells partake in this migration while in other places large nuclear
masses remain behind. He iabeled cortex formed from such “partial” mi-
gration as semicortex; it corresponds roughly to paleocortex (as defined
phylogenetcally). He labeled cortex formed when a “total” migration
takes place as totocortex. This term subsumes a variety of structures in-
cluding all of the isocortex, the cingulate mesocortex, the entorhinal cortex,
and Ammon’s formation, The totocortex was subdivided into “split” and
“whale” types on the basis of relative contiguity of the migrated strata of
cortical cells. Schizocortex {split), as in the entorhinal region, shows a spiit
batween the outer and inner layers; holocortex (whole) is found in Am-
mon’s formation, the cingulate region and in isocortex. The various types
of holocortex are distinguished on the basis-of the number of cortical layers
formed—respectively, two, five, and six. Rose, assuming the claustrum, an
incompletely migrated formation, to be part of the overlying insular cortex,
had to give special status to this formation (“bicortex”). Beck ! has
criticized the histogenetic findings upon which Rose’s classification is based ;
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unfortunately he has so far failed to substitute a more tenable one. Fili-
monoff,** on the other hand, although similarly critical of Rose, places em-
phasis on the aforementioned transitional bands of cortex, and thus provides
an alternative basis for classification. In agreement with other cytoarchi-
tectonicists he distinguishes iso- from allocortex on the basis of the early
develapment in the former of six recognizable layers. He places Ammon’s
formation in a separate allocortical category (archicortex) and suggests
that the presubicular and entorhinal areas form a juxtallocortical { periarchi-
cortical) formation which includes not only the usually recognized temporal
portion but also supracallosal and retrosplenial portions (Rose’s cingulate
mesocortex). Thus, in spite of his criticisms of Rose's classification, Fili-
monoff, on independent grounds, comes to include in related classes (archi-
cortex and periarchicortex) those allocertical structures which Rose had
grouped as totocortex.* Filimonoff also agrees with other eytoarchitectoni-
cists, including Rose, in grouping together, as semicortex, the oliactory
tubercle, diagonal band, septal area, prepyriform cortex, and periamygdalotd
cortex ; however, here again he differs as to the basis of classification. Only
with respect to the insular cortex does this difference result in a change.
Because he disagrees with Rose regarding the cortical nature of the claus-
trum, Filimonoff is free to classify parts of insular corfex with parts of the
remainder of the cerebral mantle. A band of transitional cortex abutting
seinicortical formations has been described repeatedly,24-43.43.72  Thig de-
lineation of a frontotemporal and subcallosal juxtallocortex ( perisemicortex)
appears useful in subsuming available anatomical and physiological data.

Sumtmary. It is apparent that, although several authors use separate histo-
genetic criteria (and only Rose has stated his explicitly), similarities in
final classification appear. Two major divisions of alio- and juxtaliocortex
may be distinguished. One includes the olfactory tubercle, area of the
diagonal band, septal area, prepyriform and peramygdaloid cortex, and the
surrounding subcallosal and frontotemporal transitional cortex. The other
includes .Ammon’s formation and its surrounding transitiofial cortex: the
entorhinal cortex of the temporal lobe, and the pericallosal cingulate and
retrosplenial cortex. . This classification supports the comparative anato-
mists’ distinction between paleo- and archicortex, but suggests that the
newer transitional formations be classified together with the adjacent older
cortex rather than with the rest of the neocortex. Further evidence sup-
porting the utility of this classification comes from a study of anatomical
relationships beiween these several structures.

B. Axonographic Anatomy

A large body of evidence concerning the interrelationships between the
several morphological units which are considered in this review has been
accumtilated by observation of stained “normal” brain sections. Therefore,
before turming to the somewhat more reliable and often more specific in-

* The argument with respect to inclusion of the isocortex in this category doer not conctrn this
review.
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formation derived from experimental material, an attempt will be made to
cover the extensive literature based on observation of normal tissue.

Fibers are seen leaving the olfactory bulb (which receives the olfactory
fila from the receptor).to course caudally, some terminating in the olfactory
tubercle,*- %57 and others crossing to comparable structures in the opposite
cerebral hemisphere via the most rostral fibers of a large tract, the anterior
commissure.”> At the level of the olfactory tubercle, the fibers split into two
major tracts. a medial and a lateral olfactory stria.

The medial stria can be followed into the subcallosal and septal regians,
It appears. however, that these latter structures do not receive fibers directly
from the bulb. Fox* found that, in the cat, major connections originate
only from the olfactory tubercle. From the septal region, fibers can be traced
to the area of the diagonal band and, perhaps partly through relay in this
area, to the amygdaloid complex. Another major outflow of fibers from the
septal region apparently reaches the hahenular nuclei {of the epithalamus)
via the stria medullaris, a conspicuous tract probably formed by fibers from
other medial structures (especially amygdaloid complex and anterior hypo-
thalamus). (See review by Brodal2?)

The lateral olfactory tract can be traced to the prepyriform cortex and to
the amygdaloid complex..56.74.113,165 From this complex a large outflow
of fibers, the stria terminalis, apparently connects to the septal region and
anterior hypothalamus. Connections between the amygdaloid complexes
of the two sides have also been described to course in the stria terminalis as
well as through the anterior commissure. Some of the fibers of the stria
are alse said to join the medial forebrain bundle to reach structures in the
posterior hypothalamus.45.70. 265 _

The observations relating the other components of the limbic lobe
(juxtallocortex and Ammon's formation} to the olfactory afferents are
more tenuous. Fibers from the olfactory bulb and anterior olfactory
nucleus, via the medial olfactory tract, have been described by a number of
authorst®,f%.66.74.79,183 g reach the anterior end of the supracallosal hip-
pocampal rudiment, a structure believed to be vestigial and distinct from
the major portion of Ammon's formation, especially in mammals. Most
reports are cautious in their descriptions. Thus, Fox states that fibers
appear to “enter into relation” with the hippocampal rudiment. No direct
‘connections between olfactory bulb and cingulate or entorhinal cortex have
heen claimed.

