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The assumption of seme form of frontel dysfunction in emotional disorder has
long been important in psychiatry. In the United States dureng the 19405 and 1930s,
this assumption led to many thousands of frontal lobsomies, keukoiomies, and
tracioiomies for the treatment of affective and psychological dyvsfunctions. ' Yet
it was clear at the time that the scientific evidence relating these deliberate frontal
lesions 1o psychistric sympioms was thin at best.” The rationale was that psycho-
surgery treated the psychotic process by disrupting the “fized” pathological idea-
tion.'? In fact, however, although orbital frontal and anteror cingulate lesions
reliabdy decreased the symproms of anxiety and depression, the climcal oulcome
atudies of thes era showed consistently that the peyehotic disorder of schizophrenis
patients was unchanged by the procedune !
In Sweden, physicians evaluated the effects of lobotomy by talkeng with The

patiens’ family members. The damage to personality was clear

The wile of patient 2 says, “Docior, you have given me a new hasband . He

esn’l the same man.”" The mother of patient 4 declares, ' She is my daughter

but yet & different person, 5he is with me in body but her soul is in some

way losl, Those deep feelings, the lendemesses are gone. She is hard, some-

how.” The brother of patient 3, a clergyman, stabes that her personality is

alered; ber imerests, her outlook on life, her behavioe, are differem. "1 have

lost my hushard, 1'm alone. | must take over all responsibilities now."" says

the wife of & schooltescher, **1'm livieng with another person,”” says the friend

of patient 7, **She & shallow in some way.™ (p. 693

With naturally cccurring frontal lesions, such as from stroke or head injury.

the psychosocial deficits are often unappreciated by clinicians until they have led
o major failures in eccupational and social adjustment.® For example, one paticnt
appeared fo bave besn o mode] citizcen prior to sustaining & ventromedial frontal
injury,” After the inpury, although this patient scored well above average on stan-
dard tests of mielligence, be soon lost his job, his meney, and his marriage.

* This work was mappomed by NIMH research granss MH42128 and MH42650 w the
Uniwersity al Cregon and small bassness innovation research grams MHS080 and MHS H064
iz Ebectrical Geodesics. Inc,

* Address correspondence 1o Don M. Tucker, Ph. D, Payehology Depariment, University
of Dregon., Eugene. OF 97403,
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An effective theory of human frontal bobe funclion must be able 10 explan the
compbex psychological and social skills that are impaired in such patients. The
level of psychological description must go beyvond the familiar conceps of cogni-
live neuroscience, such as spatial atlention or working memory, and ener the
domain of personality., On the other hand, the theoretical challenge a1 the neural
lewel 15 1 go beyond labeling the functeons of the frontal lobe 1o formulate the
key neurophysiclogical mechanisms. These mechanisms hink the operations of
fromal coriex to the multiple systems of the brain's contrad hierarchy, ranging
from the control of arousal by brain-stem peojection systems to the control of
memory by reentrant corlicolimbac imeractions, When sufliciently understood,
these mechanisms musl be found o regulate mot only the physiolopy of neural
tissue, bl the represeniation and mamienance of the self,

In this paper, we consider the social and emotional funclions of the frontal
lake in terms of three anatomical dimensions. The first might be described as the
“wertical”™ dimension because it emphasizes the milegration of the lower {unc-
tions—briin stem and limbic—with the highesi operations—cognitive and motor
planning—of the frontal neocoriex. For this dimension, we provide a brel over-
view of theoretical approaches 1o vertical integration, Fromtal lesions may disrup
self-regulation at the most clementary level by impaining the capacily to engape
and mainizin adeguate levels of activation and arowsal in service of long-range
poals. At more complex levels, the staptive control of frontal lobe contribulions
i allention and memory may be traced to the limbic networks thal form the
idaptive base for the operations of frontal nescorisx

The secoml dimension examines the functisnal differentiation between the dor-
sitl und weniral anstomical pathways linkmg frontal cortex to the limbac struciures,
reflecting the dual origins of frontal cortex in the archicortical and palesconical
divisions of paralimbic cortex. We consider the differing clinical syndromes resuli-
ing from lesions 1o these pathways. Dorsomedial lesions may ledid 1o apathy and
u loss of initistive, Orbital (ventral) bessons may be more likely 1o lead to behavioral
disinhibinon. We imerpret these syndromes in termis of a theory of diffening madi-
vational biases that shape the differential forms of motor controd emerging in the
dorsal and ventral pathways.

The third anatomical dimension is laeral, reflecting hemisphernc specialization
lor emotion. We review the increasing evidence that the left and right frontal lobes
coniribaie differently 1o emotional self-regotation. This evidence includes not only
brain lesion studies, but brain function studies with both normal and psychialne
subjects using EEG, cerebral blood Now, and cerebral metaholism measures. The
recent blood Now stwdies are particularly important in addressing the key theoreti-
cul issue of whether the emotional effect of & hemisphenc lesion results from the
disimhibiion af the apposile hemisphere, or the disinhibition of the ipsilateral
aibsconical struciures,

Although these three dimensions may sesm 1o divide the frontal lobes along
separule axes, they are not necessarily independent. The dorsal and ventral path-
wavs may incorporate different forms of activation and arousal control, I.uad.ing,
1 different modes of vertical integration. Furthermore, lateral specialization for
rath cogniion and emation may mvalve differential elaboration of the dorsal and
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veniral corticolimbic pathways within each hemisphere, leading 1o different pat-
terns of frontolimbic mieraction on the 1wo sides of the brain.

CONCEPTS OF VERTICAL INTEGRATIOM

T frame the problem of self-controd in terms of the relevant nevraphysiclogical
sysiems i to face the theoretical problem of vertical inegration, This is the prob-
lem of Tunctionally coordinating the multiple levels of the veriebrate neural hier-
archiv, from bramn Stem through midbram, siriatal, and limbic fo the extensive
paralimbic and neocorticnl petworks.* The frental conex appears able 1o recruit
the multipls levels of the hierarchy in support of extended, goal-directed behavior,
Whereas the percepingl systems of the posterior corlex are dedicated to represen-
tatipnal operations, developing the mtermal model of the environmental context
within each sensory modality, the networks of the frontal cortes are uniquely
suited 1o achizve regularory operations, linking the multipie levels of the newral
hierarchy in service of effectively motivated sctions.” In the human brain, the
extensive frontal corex abso provides representational capacity—working mem-
ory—1hat is dedicated not just to the representation of the sensory context, but
to & complex and Mexible orgamzation of the regulatory functions across the naural
hierarchy . In this sense, the working memory of the frontal lobe could be described
as the representation of the regulatory process. The most basic level of the regula-
tory process is the control of aropsal. ™

Self-Reguletion through Activairon and Arousal

Observations of frontal-lesioned patients have sugpested that frontal corlex
plays an integral role in the self-regulation of arousal in light of behavioral de-
mands." Mechanisms of (his control may inelude both influences on bran-stem
neuromaduiator projection systems and frontal regulation of nonspecific thalamic
prajections, "

Psychological concepts of arousal have 1ypically considersd awonomic signs
as the critical component. ' The concept of the bram-stem reticular activating
sySiem was important in moving beyond the nineteenth century notion of arousal
as a visceral mechanism, in order 1o consider neural mechanisms that regulate
aleriness as a function of both external and intemnal events, " However, even when
framed within neurophysiological terms, & unidimensional construct of arousal
has proven inadequate to account for the range of specific controls on the activity
and atientional capacity of the brain, An important theoretical challenge has been
o ind concepts that bridge between the contral of level of neural activity and
the contral of gualiiative features of attention and memory,

