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CHAPTER 1. INTRODUCTION 

General introduction 

The behaviour of animals is for an important part determined 

by biologically important stimuli, like food, water, substan

ces with odors and tastes, sexual partners, crashing noises, 

predators, etc. Bindra (1976) calls them incentive stimuli, 

which - under certain specifiable organismic conditions -

"reliably elicit specific actions that are quite resistant to 

habituation decrement" (what distinguishes them from 'neutral 

stimuli'). 

Based on the direction of the elicited (unconditioned) res

ponses, the rather natural distinction can be made between 

appetitive and aversive stimuli (Epstein, 19B2). Appetitive 

stimuli urge the animal to approach behaviour (decreasing the 

distance with regard to the stimuli), including the consumm-

atory end-responses, and predominantly possess biologically 

useful characteristics. Aversive stimuli urge the animal to 

withdrawal behaviour (increasing the distance with regard to 

the stimuli) and most often have biologically harmful conse

quences. 

Besides their eliciting effects, appetitive and aversive sti

muli, play an important role in learning processes. They may 

operate as efficient rewards and punishers (reinforcers) in 

the acquisition and unlearning of behaviour (instrumental 

conditioning), and by associative mechanisms they allow ori

ginally neutral stimuli to obtain reinforcing properties 

(classical conditioning; Vossen, 1973). 

The study of brain processes related to the eliciting proper

ties of appetitive and aversive stimuli (and their consituent 

organismic conditions) has a long history. Until recently, it 

was mainly aimed at the localization of crucial neural cen

ters for the elicitation of different approach and withdrawal 

behaviours (Grossman, 1979; Pfaff, 1982). With the help of 

lesion and stimulation techniques it was revealed that the 
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relevant neural mechanisms were represented at different 

(hierarchically organized) subcortical levels. In the present 

context, the di- and mesencephalic regions are of most im

portance, where electrical stimulation, provided the environ

ment is adequate, may induce completely integrated reactions 

to incentive stimuli, in the absence of the appropriate dri

ves (Stellar, 1982; Adams, 1979). 

On the other hand the study of the neural basis of reinforce

ment received a strong impulse from the discovery that direct 

electrical stimulation of certain brain structures possesses 

rewarding or punishing properties (Olds & Milner, 1954; 

Delgado et al, 1954). In several experiments the reinforcing 

characteristics of intracranial stimulation (ICS) were comp

ared with those of natural stimuli; the similarities were 

found to be impressive when identical test-procedures were 

used (Olds, 1977). Mapping studies revealed that the reward

ing and punishing effects could be produced by stimulation in 

many different areas of the brain, reaching from the pons up 

to the most anterior parts (Olds & Fobes, 1981; Clavier & 

Routtenberg, 1980). At the level of di- and mesencephalon, 

rewarding stimulation sites were rather continuously found 

laterally, while the stimulation sites possessing punishing 

effects were located in a medial zone (Olds, 1960), indicat

ing two separate and functionally uniform systems. 

However, it should be stressed that up until now there is 

little insight in the central organisation of reward and pu

nishment systems. And in contrast with earlier views (Olds, 

1960; Valenstein, 1966), the existence of several independent 

reward circuits seems most likely (Phillips, 1984; Wise & 

Bozarth, 1984). 

Until recently, hardly any indications were found for the 

neocortical involvement in the regulation of the incentive 

aspects of behaviour. Probably, the longstanding and domin

ating view that the neocortex serves the associative aspects 

of complex learning (Oakley, 1979a), has prevented substant

ial research in this direction. Almost accidentally it was 
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discovered that during the functional elimination of the 

neocortex (by cortical spreading depression: CSD) several 

approach and withdrawal reactions decreased or even totally 

disappeared, like eating and drinking (Schneider, 1965; 

Levitt & Kirkstone, 1968) and the reactions to painful foot-

shocks (Thompson & Enter, 1967). 

