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Abstract. During the last 20 years, an emerging body of data has 
delineated critical variables controlling the acquisition and retention of 
aversive el~periences across ages. Focusing an the rat as subject organism, 
the behavioral literature on task- and age-specific findings is reviewed. 
Response inhibitory deficits in younger subjects are related to augmenta- 
tion of stimulus control through discrimination training and reinstatement 
of components of original learning. Somewhat parallel and complemen- 
tary to studies of behavioral development, advances in the neurophysio- 
logy and neuroanatomy of cortical functions have indicated the critical 
role of the prefrontal cortex in acquisition and retention of aversively 
motivated instrumental responses. Several studies of prefmntal damage 
administered at varying ages reveal the importance of neural develop- 
ment in both performance deficits as well as recovery of function. These 
preliminary experiments are discussed in light of constraints from appro- 
priate cortical influences in cansideration of the ontogeny of fear. 

INTRODUCTION 

The critical importance of early experience upon subsequent maturity 
is well documented in the psychological literature focusing upon the 
deteminants of behavior. Within the past 20 years, attempts have been 
made to operationally delineate the residual effects f ~ o m  specific expe- 
riences that occur early in ontogeny (e.g., 16, 92). The results of many 
experiments have measured the significance of events that range in spe- 
cificity from maternal deprivation to neonatal shock administration, and 



these data represent an emerging body of information that relate adult 
behavioral processes to their underlying developmental determinants. 
The efforts of researchers from several fields of behavioral science are 
increasingly synthesized to embody a more comprehensive core of de- 
velopmental data that is well articulated within a behavioral model of 
experience. 

In the analysis of behavioral observations, several trends in the lite- 
rature have pointed to the role of cortical morphology as differentially 
affecting experiences administered to several age levels within a given 
species (e.g., 21). Specifically, such explanatory themes focus on con- 
comitant physiological states, and changes in those states, that might 
underly and interact with the acquisition and the retention of specific 
early experiences. Although there exist, historical as well as recent 
explications of the developmental morphology of the neonatal and wean- 
ling rat (e.g., 2, 39, 91), the relationship between physiological develop- 
ment and behavioral ontogeny is still evolving. Diverse studies ranging 
from the effects of crow,ding and hormonal manipulations (e.g., 38) to 
examinations of developmental effects of cortical damage in higher mam- 
mals (e.g., 36) contribute to the delineation of this relationship. 

Experimental studies of the behavioral effects of early aversive 
events have typically focused upon initial acquisition comparisons among 
age levels and then examined their immediate and/or long-term reten- 
tion. Variations af this paradigm also include measures of $relearning of 
partial or complete components of the original task requirements after 
various interpolated temporal intervals. The review by Campbell (16) 
summarized several methodological approaches to this area as well as 
some major behavioral evidence. The present effort focuses on the rat 
as subject organism, and this selection for the study of developmental 
effects of aversive events is compelling for several reasons in addition 
to obvious ethical considerations. First, the relative immaturity of the 
central nervous system (CNS) in the neonatal rat is attractive, since criti- 
cal postnatal changes that presumably affect behavior may be assessed. 
Second, anatomical studies (e.g., 29, 54) have 'delineated the cortical pro- 
jection fields of the species, permitting phylogenetic comparisons of the 
frontal cortex. 

Developmental studies of specific aversive events in the rat indicate 
a lower age limit of appmximately 18 days of age, which is often dictated 
by various task requirements. An upper age level, after which learning 
deficits in young rate cease to be pronounced, has been approximated in 
several tasks at 35 days of age (e.g., 17, 18, 82). The period of hyper- 
activity (e.g., 5) overlaps this interval up to approximately 20 days of 
age. In their review of memory deficits and age, Campbell and Spear (21) 



summarized the concomitant neunological and physiological changes that 
mark early development. Myelin is initially observed at 2 days of age in 
the spinal roots, and myelinization is detected in thalamic fibers by age 
12  days, reaching full extent by 40-50 days of age (39). Cortical myelini- 
zation begins by 20 days of age in most regions and is produced most 
rapidly between 30 and 40 days 'of age, with full myelinization completed 
by age 60 days. Campbell and Spear (21) further cited evidence of den- 
dritic elaboration indicating that formation of synaptic junctions is re- 
latively completed between age 10 and 30 days. Mendell, Rein, Horth- 
Edel and Mendell (65) showed the most rapid acceleration of DNA content 
in the rat to occur between ages 7 and 18 days. Acoordingly, on the basis 
of constraints dictated by behavioral tasks, supported by parallel neuro- 
logical growth, the critical period between 18 and 35 days seems appro- 
priate. 

BEHAVIORAL PRECEDENTS: MEASURES AND PROCESSES 

Much of the behavioral evidence is derived from comparisons of passive 
and active avoidance learning a t  vari~ous developmental stages in the rat. 
These paradigms have been defined by the relative contingency between 
the respcmse and the aversive agent (43, 52). If shock is to be delivered 
on an acquisition trial, it is produced after the response in passive avo- 
idance whereas shock is presented before the active avoidance response. 

Passive avoidance 

An early attempt to systematically examine age effects in the reten- 
tion of specific aversive early trauma was reported by Campbell and 
Campbell (17). They employed a passive avoidance task wherein subjects 
were placed in the safe side of a two compartment chamber. Upon entry 
into the "fear" compartment, a guillotine door was closed and subjects 
were exposed to a series of inescapable shocks. This ~pllocedure offers 
several advantages. First, as with the case in other experimental pro- 
cedures using shock, a type of foot-shock (matched impedance) is used 
which attenuates differences i~n weight among age levels of subjects (see 
22). Campbell (16) has reported relevant psychophysical data indicating 
that this type of shock source is equally aversive across ages at  mo- 
derate intensities. A second advantage, unique to passive avoidance 
measures, is that weanling rats are not penalized for inferior motor 
development, insofar as the major dependent variable involves the subject 
simply remaining stationary in the "safe" compartment if conditioned 
aversiveness to the fear compartment has occurred. The results of the 
Campbell and Campbell (17) experiments were rather typical of sub- 



sequent findings using passive avoidance behavior. That is, among the 
various age groups (18, 23, 38, 54 and 100 days of age), all subjects 
showed comparable avoidance behavior initially, but the weanling rats 
yielded performance deficits as the retention intervals were increased 
to 42 days after original conditioning. 

Further investigations have confirmed that retention deficits occur 
in young rats when a major component of the dependent variable pre- 
sumably involves withholding or inhibiting behavior (e.g., 33, 76, 87). 
Additionally, studies of stimulus generalization in young and adult rats 
using passive avoidance (e.g., 35, 79) have reported evidence of steeper 
gradients in young rats. The study by Frieman et al. (35) is illustrative of 
this finding. Essentially, onset of a tone was paired with shock presen- 
tations upon a subject's entry into the fear compartment of the passive 
avoidance chamber. Subsequent variatim of tonal frequency during non- 
shock, retention trials revealed steeper generalization gradients for the 
pups to values other than the original training stimulus, relative to adult 
gradients. Again, this evidence of less generalization found in immature 
subjects when the testing situation involved passive avoidance is con- 
sistent with interpretations focusing on the relative inhability to withhold 
behavior in young rats. 

Active avoidance 

Several studies have compared age levels in rats using a compnept 
of motor activity intrilnsic to the instrumental response. While recogn- 
izing that inferior motor coordination in the young subjects may neces- 
sarily ccmfound measure of active avoidance, these studies have been 
informative when the two kinds of measures, active and passive, are 
compared. Kirby (44) trained rats of 25, 50, or 100 days of age in a run- 
way type of (directional active avoidance situation. Although he found 
retention deficits in the 25 ,day old group after intervals of 25 and 50 
days to relearning, he reported no differenoes in original acquisition of 
the task and only a statistically nlon-significant tendency in the adults 
for greater resistance to extinction. While Kirby's evidence of comparable 
acquisition of me-way avoidance between ages has found support in 
several experiment (e.g., 33, 76) a study reported by Egger and Livesey 
(31) suggested that the age similarity warrants qualification. Specifically, 
those investigators obtained an age effect in me-way active avoidance 
when the performance criterion was made more stringent than that used 
in previous (e.g., 76) studies. Their finding suppork the contention that 
perhaps the basic incremental units of learning are somewhat different 
between ages, such that a given avoidance response may represent "appre- 
ciably less learning" in young rats than their adult counterparts. 



More intensive studies of extinction of one-way active avoidance have 
confirmed the tendency for an age effect noted by Kirby (44, see also 31). 
Klein and Spear (45) examined extinction in terms of comparisons be- 
tween ages an  the relearning of a one-way avoidance task at various 
intervals up  to 24 h. While they found similar retention curves showing 
a "Kamin Effect" at both ages, overall retention measures indicated 
a #deficit in the young rats. Similarly, Riccio and Marrazo (75) found age 
differences in resistance, to punishment of active avoidance responses 
during extinction. 