On the other hand, the interrelations between cmgulate and entorhinal
cortex and Ammon's formation are better established.* Cajal®® and Lorente
de NG99 described afferent fibers to Ammon’s formation from the cingu-
late cortex wia the cingulum and supracaliosal stria and from the entorhinal
cortex via “alvear” and “perforant” paths. From Ammon’s formation
emerges a large tract, the fornix. This tract apparently connects with the
septal region and the mammiflary body of the posterior hypothalamus.49.99.185,
Other connections have been described, including the hippocampal com-
missure which relates the hippocampi of the two hemispheres. In addition,
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fibers from the mammiilary hody can be traced via a conspicuous bunedle,
the tract of Vicq d'Azyr, to the anterior thalamic nuclei—the origin (vide
infra) of the projections to the cingulate cortex. ™

Swusnmary. From observation in normal stainer material nf the connec-
tions of the allocortical and juxtallocortical formations, three interconnected
“systems” can be discerned. The hrst consists of primary olfactory struc-
tures apparently directly refated to the olfactory hull.* The secnnd receives
fibers from the first and consists primarily of the septal region and the
amygdaloid complex. The third “svstem™ consists of cingulate and enio-
rhinal cortex and the structures of Ammon’s formation. These apprear 1o he
remotely, if at all, related to olfactory afferents.  ({ See excellent review by
Brodal*™) Both the second and third “systems” send efferents to the hypa-
thalamus.

Axonography of normal material thus supports the morphological dis-
tinction between those allo- and juxtallocortical areas related to the frs:
and second systern (semi- or paleccortical} and those related to third syvs-
tem (archicortical) formations. The distinction between first and secomnd
systerns on the basis of direct connections with the olfactory bulb would
prove useful if substantiated by more reliable technigues. since one of the
referents of this review 1s “olfactory™ function. We proceed. theretore,
to an examination of experimental anatemical material.

C. Experimental Histology

In many instances, more specific information regarding the interrelation-
ships of these several morphological units has been derived from expen-
mental material. Four staining methods have been employed 1n tracing the
course and termination of fibers originating at the site of an experimental
lesion of the brain: the Weigert technique uses hematoxylin to trace neural
pathways by their myelin content {interrupted pathways lose their myelin
and fail to stain}; the Marchi technique employs osmic acid to trace gran-
ules of degenerating myelin along interrupted pathways: the Bielshowshy
silver method has recently been modified to demonstrate the dissolution
of nerve fibers; and modifications of Nissl's thionin or methylene blue stain
for cell bodies have been used to show gliosis along degenerating pathways
or in related nuclei, and to determine the loss of cells in a structure due 10
retrograde degeneration when most of the fibers are severed from a paren:
cell. Each of these techniques has linntations ; on the whole, however, thosz
studies employing Nissl stain to study retrograde degeneration and those
restricted to terminal degeneration when the silver stain is used, are the
most reliable. The latter, however, may also demonstrate connections
which are sparse.

Following lesions of the olfactory bulb {or, in monkey. of the tract emerg-

*In this review, the olfactory bulh is considvred analogous ta the thalamua. Botk buld and
dorsal thalamus [see Rose and oolsey'™ for review] tontain atructures which eeceive the final

terminals of aferents from sense organs hefore relay to cereheal cortex. Thus, the pumbering of sur
aystem proceeds from the bulb.
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ing from the bulb), degenerating fibers may be traced in the rostral part
of the anterior commissure to the bulb on the opposite side .39, 49,105,124, 168
Such lestons also result i degenerating fibers reaching the olfactory
tubercle and, via the medial offactory tract, the anterior portion of the
supracallosal hippocampal rudiment. . In addition, degenerating fibers can
be traced to the prepyriform area, and the periamygdaloid cortex 39.104
Johnston™ had divided this complex into corticomedial and basolateral
groups on a comparative morphological basis. Only the corticamedial group
receives direct fibers from the olfactory buib.

STULA HECUALANEL waniean Al WuCLEL OF

O CRITEX

r
FROATEWAOZ AL, SHYGDALDID HYPATHAL ANUE L]

Croreex - CoMET Bpeery FERATIN

e AT

o T AT TR
-7 [~ THR FEVIGT
Frorer 1. Diagrammatic repr tiga of the divhasal surface of 2 monkey brain cutlining

the formations discusted in this review and their relatioeships.

Discrete destructions separating those parts of the amygdaloid complex
which receive olfactory afferents from those receiving none have not been
accomplished. However, some information regarding connections can be
gained from lesions limited to penamygdaloid cortex,!’* others including
the entire amygdaloid complex,’” and still others mvolving the striz termi-
nalis.** Perfamygdaloid cortex sends fibers to at feast some portions of the
frontotempora!l juxtallocortex and to the basolateral amygdaloid nuclei !
which, in turn, give rise to-the major portion of the stria terminalis (the
latter also includes Hbers from the bed nucleus of the stria, a part of the
corticomedial group). In these experiments the fibers of the stria terminalis
can be traced to the septal region. Components of the anterior commissure
are also found degenerated following amygdala lesions and can be traced to
the amygdaloid complex of the opposite side.'” Finally, fibers can be traced
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from lesions of the amygdalotd complex (especially the hasolateral group)
to the ventromedial nucleus of the anterior hypothalamus.?

We turn to the interconnections of the third system as de ‘1011;tr‘1'r<;f1 by
the methods of expertmental anatomy.  Wherens lesions of the an il
compiex do not result in degenerating hbers reaching the entorhinal coo-
tex,!? those of entorkinal!? and cingulate cortex®® give rise to degenerating
fibers which can be traced to Ammon's formatior.  Experimental evidence
confirms the finedings based on normal material that the fornix serves as
the major efferent from this formation to the rest ol the aervous svs-
temn M7 LI Simineon'st# study divides the fomix ints two dinvi
a precommissural and a postcommissural.  The tormer, and several times
arger by fiber count, terminates 1n the septal regica; the latter, in the
mammitlary body. Furthermore, when lesions are resiricted to the anrer: a7
vart of Ammon's tormation, degeneraéing fibers can e traced onlv to the
septal region® 1% although an abnormal number of boutons terminaux
appear in the mammullary nucler;**! lesions involving the posterior portion
of Ammon's formation result in Hber :.cgcm.ratm'l which exiends to the
mammiliary body.!?% ¥ Degenerated fibers trom leslons in the septa: region
have also been traced to the mammillary body. ' By means of ‘hc March!
method, scime fibers are reported to course hark in the dorsal fsoux w
Ammon's formation.”” [t s, however, somewhat difficult to ascertain the
directionalivy of the degenerating kbers with this method.

From lesions of the mammillary body, Le Gros Clark® * traced chers o
the anterior nuciel of the thalamus, These, in tum, prOJ ect to the cingulate
cortex™® 130, 150,160,161 whick as we have already scen, is the orizin of some
of the fibers to Ammon's formation.