More recently, these results have also been found after com

plete decortication (Vanderwolf et al, 1978; Whishaw et al, 

1981). Cortical spreading depression also caused a total blo

cking of eating and drinking elicited by electrical stimulat

ion in the lateral hypothalamus (Huston & Bures, 1973), as 

well as a decrease in the frequency of operant responding for 

that stimulation (Bures et al, 1961; Van der Staak, 1975). 

Supported by these results, as well as by the electrophysio

logical evidence for a decreased neural activity in the LH 

during CSD (Bures et al, 1961), it was suggested that the 

neocortex normally exerts an excitatory influence on hypotha

lamic structures involved in appetitive regulatory mechanisms 

(Rüdiger & Fifkova, 1963; Van der Staak, 1975). 

Van der Staak (1975) also noted an enhancement of the sensit

ization reaction to repeatedly presented eversive stimuli 

during CSD. On the basis of the habituation literature 

(Thompson et al, 1973) and electrophysiological evidence 

(Bures et al, 1961), he suggested that the neocortex normally 

exerts an inhibitory influence on parts of the reticular for

mation involved in eversive regulatory mechanisms. However, 

it should be noted, that there is no evidence for a change in 

withdrawal behaviour elicited by intracranial stimulation 

during CSD (Bures et al, 1961; Van der Staak, 1975). On the 

other hand neodecortication does have a detrimental effect on 

avoidance-behaviour (Oakley, 1979b), which - as Oakley sug

gested - might be the result of a change in the unconditioned 

reactions to the eversive stimuli. 

With respect to the question whether the whole neocortex, or 

just a part of it, should be held responsible for the postul

ated neocortical involvement in appetitive and eversive pro

cesses related to hypothalamic and midbrain areas. Van der 
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Staak stated that the prefrontal cortex might be the crucial 

area. This idea formed the basis for the present investigat

ions. 

2 Functional aspects of the prefrontal cortex (pfc) in the rat 

On the analogy of the localization of the prefrontal cortex 

in primates, early investigators considered the PFC in rats 

to consist of the whole anterior pole of the neocortex 

(Richter & Hawkes, 1939; Streb & Smith, 1955). Unfortunately, 

a definition of the PFC which allows for precise topographic 

delimitations and which would be applicable to all mammalian 

species is still not available. But there is general, al

though tentative agreement, in defining the PFC as the neo-

cortical projection area of the mediodorsal thalamic nucleus 

(Kolb, 1974abc; Rosenkilde, 1979). It was Leonard (1969), who 

first determined that according to this notion the PFC in 

rats was composed of two separate parts of the anterior neo

cortex: an area in the anterior medial wall (medial PFC) and 

a ventrolateral area along the dorsal bank of the rhinal sul

cus (sulcal or orbital PFC). More information with respect to 

the neuro-anatomy of the prefrontal cortex in rats will be 

presented in the next chapter. 

1 PFC and behaviour with respect to appetitive stimuli. 

Several studies have suggested that there may be a prefrontal 

involvement in the organization of behaviour with respect to 

food and water. Click (1971) and Click & Greenstein (1973) 

reported temporal aphagia and adipsia after extensive damage 

to the frontal cortex. Subsequently it was found that more 

restricted lesions in the neocortical area, forming the dor

sal bank of the rhinal fissure, did produce this aphagia and 

adipsia in a number of rodent species, including rats (Kolb, 

1974c; Braun, 1975), hamsters (Shipley & Kolb, 1977) and gui

nea pigs (Kolb & Shipley, 1978), while lesions in the medial 

wall area had no such effects. Thus the critical area inclu 

des the sulcal but not the medial prefrontal cortex. 