Stimulus generali'zation has been examined in the context of age 
comparisons in active avoidatnce behavior. While one-way active avoidan- 
ce offers the ladvmtage of relatively rapid acquisition of the instrumental 
motor response at both ages, it is not ideal for studies of generalization. 
That is, in one-way active avoidance, the conditioned stimulus (CS) is 
composed of a complex of cues, such as an exteroceptive stilmulus (e.g., 
tone or light), the speni'ng of a door separating compartments or to 
a runway, and the constant direction of the required motor activity. 
These factors complicate generalization studies, because it is difficult to 
determine if all of the cues are equally salient for the subjects, a problem 
that may be further confounded by potentially different stimulus salien- 
cies as a function of age (see below). Although two-way active avoidance 
requires a more prolonged training period, the shuttle behavior is typi- 
cally controlled [by the single cue'that signals the avoidance contingency. 
Two reports (11, 78) examined age effects in this situation using the same 
procedure. Adult and young (21 'days) rats were given 3 days of two-way 
active shuttle avoidance training with a CS of 3,000 Hz at a moderate 
intensity. Three counterbalanced generalization tests were given over 
subsequent days of avoidance extjnctim: Frequency change only, inten- 
sity variation only, and concurrent variation of both CS dimensiong. 
Gradients obtained from both age levels under all testing conditions 
were highly comparable. That is, decremental slopes aroulnd the frequen- 
cy value used iln training were obtained when that dimension was varied 
alone. On the other hand, a striking dynamism was obtained, wherein 
response speed increased with the absolute magnitude intensity, upon 
variation of the CS intensity only. This dynamism effect was later sho rn  
to be highly persistent and resistant Do discriminati~on training in rats (12) 
and similarly in cats (99). Interestingly, when the frequency and intensity 
dimensions were varied concurrently, both age groups revealed gradients 
that showed the effects of each dimension - i.e., frequency control was 
enhanced as the absolute intensity of the test stimuli ifncreased. 

Since both young and adult (rats show comparable frequency control 
from the single stimulus training that is implicit in the acquisition pro- 
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cedure of two-way trainiag, age compariscms after discrimination training 
are important. A study (14) of adult rats had found that the-frequency 
dimension of a two-way avoidance CS was particularly sensitive to dif- 
ferentiation training administered through interpolated Pavlovian pairings 
(CS+ = original "fear" frequency value of ilnstrumental training; CS- = 

no shock, safety frequency value). Accordingly, Brennan and Riccio (13) 
trained young and adult rats in the instrumental shuttle procedure. Prior 
to the single frequency generalization test administered in extinction, 
subjects were given 50 presentations each of the 4000 Hz value with 
inescapable shock and a 3,500 Hz tone always in the absence of shock. 
For the adults, the frequency gradients revealed a shift in m~aximum 
responding away from CS+ in the direction opposite to that of CS-. 
However, relative to single stlmulus control pups, the gradients of the 
pups given discrimination training showed only a distortion in the gra- 
dient of higher frequency values. This filnding is of interest because it 
relates to the response inhibitory deficits noted earlier in young rats 
from passive avoidance measures. That is, the peak shift in the adult 
gradients is predicted from the traditional discriminative hypothesis of 
Spence (86) that focuses upon the summatilon of excitatory and inhibitory 
processes in post-discrimilnation gradients. If response inhibitory processes 
are not well articulated in p u n g  rats, it is reasonable to expect only 
a distortion, but not a clear shift in gradients obtained after discrimina- 
tion training. 

This interpretatilon was examined iln a study (6) that attempted to 
assess inhibitory control by employing an extradimensional relationship 
between Pavlovian differentation training and generalization of the in- 
strumental avoidance behavior (cf., 37, 66). Essentially, weanling and 
adult rats were trained isn two-way active avoidance training and subse- 
quently given Pavlovian differentiation training along the CS intensity 
dimension with the frequency value of both tones held constant. Sepa- 
rate groups at each age level were then tested for frequency generaliza- 
tion at either the fear or the safety intensity, or after pseudo-condition- 
ing along the intensity dimension. The adults responded with maximum 
vigor to the original CS frequency when tested at the fear intensity, and 
they tended to respcmd least. to the loriginal CS frequency when tested 
for frequency generalization a t  the safety ilntensity value. The young 
subjects tested at the fear intensity also showed decremental response 
gradients around the original CS frequency. However, the results from 
the remaining pup groups were not as clear. Young subjects, given fre- 
quency tests at the CS- safety intensity or after pseudo-oonditioning, 
retained an overall elevated level of responding, suggesting retention 
of some responsivity to all frequencies, while the overall gradient in the 



CS- group of pups was only somewhat depressed. Indeed, observations 
of both the CS- and pseudotraining pups showed that their general acti- 
vity level was increased, and they engaged in other behaviors that were 
antagonistic to the instrumental running response. Thus, for the young 
subjects tested at the CS- intensity, a response Fnhibitory deficit emer- 
ged since both CS- testing and pseudo-training conditions resulted in 
functionally equivalent effects. 

An additional behavioral process that offers evidence of response 
inhibitory deficits in pups involves the examination of habituation as 
a function of age in rats. The experimental paradigm iln such studies 
typically consists of nmreinforced presentations of the to-be-conditioned 
stimulus during pretraining and measurement of acquisition deficits (e.g., 
56). It was found (32) that young rats were deficient in the habituation 
of a head-poking response, which was related to the inferior development 
of cholinergic functions involved iln response inhibition. Wilson et al. (94) 
examilned this hypothesis under aversive conditions in one-way active 
avoidance. Weanling and adult rats received either 0 or 10 preexposure 
presentations of a CS complex consisting of the opening of a guillotine 
door (againts a false partition) end the onset of a tone. All groups were 
subsequently given identical treatment in acquisition of one-way avoi- 
dance with the CS complex, followed by extinction of the instrumental 
response. The results indicated retardation of acquisition in the adults 
given 10 pre-exposures, compared with non-pre-exposed adults, while 
no acquisition differences were (noted between the pup groups. The age 
difference in the habituation effect was interpreted in light of Rescorla's 
(74) argument that latent inhibition, accumulated as the result of non- 
reinforced CS presentations, contributes to a decrease itn stimulus salien- 
cy. Wilson et al. (94), noting the suggestion offered in the passive avo- 
idance generalization study by Frieman et al. (35), observed that diffe- 
rences in selective attention may exist between wemling and adults. 
Specifically, adult rats reared in a typical laboratory situation have a hi- 
story of environmental changes that occur independent of reinforcement. 
Accordingly, the pre-exposure manipulation may have been more effec- 
tive for the adults, and prepotent responses to the CS rapidly habituated. 
Conversely, weanlings, without this unspecified history of noncontiagent 
events, may be more of "selective attenders", thereby requiring a greater 
number of ~nonreinfiorced pre-exposures to achieve a comparable habitua- 
tion effect. Of further interest in the Wilson et al. (94) study was the 
clear evidence of an overall extinction deficit in the young rats, a ten- 
dency that was only (noted in the earlier study by Kirby (44). 

A study by Brennan and Barone (8) attempted to further examine 
properties of stimulus saliency in terms of attentional as well as general 



extinction differences. Groups {of adults and weanlings were given acqu- 
isit~on and extinction treatments in one-way active avoidance with elther 
a compound or  a simple CS. While all dependent measures ilndicated 
comparable acquisition to a moderately stringent criterion, 'extinction 
differences were obtained between ages as well as the type of CS emp- 
loyed. Specifically, several measures of extinction consistently indicated 
significantly less resistance to extinction in the pups than the adults. 
Moreover, comparable extinction was found in the pup groups trained 
with the simple or compound CS, whereas adults trained with the com- 
pound CS extinguished more rapidly than adult subjects t rahed and 
extinguished with the single-cue CS. In light of temporal contingencies 
associated with the CS elements, the additional information contained 
in the compound stimulus may have been utilized by the adults to more 
effectively discriminate the extinction procedure from acquisition. Con- 
versely, the lack of differential extinction performance in the pups sug- 
gests their insensitivity to the differing values of each type of CS, sup- 
porting the interpretation of differential age saliency with respect to 
envillonmental cues. An additilonal experiment in this study extended the 
question of CS complexity to a consideration of pre-exposure effects. 
Essentially, the results of this exlperiment indicated that habituation 
effects occurred only in the adults, and only when the pre-exposure and 
avoidance CSs were identical, regardless of complexity. Accordingly, the 
habituation deficit in the pups was repeated, with the type-of-CS emp- 
loyed exerting no additional effect. 

Extinction of two-way active avoidance in weanling and adult rats 
was further examined in a recent study (7). Resistance to extinction of 
pups and adults was measured in the presence of two types of novel 
stimuli or no additional stimuli. The disruptive effect of an animate 
stimulus was mfost dramatic in the pups, and a novel light was also 
disruptive for the young subjects as well. The adults were seemingly 
unaffected by either of the extinction manipulations. In a second experi- 
ment pups and adults received two-way active avoidance training with 
a CS consisting of simultaneous tone and light onset. During extinction, 
responses terminated only one of the stimulus elements and produced 
contilnuation of the remaining element for an  additional 5 s. Continuation 
of the tonal element resulted in greater discruption than the light in the 
adults, although the pups had faster, nondifferential extinction rates. 
Additional pups and adults were then presented with vari~ous delays of 
tonal CS reactivation following exti'nction responses, which produced 
increased numbers of extinction trials in the adults, but the pups failed 
to respond differentially to any of the delay intervals. Collectively, these 
experiments suggest comparable acquisition and extinction of two-way 



active avoidance between ages only when environmental factors and asso- 
ciative contingencies remain constant. Upon variation of either environ- 
mental or associative cues, differences in extinction rates between ages 
emerge. 