Pribramm and MoQuinnesa'® differentiated between an arowusal sysiem, centered
on the amygdala, thal responds in a phasic fashion (o changes i stimadus kput
and an aciivarion system, centered on the basal ganglia, that maintains the motor
circuitry in preparation for action. In addition, an effer? system regulated by the
hippocampus was proposced 1o coordinate between arousal and activation.
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Building wpon this formulation. Tucker and Williamson" theorized how qualita-
nve chamges in Bttention could be produced by brain-stem neursmodulator sys-
tems regulating activation and arousal, Operating to apply a redendancy bias on
working memory, the dopaminergic activition system rouwtinizes actions and fo-
cuses attention, Operating under an opposile controd system principle, & hebiua-
fient bias, the noradrenergic arousal sysiem allocates aliention to a broad array
uf nowvel events, leading 1o an expansive, holistie perceplual mode,

Although these models remain controversial, they provide ways of understand-
ing how elementary neurophysiological mechanisms cowld have fundamemal psy-
chological robes for the sell-regulation nol only of attention and cognition, but of
personality, For example, a person who relies strongly on the phasic arousal
system Tor self-control would be strongly regulaed by external events. A child
with this dominant mode of arousal control may be described as having an atizntion
deficit."™ An adult whose personality was dominated by this mode may be de-
seribed as extraveried.

The frontal bobe may fine-tune these gualitative controfs on attention in accor-
dance with ongoing adaptive demands. For example, lesions of the right frontal
bahe maey resull n particularly severe cases ol the neglect syndrame, i which the
palient ignores objects, and even body parts, in the half of sensory spacs opposite
12 the lesion, " This syndrome appears 1o involve dysfunction of brain-stem, thala-
mig, and contcal alerning systems. " Positron emission lomography (PET) studies
of attention have shown increased biood flow in right frontal coriex in a number
of experiments that reguire orenting 1o targets.* The noradrenergic (ME) brain-
slem projection system courses through the frontal lobe before projecting coudally
io postersor cortex, primarily of the dorsal (archicortical) pathway ™ For human
antention, Tucker and Williamson'” proposed that the NE phasic arousal system
is particulardy important to the holistic attentional mode of the right hemisphere.
Although many issues remain o be worked out, theoretical models that link fronal
contrel to zrousal regulation provide ways of understanding the defcits of moiva-
iion and initsative that miay follow frontal lesions. ™ Further clanfication of theo-
refical issues may help expiain the normal robe of frontal cortex in recruiting the
appropriate state of arousal and aleriness in service of effective behavior.

Corticalimbic ¥emwork Archifeciure

Oin the basis of both kesion and stimulation evidence and considering the con-
neciivily of fronial corex, Pribram amd his associaties have theorized that the
fromtal bbe is essential o mtegrating comples behavior because it represents
the neocorical extension of the imbic system. ™™ Recent research continues to
confirm that areas of frontal cortex are closely connected Lo auloBomic responses,
as ane areas of paralimbic corex.”™ In addition, areas of frontal coriex appear to
b imporant in integrating kinesthetic information with ongoing behavior, and
impairment in kinesthetic processing may be & factor in the learming deficits of
monkeys with frontal lesions

Any theory of the motivational basis of the function of the frontal lobe must
consider the extensive frontal-imbic connectivity. For example, MNauta™s formula-
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tion considered the limbic strectunes as providing interoceptive refierence points
to serve as adaptive guides for the frontal lobe's direction of behavior.™ In &
manner simidar to Teuber's corallary discharge to percepiual systems. ™ an “effer-
ent copy”’ of a frontal action plan could be evaluated in terms of the limbéc refer-
ence points for desired oulcomes, ™

In the cognitive neuroscience model of today's research, the function of the
Tromial bobe is often considered in werms of working memory, ™ Corticolimbic con-
mections are essential for memory as well as emation. In monkeys, disruption of
the cortical pathways linking perceptual systems to the hippocampus, amygdala,
and associated paralimbic comices results in severe memory impairments.* " In
humans, the mmnesia syndromes can be truced 1o damage 1o limbic structures and
paralimbic corex,” Corticolimbic connections are often thought of in terms of
the percepiual operations of the posterior brain, but they must alse be imporiant
in guiding wction on the basis of experience as well. The fronial nescorex shows a
patiern of conmectivity that links it to the archicortical and paleocortical puralimbns
coriices, just as for the posterior bramn, ™ However, the pnmary direction of infor-
miisin o for the posterior brasn appears to be from neocortical (sensory corlex)
1 bimdbiic, whereas the primary flow for the anterior brain is from fmbiz o neocorti-
cal iprimary motorh.™ An interesting theoretscal question is whether the mecha-
misms of memory operate differently when the dominant direction of control re-
werses in the corlicolimbic pathways.

Recogmang the dual functions of the hmbic petworks-—memory and emo-
fan—sugpesis important possibilities for theoretical insight into the sdaptive base
of fronta] lobe function. To relate the anatomical and functional evidence 1o a
theory of the cognition of the human fronial lobe, two theoretical guestions anse,
First, what does it mean that the networks that are most enitical for consolidating
memory (the paralimbic cortices) are also those thal represent kinesthenc and
visceral information? Second, how do these primitive regions of conex shape the
ofganization and control of actions?

For both these guestions, psychological theory has provided an important per-
spective. Heing Werner proposed that in the child’s primitive, synérelic percep-
tion, motor altitudes, and bodily feelings form the elementary substrate for experi-
ence, the “postural-affective matnx.”” From this primitive experiential basis,
apecific thouphts and actions become amiculated through o progressive develop-
menial process.™ Although the articulation becomes more differentiated in the
aduli’s cognition, Werner believed that the adult’s cognition still begins at a syn-
cretic, primitive level of organization and becomes progressively ariculated into
each discrete wct. This developmental process is said 1o be microgenetic, because
il occurs within the milliseconds required for the formation of each thought and
BCERM.

Dirawing from Werner's model, Brown® theorized that specific forms of apraxia
imotor disorder) result from specific frontal lobe kesions because they represent
the disruption of specific stages in the microgenstic process: frontal imbéc lesions
impair the initiation of actions; prefrontal lesions impair the direction and organiza-
tion of actions once they are initiated ; premotor and precentral lesions impir Lhe
final articulation of the action sequence. Each level of the reentrantly connected
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limbic-cortical progression thus serves o differentiate the action from the prims-
tive madivational impeius.

In reviewing the theoretical issues in the research on frontal lobe anatomy and
function, Pribam® proposed tha: Brown's microgenetic model provides a useful
masdel for the development of motor plans across the linked limbic-neocorical
neiworks of the frontel lobe, A microgenetic account might also explaim the mies
gration of visceral and kinesthetic representations within the organzation of action
programs. The frontal conex may mediate between the interoceptive stale repre-
senied within limbic networks and the exiernal contest as it 1s imerfaced by pr-
mary sensory and motor corliges. ™™

Derryvberty and Tucker™ developed this line of reasoning by considering the
computations] architecture of the mammalan cortex. Within a connectionisi or
parulbzl-disinizuted model of information processing, the representational function
il @ network can be inferred in large part from its patiern of connectivity. The
snatomical studies of Pandya and Yeterian™ have shown that the imerconnection
amang widespread corlical regions is sparse for neocortical networks (which therc-
fore appear o process in a bocal fashion) and dense for paralimbec nerworks (whech
therelore appear 1o process in & more global faghion). This evidence shows Lha
the most essential “associaion”’ coriex may nod be thal on the lateral convexity
of the hemisphere, as traditionally thought. Rather, the greatest iniegration of
sensory, motor, and evaluative informanon may occur in the primitive paralimbic
coriex, In the cognitive domain, 3 central integrating role for paralimbic networks
winld be consistent with Brown's' observation that semantic lanpuape disorders
involve damage 10 limbic comex.

