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A NEURAL NETWORK THEORY O F FRONTAL LOB E FUNCTION 

Daniel S. Levine 
Departmen t  o f  Mathematic s 

Universit y o f  Texa s a t  Arlingto n 
Arlington ,  T X 7601 9 

INTRODUCTION 

The frontal cortex is six-layered only in primates and is the neocortical 
are a bes t  connecte d t o th e hypothalamus .  Fo r  thes e reason s an d man y others , 
Fuste r  (1980 ,  p .  144 )  stated * 

"The central notion...is that the prefrontal cortex plays a role in 
th e tempora l  structurin g o f  behavior .  Th e prefronta l  corte x i s 
though t  t o b e essentia l  fo r  th e synthesi s o f  cognitiv e an d moto r  act s 
int o purposiv e sequences. " 

This article attempts to integrate this qualitative notion with existing neural 
networ k theorie s o f  motivatio n an d cognition . 

Grossberg (1975) discusses the striving for balance between two subsystems 
i n a  network .  Th e attentiona l  syste m seek s stabl e respons e t o fluctuatin g 
sensor y cue s b y focusin g attentio n o n importan t  subclasse s o f  cues .  Th e arousa l 
syste m enable s adaptatio n t o unexpecte d event s an d ne w reinforcemen t  contingen -
cies .  Fronta l  lesion s ofte n chang e th e balanc e betwee n attentio n an d arousal . 

REVIEW OF BEHAVIORAL RESULTS 

Delay Tasks, Perseveration, and Novelty 

In delayed response (Jacobsen, 1935), an animal first sees food placed 
unde r  on e o f  tw o o r  mor e identica l  covers .  Afte r  one-hal f  t o tw o minute s i n 
whic h al l  cover s ar e hidden ,  th e anima l  mus t  choos e whic h cove r  t o lif t  fo r 
food .  Intac t  chimpanzees ,  monkeys ,  dogs ,  an d cat s perfor m thi s tas k easily ,  bu t 
frontall y lesione d primate s perfor m i t  poorly . 

The delayed response deficit does not reflect short-term memory loss. 
Konorsk i  an d Lawick a (1964 )  foun d tha t  mos t  delaye d respons e error s o f  frontall y 
lesione d dog s involve d perseveratio n o f  th e respons e mad e o n th e previou s trial , 
indicatin g tha t  memor y o f  cue s ha d no t  bee n abolished .  Interferin g task s 
betwee n trial s weakene d perseveration . 

Frontal monkeys also perform poorly on delayed alternation (Stamm, 1964) 
and delaye d matchin g t o sampl e (Spae t  an d Harlow ,  1943) .  i n delaye d alter -
nation ,  foo d i s placed ,  conceale d fro m a n animal ,  alternatel y unde r  th e lef t  an d 
righ t  o f  a n identica l  pai r  o f  containers ,  an d eac h tim e th e anima l  mus t  loo k 
agai n fo r  foo d afte r  a  delay .  Fronta l  monkey s ten d t o repeatedl y choos e on e 
containe r  tha t  wa s onc e rewarding ,  eve n i n th e fac e o f  errors .  I n delaye d 
matchin g t o sample ,  th e anima l  i s firs t  presente d wit h a  "sample "  o r  visua l 
stimulus ,  the n afte r  a  dela y i s presente d wit h a  configuratio n o f  stimul i  tha t 
include s th e origina l  one .  Th e anima l  i s the n rewarde d fo r  choosin g th e sampl e 
correctly . 
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These results suggest that perseveration is a general consequence of fron-
ta l  lesions .  Milne r  (1964 )  confirme d thi s ide a b y askin g frontal-lob e patient s 
t o sor t  card s base d o n an y on e o f  thre e criteri a (color ,  shape ,  o r  numbe r  show n 
on th e card) .  Th e patient s wer e no t  tol d whic h criterio n wa s correct ,  bu t  a t 
eac h placemen t  wer e tol d whethe r  thei r  choic e wa s righ t  o r  wrong .  Fronta l 
patient s initiall y  deduce d th e correc t  strategy .  However ,  whe n th e experimente r 
change d th e criterion ,  th e patient s preserve d thei r  earlie r  strategy .  I n th e 
same vein ,  fronta l  patient s aske d t o draw ,  i n succession ,  a  cross ,  tw o circles , 
and a  triangl e ofte n dra w fou r  crosse s instea d (Luri a an d Homskaya ,  1964) . 