The behavioral evidence indicates age differences in rats under con- 
ditions of aversive motivation when the dependent measures involve both 
response activation as well as witholding behavior. It is of great i m p r -  
tance to note the deficits common to both kinds of behavioral measures. 
That is, young rats have difficulty in the retention of witholding motor 
behavior iln passive avoidance and a lack of preservation of instrumental 
behavior during the extinction of active avoidance. Both types of deficits 
reflect the problem of age differential mediation of inhibitory responses 
that are perceptual and motor. 

The review by Campbell and Spear (21) indicated that performance 
deficits in young rats in aversively motivated, as well as appetitive con- 
ditions, are correlated with changes i~n central nervous system structure 
and functions during early development. Citing neurological and meta- 
bolic evidence, they concluded that the neonatal rat undergoes critical 
periods of development that presumably affect the mediation of experien- 
ce as well as the storage of memory. Relating to the memory deficits 
in young rats, they presented a summary of evidence suggesting improved 
retention of specific experimces when periodic reinstatements of part 
of the original learning conditions are presented during developmat. 
Campbell and Jaynes (18) reported that abbreviated re-exposures to the 
original learning situation, although not enough exposure to affect acqu- 
isition in naive subjects, resulted in greatly improved retention in wean- 
lings. Further, Silvestri et al. (84) found that reinstatement experiences 
involving only the presentation of the CS, without shock, resulted in 
significant improvement of passive avoidance retention in young rats. 
While behavioral measures of retention may improve with the reinsta- 
tement procedure, the neurological evidence, particularly relating to 
cortical myelinization and EEG activity in the develaping rat, emphasize 
the important role of cortical development in the ontogeny of memo- 
ry 150). 

NEUROBEHAVIORAL EVIDENCE 

The prefrontal cortex. The vast neurolbehavil?ral literature contains 
data derived from several levels of phylogenetic development that reflect 
similarities and differences among animals in the functional role of the 
prefrontal cortex (61). The identification of various fields within the 
frontal cortex along with concomitant structural and functional genera- 



lizations among species are typically derived from observations of cyto- 
architectural differences and/or similarities, afferent-efferent relatim- 
ships and the analysis of postoperative behavioral changes. It is the former 
two methodological approaches that provide the empirical foundatian for 
the latter, behavi~oral assessment, and presumably the examination of 
behavioral change reveals the functional integration of neural mecha- 
nisms or systems. 

Cytoarchitecture. Cytoarchitectural definitions of the frontal cortex 
are troubled by the lack of agreement mncerning topographical demar- 
cations (1). Various maps of cortical fields clearly disti'nguish granular 
from agranular cortex (Brodmann's criterion) in primates. However, when 
descending the phylogenetic scale, the distinction between granular 
and agralnular cortex is less recognizable, an3  the localization of subfields 
must include other types of justification. That is the less evolved brain 
of the rat does not permit separation of frontal cortices as seen in higher 
mammals (cf., 1) and cortical maps of the rat brain often supplement the 
cytoarchitectural arrangement with fufnctional, behavioral consyderations 
(e.g., 85). Since the lissencephalic rat cortex does not permit the t o p -  
graphical demarcations of cytoarchitectural areas, possible in higher 
mammals, this disparity in phylogenetic sophistication has resulted in 
the conclusion that the cortical surface in rodents is essentially agra- 
nular. 

Afferent-efferent relationships. Within mammalian phylum the pre- 
frontal oortex receives the essential afferent projections of nucleus me- 
dialis dorsalis (in. MD). In carnivlores alnd ~prilmates, projections of n. MD 
allow the dissociation of prefrontal fields. In the rat, such ldiwciatim was 
questionable which led Leonard (54) to an antereograde analysis of the 
thalamic nuclei. In brief, she found that n. MD was indeed dissociated 
into anterior and posteri'or c o m ~ n e n t s  projecting respectively to the 
ventromedial and dorsomedial (sulcal) cortex, and there was no evisdence 
of n. MD projections to the darsal convexity of the hemisphere (orbital). 
The corroborative evidence implicating ventromedial projection sites, 
coextensive with anterior n. MD sites in the sulcal cortex, was found by 
Leonard (54) but she considered this evidence somewhat inclonclusive 
since chromatolysis was also elicited in the ventromedial projections of 
the thalamus following massive lesions of the ventromedial cortex. Ne- 
vertheless she conclu~ded that dissociation at the cortical level is conceiva- 
ble for the anterior m. MD and ventromedial projections, since retrograde 
analysis unavoidably damages the sustaining collaterals from numerous 
origins. Later, Leonard (55) and Domesick (30) provided substantial evi- 
dence for a laminar organization of thalamic projections. In Leonard's 
study subdivisions of m. MD displayed preferential termini indicative of 



an organizational martix within the laminar of ,the cortex, while Domesick's 
study replicated the findings for n. MD and extended the concept to 
antemdorsal and anteroventral components of the anterior thalamus. The 
implication suggested by Domesick and farmally developed by Shephard 
(83) is that differential laminar distributions arising from related neural 
substrates provide a mechanism allowing a given subsystem to interact 
with the same cells at different locations. 

From the examination \of anterograde degeneration methods, Dome- 
sick (30) conclulded that there are three dissociable thalamo-cortical pro- 
jections iln the rat. Afferents from the anterodorsal-anteroventral mm- 
ponents of the anterior thalamic nuclei project ventrodlorsally to medial 
aspects of the posterior cortex. Fibers from the anterior and posterior 
components of n. MD project to dlorsal sectors of precentral cortex along 
pathways ventral to anterodlorsal-anteroventral and extend rostrodorsal 
beyond the anterodorsal-anteroventral field. A third cortical projection 
field was identified in the rostrocaudal aspects of the precentral cortex, 
and was described as coextensive with the anterior n. MD projection field. 
Anterograde analysis of the adjacent paratenial thalamic nuclei identified 
a small projection field {of cortex situated distantly rostra1 to the gmu  
of the corpus callosum., However, it was not ipssible to clearly distin- 
guish this cortical field from the more diffuse projection of n. MD. In 
addition, Domesick described intrathalamic connectilons of the extrinsic 
transit fibers associlated with the antemdorsal component and n. MD. 

Reciprocation of thalamooortical afferents, investigated by Leonard 
(54, 55) and Domesick (30), was found to be somewhat immplete .  Results 
from retrogade analysis reported by Domesick gave no indication of corti- 
cal afferents to the antemdorsal component, although a general corre- 
sponldence was suggested for the related anteroventral component. Leo- 
nard (54) and Domesick (30) agreed that both aspects of n. MD receive 
reciprocal connections f ~ o m  the anterior cortex. Cortic~thalamic projec- 
tions appear to reciprocate identical thalamo-cortical connections, and 
overlap with cortical afferents to n. MD in supracall~osal regions (30). The 
lack of complete correspondence between dissociated projectim fields in 
the cortex and their thalamic dependency remains open. 

More recent investigations have clarified the projections of cortical 
subfields, based upon evidence (derived fmm the technique of horseradish 
peroxidase. Specifically, studies of the rat (29), as well as the rat relative 
to other species (28, 64) have identified projections to the prefrontal 
cortex. The prefrontal cortex receives dominant projections from n. MD, 
but also receives the only neocortical projections from the ventral teg- 
mental area and the amygdala. Accordingly, Divac et al. (29) described 
the prefrolntal cortex as containing parts that can be termed cingulate 



and premotor. Further, they concluded that the prefrontal cortex is 
distinguished into the dissociated areas indicated for higher mammals, 
especially monkeys. 

Functions of prefrontal cortex 

The neurobehavioral literature indicates that prefrontal cortices in 
primates, carnivores, and rodents may subserve similar functions. Despi- 
te differences in behavioral measures that attempt to assess prefrontal 
functions, performance deficits observed for experimentally lesioned 
subjects represent a unified symptomology. In general, somatosensory 
and affective alterations in the behavior of prefrontal animals are related 
to both the site and the size of the tissue mass removed. Dissociations 
of functional impairment are attributed primarily to the anatomical sub- 
divisions of the prefrontal cortex, which are difgerentially sensitive to the 
manipulations of stimulus-xespcmse requirements inherent in experimen- 
tal situations. 

In rats, most of the behavioral assessments of prefrontal functions to 
date has been generated from {studies i f  alimentary conditioning. Reports 
of aversively motivated behavior after prefrontal manipulations are re- 
latively scarce. Nevertheless, the relationships established between the 
prefmntal cortex ancd alimentary behavior iln rats do provide a basis for 
eventual articulatilon of patterns of defensive behavior. Specifically, func- 
tional similarities emerge between alimentary and classical defensive 
conditioning, which are not found in instrumental defensive reflexes (98). 

Extensive prefrontal ablations in rats produce dramatic alimentary 
behavioral changes. Perseverative tendencies appear related to the dif- 
ficulty of discriminating alternatives (61) and have been attributed to 
decreased utilization .of proprioceptive cues (59, 60, 61). However, frontal 
lesions do not necessarily lead to perseveration if the delay factor between 
stimulus and response is omitted, (58) or if the response to be alternated 
is made visually discrimirlable (25, 57). Divac (26) found no impairment 
of spatial delayed alternation in rats with prefrontal lesions restricted to 
the frantopolar cortex, however, his lesions were conservative in com- 
parison to those ~eported by Eukaszewska (57, 58). Wikmark et al. (93), 
contending that in the lrat prefrontal injury is not sensitive to tests of 
spatial delayed alternation, also performed relatively limited prefmntal 
damage and, in contrast to the Eukaszewska studies, employed a non- 
correction, within session altennation procedure. Apparently both the 
extent of lesion site and the nature of the motor experience introduce 
a relevant variation. Eukaszewska (59) concluded that frontal rats, so- 
metimes superior to controls in visually discriminated alternations, utilize 
visual cues more than normal rats to cornpasate fox deficits awciated 



with spatial or positional cues. The overall pattern of prefrcmbal deficits 
in rats, unlike the case observed in monkeys, may involve hadequate 
sensory processing. It ils not entirely clear that either olfactory or visual 
mechanisms are left intact following extensive prefrontal removal in 
the rat. However, it does seem that some portion of the rat's prefrontal 
cortex is functionally related to delay and spatial discrimination factors, 
measured by delayed response alternation tests. 