Thus the connectivity to limbic regions may help explain the cognitive as well
#% the motivational functions of the frontal lobe. Derryberry and Tucker*! pro-
posed that the representation of mleroceptive information within paralimbie pet-
works provides a reference for evaluating and motivaling cognitiverepresentations
formed a1 this holistic level, before they are articulated as realized actions or fully
consceous ideas. The limbic base for cognition may not be limited 1o thought and
behavior that s obviously emotsonal, Tucker and Derryberry® theonized that the
motivational subsirste from limbic networks may be essential for guiding the
higher executive functions of ihe frontal lobe, Thus anxiety, emerging from veniral
limbic structures and becoming elaborated within orbital froptal comex, may be an
integral component of the focused attention and anticipation required for effective
planning. Although pathelogically high anxizty may disrupt frontal lobe function, ™
imabequate anxiety may contribute 1o the self-control deficits and personality dis-
order in the pseudopsychopathic syndrome that results from orbital frontal le-
HiHEs, 442

Although our purpose in this section has been to consider the vertical miegra-
tion across limbic and nesconical melworks in a general sense, the example of
anxiety and the role of anticipation and planning pertains to a specific anatomical
subdivision, the ortatal frontal cortex emanating from the paleccortical bimbic
petworks. The evolutionary parcellation of the cortex shown by the anatomical
simdics of Pandya and associples his given an imporiant new perapective on the
linsctiona snatomy of the frontal kebe ™ In the following section, we review the
anutomy of the archicortical and palescortical pathways, the interpretaton of
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differing forms of modor controd in each pathway by Goldberg,*® amd we propose
that there are unigue molvational ases for each pathway that are consistent
with the different modes of motor control,

DORSAL AND VENTRAL CORTICOLIMBIC PATHWAYS

If the executive functions of the frontal lobe involve working memaory  *-2047-22
these functions musi be bound by the motivational constraints of limbic nétworks
on one end of the processing stream and by the requirements of motor articulation
an the other. The theoretical challenge is 1o characierize the progressive organiza-
tion of behavior aceoss frontal perworks in & way thal eaplures the integration of
diverse motivational constraints, the recrailiment of sctivation and arousal confrals
intcgral to the process, the extended working memory mads possible by large
networks, and the fine differentiation of motor programs that are suitably con-
straimed by the extended representatignal process. In this section, we conswder
this process in reveérse microgenetec order, beginning with a model of motor articu-
|ation, considering the role of working memory in planning action, and then theo-
nzng on the emotional and modivational foundations from which the actions are
organized. We argue that the theoretical challenge must be met twice, because
different principles may be required 1o describe the dorsal and ventral hmbic
corlical procesing Sireams,

Clinical observations have long suggested that there may be differing motiva-
tional disorders resulting from damage to dorsal and veniral areas. Kleist noted
in 1931 that patients with damage 1o the mediodorsal areas of the fronta lobes
may show apathy and indifference, whereas patients with damage o orbital areas
may show poor inhibition of impulses.™ A number of recent findings have been
eonsistent with Kleist's observations. A lack of initiative i5 often seen with bilat-
eral dorsomedial fronial lesions. This condition may be confused with paychiatric
depression, and has been called the *psendodepression” syndrome. ™ An extreme
form of apathy may be seen in the syndrome of akinetic mutism, in which the
patient docs mot imidiale action or speech even though capable of doing so. Al-
though damage 1o basal ganglia or rosiral brain stem may be required for & chronic
fiorm of this condition, il is nol uncommon 1o see this syndrome in the period soon
after cingulate and mediodorsal frontal lesions.™ Thus, consistent with Kleist's
formulation, an intact mediodorsal fronial lobe may be required for normal molsva-
tional inidiative,

In contrast, lesions of the orbital frontal lobe may produce a deficit in control-
ling motivational impulses, Although the ““disinhibition syndrome™ has tradition-
ally been related wo frontal lesions generally, the classical neurclogical lieratre
shows diginhibition of impulses, puerility, and cupharia 0 be associled with
damage 10 1he orbital surface specifically.™ In the “pscvdopsychopathic syne
drome,” damage o the orbital frontzl region leads to the inability to maindain
normal social constrzints on behavior, ™ These deficits of inhibition form an
interesting counierpont to the overly restrcted behavior of the anxious person,
which may be pssocialed with exaggerated activity of the orbital frontal lobe, 4

We propose thal understamling the fole of the frontal lobe in human social



Ih : : ANMALS NEW YORK ACADEMY OF SCIENCES

ond emotional behavior may require an appreciation of the diffening modes of
mativational control applied by the dorsal and ventral pathways that lead from
limbic networks 1o the motor cortex. The anatomical differentiation of these path-
ways reflects the fact that the neocorex evolved from two points of orgn: the
dorsal, archicoriical limbie corex connected with the hippocampus and the ven-
iral, pabeocortical region associated with offactory comex. This evolutionary
perspective has provided new msights into the connectional architeciure of (he
frontal lobe, ™

In this section, we briefly outhne the analomical evidénce for dual evolutionary
origins of frontal consx. We then propose that, just as the dorsal and ventral
pithways display uniguee modes of molor control as they culminate in motor cor-
fex,* these pathways may stemn from unigue modes of motivatiomil control as each
thoughl and action emerges from the archicorlical apd paleacortical subsirale,
Consistent with the principle of vertical integration, the unigue motivatonal biases
of the dorsal and ventral pathways may extend below the limbic networks, engag-
ing differential modes of controlling activation and arousal by the brain-stem new-
romadulalon progection Sysiems.

Dorsal and Veniral Cortical Modenes

The archicortical trend begins in the medial aspect of each hemisphere and
projects fo the mediodorsal surface of the frontal lobe,™* The evolution of the
archicorecal moiety from the hippocampus gave rise to prodsocorical areas (cingu-
late eomes, Brodmann areas 24, 25, and 321 and hrally 1o the isocortcal aneas
{9, 10, 46, and B on the dorsal surface), Within motor cortex, area 24 differentiated
into premotor corex,® which includes the supplementary motor arca (SMA) and
primiry motor comex (area 4). As i differentsated from primitive paralimbic cos-
lex, the peacoriex for bolh dorsal and ventral moseles accentuated the supragran-
iher lnyers. Wilhin the dorsal trend the architeclonic differentiation emphasized
the pyramidal cells. Within the ventrul, paleocortical trend the differentiation em-
phasized the gpranular cells,

The palescorical trend differentiated from the palescorex on the ventral sur-
fuce of the frontal lobe, into the proisocortex of the orbital and rostral insular
regions, and finally into the isocoriex on the ventrolateral surfaces of the prefronial
cortex, mcluding Brodmann areas 10, 12, 46, 14, &, and 11 Paralleling the evolu-
tiom of the dorsal trend, the palzocortical trend gave nise to the motor corlex on the
ventral surface (area 6), which includes the face, head, and neck representations.
Reflecting the shared paleocoriical orpin, researchers have noted the similarities
between the insula and orbiual corex in terms of both architeciomcs and projec-

Ligns, =55
~ Profectional and Responsive Modes of Motor Cantrol

Luria and Homskaya™ proposed that every frontal lesion may be understood
as impairing the “paychological control of action® or the “"synihesis of direcied
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movements.” Similarly, Pribram® proposed that the function of the frontal kobe
may be discerned by undersianding how internal experiences are translated into
motor actions, An instructive theory of how metor control may be effecied differ-
entially by the archicortical and paleocortical hmbic-cortical pathways was pra-
posed by Goldberg.™

Croldberg suggested that the medisdorsal frontal pathway, denved from anchi-
coriex, is concerned with projecting actions based on probabilistic models of the
future. Within this network, motor behavior is organized according bo the organ-
ism’s internal model of the world that s based on experience in similar contexts, ™
Im this pathway, the conirel of action is achieved ihrough a projectional or “*feed-
forward™ mode, in that the motor plan is directed by a preexisting model of the
action rather than ongoing feedback aboul the course of the action in the environ-
mental situation *™ The entire aciion sequence is orgamized and launched as &
hiokisthe wmit.