In spite of perseverative tendencies, frontally damaged animals show 
increase d preferenc e fo r  nove l  stimul i  ove r  familia r  ones ,  regardles s o f  rewar d 
value .  Pribra m (1961 )  graduall y increase d th e numbe r  o f  objects .  When a  ne w 
objec t  wa s introduce d th e peanu t  wa s place d unde r  it .  Fronta l  animal s showe d 
les s tendenc y tha n normal s t o perseverat e thei r  choic e o f  th e objec t  unde r  whic h 
th e peanu t  ha d bee n previousl y placed . 

EEG Data 

Walter (1964) and Walter et al. (1964) recorded a negative-going potential 
shift ,  th e contingen t  negativ e variatio n (CNV) ,  i n human s anticipatin g a  moto r 
response .  Th e CNV originate s i n th e fronta l  lobe s an d spread s thenc e t o othe r 
area s o f  neocortex .  A  simila r  potentia l  change ,  als o o f  fronta l  origin ,  accom -
panie s a  rhesu s monkey' s anticipatio n (Donchi n e t  al. ,  1971) . 

In normal subjects, verbal instructions to await a visual or tactile 
signa l  caus e enhancemen t  o f  potential s th e signa l  late r  evoke d i n th e 
correspondin g sensor y corte x (Luria ,  1969) .  Fronta l  patients ,  however ,  lac k 
thi s potentia l  change . 

Dorsal Versus Ventral Frontal Cortex 

The dorsal part of the frontal cortex has reciprocal connections with 
secondar y sensor y cortices .  Th e ventra l  (o r  orbital )  par t  ha s reciproca l  con -
nection s (som e vi a th e mediodorsa l  thalamus )  wit h th e hypothalamu s an d limbi c 
system .  Hence : 

"...lesion studies indicate that the cortex of the dorsal and lateral 
prefronta l  surfac e i s primaril y involve d i n cognitiv e aspect s o f  beha -
vior .  Th e res t  o f  th e prefronta l  cortex ,  media l  an d ventra l  appear s 
t o b e mostl y involve d i n affectiv e an d motivationa l  function s " 
(Fuster ,  1980 ,  p .  74) . 

Nevertheless, dorsal and ventral regions are extensively interconnected. 
Thi s articl e wil l  vie w thes e tw o area s a s part s o f  a  system ,  on e par t  primaril y 
motivationa l  an d th e othe r  cognitive ,  bu t  bot h relate d t o goal-directe d behav -
ior . 
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THE MODELt MOTIVATIONAL ASPECTS 

Both perseveration and enhanced novelty reaction can be seen as parts of 
defici t  i n drive-relate d incentiv e motivation .  I n othe r  words ,  th e fronta l 
lobe s serv e t o bia s th e organism' s behavio r  towar d action s tha t  hav e curren t 
rewar d value ,  a s oppose d t o action s tha t  wer e onc e rewardin g an d hav e becom e 
moto r  habits ,  o r  action s tha t  ar e explorator y i n purpose .  We shal l  no w revie w 
how attentio n an d arousa l  interac t  i n som e mode l  neura l  networks . 

Grossberg (1971) discussed the synchronization problem of classical con-

ditioning ,  ho w th e conditione d stimulu s CCS)  an d a n unconditione d stimulu s (US ) 
ca n becom e associate d eve n whe n thos e stimul i  ar e presente d wit h differen t  tim e 
lag s o n differen t  trials .  Th e solutio n o f  thi s proble m involve d "arousal "  cel l 
whic h includ e driv e representations .  Also ,  t o permi t  secondar y conditioning ,  i t 
was foun d necessar y t o hav e tw o sensor y representatio n stage s fo r  eac h 
stimulus . 