Dissociated pefrontal effects. Analysis of prefrontal functions is faci- 
litated when the extent of damage can be localized within anatomically 
distinct prefrontal subregions. Recourse to such techniques has resulted 
in the functional dissociatilon between various behavioral changes cha- 
racteristic of prefrontal animals. That is, in the experimental literature 
an attempt has been made to approportimate the relative contribution 
of prefrontal subregions, with regard to the more general syndrome. 

Delayed response type tests, particularly sensitive to prefrontal injury 
in various primate species aind somewhat less sensitive when lower 
mammalian orders are tested, may be fractioned i~nto at least three be- 
haviorally meaningful, components. Delay factors involve withholding 
a response and possibly some element of p~oprioceptive short-term me- 
mory. Spatial factors comprise a second functional aspect of delayed 
response tests, especially in the case of response reversals. Response re- 
versal itself may represent a dissociated component of delayed response 
tests and may be discriminated (e.g., go, no-go alternation) or non- 
discriminated (e.g., conditional position reversal). As indicated by these 
examples, behavioral measures intended to assess prefllantal injury often 
involve multiple oompments. For example, delayed response type tests 
may contain (delay, spatial and response reversal factors in various com- 
binations, and experimental conti'ngencies may be arranged to enhance 
or attentuate the relative contribution of each factor to solution. 

Lesions in rats selectively damaging orbital, ventrolateral (VL) or 
dorsomedial I@M) prefrontal subregions result in functionally dissociated 
effects. Alnatmically (54) and by retrograde techniques (29), both sub- 
divisions have been shown to have (dissociated projection sites of anterior 
and posterior n. MD efferents. Behaviorally this distinction is maintained 
in ways strikingly similar to the case observed for primates by dissociat- 
ing orbital and dorsolateral prefrontal areas. Prefrontal comparisons (59) 
in this functional sense recognize that the frontopolar (FP) cortex in the 
rat does not correspond to orbital cortex in monkeys although both areas 
occupy the same relative position and receive similar thalamic efferents 
(from the medial, magnocellular region of n. MD). In tasks involving 
postoperative retention and performance of delayed alternation and spa- 
tial reversal tasks, DM, but not FP, lesions produced deficits (26, 93). 



Consideration of DM end FP  lesions in terms of their f~ontal ,  dorsome- 
dial continuity suggests that FP lesions results in functional sparing of 
spatial and delay response components. In contrast to such single dissoc- 
iation of effects, orbital VL and DM lesions produce a double disso- 
ciation of effect. O~bital  VL lesions in rats result in perseverative respon- 
se tendencies in bar press extinction, while DM lesions do not (51). Rats 
with DM lesions are impaired on problems involving spatial and delay 
factors, while orbital VL rats are not impaired with respect to spatial 
cues, but show slight perseverative tendencies in postoperative retention, 
performance and extinction under appetitively motivated, schedules in- 
volving differential reinforcement of low rates. Apparently, this latter 
finding depends upon the size of the orbital lesion (cf., 51, 71). Both 
prefrontal subregions are dissociated in  qualitative respects: activity (62) 
hoarding behavior and habituation (51), social behavior in an open field 
situation (47), and emotionality (71). Finally, orbital VL and DM prefrontal 
areas have different relations to consummatory mechanisms (49). 

Comparisons among species. Examination of the behavior changes 
associated with partial iprefrontal lesions in monkeys, dogs, eats, and 
rats indicates m~ore striking similarities between monkeys and xats. It 
should be noticed, however, that on the whole, such comparisons between 
rats and monkeys involving aversively motivated behavior and response 
disinhibitory effects are precluded. Perseverative behavior in prefrontal 
rats towards non-reinforced alternatives !may be oonsidered a type of 
disinhibition, but is not as clearly established as in the case of disinhi- 
bition of instrumentally conditioned inhibitory reflexes in dogs and cats. 
Functional considerations (49, 51, 71) of the rat and monkey data indicate 
that orbitofrontal and dorsolateral p re fmta l  subdivisions in the monkey 
are similar to orbital ventrolateral and mediodorsal isubdivisions respec- 
tively in the rat. 

The relation to deficits produced by cortical intervention raises the 
question of suboortical mechanisms. The mle of cortim-subcortical inter- 
actions in mediating behavior typically imparied by prefrontal injuries 
in monkeys has been reviewed by Rosvold and Szwarcbart (81), Nauta 
(67), and Rosvold (80). Neurobehavioral data warrant implicating aeostria- 
tal (27) structures as functionally related oomponents of a p re fmta l  sy- 
stem subserving delayed-response type behavior. Specific neural consti- 
tuents of this system include the prefrontal cortex, caudate nucleus, 
globus pallidus, substantia nigra, subthalamic nucleus, septa1 nuclei, hip- 
pocampus, centromedian nucleus, and the hypothalamus (80). Double 
dissociation of prefrontal cortex, sustained functionally and anatomically, 
has suggested a dichotomous organization of the proposed neural sub- 
strate. That is, two well defined systems appear to exert differential 



control upon behavior: a "dorsal" system originating in the dorsolateral 
prefrontal cortex involving the anterodorsal sectors of the caudate, the 
lateral pallidum, the subthalamic nucleus, and the hippocampus; a'nd an 
"orbital" ventral system, originating in the orbital prefrontal cortex and 
involving the ventrolateral sector of the caudate, the medial pallidum, 
the centromedian nucleus, the septa1 nuclei, and the hypothalamus. Fur- 
ther reevaluation or  restatement of the vast amounts of data contained 
in those reviews (see also, 68) #of cortical-subcortical integrative functions 
in #monkeys would take us far afield. Rather, it w~ould seem that a com- 
plimentary organizational framework delineated for non-primates merits 
further development. Data showing that in the rat, as in the monkey, 
prefrontal deficits may be obtained by lesioning subcortically justifies, 
to a certain 'degree, such an attempt. Indeed, the specific subcortical 
structures involved in a prefrontal system in the rat are remarkably 
similar to those suggested by Rosvold and Szwarcbart (81) and Rosvold 
(80) for the monkey. 

Subcortical studies. In the rat (93) and similarly in the cat (27), 
lesions to the mediodorsal prefrontal cortex (rats), to the proreal gyri 
(cats) or to the caudate nucleus (rats and cats), resulted in comparable 
deficits on delayed alternation tasks. Bilateral caudate lesions in rats 
proved mlore debilitating than prefrontal lesions when tested by an appe- 
titively motivated spatial reversal task (26). Avoidance behavior, on the 
other hand, is not similarly affected by prefrontal and caudate lesion 
in rats (89), while in cats the converse occurs (34). Despite the contrast 
between appetitive and aversive conditioning procedures and the inherent 
task #differences obtained when testing rats and cats, both types of sub- 
jects sustai~ning prefrontal or  caudate lesions are characterized by a mar- 
ked inability in withholding, or  inhibiting preoperatively established 
approach tendencies. The effects described after lesions to the caudate 
nucleus could have been produced because of disruption to overlying 
cortex. Divac's (27) review of this problem suggests that destruction of 
(the caudate tissue, and not damage to the perforant fibers, is responsible 
for the deficits in prefrontal tasks, a problem also discussed by Kolb (48). 

Inclusi~on of thalamic nuclei, iln particular n. MD as integrated com- 
ponents of the prefrontal system in rats and cats is by far more readily 
justified on anatomical than behavioral grounds. A convincing rationali- 
zation of the discrepancy between the effects of prefrontal and thalamic 
les~ons has yet to be developed. It should be mentioned that in rats (90) 
as in monkeys (80), large lesions to the dorsal thalamus failed to produce 

any gross behavioral changes which typically accompamy prefrontal da- 
mage. The major effect of thalamic lesions (centromedian nucleus) in 
monkeys (80) appears to be an increase in shock escape thresholds. 
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Thompson (go), however, did find that medial dorsal thalamic damage in 
rats profoundly impaired retention of auditory or visually discriminated 
avoidance responses. It seems likely that lesion size rather than species 
is the critical fador in #determining the effects of thalamic lesions on 
learned behavior (89). 

Septa1 lesions in cats (34) result in passive avoidance retention de- 
ficits and seem to induce hyperactivity and hyperemotionality. Heighte- 
ned emotionality following septal lesions in rats as well as passive avoi- 
dance deficits (34) have been reported. Knook (46) reported that in the 
albino rat fibers of critical origin reach the fornix via the septal midline, 
and other indirect relations are possibly establilshed via hippocampal fi- 
bers transectioning the precommissual fornix through the precommissural 
septum and coursing to the medial h d e r  of the nucleus accombens 
(anterior septal area). Assuming hippocampal involvement in prefrontal 
functions, such indirect fronto-septa1 connections might provide ali im- 
portant modulatory effect on prefrmtal activity. Furthermore, Powell 
(72) has demonstrated septal effects in the rat, which establish direct 
and indirect feedback circuits via the fornix body and stria medullaris 
connecting both the hippocampus and anterior thalamic nuclei respecti- 
vely to the cingulate portions of aeocortex. 