The ventrofateral motor sysiem, in contrist, appears 10 link moor sequences
10 percepiual ohjects in & responsive manner.*® This system must be able 1o iden-
1ify objects and their mativational significance, and then 2 “'leedback’ guidance
of modor action causes the motor plan to be articulated with specific reference Lo
the ongoing pereepiual input. The ventral motor plan seems to be more differen-
timled v tme than that i the dorsal stream, i that each sepment can be linked
to perceplual data aboul sts progress,

Observing the separatbon of these systems of motor control in the frontal lobe
suggests thal evodution has encountered the same dilemma faced by anificial intel-
ligence rescarchers in designing intelligent machines (Hendler, this volumel, A
deliberale system, one that projects aclions in future scenarios, is poorly suiled
1o reasting 10 unforeseen events. A reactive system, on the other hand, is peared
for feedback controd, and this archileciure may nol support control by plans,

Could the dorsal and ventral modes of motor control be dependent on diffenng
midivateenal biases? Are these biases unmasked by the personality deficits resull-
ing from dossal versus orbdial frontal besions? I the patient with a dorsomedial
lesion 15 apathete and lacks behavioral mitiative, this may suggest that the propec-
tipnal maosbe of action in the dorsal pathway has a characteristic motivational ba-
sis—a bias toward imitiation of action that results in holistic motor plans being
projected ino the environmental context. If the patient with venirolateral lesions
15 impulsive and mappropriate, this may reflect an unbalanced exaggeration of 1the
impulsiveness of the dorsal stream. I s0, the normal contrbaton of the ventral
pathway would be to restrict and monitor motivational impulses, perhaps in a
manner analogous to the feedback guidance of the action plan by percepiual data
on Goldberg's model of the ventral trend,

Legrning Mechanisms and Working Memary

If there are inberent relations between the molivatkenal biases suggesied by
clinical ohservations and the modes of moior control in Goldberg's analysis, we
should expect 10 find these biases of motivational conrol integral to the cognitive
pperations ol dorsal and ventral regions of frontal cortex. In a peneral sense, goal-
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directed behavior must be organized over time. and therefore it must be guided
by the working memory capacities of frontal metworks, Given the essential role
of cortbcolimbde intefaction in memory consolsdatmen, ™ we can assume (sl froncal
conneclions with limbic networks will be pecessary 1o consolidate the cognitive
representations that support extended motor planning. Alihough there is substan-
il evidence that limbic networks ane integral vo memory and that there are unigue
memory capaciies for dorsal and veniral pathways in the frontal lobe, it is an
unanswered question how these memory capacilies relate specifically o diffenng
methods of motor controd.

several fines of evidence sugges! that the archicortical and paleocortical moie-
tics supporl furctionally as well as anatomically differentiated memory circuirs.
The wentral memary system appears (o be dependent upon thimal subcus, Uhe
mediodorsal thalamus, and the orbital cortex.™*® In comrast, the dorsal circuit
appears to be centered on the hippocampus, antenor necheus of the thalamus, and
the cingulate lobe,® Lesions 1o both the orbitoventral and cingulate corices resuli
in memary deficits,® and similar memary mmpairments are observed afier lesions
to the mediodorsal and anterior thalamic meckei,™

Althoweh the functiona! differentiation of these two memory circuils remains
i b clarefied, a stroag hypothesis i thal they are differentially involved in object
undd spatial memory, The dorsal memory circuil centered on the hippocempus
may be involved in spatial memory.™ One speculation is that the dorsal pathway
is imporiant o contexiual memory, which may be analogous 1o spatial relaons **
The ventrad trend, on the other hand, may be especially involved in ohyect memory
and the fine-tuning of the neocortical representation of objects, whether the ob-
jecis are conceptual or percepiual <

A similar framewark for cognition was suggested by Kleist in 1934 in a remark-
able anticipation of loday’s cognilive newrosckence maodsl of dorsal and veniral
memory systems.® The studies of perceptual memory by Ungerleider and Mis-
hkin®' have led 1o the realizanon thar obpects, the “what ol perception, are
represenied in the wenfral processing siream, whereas spatial relations, the
"where'' of perceplion, are represented in the dorsal processing stream. Kleist
proposed thal “what'' is represented inoorbinal frontal comea, whereas the “how"'
of organizing actions is organized in dorsal regions of frontal cortes ™

Although genermlizations (o complex cognilive processes remain speculafive,
there is substantial expenmental evidence with moenkeys to differentiate between
object and spatial memory capacities of ventral and dorsal frontal regions. In the
monkey, the principal sulcus is the boundary dividing the two cortical trends *®
It has long been known that kesions fo the dorsal arcas above the principal sulcus
resull in poor performance on spatial defay tasks. and that Esions to areas ventral
1o the principal subeus result in poor performance on obpect aliernation tasks,
Current work with single-cell recording i monkeys has provided suppord for these
observations,

Studies by Goldmaen-Rakic and associates have provided convincing evidence
that the dorsal and veniral pathways of the postenor cortex, with their respective
archicoriscal and paleocoriscal targets, are continuous with the dorsal and weniral
pathways of the frontal lobe. Mewrons below the principal sulcus are responsive
io foveal viseal stimulation and to recognition of objecis in the percepiual feld.
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Baodh of these funciions are Hoked 10 the posterior ventral pathway of the visual
system proceeding from occipital (o inferior temporal areas,** Meurons above the
principal sulcus are responsive o penpheral visual stimulation and (o spatial as-
pects of the percepiual sk, consistent with the postenior dorsal visual palhway
through parietal lobe 1o cingulate cortex.” The working memory operations of
frontal coriex appear to maintain the functienal continuity with the dorsal and
venlral processing streams of posterion cortes. ™

Fuster™™ proposes that the memory capacities of the fronial lobe provide the
primate brain with an extended time frame within which more complex patterns
of behavior may be organized. Many human cognitive processes can be said o
be motor plans Usat are rehearsed, and evaluated for their adaptive signilicance,
coverlly, The most complex forms of cognition require the capacily 1o evaluate
ewenis after they have occwmed and to anticipate action before it is required
These are skills than draw explicitly on the iemporal span of expenience that Fusier
describes.

If the dorsal and ventral pathways represent integrated networks Tor higher
cognitive functions, we might expect there would be peneral principles that could
relate the specialized forms of spatial and object working memaory 1o the projec-
tional and reactive modes of modor control, respectively, Do peripheral visim
and spatial memory provide & bolistic context to suppon the ballistic, projectional
made of action in the dorsal pathway? Do foveal vision and object identification
provide a parmng of the sensory stream moa way thal supports a differentiated
feedback-monitoring of sequential actions?