Figure 1 reviews a general network, variants of which appear in Grossberg 
(1971 ,  1975 ,  1982 )  an d Levin e (1983) .  I n Figur e 1 ,  th e i  t h conditione d stimu -
lu s CS i  excite s th e cel l  populatio n U n o f  it s  representation .  Sensor y repre -
sentation s ar e denote d genericall y b y S .  Afte r  receivin g th e CS i  input ,  Ui i 
send s signal s t o stag e Ui 2 o f  th e i  t h sensor y representatio n an d t o al l  th e 
arousa l  representations . 

FIGURE 1 

General Network for Classical or Operant Conditioning 

cs ,  ^ 

Semicircle s denot e modifiable ,  arrow s non-modifiabl e synapses .  A  i s uncon -
ditionall y activate d b y US ,  become s activate d b y CS .  Excitator y ("+" )  synapse s 
fro m A  t o Ui 2 t o U n lea d t o selectiv e attentio n t o stimul i  conditione d t o posi -
tiv e o r  negativ e arousal .  Excitator y o r  inhibitor y ("+" )  synaps e fro m A  t o Ui 2 
lead s t o enhancemen t  o f  movemen t  b y stimul i  conditione d t o positiv e arousa l  an d 
suppressio n o f  movemen t  b y stimul i  conditione d t o negativ e arousal .  (Modifie d 
fro m Levine ,  1983, *  reprinte d wit h permissio n fro m Elsevie r  Scienc e Publishin g 
Company,  Inc.) . 
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The arousal representations (A In Figure 1) include, for example, Ah which 
subserv e hunge r  an d A f  whic h subserv e fear .  A  give n arousa l  populatio n send s 
signal s bac k t o leve l  LJ 2 o f  S  onl y i f  i t  receive s a  larg e sensor y inpu t  fro m 
leve l  U i  an d a  larg e driv e inpu t  (suc h a s hunge r  leve l  o r  electri c shoc k level3 . 
The synaps e U n - •  A  i s alway s stron g fo r  a n unconditione d stimulus ,  an d i s 
strengthene d durin g learnin g fo r  a  conditione d stimulus . 

Suppose that a hungry animal lifts a given cup, causing food to appear. 
Then A ^  i s excite d an d create s a  positiv e A h - •  S  signa l  t o al l  recentl y activ e 
sensor y representations ,  suc h a s thos e o f  th e cu p (Sq )  an d o f  proprioceptiv e 
feedbac k fro m th e liftin g respons e (Sij.) .  Th e Ui 2 stage s o f  S c an d Sip ,  havin g 
receive d 11̂ ^  ̂ ^ ^  ̂ h inputs ,  ca n fir e an d sen d signal s t o M.  Th e A h -> •  Si r  con -
nectio n supplie s positiv e incentiv e motivatio n fo r  th e moto r  ac t  o f  liftin g th e 
cup . 

If lifting the cup leads to shock instead of food, then inhibitory Af -»• 
Si r  connection s suppl y negativ e incentiv e motivatio n fo r  cu p lifting ,  whic h ca n 
suppres s S c -> •  M an d Si r  •* "  ^  firing .  Negativ e incentiv e motivatio n ca n als o com e 
fro m frustratio n i f  expecte d rewar d i s absen t  CGrossberg ,  1975) . 

A CS conditioned to a given drive activates A •*- Ui2 positive incentive 
motivations ,  enablin g signal s fro m Ui 2 t o M.  Suc h signal s influenc e Ui 2 •* •  M 
synapti c habi t  strengths .  Habi t  strength s ar e als o influenced ,  les s strongly , 
by repeate d performanc e o f  a  moto r  ac t  eve n withou t  curren t  reward .  Finally , 
habit s ca n b e influence d b y th e rewar d valu e o f  novelt y (Berlyne ,  1969) . 
Response-contingen t  chang e (whethe r  u p o r  down )  i n ligh t  intensit y i n a  rat' s 
cag e ca n reinforc e ba r  pressing .  Grossber g (1975 )  explaine d thi s effec t  usin g a 
nonspecifi c  arousa l  locu s (Agen )  tha t  excite s al l  th e driv e representation s (A j 
i n Figur e 1 ) . 