Another “orant” has recently come to light.  As meationed above. tne
stna termenalis connects the amygdalowd complex and the sepal nuciel with
the anterior hypothalamus. This, in turn, seads fbers to the midiineg and
intralaminar auclel of the thalamus37 1% Silver techniques have shown
these thalamic nuclel to project to the prepyriform, subeallosal, cinzu

H1000.

u.ate
and entorhinzl cortices which provide afferents to Ammon’s formation.tH
These findings were anticipated by the resoits of several suudies unlizing
the retrograde degeneration in the thalamus which follows cortical resec-
tiOﬂS,li'llu‘IS}'

Recently stifl another experimental technique nas been applied to the
olfactory systerm by Bodian.?® Extensive studies had shown that the spread
of poliomyelitis virus within the nervous svstem conforms to known neural
pathways. After inoculation of the olfactory mucosa, policmyvelitic lesinus
were found in the (1} bulb, (2) olfactory tubercle, {3} nucieus of the
diagonal band, (4) prepyriform cortex.and (35) corticomediat group of the
amyvgdaloid complex. In addition, some degeneration was found in the
hypothalamus, the inferlor claustrum, midline thatamic and habenuiar nuclei,
and glohus pallidus, No lesions were found in Anunon's formation. mam-
millary nuclet, putamen, caudate nucleus, or lateral thalumus. On the other
hand, injection of the fornix causes extensive destruction in Ammon's
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formation.  Thus the relatively direct connection hetween oltactory receptor
and the first system: s again validated ; the tack of such connections with
the third systens ts again emphasized.

Suminery.  (See Figure 1.} On the basis of experimental anatomical
studies. A more definitive description of the primary olfactory systemy may
be given: from the olfactory bulb (either directly or via the anterior olfac-
tory nucler). olfactory afferents reach medially to the olfactory tubercle, the
antenior extremity of the supracallosal hippocampal rudiment, and laterally
to the prepvriform and periamygdaloid cortex. Direct connections from
the bulb could #o! be traced to any other structures discussed heretofore:
specinically, »o oltactory afferents reached the septal nuclei, the basolateral
group of the amygdaloid complex, the entorhinal and ¢ingulate cortex or
Ammon’s formation. Thus a clearer picture of the second system emerges
from the experimental studies as compared with that obtained from normal

iaterial : the frontotemporal (and possibly the subcallosal) juxtallocortex,
the basolareral group of the amygdaloid complex, and septal nuclei are now
included. Tn keeping with the semicortical classification of this system,
parts of it are cortcal. parts form subcortical nuclei.

The impressions concerning the organization of the third system derived
from normal anatomy are venfied and considerably amplified by experni-
mental studies. This system centers around Ammon’s formation, which
receives fibers from the entorhinal and cingulate cortex. The main efferent
path of Ammon’s formation, the fornix, projects to the septal nuclei and to
the mammillary body of the posterior hypothalamus. The septal nuclei also
send ibers to the mammillary body, and both septai and amygdaloid com-
plexes project to the anterior hypothalaraus via the stria terminalis. From
anterior and posterior hypothalamus, pathways have been traced via anterior
and midline thalamus to prepyriform, entorhinal, and cingulate cortex:
Thus, muitiple closed loops characterize the connections of the third system;
these involve the structures of the second system and those of the hypo-
thalamus as well as those of the anterior and midline dorsal thalamus.

D. Electrographic Anatomy

The histological techniques discussed so far are applied to the study of
the brain in #itro. Since the development of electrical stimulation, ampli-
fication, and recording devices, pathways may also be traced in the living
animal. Another method for checking the relationships of neural structures
is thus available.

\When the olfactory apparatus is exposed to stimulants (e.g., guiacol,
cloves, asaietida, indol, chinolin, or smoke), changes can be observed in the
electrical activity in the region of the olfactory bulb and tract, olfactory
tubercle, septal region, prepyriform and penamygdaloid cortex, and the
"Ammon's formation *1%53.39  Becayuse of techmical difficulties, stimulus
control has been crude; in addition, systematic mapping of respansive and
nonresponsive points has not yet heen done.  Thus the results are tentative,
but they indicate that many of the structures inciuded in each of the three
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systems may be excited by stimulation of the olfactory apparatus. Precise
data are more easily obtained from experiments utilizing electrical stimula-
tion of neural structures. As the olfactory fila are difficult to explore in
most mammals, the olfactory bulb has been the choice of most investigators
using this technique.

TauLE 2
SoMyMarY 0F ELECTROGRAPHIC RESPONSES TO OQLFACTORY Buie STIMULATION

Rose & For, Herry.
Neural formation Woalsey (79} et af, (") Kaada (17} et al, (L,

Olfactory tract
Qifactory tubercle
Diagonal band

Sepial region
Prepyriform cortex
Periamygdaloid cortex
Basolateral amygdaloid nuclei
Frontotemporal cortex
Anterior entorhinzl area
Retrosplenial area
Cingulate cortex
Ammon's [ormation
Caudate (head)
Putamen

Globus pallidus
Claustrum

{small} * {inconsistent)

+*

i1l leletl{++]cat
f++leil |l |l ottoatt
|t locol+t+++o]|++

S R I S S I

= Reiponse
= No Hesponse

*Present under chloralose anesthesia +
*[o poaterior partion: only under chloralose anesthesia 0
_ Not Reporied

Electrical stimulation of the olfactory bulb results in abrupt changes in
the electrical potental recorded from presumably related structures. Using
the conventional techniques of recording with a large exploring electrode.
all of the structures which have been classified on an experimental anatomi-
cal basis as belonging to the first system have been shown to be activated
by bulb stimulation in at least two independent studies, although discrepan-
cies exist-{see TABLE 2},  All of these structures respond with surficiently
short Jatency to preclude the probability of multisynaptic connection and
can, therefore, be designated as “primary.”

With regard to the second and third systems as defined on the basis of
anatomical data, the results of electrical studies are less clear.  All of the
investigations vsing a conventional electrode have produced negative resules,
except for some scanty observations using chloralose anesthesia.’™ How-
ever, Berry et al.,!® using small (50 micra) bipolar electrodes, which by
virtue of their size might be expected to record potentials from oaly a few
elements, have been able to record potentials from some of the structures
which have been designated as second and third systems on histological
grounds. .Differences in latencies distinguish the respense in different svs-
tems: structures in the first system respond within 4 msec.; in the second
system, within 10 msec. ; and, in the third, at widely varying intervals longer
than 10 msec. For example, the prepyriform cortex yields a respanse
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1.2-3.0 msec. aiter bulb stimulation, the response from the periamygdaloid
cortex is obtained at 2.5-4 msec., whereas the responses from Ammon’s
formaticn were found after latencies of 10-32 msec. and those near the
mammillothalamic tract after 25-34 msec. Responses also appeared in
the {rontotemporal juxtallocortex and parts of the striatum, supporting
prior findings of comparative anatomists.%