If there are coherent systems of working memory that are imtegral to dorsal
and wentral motor controd pathways, these may provide cloes 1o the mdtiative
versis mhibiary motivational biases suggested for the dorsal and ventral path-
wiys by ehinical neurodogy . Subsiantial evidence indicates that the memary opera-
tions of the limbek circwtry are chosely linked with motivationa] mechanisms,
Clues o the unique adaptive controls inherent 1o the archicortical and paleocorti-
cal subsirstes of the meocoriex may be present in this evidence.

Motivanional Bias of the Ventral Pathway

The ventrolateral modor sysiem, with ks limbic cortical base in the orbital
frontal lobe, may derive 1s alfective influences through extensive conneclions
with the amygdala, insular, and temporal pole cortices.™" The temporal and
insula regions provide the ventrolateral system with data from the auditory, wisual,
and somesthetic modalities for evaluation. In addition, the interconnections of
the ventral trend with the insula may be important for Bnking viscersautonomic
aESOCiations (o perceptual events and to the organization of action plans, ™" Based
upon their review of the literature, Buchanan and Powell® emphasized the impor-
lance af sympathenc autopomic responses to ventral hmbic conex. By integrating
sensory mformation with aulenomic responses, the ventral imbac comples i well
suited lo evalunie stimuli for their modivational significance in retation to inlernal
states. Given the evidence linking the ventral trend to the Might/ffight responss ¥
aympathetic regulation may be paricularly important for deshing wath threat.
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The afﬁﬂdaja appears important 1o integrating the seasory data that lead 1o
fear responses in rats.™ In primates, Pribram and his associates have observed
effects of amygdala leseons thal may suggest ways that memory consoludawon
in the weniral trend 15 associated with a specific motreational bias, This bias
may be consistent wilh a robe of the ventral mbic netsworks in anxeety® and in
ihe inhibition of impulses suggested by classical and by more recent®™ clinical
observations.

Pribram™ suggests that the amygdala integrates visceronutonomis information
with ongoang percepison in a process of memory consolidation—~familiariza-
tion—that marks an episode in me. This parsing of an episode (rom the flow of
expenence may be relevant for the learning deficits of amypdalectomized mon-
keys. In sddition, the behavioral abnormalities of these monkeys are consisien
with the classical Kluver-Bucy syndrome:™ they show inappropriate approach
bzhavior to previously feared objecis, and they appear hypersexual and hypercral.
These examples of disinhibited behavior may be consistent with the loss of the
normial inhibition of hedonic impulses that would stem from the anxiety and threa-
menitonng operafions of the ventral trend. This tight, inhibitory control in the
affective domain may represeni the modivatbonal counterpart to the reactive, feed-
back mode of conrol of the ventrolateral system i the motor domain.*

Motiwablons! Bias af the Dorsal FPahway

In considening the controd of learning by the hippocampus, Pribram™ has sug-
pested Lhatl il may supporl a representation of the comtext in which behavior oc-
curs, The mechanism for doing this is an interesting one, Several lindings suggest
the hippocampus may code information aboul noareinforced stimuli. This form
of discrimination may be imporant 1o the extinction of meffective attention and
behavior, and it may be imporian in relegating nonreinforced E'H.I'HI.Il'I Lo the back-
ground or comtext of the current behavios.

This framing of the context may be related 1o the emergence u-l':spill:ﬂl atlention
and memory skills of the archicomical pathway™ ™ and perhaps to the notion
ithat the dorsal conical regions represent contexiual information in more general
semantic cogmtion in humans, ™ There is also the suggestion that the learning
and memory mechanisms of the hippocampus are assotmied with a particular
motivational bias, Monkevs with hippecampectiomy become more conservative
and take fewer risks in task performance.™ This appears. 10 be an opposiile bias
1o the fearless mpualsivity of the amypdalectomized monkeys. ™ These differential
cffects of amypdaka versus hippocampal lesions may provide clues to the limbic
subsrrate of the apathy and loss of inftintive with dorsal frontal §esions versus the
disinhibition of impulses observed with ventral frontal lesions, 45534

Some researchers have argued that the metivational and emotional processes
of the limbic circuitry are centered on the amygdala and that the hippocampus
and associated dorsal limbic cortex are more relevant to cognition than emotion. ™
Howewer, this view ipnores the substantial evidence of the importance of the
cingulate cofex 1o emotion in both anmmals and humans.™ The cingulate comex
runs along the superior surface of the corpus callosum and s separated from it by
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the caliosal sulcus. Recent studics suggest the cingulate is a highly heterogencous
struciure, In addition 1o being divided in the rostralicaudal dimension, it s also
differentinted in the dorsalventral dimension.”™ The anterior cingulate (areas 24,
25, and 31) can be differentsated from the postersor cingulate based wpon cyvuoarchi-
tecture amd patterns of projections, as well as funcuon.™ Most notably, the ante-
rior cingulaie receives afferents from the amygdala, whereas the postenor cingu-
kate does mot,™ The posterior cingulate does not have direct projections 1o the
premotor areas of the frontal bobe, wheneas the antenor eingulate does. ® Consls-
tent with a general rostralicawdal motor/sensory distinction, 1he anteror cingulale
s characterized as “executive’” in function, whereas the posterior is charactenized
a5 “evaluative, "™

Ome way of interpreting the apathy and loss of indtiative resulting from dor-
somedial frongal besbons would be 1o anrbute these effects 1o impalrment of the
dorsal limbic contmbution to integrating hedomc valee with potential action plans.
Patients with cingulate lesions are found (o lose misrest in fopmerdly Enportant
activitizs, such as hobbies.™ This evidence s consistent with the view Lthat the
cingulate comex contributes to attention by monitoring the motivational signifi-
cance of stimuli®

MucLean has emphasized thi the dorsal imbic structures have become en.
larged in mammalian evolution in parallel with the appearance of complex social
and emotional behavior, mcbeding care for the voung, emotional vocalization,
angd play. "% Hesearch examining this hypothesis for emotional vocalization jas
supported the importance of cmgulate cortex, Ploog and associanes™ ™ have used
a combination of kesion and stimulation studies to show the control hierarchy for
emotional vocalization o the monkey, with frapmentary motor features repre-
semled in bramn-stem motar nuclel, patterned species-specific calls represented in
the medbemn, emational coloration of calls derving from hmbic influences, and
voluntary call imitiation being controdled by cingulate cormex.™® In contrast, lal-
eral molor cortex appears o control “voluntary call formation”®’ through articu-
laed actions mediated by direct pyramidal pathways from motor corex 1o brain-
slem molor muckes.