Similar to the aphagia caused by damage to the lateral hypo

thalamus (LH), the period of non-eating could be shortened by 
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offering pallatable and delicious food in an easily attain

able way (Kolb et al, 1977). But it was shown that the recov

ery process after sulcal prefrontal damage differed from that 

after lateral hypothalamic (LH) lesions with respect to long

standing effects like prandial drinking, eating and drinking 

after deprivation, etc. (Kolb Ь Nonneman, 1975; Brandes & 

Johnson, 1978). After extensive sulcal lesions Kolb et al 

(1977) also found a permanent reduction of the body-weight of 

about 20%. In addition they present several arguments for a 

crucial role of the descending projection from the sulcal 

prefrontal cortex to areas in hypothalamus and brainstem, 

probably related to the regulation of the body-weight set-

point. 

Besides it was found by Kolb et al (1978) that unilateral 

lesions in the lateral hypothalamus, which do not produce 

aphagia themselves, do cause the complete LH-syndrome when 

combined with contralateral sulcal PFC lesione (Kolb et al. 

197Θ). In the β aire investigation Kolb et al confirmed the 

result of Click & Greenstein (1972), that bilateral sulcal 

PFC lesions did have a "protective influence" with respect to 

the effects of later LH-lesions. 

Finally, Cioè et al (1980) demonstrated that electrical sti

mulation in the sulcal PFC could elicit eating-behaviour, al

though there are some differences with stimulation-bound eat

ing elicited from LH. 

These results indicate that the sulcal PFC is involved in the 

regulation of (elicited) behaviour with respect to some appe

titive stimuli, like food and water, presumably in close rel

ationship with the lateral hypothalamic area, while this 

seems not to be the case with the medial PFC. 

Before 1970, it was thought that electrical stimulation of 

the cerebral cortex did not have reinforcing properties. How

ever, on the basis of systematic mapping studies, Routtenberg 

and co-workers (1971, 1973) reported that self-stimulation 

could be elicited from electrodes in the frontal cortex of 

the rat, although exclusively from the medial and sulcal pre

frontal areas. Further evidence indicating the involvement of 

these areas in the neural processing of reward, came from a 
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series of neurophysiological studies which showed that units 

in the prefrontal cortex are activated during self-stimulat

ion in different sites of the brain, viz. the lateral hypo

thalamus, midbrain and pontine tegmentum (Rolls & Cooper, 

1973, 1974). These authors concluded: 

"The short latencies and the large number of activated 

units indicate a strong connection between the LH-reward 

sites and the prefrontal cortex". 

Thereafter, it was shown, that bilateral elimination of the 

sulcal PFC by local anesthetization (Rolls & Cooper, 1974) or 

electrolytic lesioning (Clavier Ь Corcoran, 1976) did cause a 

strong reduction of self-stimulation in sites as different as 

LH, Substantia Nigra and pontine tegmentum. 

These results brought Routtenberg and Santos-Anderson (1977) 

to the provoking statement that the medial and sulcal cortex 

in the frontal lobe were the major focus of self-stimulation. 

However, Huston and his associates have made very clear, that 

the prefrontal cortex and many other forebrain areas are not 

indispensable for the occurrence of intracranial self-stimul

ation (Huston & Borbely, 1974; Mueller et al, 1981; Pritzel 

et al, 1983). Rolls (1975, 1976) suggested less pretentiously 

that the prefrontal cortex may modulate more basic, subcorti

cal reward mechanisms. Several experiments have been devoted 

to the question of the crucial ascending systems underlying 

brain-stimulation reward in the prefrontal areas. Most atten

tion has been directed to the role of the ascending nor-adre-

nergic and dopaminergic systems (review: Mora, 1978), but the 

conflicting results of lesions in the origin or along the 

course of these systems (Simon et al, 1979; Clavier & Gerfen, 

1979; Corbett et al, 1982) weaken the mainly pharmacological 

evidence with respect to their contributions. 

These negative results and the earlier described effects of 

prefrontal lesions indicate that the involvement of the pre

frontal areas in brain-reward processes is mainly regulated 

by descending corticofugal pathways (Rolls, 1976; Routtenberg 

& Santos-Anderson, 1977; Gerfen & Clavier, 1981). 