Electrical stimuli have also been applied to structures included in the
third svstemn, and the resultant electrical activity in other neural structures
have been investigated. Essentially, these experiments confirm the pre-
vieushy outlined interrelationships within this system. Thus, Renshaw
<t af 328 showed that the hippocampus is activated by entorhinal stimulation;
both an afferent and efferent relationship between Ammon’s formation and
the septal region via the fornix has been found ;?* arnd the posterior cingulate
cortex was activated by stimulation of the mammillary body,'%

li
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Fiouvee 2. Diagrammatie represcotation of the mediobasal surface of 2 monkey brain shewing
the distribution of seuronsgraphically determined subdivisiuns. Black rectangles indicare represen-
tative sites of strychninizations: hilar sites of allo- and juxtallocortrex, more peripheral ones of
isocortex. Coarse stippling-or striations indicate regional parcellations hased on reciprocaliy relared
eortical points. Finer stippling or striations represent maximum additional eortex guidicectionally
activated from within a region. Taken from Pribram and MacLean, 1= :

A further check of these relaticnships comes from the changes in elec-
trical potentials induced by chemical stimulation of neural structures, usu-
ally by the local application of strychnine. Such “neuronographic” studies
{FicURE 2), in addition to confirming mest of the findings discussed above,
substarntiate the relation, proposed on the basis of anatomy, of much of the
mediobasal cortex with Ammon's formation 101121122152 Thege studies
support the conception that, in spite of the increased development which
the juxtallocortex shares with isocortex in primates, juxtallocortical areas
are better classified with the particular allocortical formations ta which they
are related.
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Summary. In reviewing the electrographic data, therefore, one finds an
independent method which supports the conceptions derived from onto-
genetic, normal, and experimental anatorny. Allo- and juxtallocortical
formations may be grouped into three systems. The first system consists
of olfactory tubercle, arez of the diarapal band, prepyriform cortex, and
the cortico-medial nuclei of the amygdata. This system has direct con-
nections with the olfactory bulb. A second system has only secondary con-
nections with the olfactory bulb. It consists of the basolateral nuclei of the
amygdala, the septal nuclei, the frontotemporal (and possibly the subeal-
losal) juxtallocortex, and probably includes basal parts of the striatum.
On histogenetic grounds, the structures grouped as first and second system
(semicortex and perisemicortex) were distinguished from Ammon’s forma-
tion and related vortex (archicortex and perarchicortex). This distinction
1s supported by axonography. The third allo- and juxtallocortical system
composed of Ammon's formation and cingulate and eatorhinal cortex has
abundantly demonstrated electrographic as well as histological intraconnec-
tions and is only remotely related by any technique to the olfactory bulb.

Discussion

Because of recent interest in the possible role in emotional behavior of
parts of the forebrain which previously had bzen thought to serve olfaction,
we have reviewed observations and experiments concerning the anatomy
of the “olfactory bram” or “rhinencephalon.” We have chosen to include
all morphological formations not typically isocortical ; i.e., those which do
not definitely pass through a six-layered stage in ontogeny. This choice has
been determined by two considerations. Speculation has included transi-
tional {juxtallocortical) formations as well as allocortical ones in the neural
substrate of emotion; data can be more simply organized when both allo-
and juxtallocortical formations are included. In mammals, and especially
primates, the increase in isocortical relative to allocortical formations 1s
shared by the increased development of the juxtallocortical ones. Thus the
classical distinction between neocortical and older formations is modified
in favor of the distinction between isocortex on the one hand and allo- and
juxtallocortex on the other. In addition, the classical distinction between
paleo- and archicortex is broadened to include the transitional formations
related to each type of allocortex (sermi- and perisemicortex on the one
hand ; archi- and periarchicortex, on the other). The histogenetic evidence
upon which these distinctions are based has been reviewed.

Lorente de Né % has pointed out the limitation of all eytoarchitectonic
classifications based on Niss! preparations. Essentially, his criticism is that
differences which appear between cortical areas in Nissl preparations do not
appear when other staining methods are used. Such eriticistm implies that
the cerebral cortex may be subdivided in only one way which can be speci-
fied by the application of a variety of anatomical techniques. An alternative
conception would consider that different methods of subdivision are pos-
sible, each delineated by one of several techniques and each correlating with
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different functions.  One cortical area might thus he part of two differently
organized cerebral svstems.  In this irmne of reference, different anatomical
techniques might be expected to uncover different principles of cerebral
organtzation. The relevance of vach principle to function would have to be
established separately. A static conception of “the™ function of a cerebral
area is replaced by a dymamic conception which constders the different func-
tions of an area under different conditions. The conditions examined in this
review are those leading to olfactory and emotional hehaviar; the relevance
to such behavior of the morphological distinctions cuthined rather than their
anatomical generality is in question. Nevertheless. support for the ac-
ceptance of the classification based on histogenetic data has come from a
review of the nterrelationstips between the several morphological units
included under allo- and juxtallocortex. An additional distinction could
be made between those structures receiving axons from the olfactory bulb
and those which do net. Thus, on the basis of connections, three systems
were described ; the distinction between the second and third supporting a
similar distinction based on histogenesis.* The three systems are defined
as follows: the first. or primary systeni. receives afferents from the olfactory
bulb; the second and third do not. The second system Is defined in terms
of direct connections with the primary ; the third systemt has no such con-
nections, but 1s connected with the second. As primary system we have
included the olfactory tubercle, area of the diagonal band, prepyriform cor-
tex. and the corticomedial nuclei of the amygdaloid complex. The main
compoenents of the second system are not all cortical; they include the sub-
callosal and frontotemporal juxtallocortex, the hasolateral nuclet of the
amygdaloid complex. and the septal nuclei; in addition, there 15 evidence
that at least portions of the striatums {“olfactory” striatuen) should be in-
cluded, evidence which is in congruence with the semicortical ontogeny
of this system. The third system centers around Ammon's formation ; it in-
cludes also the entorhinal, cingulate. and retrosplenial juxtallocortical areas.
The major interrelationships between the three systems may be described
as follows: beginning at the olfactory bulh, fibers can he traced to 2 prisary
olfactory system consisting of olfactory tubercle, olfactory trigone, the pre-
pyriform cortex, and the corticomedial nucleus of the amygdaloid complex.
The primary system of each hemisphere is connected to that of the opposite
hemisphere by the rostral fibers of the anterior commissure. This system
is connected with the subecaliosal and frontotemporal cortex and through
the medial and lateral stmae with the septal nucle, nucler of the diagonal
band, and the basoiateral part of the amvgdaloid complex. These strue-
tures make up the second system interconnected through the anterior com-
missure and stria terminalis.  As noted, some comparative studies and elec-
trographic data suggest that parts of the striatum might profitably be in-