The motivated initiation of holiste patems of vocalization by the ciagulawe
region bears inleresting similarities 1o both the motivational imitstive™ and Lhe
projectiona! mode of motor contral*® ascribed o dorsomedial fromal cortex. In
hismans, there are suggestions thal the cingulate region may be importiant in attach-
ing motivational significance, and self-relevance, 1o the organization of actions in
the dorsal limbic-frontal pathway. The decrease in agitation following cingulate
lessons for chronic anxiety or for intractable pain® may be inerpreted as a loss
of canng about the condition. The fact that patients lose interest in formerly valued
activities™ suggests that the cingulale contnbution to motivational significance 15
not limited to aversive initiation of action, but that it may invalve hedonic value as
well. The incorporation of motivatbonal significance, visceral tone, and kinesthedic
sensation withan the organization of an aclion may be micgral 1o perceiving the
action as part of the self, Goldberg® descnbes the alien hand®’ syndrome result-
ing from dorsomedial frontal lesions, in which an action of the hand contralsieral
1o the kesion, apparently ansing within the ventrolateral modor syslem, is percepved
as bebonging to someone else.
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Redundancy and Habituation Biases ay Adapiive Attenional Modes

in Lhﬂmmm aboul the motivasonal basi of the orbital frontal lobe's contrbu-
mon 1o the executive functions, Tucker and Derryberry®™ proposed that anxeety
neay be (he affective characteristic of the preparation for fight/flight withim the
catended amygdala and ventral limbic-frontal pathway. This interpretation would
be consistent with the decreases in anxiety with psychosurgery of the orbital
region® apd with the increases in blood Now in ventral frontal conex seen in clinacal
anxiety states ® This view would not be consisient with Jeffrey Gray's view that
anxeety 15 regulated by the hippecampus, Gray, kowever, emphasized behavioral
inhibision a5 the key feature of anxiety, whersas Tucker and Derrybermy empha-
sieed vapilance and attentional focusing. Although anxeety 15 ofien considered to
hi & p&lhﬂhhgn:ﬂ stale, i may have an integral rode in oplimal braim fupction,
focusing attention on adaplively Importan! ohgects,

Tucker and Derryberry™ argued that the redundancy bias of the dopaminergic
1onic activation system'’ may mediate the attentional focusing associaled with
anxiety. This elememary mode of controdling working memory may have bodh
primitive and sophisticaied mlluences on bekavior. Inthe premitive form, a redun-
daney bias would fecilitate routinizes] actions, such as i habil formanuon oF in the
siereotyped motor sequences of fightMight responses, In the more sophisticated
furm. the redundancy bias may focus the representation of plans in working mem-
ary on motivationally sipnificant issues, allowing an extended representation that
supports the continuity of goal-direcied behavior over lime. Tucker and Derry-
berry suggest that the focused piiention of the dopaminergic redundancy bias may
be especially important 1o the analytic cognition of the left hemisphere.

In both primitive and sophisticated forms, the redundancy Bias may be integral
10 the feedback modulation of discreie motor sequences in the ventrolateral motor
system. The pathological symploms of exaggerated redundancy. in working mem-
ory, such a3 the ruminations and compulsions of the chromcally ansious persen,
may represent the distortion of & nevrocybernetic mode that is essential (o the
normal muintenance of moliveled atliention.**

We speculate that the dorsal motor syslem may also be regulated by a qualita-
nvely-specific activity contral $y$lem, the habituation bias of the noradrenergic
phasic arousal system. The noradrenergic projectéons from the brain stem densely
npervale cingulate conex, ascend 1o the frontal pole, then proceed cawdally o
inmervale the dorsal regions of the neocones preferentially ' Tucker and William-
son'” theorized that, by decrementing attention o constant features of the environ-
ment, a habituanon bias would create the positive control of a selecton for nov-
ehy, They proposed that this novelty selection is infegral 1o the onenting respinse
and that in bumans the resulting expansive allocation of working memaory is impor-
Lant 1o the holistic spatial cognitive skills of the right hemisphers. Whereas nght
hemisphere speciabization i an inlegral aspect of spatial atiention in humans, this
masil be an elaboration of the more fundemental organization of spatial atention
and memory within the primate dorsal corticolimbic pathway, ™

At the limbic root of the archicortical pathway, the hippocampus may regulate -
learning and memory through mechanieme that are consistent with a habiuatsn
bias. The extinction of activity in relation 1o nonreinforced stimuli theorized by
Pribram™ may be the key limbic mechanism of the habituation bias, The represen-
tution of the context for behovioral activity created by this mechanism may be
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consisten! with the holistic attentional mode attnibuted 1o the poradrenergic phasic
arousal sysiem by Tucker and Williamson."" A critical link in this theorizing,
umkmown 1o ws At this time, would be between the hippocamgpus and its associated
cortices and the bram-stem poradrenergic and seroloRergic projection sysiems
theorized 10 mediate the habituation bias

Connections between the parietal lobe (dorsal pathway of the postenor bram)
and the brain-siem noradrenergic and serotongrgic nuclei have been proposed by
Mesulam 1o be miegral to the neglect syndrome.™ In this disorder, the patient
Tails to orient o stimuli coniralateral o the lesion."™ Heilman and associates have
pointed out that frontal lesions may also produce neglect, and they proposed that
the fromtal corfex regulates braim-stem reticulor and thalamic arousal mecha-
misms. ™ In rats, right but nod lefi fronal lesions depleie norepinephrine in the locus
cocrubens and cortex bikateraliy,™ In humans, the Fact that the neglect syndrome is
more severe with right-hemisphere lesions suggests that the Aght hemasphere is
partcularly imporiant 1o the higher-order elaboration of the onenting response in
attentom and warkmg memery

The neursl mechanisms of phasic arousal and the habiuation bias appear 1o
have inherent affective qualities, reflecting the depression of mood al bow Jevels
of fumction and menia 81 high levels.'” A crtical robe of the phasic arousal system
in the dorsomedial frontal lobe may be relevant 1o the pseudodepression ssen with
dorsomedizl frontal lesdons. ™" ln some patents, treatmeni of depression with
tricvelics reverses hoth spatial memory deficits and left peglect ¥ In normal
subjects, a depressed mood produces & mild attentional neglect that is lateralized
1o the left visual figld.® The psychomotor retardation of severe psychiatric depres-
sion may be seen as o form of motor instiative deficin that 15 not undike the akinetic
mutism scen with dorsomedizl frontal lzsions.

If this line of reasoning is correct, & specific modivaiional bias may be integral
io the copnition and motor organization in the dorsomedial frontal lobe. Closely
linked o the individozl's mood state, the projectiona] motor system would be
haghlly charged by motivalional directives in manic of euphonc mood states, lead-
img to an impuisive mode of behavior, Although the pathological extreme is insiruc
tive, the motivational comtrod of the hebituation bias may be integral to the optimal
function of the dersal frontal lobe as well, leading to o beas toward instiatimg hedoni-
cally charged thoughts and actions in the mild elaiion associated with successful
coping. amd a specilic anenvation of cogaitive and behavioeal hedonic initiative
under conditions of failure,

HEMISFHERIC SPECIALIZATION FOR EMOTION

In addition to the inherent asymmeiries of arousal, attention, and memory
sysiems, it has become apparent over the last two decades thal imporiant aspects
of emotienal experience and behavior are asymmetrically distributed in the human
brain.® The majority of the evidence pertains 1o emotional communication, the
undersianding and expression of emotion that 15 accomplished largely throwgh
nomverbal means, In nghi-hapders, the right hemisphere plays the major roks
for bodh the comprehension and the exprestion of emalion. Understanding Facial
expressions of emadion, for example, is particulurly impared by nghi-hemsphene
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damage. ™ Mormal subjecis show greaier expressivity of emotion on the befi side
ol the face,™ and they show greater attention (o the speaker’'s emotional tone af
voice when passages are presenied 1o the lefl ear,™