Figure 2 shows three stimulus representations, Ui2 which is excited by 
drive-specifi c  incentiv e motivatio n becaus e th e stimulu s i s conditione d t o tha t 

FIGURE 2 

Competition Between the Representations Ui2 of Three Conditioned Stimuli 

,,Ai, ^  " ^  ^ . 

U12 i s excite d b y reward ,  ^2 2 t) y novelty ,  U3 2 b y habit . 
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drive, U22 which is excited by nonspecific arousal because the stimulus is 
novel ,  an d U3 2 whic h i s initiall y  activ e becaus e th e stimulu s i s on e t o whic h 
th e anima l  ha s develope d th e habi t  o f  going .  Th e representation s o f  thes e 
object s ar e translate d int o targe t  moto r  pattern s vi a th e Ui2_-> -  M connectio n o f 
Figur e 1 .  Self-excitatio n an d mutua l  inhibitio n betwee n th e Ui 2 create s com -
petitio n fo r  short-ter m storage . 

Figure 3 shows how unexpected events excite and expected events inhibit 
nonspecifi c  arousal .  Th e nonspecifi c  arousa l  sourc e i s reminiscen t  o f  reticula r 
areas ,  an d th e presettin g cells ,  perhaps ,  o f  cerebella r  areas . 

My hypothesis that the frontal lobes are part of a major incentive motiva-
tiona l  pathwa y i s consisten t  wit h know n anatomy .  Th e A  cell s ar e reminiscen t  o f 
drive-relate d area s o f  th e hypothalamus .  Th e fronta l  corte x i s th e onl y neocor -
tica l  are a know n t o hav e reciproca l  monosynapti c connection s wit h th e latera l 
and preopti c hypothalamu s CNauta ,  1971) . 

Thus a frontally lesioned animal can learn a response that leads to food 
reward ,  sinc e som e hunger-relate d incentiv e motivatio n stil l  exists .  Onc e tha t 
respons e ha s bee n established ,  however ,  eve n i f  rewar d ceases ,  perseveratio n 
occur s becaus e incentiv e motivatio n fo r  a  competin g respons e i s weakened .  Also , 
negativ e incentiv e motivatio n fro m frustration ,  whic h woul d normall y occu r  whe n 
foo d i s n o longe r  found ,  i s diminished . 

FIGURE 3 

A Network Where Expected but not Unexpected Patterns Inhibit Orienting Arousal 

v.^ppiESETnKG 
CELLS 

OPIENTING . ' 
AROUSAL 

•• } \ 

Activitie s o f  presettin g cell s represen t  a  store d expecte d pattern . 
[Modifie d fro m Levine ,  1983, *  reprinte d wit h permissio n fro m Elsevie r  Scienc e 
Publishin g Company ,  Inc. ) 
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If the new response involves a novel stimulus, perseveration is overcome by 
novelty .  Th e approac h t o a  nove l  objec t  i s  stronge r  tha n th e moto r  habi t  o f 
approachin g th e familia r  object .  Also ,  th e hunger-relate d incentiv e motivatio n 
excitin g approac h t o th e familia r  objec t  i s  weake r  tha n i n norma l  monkeys . 

These results suggest a physiological prediction illustrated in Figure 4. 
Each "hypothalamic "  A  cel l  locu s excite s it s ow n "frontal "  representatio n A'' , 
whic h inhibit s th e "reticular "  nonspecifi c  arousa l  locus .  Frontall y lesione d 
animal s hav e troubl e suppressin g orientin g reaction s (Fuster ,  1980 ,  p .  61) , 
whic h als o support s thi s hypothesis . 

THE MODEL: COGNITIVE ASPECTS 

Weakening of incentive with frontal lesions is amplified by loss of neural 
preparatio n fo r  expecte d sensor y consequence s o f  movement .  Suc h preparatio n 
arise s fro m th e codin g o f  sequence s tha t  includ e representation s o f  stimuli , 
responses ,  an d reinforcement s i n particula r  orders .  I t  include s corollar y 
discharg e (Teuber ,  1964) ,  th e compensatio n tha t  th e retin a make s fo r  ey e move -
ments . 