* Actually, the distinction between frst and seeond aystem can alsa be made nn a histogenetic
hasis: the first system i <emicortical: the second, pcrisgnﬁcm‘ﬁf.-ﬂ and suhcortical. However, a similar
Aistinction between arcchi- and periarchicertical formztions was not smade on the basia of axenogra-
phy. [Tt eould have been, if a ntore comnlex definition had been invoked} Thas, whether aile and
Juxtallocortical formations are grouped inte throe or four systems is arbitrary.
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cluded in this systemn. Efferents from the septal nuclet and amygdaloid
complex reach the epithalainus anrl anterior hypothalamus ; in turn, the
latter conoects with the nudhne anrd imtralaminar nuclet of the dorsal thala-
mus. These nuclei apparently project 1o the juxtallocortex.  Ammon’s
formation receives fibers from the cingulate, retrosplenial, and entorhinal
part of this cortex, thus making up the third systeni. This system, in addi-
tion to the circuit involving anterior hypothalamus via the fomix aned the
septal nuclei, 18 also related to the posterior hypothalamus { mammillary
bodies) via the fornix. The mamouliothalaric tract, and the projections
from the anterior thalamic nucle: to the cingulate juxtallocortex, and the
fibers to Ammon’s formation from the cingulate cortex complete the arcuit.

TapLe 3
SUMMARY SYSTEMATIZATION OF RHINENCEPHALIC FURMATIONS

Nystem Definiiion Murshalogicds o ormalions
Included
First Direct coanections with : Qifactary tubercle: area  of
olfactory bulb diagonal band; prepyriform

cortex: corticomedial nuclel
of the amygdaloid complex

Second Direct coanections-with - - - Subcallosal and frontgremparal

Rrst system -but nape juxtailocortex: sepral nauclei
with bulb and basolateral nuclei of the

amygdaloid complex

Third Lyirect connections with Auumon’s formation: entorhinal,
second system bur none retrosplenial, and cinzulate
with Qulb or kst sysiem juxtallocorex .

Swmmary. A definition of “rhinencephalon” which includes juxtalio-
cortical as well as zllocortical formations was chosen because of recent in-
terest in the possible functions -of these portions of the brain in emotional
as well as olfactory behavior. This choice has proved useful in subsuming
a large body of data derived from the application of phylogenetic, onto-
genetic, axonographlc and electrographic data. This definitien of “rhin-
encephalon” modifies the classical distinction between neocornical and older
formations in favor of a distinction between 1socortex on the one hand and .
allo- and juxtallocortex on the other. Findings have been reviewed which
support the classification of “rhinencephalic” structures as thus detined into
three systems (see TABLE 3). The distinction between the first and second
systems on the one hand and the third system on the other are extensions
oi the phylogenetic distinction between paleo- and archicortical formations.
This distinction is supported by histogenetic, axonographic, and electro-
graphic data. The distinction between the first and second systems is most _
reliably rooted in experimental histological studies. The inclusion of sub-
cortical as well as cortical formations in the second system 1s derived as
well from phylogenetic, ontogenetic, axonographic, or electrographic tech-
niques. Fach system is abondantly intraconnected. Both second and
third systems are efferently related to the hypothalamus and afferently re-
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lated to the anterior and midline thalamus. These intra- and interconnec-
tions provide the anmatomical base for a consideration of the functions of
these systems which {ollows. '

ITI. FuxcTions oF "REINENCEPHALIC" SYSTEMS

A, Experimental Physiclogy

We now turn from investigations concerning the organization of the
“olfactory hrain” to investigations of function. As already ncted, changes
i electrical potential can be recorded in many of the formations considered
in this review when the olfactory apparatms 15 exposed to sumulants. The
initiation of such changes is not limited to “olfactory™ stimulation, however.
MacLean et al. have shown that, in the prepyriform, periamygdaloid, and
entorhinal cortex, in the basolateral amygdaloid nuclei, and in Ammon’s
formation, such changes may also be produced “by placing salt on the
arumal's tongue or pinching its tail and extremmties.*®® There is some addi-
tonal though scanty evidence®® ' that tactile, auditory, and visual stimuli
affect the electrical activity of the third system (specifically Ammon's
formation and the cingulate gyrus) ; it is thus likely that, while the several
morphological formations included in this review have been shown to be
influenced by olfactory stimuli, they are influenced, as well, by “nonolfac-
tory” stirmmlt.

Such experiments delineating the afferent physiological contrel of the
structores reviewed have been few. On the other hand, recent observa-
tions of the efferent control this system exerts on effectors have been many.
Numerous mnvestigators have electrically and chemically stimulated the
various morphological formations under consideration, 86,903,128, 144 Gome
of the effects of such stimulation might have been predicted on the basis of
the respiratory and vascular responses which follow -inhalation of various
odoriferous gases5.€30.85 [y addition, gross movements apparently not
somatotopically localized have been described repeatedly and have been
reviewed by Kaada™ and Gastaut.®® Such effects have been systematically
studied. Stimulation of every structure included in the first and second
systems as well as the anterior portions of the third {bulb, tract, tubercle,
diagonal band, septal region, prepyriform cortex, amygdaloid complex, and
frontotemporal, subcallosal, and anterior cingulate regions) has resulted
in respiratory, vascular, and gross motor changes.™ [n addition, respira-
tory and vascular responses have been found on electrical stimulation of
the habenula and antertor and midline thalammic nuclel, but not elsewhere
in the thalamus.’®® Similar effects from Ammon’s formation are more
readily demonstrated by chemical (sedium citrate) stimulation.” The
characteristics of these responses have recently been reviewed by Kaada™
and Gastaut® [n this presentation it is sufficient to point out that in view
of other efferent as well as afferent relationships most allo- and juxtallo-
cortical formations cannct be solely designated as olfactory. Recently the
control of visceral function (through the autonomic nervous system) by
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these formations has been promulgated and other relationships neglected.
In the light of the efferent control of somatic movement exerted by allo-
cortex and juxtallocortex and, conversely, the control of the autunomic
nervous system exerted by the lateral isocortex,s ¥ 18127159 3¢ seems pre-
ferable to emnphasize the massive and diffuse nature of the allo- and juxtailo-
cortical control of both smooth and striped muscle (as contrasted with the
more discrete control exerted by the lateral isocartex).