Representation of hypothalamic functions mediating consummatory 
behavior in the prefrontal cortex (of rats has been investigated by Kolb 
anld Nonnemann (49). These investigators found that prefrontal lesions 
to the ventrolateral (orbital) field of n. MD resulted in transient aphagia 
and adipsia and therefore replicated in part the well-documented lateral 
hypothalamic synd~.rome. Related fi'ndings iin cats and rhesus monkeys (49) 
suggest that food and water intake modified by prefrontal lesions indi- 
cates encroachment upon hypothalamic mechanisms. Raismann (73) revie- 
wed numerous studies which showed direct connections from the pyri- 
form cortex, locked immediately beneath the rhinal sulcas in rats, to 
the lateral hypothalamus. Knook (46) also reported prefronto-hypotha- 
lamic efferents that course ventrally in the peripheral part of the rostra1 
half of the globus pallidus and join the internal capsule, entering the 
area pxeoptical lateralis as well as the area hypothalamic lateralis. He 
concluded that from the f m t a l  cortex, fibers distribute and terminate 
over the entire extent of the lateral preoptic and hypothalamic areas. 

The effects of hippocampal damage in rats and cats produce patterns 
of impairment very similar and sometimes more exaggerated than 'pre- 
frontal lesions. Lesions to the frontal cortex or hippocampus in cats pro- 
duced identical deficits in discrimination reversal learning. Combined 
lesions to both structures produced an impairment which was not greater 
than the deficit arising from either type of isolated 18sim (71). Hippo- 



campal o r  prefrontal damage will result in simiIar deficits on low rein- 
forcement tasks in rats (23) and in cats (69, 70). Reversal learning, re- 
sponse alternation, bar pressing extinction and passive avoidance learn- 
ing are all impaired following hippocampal or prefrontal lesions in 
rats (42, 77, 87) and in cats (69). Alternations in social behavior and 
emotionality (71), elevated levels of spontaneous activity (88), and operant 
bar press rate (41) are also characteristic of hippocomectomized or pre- 
frontal rats. 

Anatomical relationships between prefrontal cortex and the hippo- 
campal formation via the fasciculus cinguli have been reported for rab- 
bits and monkeys (15), but similar connections in rats (46) have not been 
verified, and in cats (or dogs) remain unclear. Frontal and temporal aspects 
of the prepyriform cortex in the rat may receive projections from the 
anterior hippocampal rudiment (95), however there may also be indirect 
fibers of passage from rostra1 aspects of the fonnix longus, which at 
that level is continuous with the hippocampal rudiment (72). The pre- 
sence of subcortical structures that receive overlapping frontal and 
hippocampal projections, namely the lateral and medial hypothalamus, 
midbrain tegmentum, central gray substance, and the urna incerta (71) 
may serve to relate prefrontal and hippocampal functioning. 

Thus, the neurobehavioral literature indicates which prefrontal areas 
and subco&ical structures exhibit fu~nctional similarities. A promising 
direction for the analysis of prefrontal symptomology seems to suggat  
that attention be Focused on what occurs to incoming sensory processing 
as it affects the formation of the experimentally contingent motor act. 
Both the execution of a motor response and its inhibitionbare critically 
dependent upon the reciprocal activation and utilization of sensory input 
which is interioceptive and that which arises as feedback from ongoing 
motor activity. Characteristically, those tasks that seem to depend most 
specifically on the presence of intact prefrontal areas are neither purely 
sensory nor purely motor, but truly sensorimutor. 

AGE COMPARISONS OF PREFRONTAL LESION EFFECTS 

Given the behavioral observations of age differences in the perfor- 
mance of aversively motivated tasks and the demonstrated effects of the 
prefrontal cortex, we have been recently engaged in an examination of 
the integration of these two research themes. Specifically, our experi- 
ments have concentrated on the measurement of prefrontal damage 
effects along task dimensions known to produce developmental perfor- 
mance differences. 



Dorsomedial lesion effects on avoidance acquisition, extinction, 
and generalization 

In a study by Breman et al. (lo), experiments were reported that 
oompared dorsomedial prefrontal lesion effects in weatnling and adult 
rats under active and passive avoidance contingencies. In two experiments 
young and adult rats acquired two-way active avoidance responses to 
a 3000 Hz tonal CS. Subjects were subsequently tested in avoidance 
extinction for generalization along the tonal frequency dimension. The 
two experiments differed in terms of the time of prefrontal intervention. 
Bilateral dorsomdial prefrontal lesions were administered to half of the 
subjects at each age level either prior to avoidance acquisition or follow- 
ing acquisition. The lesions given prior to training impaired avoidance 
acquisition, but by 30 days after surgery subjects at both age levels re- 
covered to the extent permitting generalization testing. When surgery 
occurred after avoidance acquisition, minlmal interference in retent~on 
was noted, indicating that established avoidance levels were preserved 
immediately following lesians. However, retesting 30 days later was cha- 
racterized by a deterioration in avoidance performance of lesioned sub- 
jects relative to controls. In both experiments, frequency control was 
not found in lesioned subjects at either age level. Accordingly the results 
of dorsomedial Intervention in active avoidance performance lndlcate 
that the lesion effect was the most salient determinant of behavior, and 
age-related differences were obscured. 

Rather differ& results were obtained in passive avoidance behavior 
reported in two additioned experiments of the Brennain et al. (10) study. 
Rats dlstr~buted at three age levels (18-20, 30-32, and 100 + days of age) 
were trained (to avoid the black side of a blaoklwhite chamber and sub- 
sequently tested for retention one week after original learning. One expe- 
riment examined the effects (of dorsomedial lesions administered prior 
to initial acquisition, while lesions were given between acquisition and 
retention testing in the other experiment. In both experiments, passive 
avoidance deficits related 40 age per se emerged as critical, with lesion 
and time of lesion effects of only secondary importance. Collectively, the 
passive and active avoidance experiments extend the behavioral infor- 
mation, summarized earlier i~n this review, relating age to task require- 
ments in aversively motivated behavior. That is, performance differences 
emerge when prepotent ontogenic differences exist, such as response 
inhibitory deficits in the passive avoidance behavior of weanlings. Pre- 
frontal lesion effects are most dramatic without the overriding age effects 
in those contexts in which performance between age levels is comparable, 
such as stimulus control of active avoidance. 



The generalization of passive avoidance behavior was further exa- 
mined in a recently completed study modelled after the Frieman et al. 
(35) experiment, described above, with the ad'dition of a surgical variable 
involving bilateral lesilons of the dorsomedial prefrontal cortex. f ive days 
after surgery for the lesioned and sham operated subjects, passive avoi- 
dance training began for the weanling and adult rats. After several mi- 
nutes of acclimation to  a double compartment chamber each r,at was given 
five inescapable shocks randomly distributed during the 2-112 min con- 
tinuous presentation of a 2,000 Hz tonal CS. After another 2-112 min inter- 
val of no tone or shock, the tone was again activated for 2-1/2 min and 
five more shocks were administered. Subjects were then placed in a hold- 
ing cage for five min after which a generalization test was conducted. 
During 20 testing trials, subjects could avoid onsets of tones of 1,000-, 
2,000- or 3,000 Hz or no-tone which were contingent upon the subjects 
entering the shock compartment. 

The results of generalization testing are summarized in Table I, which 
shows group mean time spent in the chamber with activation of each 
test stimulus for subgroups at each age and surgical treatment. Consi- 
dering the age variable first, the pups showed overall less passive avoi- 
dance, but better (differentiation of test values - i.e., greater stimulus 

Mean time spent in "fear" compartment with activated test stimuli for pups and 
adults under each surgical treatment (n = 5 rats per subgroup) 

control - than the adults. This findiing is consistent with the response 
inhibitory deficit typically found flor young subjects in such tasks. Of 
greater interest, however, is the somewhat paradoxical lesion effects 
between ages. As the respective lesioned group means indicate, the le- 
sioned pups showed better differentiation of test stimuli, whereas the 
adult differentiation was worse afiter lesions. Consistent with the passive 
avoidance data of pups in the Brennan et al. (10) study, the lesioned pups 
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in the present experiment tenlded to show less passive avoidance than 
their adult counterparts, but they also articulated this disinhibition to 
fiaer discriminations among test values. 

Blocking of instrumental behavior 

Another recently completed experiment in our laboratory attempted 
to examine the course of one-way active avoidlance extinction under se- 
veral different procedures. Basically employing a response blocking pxo- 
cedure (cf., 3, 24) that has been shown to facilitate extinction, this exper- 
iment trained active avoidance behavior in young and adult rats that 
previously were either lesioned in the dorsomedial prefrmtal codex or  
remained intact. Subjects wane then subdividad into groups and received 
either pre-extinction blocking (i.e., CS mset, but instrumental responsm 
prevented by a false door), a time out period between acquisition criter- 
ion and extinction testing, or no interpolated treatment and immediate 
extinction testing. 