FIGURE 4 

Hypothesis for Frontal Participation in Incentive Motivation 

F R O N T AL 

H Y P O T H A L A M IC 

R E T I C U L A R 

Agcn 
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The contingent negative variation accompanies expectation of one stimulus 
$2 whil e anothe r  stimulu s S i  i s  present .  Thi s wav e therefor e depend s o n inter -
na l  representation s fo r  S] ^  an d S 2 separatel y an d fo r  th e tempora l  sequenc e S1S2 . 
Furthe r  evidenc e tha t  suc h sequences ,  an d longe r  ones ,  ar e represente d i n fron -
ta l  corte x i s tha t  frontall y lesione d monkey s ar e easil y distracte d fro m sequen -
tia l  task s CGrueninge r  an d Pribram ,  1969) . 

Grossberg (1978) discussed coding of "higher-order chunks" longer sequence 
representation s i n short-ter m memor y models .  H e state d (p .  325 )  th e followin g 
rule : 

"Self-Similar Coding Rule; Other things being equal, higher-order 
chunk s hav e greate r  ST M activit y an d longe r  duratio n tha n lower-orde r 
chunks. " 

This rule promotes goal-directed behavior, because longer stimulus sequences 
predic t  event s bette r  tha n shorte r  sequences . 

The behavioral data suggest that the self-similar coding rule occurs par-
ticularl y a t  th e fronta l  cortex .  Electrophysiologica l  result s fro m th e dorsa l 
CFuste r  e t  al. ,  1982 )  an d i n th e ventra l  fronta l  corte x CRosenkild e e t  al. , 
1981) .  Bot h fronta l  area s i n monkey s contai n differen t  type s o f  cell s whos e 
activitie s chang e i n correlatio n wit h eac h even t  i n a  delaye d matchin g t o sampl e 
sequenc e (sample/cue ,  choic e stimuli ,  instrumenta l  response ,  reinforcement) . 
Some cue-sensitiv e cell s respon d t o particula r  cu e feature s suc h a s colo r  o r 
location .  Moreover ,  cell s wit h simila r  propertie s may b e organize d int o 
columns . 

The dorsolateral frontal area known as the frontal eye field also shows 
variet y i n cel l  responses .  Some cell s i n thi s are a o f  monkey s discharg e durin g 
but  no t  befor e ey e movemen t  (Bizzi ,  196 8 an d Bizz i  an d Schiller ,  1970) .  Othe r 
fronta l  ey e fiel d cell s fir e befor e saccades ,  fallin g int o thre e categories : 

**Visual activity occurred in response to visual stimuli whether or not 
th e monke y mad e saccades .  Movemen t  activit y precede d purposiv e sac -
cades ,  eve n thos e mad e withou t  visua l  targets .  Anticipator y activit y 
precede d eve n th e cu e t o mak e a  saccad e i f  th e monke y coul d reliabl y 
predic t  wha t  saccad e h e ha d t o make "  (Bruc e an d Goldberg ,  1985,p .  603) . 

The self-similar coding rule can best be understood by considering how 
short-ter m memor y biase s ca n develo p i n th e selectiv e codin g o f  features .  Tha t 
issu e wa s studie d b y Grossber g an d Levin e (1975) .  Thei r  networ k wa s a n on -
cente r  off-surroun d field ,  tha t  is ,  eac h populatio n excite d itsel f  an d inhibite d 
th e others .  Th e networ k (withou t  biases )  ha d bee n introduce d b y Grossber g 
(1973 )  t o explai n ho w nois e ca n b e suppresse d an d significan t  part s o f  a  patter n 
contrast-enhanced .  Th e activitie s x i  o f  th e population s satisfie d a  syste m o f 
differentia l  equation s o f  th e for m 

dxi / dt = -Axi + (Bi - Xi)(f(xi) + li) - Xi -^^, f(xk) (1) 

where li are outside inputs, f is a monotone increasing function reflecting 
average d neurona l  input-outpu t  transformations ,  an d B ^  denote s maximu m possibl e 
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activity. If Bi is interpreted as number of cell sites, self-excitation of a 
populatio n i s proportiona l  t o numbe r  B i  -  x i  o f  "inactiv e sites, "  an d inhibitio n 
of  a  populatio n b y th e other s i s proportiona l  t o numbe r  x ^  o f  "activ e sites. " 