With respect to delineation of a specific function for allocortical and
related systems, another electrophysiological finding 1s of interest: electrical
stimulation of many of these formations results in a spread of alered elec-
trical activity to the other related formations (prolonged after-discharge.
activation and depression of spontaneous rhythms, and abolition ot strych-
nine spikes and burst potentials) and, under certain conditions, to the rest
of the cerebrum as well.’6.77.8%.90.128  These phenomena could possibly be
mediated via the midline and intralaminary nuclei from which “recruiting™
responses are obtained #3568, 30.7L 11331 Ty {5 more likely that interaciion
between midline-intralaminar and anterior thalamic nuclei, the cortex to
which they project (prepyriform, subcallosal, frontotemporal, cinguiare,
and entorhinal), and Ammon's formation provides the basis for such gene-
ralized changes in cerebral electrical activity. Another related finding of
great interest is that peripheral stimulation which “arouses” the amimal and
“activates” the electrical activity of the isocortex®$1.52,69.76,71,31,92,102, 102,
112, 117.148,149. 150 apnarently results in electrical hypersynéhrony fn Ammon's
formation, #° _

Swmmary.  Physiological experiments support the conception that the
allo- and juxtallocortical formations have different funciions from typicaily
isocortical formations. These experiments emphasize the diffuse nature of
the relationships between allo- and juxtallocortical formations and periph-
eral structures, confirming Herrick's earlier findings utilizing phylogenetic
material.#* There appears to be no basis for the substitution of “visceral”

* for “rhinal” in designating the functions of most of these formations: both

terms suggest a particular selective function common to all formations in-
cluded in this part of the brain which is not supported by evidence. (See dis-
cussion of MacLean by Pribram.®®) On the other hand. the diffuseness of
the relationships of these formations with peripheral structures contrasts
sharply with the discreteness of the organization of afferent and efferent
projection systems to parts of the isocortex. This difference may prove to
be fundamental.

B. Experimental Psychology

There remains to be considered another type of evidence regarding the
functions.of the “rhinencephalon”: studies of the behavior of the animal
following excision or stimulation of neural structures. Can the three sys-
tems delineated by anatomical and physiclogical techniques be distinguished
on the basis of their relation to olfactory or emotional behavior? Is sucha
relationship, if demonstrated, a selective one? These questions cannot yet
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be answered fully because of the paucity of available data. However, a be-
ginning has been made. and these experiments are reviewed.

Extensive and clearcut experiments on olfactory discriminations were
performed by Swann.3%-1% Using 130 rats trained in a T maze in which
odorous wood shavings were placed on one side. he found that olfactory bulb
excision and section of the intermediate olfactory stria impaired discrimina-
tion. Sections of the (1) medial and (2) lateral olfactory stria, and (3) le-
sions of the septal region, (4) prepyriform cortex, (5) amygdaloid complex,
and {6) Ammon’s formation failed to interfere with performance. Neither
small isocortical lesions nor extensive ones involving as much as 85 per cent
of the total cortex interfered with performance, Additional experiments by
Brown and Ghisell: 3 failed to confirm Swann on the effects of sections of
the interrmediate olfactorv stria and, in addition, showed that extensive
lesions of many subcortical masses also failed to interfere with such discrimi-
nations. The only structures classified as “olfactory brain” by anatomists
which were not involved in these experiments were studied by Lashley and
Sperry.®  In these experiments, the radiations from the anterior nuclei of
the thalamus to the cingulate cortex were interrupted, and time for retro-
grade degeneration was allowed to elapse. Again, no alteration in discrimi-
nation performance resulted. It seems, therefore, that, with respect to the
most elementary behavior determined by olfactory cues, only the olfactory
bulb has heen shown to De significant.

A somewhat more complicated olfactory discrimination utifizing the con-
ditioned foreleg response of dogs was used by Allen®? He found that
lesions of pyriform cortex and amygdaloid complex and the associated
frontotemporal cortex resulted in the loss of a “negative” conditioned habit
{though the “positive” was retained). In other words, adimals which had
been trained (using aversive stimulation) to rzise the foreleg whenever
cloves were presented and to refrain from raising the leg when asafetida was
used as stirnulus, after surgery, raised the foreleg to both cues. Ablation of
Ammon’s formation failed to alter preoperative petformance. - None of these.
lesions affected the ability of a blindfolded dog to pick out a bag containing
meat from others containing sawdust. These results essentially confirm
those of Swann ; the loss of the “negative” conditioned response may be due
either to a selective loss of ability to discriminate between several olfactory -
cues or to a more general change affecting either the reaction to aversive

" stimulation or a whole range of complex discriminations.

Because of the difficulties in separating introspectively the sensations of
smell and taste, and the occurrence of “uncinate’” seizures in man which
sometimes include both, it has heen suggested that the amygdaloid complex
and Ammon’s formation are concerned in gustatory as well as olfactory
functions. e have already seen that gustatory stimulation will alter the
alectrical activity of these structures. Quantitative tests of monkeys’ prefer-
ence for water over a bitter quinine solution show, however, that the insular-
opercular cortex rather then the amygrlaloid complex or Ammon’s formation
are implicated in “primary” gustatory functions.1¢-2! Qu the other hand, a
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change in dietary habits is observed following ablations of the amyyraloid
complex and surrounding cortex,''? an effect nof nbtained from lesinns eise-
where (either in the insular-opercular, Ammon’s, or lateral isocortical ior-
mations). These changes in gustatory behavier following amygdaiy resec-
tions, may be explamned, as in the case of olfaction, in one of two ways:
(1) the animal may be unable to sefect hetween several cues whether these
are olfactory or gustatory and the change is limited to these modalities. ar
(2} the animal may he more generafly impaired with respect to any ¢omplex
discrimination. The latter interpretation is untenalle in the light of a con-
siderable body of experimental evidence. Resections limited to the second
system fail to interfere with learned visual discriminations ''? or with per-
formance of such tasks as delayed response and delayed aliernation.t:”
These findings take on added significance Irom the fact that isocortical abia-
tions adjacent to the second allo- and juxtallocortical svatem markediv ima
pair an animal’s performance of these tagks 0% 1. 133

However, disturbance is not limited to oifactory and gustatory behavier
when the second system is stimulated or extirpated. Changes in rempera-
ture regulation, in quantity of food intake, and in sleep-activizy ¢veles have
been reported.’* While one is tempted to look for some phrise which suli-
sumes all of these categories of behavior, it is probably best to wait for addi-
tional evidence before making the attempt. The advisalnhinn of waiting 2
emphasized by yet ancther series of disturbances in behavior which raiinw
lesions of allo- and juxtallocortex; fe., disturbances of “emotional™ be-
havior. -

Foliowing the alimost simultanecus publication of the effects of resection ni
the entire temporal lobe of monkeys {including the amygdaloid and Aw-
mon's formations) by Kliver and Bucy 31-52-8 and the theoretical interences
derived from anatomy about “emotional behavior™ by Papez.!’" a number of
investigators have become inferested in this problem. Kldver and Buocy.
coenfirning an older report by Brown and Schifer®! found, amongst other
ffects, that ternporal lobectomy resulted in wmarked taming of monkeyvs.
Papez suggested that the cirenit nature of Ammon’s formarion. fornix. mam-
millary body, anterior thalamic nucleus, cingulate cortex. Ammon’s forma-
tion, constitutes an anatormical base for emotional behavior. Expenments by
Smith M*# and Ward,'®* in which the anterior cingulate gyvrus was resected
with effects on general behavior similar to those described by Klaver and
Bucy. tended to support the Papez hypothesis.