The results of this experiment are presented in Table 11, which shows 
the mean numbers of trials to acquisiti'on and extinction criteria for all 
subgroups of the experiment. Within both the intact adults and pups, 
the blocking procedure effectively facilitated extinction, although the 
pups had less overall resistance to extinction and the time-out control 

Mean trials to acquisition and extinction criteria in pups and adults of each extinction 
treatment subgroup (n = 4) 

Age at surgery 

was ineffective for that age level. The lesions in  the adults resulted in an 
overall decrease in their resistance to extinction, but the distinction in 
extinction treatments was retained nevkrtheless. Conversely, not only 
were the extinction treatments nondistinguishable in the lesioned pups, 
but these subjects generated enhanced resistance to extinction compared 
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to their intact counterparts. These data from the lesioned pups are con- 
sistent with previous findings. That is, as noted above, avoidance extin- 
ction involves a response inhibitory component. If we view the lesion 
effects as exaggerating that deficit in pups, the present data suggest 
another i~nstance of an age and lesion interaction. 

Suppresion of open field activity 

A final experiment extends the present concerns to another task 
and measurement of aversive conditioning. A recent experiment compared 
suppression of wen field activity in vlarious age levels after lesions of the 
dormmedial or the orbital frontal aspects of the prefrontal cortex. At 
the time of surgery, 108 rats were evenly distributed at age levels of 
18-20 days, 30-32 days, and 100-130 days of age. Following recovery 
from surgery for the lesioned subjects a t  each age level, all subjects 
were assigned to one of three Pavlovian treatment groups for two suc- 
cessive days of training: 

1. Tonelshock pairings (TIS). Four medial, lateral and sham subjects 
at each age level received 20 presentations of the 3000 Hz, 78 dB tonal 
CS, and tonal duration on each trial was 30 sec. The inescapable shock 
unconditioned stimulus of 0.5 s duraticm was randomly (distributed during 
either the lst, 2ntd (or 3rd 10 s block of the total CS duration. Trials were 
se~arated by varying intervals averaging 30 s. 

2. Tone only (TO). Subjects of the three surgical procedures at each 
age level were treated the same as the T/S groups, except that the shocks 
were omitted. 

3. No tone (NT). The remaining medial, lateral aind sham groups at 
each age were placed in the chamber used for Pavlovian conditioning 
for approximately 20 min with neither tones nor shocks presented. 

Four hours after each of the conditioning sessions, baseli~ne activity 
in each subject' was measured by recording the numbers of ambulations 
and rearings in the open-field chamber for  a period of 20 min. 

After the two days of conditioning and subsequent baselilne activity 
measures, isubjects were given three consecutive days of testing for ac- 
tivity suppression to tonal presentations in the open-field chamber. Tests 
of 20 min duration in the open-field involved recording of ambulations 
and rearings for each 30 s period of alternating intervals of tone-on and 
no tone. 

The results of baseline activity measures are depicted in Fig. 1 for 
ambulations and Fig. 2 for rearilngs. The statistical analysis confirmed 
the impression from both figures that the baseline measures showed 
decreasing activity with increasing age, and both surgical treatments 
resulted in more activity than the sham operated subjects, with lateral 
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subjects most active. The results of the activity sumression tests are 
shorn in Figs. 3 and 4. Briefly, these data suggest that activiky in the 
laterals given tones and shocks w'as most disrupted by tone presentations 
and s h a m  showed least suppression. The lateral suppression tended to 
be greatest in the youngest subjects. 

Fig. 1. Mean open field ambulations for 2 days of baseline testing following Pavlo- 
vian tone and shock pairings (TIS), tone only presetantions (T/O) or apparatus 
exposure for subjects of 18-20 days (dashed lines), 30-32 days (broken lines) and 
100+ days (solid lines) at the time of lateral (L) or medial (M) prefrontal lesions 

or sham (S) control operations. 

Fig. 2. Means of 2 days tests of baseline rearings after Pavlovian pairings (TIS), 
presentations of tone only (TIO), or no-tone (NT) exposure to apparatus cues only. 

Age level and surgery labels are the same as denoted in Fig. 1. 

The inverse relationship between age and both activity measures 
during baseline measurement was most pronounced after tone and shock 
pairiings. This evidence is consistent with ontogenic studies of behavio- 



ral arousal (19) reporting peak arousal at 15 days of age followed by 
a decline to an adult level by 30 days. Campbell and Raskin (20) examined 
this phenomenon under several conditions anld concluded that fear in 
a novel environment is critical. The present findings of a strong transfer 

Fig. 3. Mean ambulations suppression ratios over 3 days of testing. Labels for Pav- 
lovian experiences, age levels and surgical treatment? are the same as indicated in 

Fig. 1. 

S M L S M L S M L 
Surgical f~eai'menf 

Fig. 4. Mean ratios of rearing suppression over 3 days of testing. Labels for 
Pavlovian experiences, age levels and surgical treatments are the same as indicated 

in Fig. 1. 

effect from Pavlovian conditioning suggest that the circumstances for 
the emergence of differential arousal among ages were met. Moreover, 
the heightened arnbulations and rearings in the lateral subjects and 
similar, although not as pronounced, increased activity in the medials 
support the results of Kolb (47). 

Given the lateral performance in the tonelshock condition on the 



baseline activity measures, the extent of their suppression on the sub- 
sequent tests in somewhat surprising. That is, on the basis of their 
hyperactivity, it might be expected that they would show least suppres- 
sion relative to the other groups with Pavlovian fear conditioning. Ho- 
wever, within the tmelshock groups, ambulation suppression was greatest 
for the 18-day laterals and rearings suppression was most pronounced in 
the 18- and adult rtonelshock llaterals. It appears that Pavlovian extin- 
ction influences in the young tonelshock lateral subjects were minimal. 
This finding is consistent with a report of heightened activity and an 
inability to discriminate stages of appetively motivated extinction from 
acquisition following lateral prefrontal lesions in dogs (9). If the ratios 
of the laterals i'n the Pavlovian controls are compared, it  may readily 
be seen that without +he aversive Pavlovian experience, the laterals 
showed.little suppression and some enhancement of responding as did 
subjects of the other surgical treatments that responded to the eliciting 
capacity of the novel tone during testing. 

The question of why suppression was greatest in the youngest to- 
nelshock lateral group remains. That is, despite the youngest group being 
tested at ages when they should emulate adults, some heightened activity, 
in contrast to suppression, should be present. However, the complexity 
of the present assessment of Pavlovian suppression of activity provides 
some insight. Specifically, the age-related deficit in response inhibitory 
systems may be interacting with the lesion effects to produce the per- 
sistence of suppression in the young,' tmelshock lateral subjects. Con- 
sistent with our findings of lesion effects on passive and active avoida'nce, 
if spontaneous performance of the young subjects reflects characteristic 
response inhibiting deficits and the lateral lesions interfer with subjects' 
inability Ito extinguish, the net result of these joint processes would be 
a perseveration of the learned Pavlovian response. Such is the case pre- 
sently, and these data are consistent with interpretations of behavioral 
ontogeny that stress the sequential maturation of excitatory and inhibit- 
ing centers in forebrain activity (21, 63). Moreover, the results suggest 
that the selectivity of cortical action (53) may be differentially affected by 
this sequential maturation due bo age. 

CONCLUSIONS 

Having reviewed the behavioral bases of ontogenic differences in 
avemively motivated performance and considered the neurobehavioral 
aspects of the prefrontal cortex in rats, data focusing on developmental 
differences in prefrontal lesion effects point to,several generalizations. 
Specifically, these data indicate task-specific and age-specific implications 



of prefrontal damage. In the case of age, it appears that the complexities 
of the prefmntal cortex produce paradoxical relationships indicating the 
critical importance of the time at surgery. Concerning task requirements, 
the underlying role of response inhibitory processes results in radically 
different behavioral outcomes. 

In the context of aversive conditioning, these experiments collecti- 
vely suggest the need for creative strategies to adequately understand 
the interacting variables of age and task requirements relative to the 
prefrontal area. In this light, one interesting and potentially productive 
strategy involves an examination of developmental data in terms of 
the character of the response after prefrontal damage. The distinction 
between short- and long-latency responses made in lstudies by Zieliliski 
(40, 97) may provide more subtle insight to the interaction of these va- 
riables. The analysis of response latencies, after prefrontal lesions in 
varilous species reveals differences between alimentary and both classi- 
cal and instrumental *defensive responses (96, 98). In alimentary and clas- 
sically defensive response classes, prefrontal manipulations result in the 
shortening of response latencies and overall response disinhibition. In 
both active and passive instrumental defensive tasks, prefrontal lesions 
appear to result in a lengthening of response latencies and no ldisinhibi- 
ticm. It is intriguing to suggest that a similar analysis would differentiate 
the character of defensive responses within age levels as well. 

Participation in the symposium and preparation of this paper were supported 
by a grant from the National Academy of Sciences, USA. The author is grateful 
to Prof. Kazimierz Zielifiski and Dr Anna Kosmal for their comments on an 
earlier version of this paper. 

REFERENCES 

1. AKERT, K. 1964. Comparative anatomy of the frontal cortex and thalmocor- 
tical connections. In J. M. Warren and K. Akert (ed.), The frontal granular 
cortex and behavior. McGraw Hill Book Co., New York, p. 372-396. 

2. ALTMAN, J. and DAS, G. D. 1965. Autoradiographic and histological evidence 
of postnatal neurogenesis in rats. J. Comp. Neurol. 124: 319-336. 

3. BAUM, M. 1970. Extinction of avoidance responding through response preven- 
tion (flooding). Psychol. Bull. 74: 276-284. 