This evidence af the imponance of the right hemisphere (o emation may be
consistent with certain clinical observations suggesting that nght frontal lobe Je-
sions are particularly likely to produce the personality disinhibition of the frontal
bobe syndrome. " However, other evidence has suggested that the Jeft hemisphere
also plays an important robe in emational expenience and behavior, end & number
of recent findings poant 1o the importance of lefi-fronial lobe function m particular.
For both right and fefi frontal lobes, a key question s how the fromal comex
relates 1o the emouonal processes mediated by subcorucal circuils,

Lateralization of Positive and Nepative Emotions

Alered emotional and personality processes with right-hemisphere lesions had
been recopnized since Babinski's observation thal anosogrosia, denial of illness,
was most common with lefi hemiplegia. Howewver, the ““depressive-calastraphic
respomse’ 1o stroke of other brain damage was recognized by Goldstem™ o occur
more frequently with lefi-hemisphere lesions. The obvious interpretation of this
pasaciation was that the boss of lanpuape is more devastating than boss of nonverbal
intelligence. However, a number of siudies have filed 1o correlate the degree
of depressive response with the degree of mnpuage or cognitive impairment,™
supgesting that a more fundamenial relation may exist beiween hemisphenic spe-
cidlization and the kalance between positive and negative emotional ofieRtalions,

An important milestone in this erature was Gainetti’s confirmation that cata-
strophic responses are more likely with lefi-hemisphere keswons, whereas indiffer-
ence dendal of problems may be more likely with righi-hemisphere lesions.® As-
suming that these findings provide an ingight ino human emotonal balance, the
interpredive question became whether damage 10 a hemisphere resulls in a release
of ihe contralateral hemisphere’s normal emotional orenation,™ or a release of
the damaged hemisphere's subcortical circuits, ™

In suppory of the comratateral rebease interpretation, Sackemm f al,™ reviewed
several forms of evidence from the newrological lierature. A strong association
between the lsierality of the l=sion and emotional valence was found for cases of
pathobegical laughing (more commen with right-hemisphers lesions) and crying
(mare common with lefi-hemisphere lesions). The classical interpretation of such
cases of “pseudobulbar palsy™ is & release of brain-stem emotional mechs-
nisms. """ Rinn points out that whereas conticobulbar projections 1o brain-stem
sl meclel are contralateral, the pathways disnapted in pseudobulbar palsy in-
vodve the reticular formation and, therefore, are bilateral.

In their review, Sackeim et ol ™ also observed that outbursts of laughter were
irequently associated with lefi-hemisphere seizures. Reasoning that seizures rep-
resent an exaggeration of hemispheric funciion, Sackeim e af. concluded th
this evidence implicales a posiive emolional bias for the left hemisphere, This
conclusion would il with a contrtlateral release view of the effects of lesions,
assuming that the left hemisphere normally tends toward positive emotion and
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the right hemigphere toward pegative emotion. Particularly important to this rsue
was the evidence on chronic changes in emotional outlook in temporal lobe epi-
fepay " In this research, patients with lefi-hemisphers pathology showed a nega-
tive, critical orientation in self-report measures, whereas those with right-hemi-
sphere pathology showed an inappropriately positive approach (o self-evaluation.
A form of ipsilateral release was suggested by the cognitive styles of these patient
groups. The paticnis with a lef focus were highly intellectualized as well as selif-
critical, suggesting exapgerated if degraded lefi-hemisphere cogritive function.
The patiends with a right focus were emotionally expressive as well as inappro-
priately positive, suggesting exaggerated right-hemisphere function.

Aspmmeiric Frontal Lobe Contributions

Although remporal lobe mechanisms are obviously critical 1o this controversy,
the fromal lobe has been found to have an inlegral rode as well. Some of the
imisial evidence came from EEG studies with normal emotion, which have found
asymmetries in frontal lobe alpha activity in a number of paradigms. The initkal
report'™ observed greater EEG activation (alpha suppression) over the nght fron-
tal lobe in response o negative emotional material, in contrast 1o EEG activation
over the beft frontal lobe in response 10 positive emotional matersal, Independendly,
Tucker et af, found a consistent patern of results: normal subjects in an induced
depressed mood showed alpha suppression (EEG activation) over the night frongal
lobe ™

Although the findings of frontal lobe EEG asymmetry were consislent in these
initial studies, the functional imerpretations were nol. In line with Sackeimn ef
al."s reasoning, Davidson and associates proposed that the left hemisphere con-
tributes 1o positive emotion and to approach behavior generally,'™ whereas the
right hemisphere is responsibde for negative emotion and behavioral withdrawal.
In contrast, Tucker er al."™ interpreted their frontal EBG results in line with the
ipsilateral release interpretation of the meurological evidence, proposing that the
fronial activily may be inhibitory in nature, In their mood enduction study, Tucker
e al. had observed that the depressed mood was associated not only with nght
frontal EEG activation, but impaired visuospatial performance suggestive of de-
creased ripht-hemisphere copnitive functioning.

The evidence of poor visusospatial perception in depression is now quite sub-
stantial, and 8 number of findings implicate impaired nphi-hemisphers function
specificaliy.™ In addition o replicating and extending their findings of frontal
lobe alpha asymmetnies in & pumber of experiments, Davidson and associates
have also phserved poor righl-Bemispherns cognitive funciion in depression. "™ The
interpretation that the role of the frontal lobe could be inhibitory 1s consistent with
the many findings of disinhibition with frontal besions. Knight and assoctates. "™ for
example, otserved increased auditory ERP responses over the ipsilateral hemi-



FL T ANNALS NEW YORK ACADEMY OF SCIENCES

sphere in frontal-Jesioned patients, sugpesting the mormal antentional contrad of
frontal cortes may be inhibilory,

An important recent sddition to this line of evidence has been the finding that,
i mreal subjects, lefi-frontal alpha suppression s related less 1o the subgect’s
current emadional state than it is to the tendescy 1 deny negative charscleris-
5. "™ In this research il was repressors, subjects who presend themselves ina
favorable light, who showed the greatest lefi-frontal alpha suppression in the nor-
mal sample of university studenis. This Ninding, coupled with an inverse relation
between lefi-frontal blood flow and bilateral amygdala activity in depressed pa-
ticnis, has ked Davidson''" to propose that an imporiant role of lefi-Tronal activity
may be the inhibition of negative affect

Fromtal fobe function has been found 1o be critical to the interpretation of
hemisphers contnibutions 10 emotion in lesioned patients as well as in normal
subjects. In studies of acute depression in siroke patients, Robinson and associates
confirmed the previous reponts of greater depression with left-hemisphere lesions,
and they found a striking trend for greater depression with lesions of more antenor
regions of the l&ft hemisphere.™ Tucker and Frederick!"" interpreied these obser-
vations in line with an mhibitory role for the lzft-frontal region, specifically inhibit-
ing the lefi-hemisphere limbic and subcomical contributions 1o angiety and egi-
ive affect, However, at least for striatal contribulions to emotional responsivity,
this reasgming does not seem 1o hodd, Starkstein of ol '" examined emotional
responses in patients with lesions of the caudate aucleus as well as fronlal corex;
depression was common i patients with lefl-casdate lesions as well as & frontal
caries

IT the lefi frontal bobe is imponant in mhibiting negative affect, the subcortical
struciures thal are mhabied may be the limbic structures of the lefl hemisphere.
Recent PET blood flow findings have seggested that mcreased lenciwoning of the
amygiala of the lefi hemisphere may accompany negative affget in both normal
subjects and depressed patients, Coupled with previous reports of mcreased activ-
ity of left frontal conex in negative emotion, these findings rarse inleresting ques-
tions bl hemisphenic frontal-limbic inleractions in emotional sell-regulation.