Although both prefrontal regions are implicated in rewarding 

brain-stimulation, some important differences between them 



7 

have been reported, especially in relation to LH-selfstimul

ation. Experimental manipulations which influence the rate of 

selfstimulation in LH, like food deprivation, the administr

ation of morphine and d-amphetamine, and changes in current 

strength do not cause notable changes in medial prefrontal 

self-stimulation (Carey et al, 1975; Goodall Ь Carey, 1475; 

Lorens, 1976), while the rate of sulcal prefrontal self-sti

mulation was considerably changed during food deprivation 

(Koolhaas et al, 1977). Evidence for the indépendance of 

self-stimulation in the medial PFC and LH has been streng

thened by recent neurophysiological (Shenk & Shrizal, 1982) 

and neuro-anatomical (Yadin et al, 1983) findings. 

It may be concluded that both prefrontal areas seem to be 

involved in central reward systems (which process reinforcing 

appetitive stimuli). However, they are probably part of se

parate systems (Phillips, 1984); the sulcal PFC seems funct

ionally connected with LH and related areas, while this 

seems not to be the case with the medial PFC (Wise & Bozarth, 

1984). 

PFC and behaviour with respect to eversive stimuli. 

Van der Staak's hypothesis, claiming an important role for 

the PFC in the processing of eversive stimuli, is mainly ba

sed on data from habituation experiments. Animals with rather 

large ablations of the frontal cortex showed more persistent 

and sometimes more intense responding to repeatedly presented 

mild aversive stimuli, while normal animals show a gradual 

decline in responding; this pertains to autonomic as well as 

motor responses (Glaser & Griffin, 1962; Griffin & Pearson, 

1968; Roydes, 1970; Obal et al, 1978). The same result was 

found after lesions restricted to the medial, but not the 

sulcal PFC (Kolb, 1974b). In contrast weak electrical stimul

ation of the medial area did accelerate the normal decrease 

of responding (Griffin, 1970). 

The mild guality of the aversive stimuli used in these habit

uation experiments restricts the generality of the evidence. 
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Cooper (1975) reported a decrease of intensity-threshold for 

jumping in response to more eversive electrical footshocks 

during anesthetization of the sulcal but not the medial PFC. 

In his opinion (Cooper, 1976), the sulcal PFC is implicated 

in anti-nociceptive functions. 

Some additional information was obtained from experiments 

reporting specific changes in the transmission of the cate

cholamines dopamine (Thierry et al, 1976, 1978) and seroto

nine (Schlosberg & Harvey, 1978; Sherman & Petty, 1980) in 

the frontal cortex after the presentation of painful/stress

ful stimuli, like footshocks or a hot plate. 

An even less amount of experimental data is available concer

ning the role of the prefrontal cortex with respect to the 

conditioning of aversive stimuli. 

Using a "conditioned emotional response" paradigm. Streb & 

Smith (1955) observed increased locomotion and decreased 

freezing in response to the conditioned aversive stimulus 

after large frontal ablations; according to their interpret

ation this indicated a reduction of anxiety after frontal 

damage. In a similar experiment Maher & Mclntire (1960) con

firmed these results; however, because they did not find any 

effect on defaecation, they explained the reduction of freez

ing as a secondary effect of the hyperactivity in the frontal 

animals (see next section). Finally Brennan (1979), although 

he did not explicitly report this himself, found a complete 

loss of the suppressive effect of a conditioned stimulus on 

the activity in an open field after lesions in the medial as 

well as in the sulcal PFC. 

Several early experiments have signalled an impairment of 

one- and two-way avoidance learning after large lesions in

cluding the medial prefrontal area (Peretz, 1960; Trafton, 

1967; Albert & Bignami, 1968). Recently Kolb & Nonneman 

(1978) indeed did find these impairments after restricted 

lesions in the medial, but not in the sulcal PFC. 