4. BECKSTEAD, R. H. 1976. Convergent thalamic and mesencephalic projections 
to the anterior medial cortex in the rat. J. Comp. Neurol. 166: 403416. 

5. BOLLES, R. C. and WOODS, P. S. 1964. The ontogeny of behavior in the 
albino rat. Anim. Behav. 12: 427441.  

6.  BRENNAN, J. F. 1975. Differential response gradients to a Pavlovian safety 
signal following active avoidance training in young and adult rats. Anim. 
Learn. Behav. 3: 277-281. 

7. BRENNAN, J. F. 1979. Differential extinction of 2-way active avoidance in 
young and adult rats. Dev. Psychobiol. 12: 27-37. 



8. BRENNAN, J. F. and BARONE, R. J. 1976: Effects of differential cue availa- 
bility in an  active avoidance CS for young and adult rats. Dev. Psychobiol. 
9: 237-244. 

9. BRENNAN, J. F., KOWALSKA, D. and ZIELI~~SKI ,  K. 1976. Auditory frequen- 
cy generalization with differing extinction influences in normal and pre- 
frontal dogs trained in instrumental alimentary reflexes. Acta Neurobiol. 
Exp. 36: 475-516. 

10. BRENNAN, J. F., POWELL, E. A. and VICEDOMINI, J. P. 1977. Differential 
effects of dorsomedial prefrontal lesions on active and passive avoidance 
in young and adult rats. Acta Neurobiol. Exp. 37: 151-177. 

11. BRENNAN, J. F. and RICCIO, D. C. 1972. Stimulus generalization along di- 
mensions of an active avoidance CS in young rats. Psychonomic Sci. 29: 
170-172. 

12. BRENNAN, J. F. and RICCIO, D. C. 1972. Persistance of dynamism effects 
in rats following auditory intensity differentiation. Learn. Motiv. 3: 259- 
271. 

13. BRENNAN, J. F. and RICCIO, D. C. 1972. Stimulus control of shuttle avoidance 
in young and adult rats. Can. J. Psychol. 26: 361-373. 

14. BRENNAN, J.  F. and RICCIO, D. C. 1973. Stimulus control of avoidance be- 
havior in rats following differential or non-differential Pavlovian training 
along dimensions of the a. J. C o w .  Physiol. Psychol. 85: 313-323. 

15. BRUTKOWSKI, S. 1965. Functions of prefrontal cortex in animals. Physiol. 
Rev. 45: 721-746. 

16. CAMPBELL, B. A. 1967. Learning in infra-primate mammals. In H. W. Steven- 
son, E. H. Hess and H. L. Rheingold (ed.), Early behavior: Comparative 
and developmental approaches. John Wiley Publ., New York, p. 43-71. 

17. CAMPBELL, B. A. and CAMPBELL, E. 1962. Retention and extinction of lear- 
ned fear in infant and adult rats. J. Comp. Physiol. Psychol. 55: 1-8. 

18. CAMPBELL, B. A. and JAYNES, J. 1966. Reinstatement. Psychol. Rev. 73: 
478-480. 

19. CAMPBELL, B. A. and MABRY, P. D. 1972. Ontogeny of behavioral arousal: 
A comparative study. J. Comp. Physiol. Psychol. 81: 371-379. 

20. CAMPBELL, B. A. and RASKIN, L. A. 1978. Ontogeny of behavioral arousal: 
The role of environmental stimuli. J. Comp. Physiol. Psychol. 92: 176- 
184. 

21. CAMPBELL, B. A. and SPEAR, N. E. 1972. Ontogeny of memory. Psychol. 
Rev. 79: 215-236. 

22. CAMPBELL, B. A. and TEGHTSOONIAN, R. 1958. Electrical and behavioral 
effects of different types of shock stimuli on the rat. J. Comp. Physiol. 
Psychol. 51 : 185-192. 

23. CLARK, C. and ISAACSON, R. 1965. Effect of bilateral hippocampal ablation 
on DRL performance. J. Comp. Physiol. Psychol. 59: 137-140. 

24. CRAWFORD, M. 1977. Brief "response prevention" in a novel place can facili- 
tate avoidance extinction. Learn. Motiv. 8: 39-53. 

25. DABROWSKA, J. 1968. Effects of frontal lesions in black-white discrimination 
test in white rats. Acta Biol. Exp. 28: 197-203. 

26. DIVAC, I. 1971. Frontal lobe system and spatial reversal in the rat. Neuro- 
psychologia 9: 175-184. 

27. DIVAC, I. 1972. Neostriatum and functions of prefrontal cortex. Acta Neuro- 
biol. Exp. 32: 461-477. 



28. DIVAC, I., BHORKLUND, A., LINDVELL, 0. and PASSINGHAM, R. E. 1978. 
Converging projections from the mediodorsal thalamic nucleus and me- 
sencephalic dopaminergic neurons to the neocortex in three species. J. 
Comp. Neurol. 190: 59-72. 

29. DIVAC, I., KOSMAL, A., BJORKLUND, A. and LINDVALL, 0. 1978. Subcor- 
tical projections to the prefrontal cortex in the rat  as revealed by the 
horseradish peroxidase technique. Neuroscience 3 : 785-796. 

30. DOMESICK, V. 1972. Thalamic relationships of the medial cortex in the rat. 
Brain Behav. Evol. 6: 457-483. 

31. EGGER, G. J .  and LIVESEY, P. J. 1972. Age effects in the acquisition and 
retention of active and passive avoidance learning by rats. Develop. Psy- 
chobiol. 5: 343-351. 

32. FEIGLEY, D. A., PARSONS, P. J. HAMILTION, L. W. and SPEAR, N. E. 1972. 
Development of habituation to novel environments in the rat. J. Comp. 
Physiol. Psychol. 79: 443-452. 

33. FEIGLEY, D. A. and SPEAR, N. E. 1976. Effect of age and punishment condi- 
tions on long-term retention by the rat  of active- and passive-avoidance 
learning. J. Comp. Physiol. Psychol. 73: 515-526. 

34. FOX, S., KIMBLE, D. and LICKEY, M. 1964. Comparison of caudate nucleus 
and septa1 area lesions on two types of avoidance behavior. J. Comp. 
Physiol. Psychol. 58: 380-386. 

35. FRIEMAN, J. P., ROHRBAUGH, M. and RICCIO, D. C. 1969. Age differences 
in the control of acquired fear by tone. Can. J. Psychol. 23: 239-244. 

36. GOLDMAN, P. S., ROSVOLD, H. E. and MISHKIN, M. 1970. Evidence for 
behavioral impairment following prefrontal lobectomy in infant monkeys. 
J. Comp. Physiol. Psychol. 70: 454-455. 

37. HEARST, E., BESLEY, S. and FARTHING, G. W. 1970. Inhibition and the 
stimulus control of operant behavior. J. Exp. Anal. 14: 373409. 

38. HULL, E., HAMILTON, K. L., ENGWALL, D. B. and ROSELLI, L. 1974. Effects 
of olfactory bulbectomy and peripheral deafferentation on reactions to 
crowding in gerbils (Meriones Ungiuculatus). J. Comp. Physiol. Psychol. 
83: 247-254. 

39. JACOBSEN, S. 1963. Sequence of myelinization in the brain of the albino rat: 
Cerebral cortex, thalamus and related structures. J. Comp. Neurol. 121: 
5-27. 

40. JAKUBOWSKA, E. and ZIELIfiSKI, K. 1979. Avoidance acquisition in cats 
as a function of temporal and intensity factors. Acta Neurobiol. Exp. 39: 
67-86. 

41. JARRARD, L. 1965. Hippocampal ablation and operant behavior in the rat. 
Psychon. Science 2: 115-116. 

42. KIMBLE, D. 1963. The effects of bilateral hippocampal lesions in rats. J. 
Cornp. Physiol. Psychol. 56: 273-283. 

43. KIMBLE, G. A. 1961. Hilgard and Marquis' conditioning and learning. Appleton- 
Century Crofts Pub., New York, 590 p. 

44. KIRBY, R. H. 1963. Acquisition, extinction and retention of an  avoidance 
response in rats as a function of age. J. Comp. Physiol. Psychol. 56: 158- 
162. 

45. KLEIN, S. B. and SPEAR, NI E. 1969. Influence of age on short-term reten- 
tion of active avoidance-learning in rats. J. Comp. Physiol. Psychol. 69: 
583-589. 



46. KNOOK, H. L. 1965. The fibre connections of the forebrain. F. A. Davis Com- 
pany, Philadelphia, 477 p. 

47. KOLB, B. 1974. Social behavior of rats with chronic prefrontal lesions. J. 
Comp. Physiol. Psychol. 87: 46-74. 

48. KOLB, B. 1977. Studies on the caudate putamen and the dorsomedial thalamic 
nucleus of the rat. Implications for mammalizn frontolobe functions. Phy- 
siol. Behav. 18: 237-244. 

49. KOLB, B. and NONNEMAN, J. 1975. Prefrontal cortex and the regulation of 
food intake in the rat. J. Comp. Physiol. Psychol. 88: 80&815. 

50. KOLB, B. and NONNEMAN, A. J. 1976. Functional development of prefrontal 
cortex in rats continues into adolescence. Science 193: 335-336. 

51. KOLB, B., NONNEMAN, A. and SINGH, R. 1974. Double dissociation of spatial 
impairments and perseveration following selective prefrontal lesions in 
rats, J. Comp. Physiol. Psychol. 87: 772-780. 