A number of siudees have observed increased blood Now and metabolism of
regions of lkeft fromal conex in negative affect, With the Xenon surface rCBF
{regional cerebral blood flow) method, Johanson and associaies examined anxiety
disorder patients as they conskdered the source of their anxicty. Increased blood
Mow was observed in inferor regions of the lefl hemmsphere. " Using positron
effissson lomagraphy (PET) measures of rfCBF with normal volunieers, Pardo ef
al. " found increased orbitofrontal-blood flow bilaterally for women in their sam-
ple, bul anly on the kit for the men.

An imporant guestion Tor mood induction research is the unconirolled cogni-
tign, such as self-verbalization, that may be induced by the instructions in addition
o the affect. Extendimg their study of anxious patients with a high-resolution
rCBF scanner, Johanson ¢ ol also mcleded o contral condition of & mewtrad mood
induction that served o equate the possible demands for self-verbalization. ™ They
again found high Aow over inferior (orbital) lefi-frontal areas in anxety, Given
Ihe chronic high anxiety of most obsessive-compaulsive patients, a consistent find-
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ing may be thal of Baxter ef al., who found increased metabolizm in both caudale
nuciei and the lefl orbital frontal conex e a PET swdy of obsessive-compul-
sives.'*

The improved anatemical precision of PFET iCBF, particulzrly with registration
with magnend resonance anatomacal images, kas allowed esumates of activity in
the amygdala. Examiming umpolar depressed patients, Drevels antd pssocmles
found increased blood flow in the left amygdala and in left frontal cortes, "™ Con-
verging findings with normal emotion have come from the PET rCBF siudy of
Schneider, Gur and associates."'” who used viewing of emotional faces as 3 mood
inductzon procedure. ln the negative-emotign conditeen of this experiment. the
aubqects showed mereased Now of the lell amypdala. In the poditive-emotion con-
dition, they showed increased bood Row in the nght amygdals, Interesungly, in
a manmer similar to ihai described by Davidson,'™ several measures of frontal
cortical Now were found to be pversely cormelated with amypdala blood flow

These several fipdings may be consistent with the unilateral release interpreta-
tran of the effect of hemisphenc lesions on emotional onentation, ™ The inherent
negative affect (anxiety and hostility) of the lefi hemisphere may be seen io be
modulated by conical condrol s the normal brain, swch that the depressive cata-
strophic response 1o left frontal damage reflects a release of the ipsilateral limbic
emetionaliy, Simiardy, the inherently positive emotional tone of nght hmbac re-
grons may be normally modolated by the right frontal lobe, such that right frontal
damage leads 1o personality disinbibiteon and densal of problems. Withan this
framework, (he exaggeraied coricolimbic interconmection in lemporal blobe epi-
lepsy ™ refiects the inherent relations between a seif-critical emotional Lone and
the intelbeciual ideation of the left hemisphere, compared to the optimistic, sell-
aggrandizing emotional tope and emmolnal expressivity of the nght hemisphere.
Thess inherent relatbons between hemisphens cognitive styles and hemispheric
affeciive sivles are important clues o the strocture of both normal personality
wnd the personality disorders that include avosdant, schizod, and anxious peeson-
alities on the one band, and histiomic, antisocial, and narcissistic personalilies
on the other,'®

The implications of this boe of reasoning for frontal lobe funcion in emotional
self-regulation are interesting and somewhat complex. The frontal lobe has been
described as inhibitory for bemispheric emotionality;™ this would be consistent
with & releass (disinhabition) of emotional behavior following a frontal lesion, Yet,
at leasy for orbiofrontal regions, the rCBF findings sugpest Lhat the emotional
slle i asspeiated with increased (rontal activity. The inleresting question is
whether thal increased activity dunng the emotional state reflects fromtal inhibi-
tory medulation of the limbic emotional response, or whether it reflects an elabora-
thexn o the emotonal process iselll.

ASYMMETRIES OF CORTICOLIMBIC ARCHITECTURE

Very likely. the frontal lobe contributbon 1o emotional experience and behavior
involves both excitatory and inhibitory influences from both lefl and reehn fronial
regions. As neurcimaging methods provide increasingly detailed views of human
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view i5 nol necessarily wrong, it is imcomplete. The higher " association” areas
of posterior and frontal corex represent intermediale networks berween sensory
and molor isocoriex and the densely interconnecied paralimbic networks. ™ For
the posterior brain, memory consoldation scems 10 involve recruiiment and orga-
nization of the processing in negcormical networks under motivational control from
paralimbic nevworks. For the frontal lobes, the process is reversed, with the arga-
nization of acten emerging from paralimbic conices—where the representation
is inextricably bound with fls motiveisonal significance—and then progressoeely
prisculated into discrete actions i the multilevel petwork recursion culminating
i motor conex.”

This general limbic-frontal progression in behavieral organization appears to
iake different forms in the dorsal and ventral corticolimbic pathways, For the
dorsal pathway. the “projectional” or feedforward mode of motor control appears
it be based on a motivational mode that readily spawna behavioral impulses. The
expgperited case may be the hypomanic or sociopathic personality whose actions
are readily geperated by hedonic impulies with inadequate feedback from cntical
self-monitoning. For the ventral patbway, the tghl sensonmotor links sugpest a
high degree of monitonng feedback in the generation of each scion from the iniial
global paralimbic representation. Dominated by this control mode, the chronically
BIEXEOUS OF obsessive-compulsive personality may show highly constrammed, &riacu-
kated sctions that are seldom wainted by the hedonic impulse. These enagperated
personality styles may be understood in terms of exaggerated neurophysiclogical
mechanisms, providing clues to the mouvational bdases that must be integrated 1o
balamce effective frontal lobe contributions 1o social and emotional sell-regulation.

SUMMARY

In humans, frontal lesions result in deficits of social and emotional behavior
ihat are often surprising in the presence of intact nguags and other cognitive
skills, The connections between the motivation and memory functions of limbic
corex and the motor planning functions of frontal neoconex must be fundamental
o meeting the dally challenpes of scif-regulation. The connectional architecture
of limbic and neocortical networks supgests a model of functon. The densely
interconnected paralimbic cortices may serve (o maintain a ghobal molivanonal
coniext within which specific actions are amiculated and sequenced within frontal
neccortical networks, The paralimbic networks represent the visceral and Kines-
iketic information that is imegral 10 the representation of the bodily self. In a
general semse, the implicil self-representation within paralimbic networks may
shape the significance of perceptions and the motivational context for developing
actions. The network archrtecture of the frontal lobe reflects the dual limbic origing
of frontal corex, in the dorsal archiconical and ventral paleocortical structures, In
this paper, we speculated that these two limbic-corical pathways apply differend
malivational biases 1o direet the fronial lobe representation of working memory.
The dorsal hmhic mechanisms proecting through the congutate gyrus may be influ-
enced by hedonic evaluations, social attachments, and they may milmie 8 mode
of motor control tha is hokiste and impulsive. In contrast, the vemiral Hmbic
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pathway from the amygdala to orbital frontal corex may implement a ught, re
stricied maxde of molor condrol that reflects adaptive constraints of self-preserva-
won. In the human brain, hemisphenc specialization appears to have led 10 asym-
meine: elaborations of the dorsal and ventral pathways. Undersianding the
inherent asymmeincs of conicolimbic architecture may be important in inlempee-
ing the mereasing evidence that the lefl and nght frontal lobes contnbute differ-
ently 1o normal and pathological forms of seli-regulation.
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