Another series of experiments, motivated by considerations other than
those described above, have implicated the anterior rhinencephalic serucrures
(especially: of carnivores) in “emotional” behavior. Spiegel cf i1 n
acute preparations showed that the “rige reactions” ohzerved previously ,
in decorticated eats'? and after prechinsmal incisions™ could he ohtained
from lesions in the region of the olfactory tubsrele and anivgdalotd com-
plex. In an extensive series of chronically observed cats. Bard and
Mountcastle 1* showed that ablation of the entire isocartical mantle failed to
produce such syniptoms; in fact, such cats became refractory to most stinw-
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latton. It additional damage was intlicted on either the midline (cingulate )
cortex or to the region of the amygdaloid complex, the animal's threshold ot
excitation dropped markediy and “rage reactions” were displayed. \When
130cortex was uninjured. such reactions resulted only from ablations of the
region of the amygdaloid complex—-though, in many instances, only after a
delay of several weeks. Removal! of Ammon's formation resulted in a more
“placid” animal.  More recently Schreiner of al.'¥® reported anather series
of carnivores in which extirpations in the region of the amygdaloid complex:
had been made. Contrary to Bard and Mountcastle, these authors found a
marked dinunution of “aggressive” behavior following such lesions. These
latter results are in consonance with those obtained in primates; however,
unti! adequate comparison of the precise locus of lesions is possible and until
the postoperative environmental variables are controlled, no definitive state-
ment resolving this discrepancy is possible. Nevertheless, irrespective of
the direction of change, all studies agree that the dimension of change is
“emotional” behavior.

Corroboration for some of the alterations observed to follow ablations of
these structures comes from electrical and chemical stimulation.  “Arrest,”
“avordance.” and “‘attack” may be provoked by such stimulation of ‘the
amygdaloid complex in the unanesthetized animal.®-%  In additicn, ablation
experiments in the immediate past have supported the findings that the
structures classified as the second system {frontotemporal juxtallocortex,
amygdaloid complex, and septal region) are implicated in “emotional” be-
ha.\'ior.:s' 54,113,143, 163

In some of these experiments, social 135 and other 2183 environmental
conditions have been rigorously controlled and the anatomical effect of sur-
gery carefully speaified.  One series of such experiments demonstrated that
behavior based on “fear” as measured by a conditioned avoidauce response
is especially disturbed by lesions of the frontotemporal cortex and amygda-
loid complex. This finding, taken together with previously reviewed evi-
dence, confirms the impression cbtained from studies involving olfactory
and gustatory behavior as well as those involving energy relationships {food
intake, sleep, activity, and temperature regulation) that the second system
serves a variety of funcuons which, thus far at least, cannot be easily sub-
sumed under any “primary” category.

The major portion of the hypothesis of Papez has not fared as well in
gaining adequate experimental support. Although promulgated and ampli-
fied in an excellent review by Maclean,*” exploration of the effects of stimu-
lation and resection of the supposed anatomical substrate of emotion have
thus far heen few and crude. The experiments of Smith and Ward con-
cerning the effects of cingulate ablations have not been confirmed, Since
neither Smith nor Ward presented anatomical verification of their lesions,
or explored behavior by any systematic techniques, subsequent findings %8-120
must be considered. In addition, as already mentioned, systematic znaly-
sig ?1:34,39,108,108, 110,135,163 of the syndrome reported by Kliver and Bucy
has thus far related the “emotional” and “social” changes in behavior fol-
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lowing temporal lobectomy to involvement of the region of the amyydaloid
complex. Studies from other laboratories 2°-19%-1%% confrm these findings
and extend them to include the effects of lesions of the septal nuclei V%
Thus, at present, an abundance of evidence implicates the secand rather than
the third system in emotional and social behavior whereas evidence with re-
spect to the functions of the third system remains sparse. A few stimmuia-
tion studies 5790 indicate that arrest of ongoing behavior sometimes results.
These observations, however, are still fragmentary. Oiten seizure dis-
charges can be recorded from Ammon's formation in the absence of any ob-
servable changes in an animal's behavior. We must face the fact that up to
now there have been no reliable clues from behavioral studies as to the
function of the third system.

Swmmary. The results of experiments utilizing behavioral techniques
may be summarized as follows: Only the olfactory bulb has been impli-
cated in simple olfactory discriminations. It is possible that resections ot
the primary system were not complete enough to result in olfactory discrimi-
nation defcits, since 1t has been found that, in vision 59 somesthesis '*5
167,168,189 5ydition, 4473104 and gustation,' removals of primary projec-
tion cortex must include practically the entire system before any discrimina-
tion deficit results,

Deficits in olfactory discriminations utilizing “negative” responses have,
however, been reported to follow ablations in the region of the amvgdaloid
complex. Similar changes with respect to gustatory discriminations follows
such lesions. These changes are not generalized to visual behavior nor do
they extend to such tasks as delayed response. However, the effect of
amygdala lesions is not restricted to olfactory-gustatory behavior. Changes
in regulation of quantity of food intake, temperature regulation, and sleep-
activity cycles occur.  Furthermore, lesions anywhere i the second system
{amygdaloid complex, septal region, and frontotemporal and subcallosal
juxtallocortex} affect emotional behavior (e.g., as measured by conditioned
avoidance responses). It seems, therefore. premature to speculate regard-
ing the “essential” function of the sccond systern.

The third system has remained recalcitrant to date. Behavioral investiga-
tions have thus far been too crude and sparse to support Papez’ much pub-
licized speculations regarding the neural substrate of emotion.

Discussion

Studies of function have so far implicated only the olfactory bulb in simple
olfactory discriminations. This may be due in part to difficulty in making
total removals of the primary system, which is spread out along the length of
the olfactory striae. A working hypothesis (based on anatomical knowledge
of the connections of the primary olfactory system and the neuropsycholoyi-
cal data obtained for the primary projection systems in vision, gustation. and
somesthesis) would predict olfactory discnmination deheits to follow only
when the greater portion of cortex which receives direct afferents from the
otfactery bulb is removed. This hypothesis is testable with available surgi-
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cal-anatomical and behavioral techniques provided a muacrosmatic species
15 used.