Grossberg and Levine (1975) discussed how populations with larger B^ tend 
t o suppres s activitie s o f  population s wit h smalle r  8^ .  Difference s i n B i  ofte n 
aris e fro m developmenta l  an d attentiona l  biases .  I t  i s  consisten t  tha t  popula -
tion s codin g longe r  tempora l  sequence s shoul d hav e highe r  B i  values ,  perhap s 
reflectin g mor e input s fro m a n earlie r  processin g stage . 

I conjecture that the dorsal frontal cortex contains on-center off-surround 
field s o f  population s codin g chunk s o f  al l  order s (se e Figur e 5a3 .  Fronta l 
afferent s coul d als o influenc e othe r  on-cente r  off-surroun d field s a t  th e sen -
sor y cortice s themselve s (Figur e 5b) .  Th e networ k o f  Grossber g (1973 )  ha s a 
quenchin g threshold ,  tha t  is ,  a n intensit y belo w whic h stimul i  ar e suppressed . 
Quenchin g threshol d i s lowere d b y toni c inhibition ,  leadin g t o sharpe r  decision s 
betwee n stimuli .  Henc e I  als o predic t  tha t  dorsa l  fronta l  corte x tonicall y 
inhibit s secondar y sensor y cortex ,  thereb y increasin g th e maskin g o f  irrelevan t 
stimul i  b y relevan t  ones . 

FIGURE 5 

FRONrAI. 
CORTEX 

SECONDARY 
SGNSORy 
CORTEX 

FRONTAL 
CORTEX 

SECONOAflY, 
SENSORY 
CORTEX 

A 

« 0 * ) 

A)  Mechanis m fo r  self-simila r  coding .  Fronta l  representatio n fo r  sequenc e 
SiS 2 receive s input s fro m mor e population s tha n doe s representatio n fo r  stimulu s 
$2 alone .  Also ,  i n fronta l  on-cente r  off-surroun d field ,  large r  B i  i n equatio n 
(1 )  cause s bia s i n favo r  o f  SiS 2 (a s represente d b y darke r  self-excitator y 
arrow) .  B )  Toni c inhibitio n supplie d t o secondar y sensor y corte x b y fronta l 
cortex . 
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THE BEHAVIORAL PICTURE 

The frontal cortex integrates sensory information from the neocortex with 
viscera l  informatio n fro m th e hypothalamu s an d limbi c system .  Henc e fronta l 
damage lead s t o "interoceptiv e agnosia "  (Nauta ,  1971,p .  1823 ,  includin g distrac -
tibility ,  lac k o f  foresight ,  an d inappropriat e behavior .  Fronta l  patient s hav e 
bee n reported ,  fo r  example ,  t o urinat e i n publi c o r  tel l  off-colo r  joke s a t  a 
funeral .  Suc h behavio r  suggest s disconnectio n betwee n "reptilian " 
(instinctual) ,  "ol d mammalian "  (emotional) ,  an d "ne w mammalian "  (rational ) 
brain s (MacLean ,  1964) . 

Interfacing between the "three brains" seems to depend on orbito-dorsal 
connection s withi n fronta l  cortex .  Littl e i s know n abou t  th e structur e o f  suc h 
connections .  Th e flexibilit y  o f  motivationa l  response s an d th e know n connec -
tion s o f  dorsa l  fronta l  corte x wit h othe r  neocortica l  area s an d orbita l  fronta l 
corte x wit h limbi c area s sugges t  tha t  orbito-dorsa l  connection s shoul d b e 
nonspecifi c  an d modifiabl e i n bot h directions .  Thi s shoul d facilitat e 
motivationally-base d decision s betwee n competin g long-ter m plans . 
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