52. KONORSKI, J. 1948. Conditioned reflexes and neuron organization. Cambridge 
Univ. Press, New York, 267 p. 

53. LARSEN, J. K. and DIVAC, I. 1978. Selective ablations within the prefrontal 
cortex of the rat and performance of delayed alternation. Physiol. Psychol. 
6: 15-17. 

54. LEONARD, C. 1969. The prefrontal cortex of the rat. I. Cortical projection 
of the mediodorsal nucleus. 11. Efferent connections. Brain Res. 12: 324- 
343. 

55. LEONARD, C. 1972. The connections of the dorsomedial nuclei. Brain Behav. 
Evol. 6: 534-541. 

56. LUBOW, R. E. 1965. Latent inhibition: Effect of frequency of non-reinforced 
pre-exposure of the CS. J. Comp. Physiol. Psychol. 60: 454457. 

57. EUKASZEWSKA, I. 1970. Frontal rats and some visual tests. Acta .Neurobiol. 
Exp. 30: 33$2. 

58. LUKASZEWSKA, I. 1971. Perseverative errors in normal and frontal rats in 
returning behavior test. Acta Neurobiol. Exp. 31: 101-109. 

59. EUKASZEWSKA, I. 1972. Impairment of utilization of response produced cues 
after frontopolar lesions in rats. Acta Neurobiol. Exp. 32: 513-524. 

60. EUKASZEWSKA, I. 1972. Distance discrimination in frontopolar rats. Acta 
Neurobiol. Exp. 33: 523-526. 

61. LUKASZEWSKA, I. 1973. Frontopolar rats performance in Dashiell maze. Acta 
Neurobiol. Exp. 33: 491-496. 

62. LYNCH, G. S. 1970. Separate frebrain systems controlling different manifesta- 
tions of spontaneous activity. J. Comp. Physiol. Psychol. 70: 48-59. 

63. MABRY, P. D. and CAMPBELL, B. A. 1974. Ontogeny of serotonergic inhibition 
of behavioral arousal in the rat. J. Comp. Physiol. Psychol. 86: 193-201. 

64. MARKOWITSCH, H. J., PRITZEL, M. and DIVAC, I. 1978. The prefrontal 
cortex of the cat: Anatomical subdivisions based on retrograde labeling 
of cells in the mediodorsal thalamic nucleus. Exp. Brain Res. 32: 335- 
344. 

65. MENDELL, P., REIN, H., HORTH-EDEL, S. and MENDELL, R. 1964. Distri- 
bution and metabolism of ribonucleic acid in the vertebrate central nervous 
system. In D. Richter (ed.), Comparative neurochemistry. Pergamon Press, 
New York. 

66. MOORE, J. W. 1972. Stimulus control: studies of auditory generalization in 
rabbits. In A. H. Black and W. F. Prokasy (ed.), Classical conditioning: 



Current theory and research. Appleton-Century-Crofts, New York, p. 206- 
230. 

67. NAUTA, W. J. H. 1964. Some efferent connections of the prefrontal cortex in 
the monkey. In J. M. Warren and R. Akert (ed.), The frontal granular 
cortex and behavior. McGraw-Hill Book Co., New York, p. 397409. 

68. NAUTA, W. J. H. 1972. Neural associations of the frontal cortex. Acta Neuro- 
biol. Exp. 32: 12F146. 

69. NONNEMAN, A. and ISAACSON, R. 1973. Task dependent recovery after early 
brain damage. Behav. Biol. 8:  143-172. 

70. NONNEMAN, A. and KOLB, B. 1974. Lesions of hippocampos or prefrontal 
cortex alter species-typical behaviors in the cat. Behav. Biol. 12: 41-54. 

71. NONNEMAN, A., VOIGT, J. and KOLB, B. 1974. Comparisons of behavioral 
effects of hippocampal and prefrontal cortex lesions in the rat. J. Comp. 
Physiol. Psychol. 87: 249-260. 

72. POWELL, E. 1963. Sepatal efferents revealed by axonal degeneration in the 
rat. Exp. Neurol. 8: 406422.  

73. RAISMAN, G. 1966. Neural connextions of the hypothalamus. Brit. Med. Bull. 
22: 197-201. 

74 RESCORLA, R. A. 1971. Summation and retardation tests of latent .inhibition. 
J. Comp. Physiol. Psychol. 75: 77-81. 

75. RICCIO, D. C. and MARRAZO, M. S. 1972. Effects of punishing active avoidan- 
ce in young and adult rats. J. Comp. Physiol. Psychol. 79: 453458.  

76. RICCIO, D. C., ROHRBAUGH, M. and HODGES, L. A. 1968. Developmental 
aspects of passive and active avoidance learning in rats. Develop. Psycho- 
biol. 1:  108-111. 

77. ROBERTS, W., DEMBER, W. and BRODWICK, M. 1962. Alternation and explo- 
ration in rats with hippocampal lesions. J. Comp. Physiol. Psychol. 55: 
655-700. 

78. ROHRBAUGH, M., BRENNAN, J. F. and RICCIO, D. C. 1971. Control of two- 
way shuttle avoidance in rats by auditory frequency and intensity. J. 
Comp. Physiol. Psychol. 75: 324-330. 

79. ROHRBAUGH, M. and RICCIO, D. C. 1968. Stimulus generalization of learned 
fear in infant and adult rats. J. Comp. Physiol. Psychol. 66: 530-533. 

80. ROSVOLD, H. E. 1972. The frontal lobe system: cortical-subcortical inter- 
relationships. Acta Neurobiol. Exp. 32: 439460.  

81. ROSVOLD. H. E. and SZWARCBART, M. 1964. Neural structures involved in  
delayed-response performance. In J. M. Warren and K. Akert (ed.), The 
frontal granular cortex and behaviw. Mc Graw-Hill Book Co., New York. 

82. SCHULENBURG, J., RICCIO, D. C. and STIKES, E. R. 1974. Acquisition and 
retention of a passive avoidance response as a function of age in rats. 
J. Comp. Physiol. Psychol. 74: 75-83. 

83. SHEPERD, G. 1974. The synaptic organization of the brain. An introduction. 
Oxford Univ. Press, Toronto, 288-328. 

84. SILVESTRI, R., ROHRBAUGH, M. and RICCIO, D. C. 1970. Conditions influen- 
cing the retention of learned fear in young rats. Develop. Psychol. 2: 389- 
395. 

85. SKINNER, J. E.1 1971. Neurosicience: A laboratory manual. Saunder Press, 
Philadelphia. 

86. SPENCE, K. W. 1937. The differential response in animals to stimuli varying 
within a single dimension. Psychol. 44: 430444.  



87. SNYDER, D. and ISAACSON, R. 1965. Effects of large and small bilateral 
hippocampal lesions on two types of passive-avoidance responses. Psychol. 
Rep. 16: 1272-1290. 

88. TEITELBAUM, H. and MILNER, P. 1963. Activity changes following partial 
hippocampal lesions in rats. J. Comp. Physiol. Psychol. 56: 284-289. 

89. THOMPSON, R. 1964. A note on cortical and subcortical injuries and avoidance 
learning by rats. In J. M. Warren and K. Akert (ed.), The frontal granular 
cortex and behavior. McGraw-Hill Book Co., New York, p. 16-25. 

90. THOMPSON, R. W. 1964. Transfer of avoidance learning between normal and 
functionally decorticate. J. Comp. Physiol. Psychol. 57: 321-325. 

91. WATSON, J. B. 1903. Animal education: an experimental study on the physical 
development of the white rat correlated with the growth of its nervous 
system. Contr. Phil. 4: 5-122. 

92. WHIMBEY, A. E. and DENENBERG, V. H. 1966. Programming life histories: 
creating individual differences by the experimental control of early expe- 
riences. Multivariate Behav. Res. l : 279-286. 

93. WIKMARK, R., DIVAC, I. and WEISS, R. 1973. Retention of spatial delayed 
alternation in rats with lesions in the frontal lobes. ,Brain Behav. Evol. 8: 
329-339. 

94. WILSON, L. M., PHINNEY, R. L. and BRENNAN, J. F. v74. Age-related 
differences in avoidance behavior in  rats following CS preexposure. 
Develop. Psychobiol. 7: 421-427. 

95. ZEMAN, W. and INNES, J. R. M. 1963. Craige's Neuroanatomy of the rat. 
Academic Press, New York. 

96. ZIELI~~SKI,  K. 1966. Retention of the avoidance reflex after prefrontal lobecto- 
my in cats. Acta Biol. Exp. 26: 167-181. 

97. ZIELINSKI, K. 1972. Effects of prefrontal lesions on avoidance and escape 
reflexes. Acta Neurobiol. Exp. 32: 393-416. 

98. ZIELIfiSKI, K. 1975. Effects of prefrontal lesions on defensive conditioned re- 
flexes (in Polish). Acta Physiol. Pol. 26: Suppl. 11, 83-142. 

99. ZIELIfiSKI, K, and CZARKOWSKA, J. 1974. Quality of stimuli and prefrontal 
lesions effects on reversal learning in go-no go avoidance reflex differen- 
tiation in cats. Acta Neurobiol. Exp. 34: 43-68. 

James F.  BRENNAN, Department of Psycholog,y, University of Massachusetts-Boston, Harbor 
Campus, Boston, Massachusetts 02125, USA. 