A profusion of changes in an organism’s behavier fallows resections or
stimulations of the second system. The following three formulations of th_t:st:
etffects are possible:

(1Y A simple hvpothesis may be suggested to account for the variety of
changes. Tt 1s possible that the second system as defined in this review must
be further subdivided and that a separate function may ultinately be as-
cribed 1o each subdivision. [f this ts the case. the syndrome which {ollows
lestons of the sacond system could be analyzed into components by selective
ablations.

2% On the other hand, the chserved changes in olfactorv-pustatory be-
havier {not simple preference threshold changes) might he related to
changes in quantitative food intake. sleep-activity cycles. and hasal tempera-
ture. These, in turn, snight he related to the changes in “emotional™ be-
havior as measured by the change in social reactions and in conditioned
avoidance responses. At present, data are insufficient to formulate such a
relationship 1n precise terms.  Imprecisely, this hypothesis would consider
one basic change in the organism's reaction to its environment to underlie
the various manitestations. The changes in behavtor following lesions of the
second system are reminiscent of those toilowing hypothalamic lesions ; how-
ever, they are less drastic. YWhereas an animal with hypothalamic damage
will be either unreactive or become ahruptly and vigorously hyperreactive to
environmental change, the anrmal with lesions in the second alio- and jux-
tallocortical svstem will e hypo- or hvperactive within the limits of ap-
rarently adaptive and thus less “abrnormal” behavior. [t has often been
siated that the key to understanding the cerebral isocortex lies in the dorsal
thalamus; in a similar manner, the key to understanding the second allo-
arnd juxtallocortical svstem may be found in the hypothalamus. As was
printed out. these changes in hehavior cannot be ascribed solely to the rela-
tignship of hyvpothalamus and second system with autonomic and visceral
mechanisms.  There s no evidence of a selective afferent or efferent rela-
tignship hetween the autonomic nervous system and allo- and juxtallocorti-
cal formations.  As is the case with stimulation of the hypothalamus, the
massive autonomic discharge which follows excitation of many of the struc-
tures of the second svstem has ohscured the equally massive mobilization of
the somatic miotar system which frequently occurs, especially in unanes-
thetized animals. The current obiuscation derives in part from the effects
on emntional hehavior produced by such stimulation: the acceptance of
“visceral” theories of emotion, such as those of James %8 and Lange 87 and
the still older conceptualization of the basis of “feeling” which are carried in
otr evervday language.

(3) A third hypothesis concerning the variety of effects which follow re-
sections and stimulations of the second system must be considered. It is
possible that the second system {as well as the hypothalamus) serves several
functions, not because it is composed of several subdivisions, each of which
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is related to some separate function, but because the second system may, in
the living orgamsm, beécome a part of several larger systems. For example,
it is possible that the olfactory-gustatory functions of the second system de-
pend on the relationship between it and the primary olfactory and primary
gustatory projections. The metabolic functions of the system may, on the
other hand, depend on the relationship of the second system to the hypothala-
mus.  Finally, the changes in socio-emotional behavior may be the resul; of
mnterference with the interrelationship between the second system and the
frontal isocortex. This hypothesis is based on a principle of cerebral or-
ganization other than the classical static one denved “exclusively from the
organization of the peripheral nervous 5y5tem Such a_prnciple, that of
“dynamic’ organization, was proposed earlier in this review in a discussion
of the criticisms of histogenetic data.

It seems fruitful to pursue mmvestigations designed to test any of the hvpo-
theses concerning the functions of the second system. At present there
seems to be no basis for choosing one hypothesis rather than another except
by personal preference which depends, in part, on the investigator’s relative
facility with anatomical, electrophysiological, surgical, or behavioral tech-
niques.

In spite of the wealth of anatomical knowledge concerning the third sys-
tern, experiments have contrihuted little to our understanding of its func-
tion. The hypothesis that this portion of the brain forms the neural substrate
of emotion has thus far failed to find much experimental support. This may
be due, at least in part, to the lack of careful behavioral investigation of the
" effects of stimulation or resection of portions of this system ; investigations
which are long overdue. The finding that stimuli which result in an animal's
“arousal” and in “activation” of the electrical activity of the isocortex pro-
duce electrical hypersynchrony in Ammeon's formation provides another
avenue of approach to the problem. Part of the difficulty has been the sur-
gical inaccessibility of these structures, a diffculty which has recently been
overcome. Thus, relevant data may be expected to become available in the
immediate future.

Sumthary. We have examined the basis for the current interest in the
“olfactory brain.” (Of two acceptable definitions of “rhinencephalon,” the
broader, including both allo- and juxtaliocortex, has been chosen because it
subsumes available data parsimomiously. On anatomical grounds, three
allo- and juxtallocortical systems have been distinginshed. The first (made
up of olfactory tubercle, area of the diagonal band. prepyriform cortex. and
the corticomedial nuclel of the amygdala} is considered a “primary” glfac-
tory system on the basis of its direct connections with the olfactory bulb. " A
second system (made up of subcallosal and frontotemporal juxtallocortex
and the septal and basolateral amygdalotd nuclei) is connected with the pri-
mary system but not with the olfactory.bulb and is characterized by sub-
cortical as well as cortical components. The lack of anztomical differentia-
tion between cortex and subcortex in this systeru is found whether phylo-
genetic, histogenetic, axonographic, physiological. or behavioral data are
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considered, This svstetn has been implicated in diverse functions: olfac-
tory-gustatory, metabolic, and socio-emotional. Future investigation must
determune whether some unitary function underlies the others, whether the
multiplicity of functions retlects a multiplicity of subdivisions within the
second system, or wiether this svstem is, under different conditions, part of
one or another larger svstem. Finally, a third alle- and juxtallocortical sys-
tem | made up of Ammen's iormation, entorhinal, and retrosplenial and cin-
gulate cortex} can be distinguished from the others on a histogenetic,
axonographit. and electrographic basis. The hypothesis that this system
i3 the neurai base of emotion has so far failed to recetve conclusive experi-
mental connrmation. This mav be due in part to the lack of quantitative be-
havioral studies of the effects of stimulation or ablation of portions of this
syvstem and to their surgical inaccessibility, These shortcomings are being
overcome and rejevant data should be forthcoming.

We must end this review with the thought that the “oifactory brain,” as
denned, is not primarily olfactory though parts of it serve oifactory functions.
Ner i3 the current conception of a “visceral brain” more tenable though
viscero-autonomic functions are also served. It is clear that the formations
in this portion of the brain, though they share several characteristics, are
not, at this time, usefully thought of as @ brain serving any one function.
Since at least three distinct svstems can be delineated, each might profitably
be investigared separately beiore an attempt is made to define what functions
they have in common. Current speculation has provided impetus to the
svstematic accumulation of data; however, if this accumulation is to con-
tinue, the formation of hypotheses must become more specific and remain
sufficiently flexibie to incorporate its product.
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