Of course, the results of these few experiments might have 

multiple causes (disturbed memory-processes, hyperactivity, 

lessened aversive properties of unconditioned or conditioned 
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stimuli), and therefore more research is needed relating the 

PFC to the processing of eversive stimuli. An additional ar

gument for this kind of experiments can be found in Melzack's 

gate-control theory of the central regulation of pain, which 

attributed an important role to the prefrontal cortex in the 

"motivational-affective" (as opposed to sensory) processing 

of eversive stimuli (Melzack & Casey, 1968). 

3 A brief review of the remaining literature. 

Besides the afore mentioned experiments, much more research 

has been devoted to the clarification of the functional sig

nificance of the prefrontal cortex in rats. This research 

will be briefly reviewed now, because some of it is relevant 

with respect to the present investigation. 

a. Activity 

Bilateral removal of, as well as lesions in the frontal cor

tex produce an increase of locomotor activity under some ex

perimental conditions, but not under others. No effects were 

found during a semi-permanent stay in the stabilimeter-cage 

(Campbell & Lynch, 1969; Lynch et al, 1969) and in the home-

cage (Kolb, 1974b). Increased activity was observed during a 

semi-permanent stay in a cage with a running wheel (Richter & 

Hawkes, 1939; Campbell & Lynch, 1969) and in situations in 

which the animals only remained for some restricted daily 

period, like a circular runway (Harrell & Isaac, 1969) or 

some open field (KalIman & Isaac, 1976; Brennan, 1979; De 

Bruin et al, 1983). In some experiments it was found that the 

effects were largest under light-conditions. So, it seems 

that frontal lesions do not just produce some kind of hyper

activity, but, as Brutkowski (1965) stated, its occurrence 

depends upon the characteristics of the test situation, like 

novelty and stimulation intensity, and therefore should be 

termed hyperreactivity. 

On the other hand frontal lesions do result in a strong pot

entiation of the activity-increasing effects of several 
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treatments, like food deprivation and the administration of 

d-amphetamine (Campbell & Lynch, 1969; Moorcroft, 1971; 

Iversen, 1971). 

It has been suggested, that this potentiating influence of 

frontal lesions is the result of a disinhibition of reticular 

(and behavioural) arousal; this arousal might be caused by a 

wide range of internal changes (Hugelin & Bonvallet, cited in 

Lynch, 1970). 

More restricted lesions have revealed that these effects on 

locomotor activity are primarily related to the sulcal pre

frontal area, although medial prefrontal lesions do have some 

significant influence (Lynch, 1970; Kolb, 1974b). 

b. Learning 

After Leonard's anatomical circumscription of the PFC (1969), 

research of its role in learning processes has been mainly 

dominated by the search for deficits which previously have 

been related to the frontal lobes in primates (Jacobson & 

Nissen, 1937). And indeed, in rats deficits could be found in 

1) delayed response tasks, in which the location of a reward-

cue has to be remembered across a temporal delay (Kolb et al, 

1974c; Kolb & Nonneman, 1978); 2) delayed alternation tasks, 

in which the location of the reward on any particular trial 

is reversed from its location on the previous trial (the de

lay is equal to the interval between trials; Wikmark et al, 

1973; Brito et al, 1982); 3) spatial reversal learning, in 

which a learned response to a particular position must be 

reversed (Divac, 1971; Kolb et al, 1974). 

These deficits, which predominantly concern retention, were 

only found after medial and not after sulcal prefrontal le

sions; the effects were not as serious as in monkeys and com

plete relearning was possible, provided prolonged practice 

after the operation (reviews: Markowitsch & Pritzel, 1977; 

Eichenbaum et al, 1983). Although the real cause of these 

impairments in learning is far from clear (Rosenkilde, 1983), 

a deficit in the processing of spatial information or spatial 

orientation seems one reasonable candidate. This idea is sup-
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ported by the disturbing effects of medial prefrontal lesions 

on spontaneous alternation (Divac et al, 1975), the retention 

and reversal of location-discrimination (Becker et al, 1981) 

and the performance in the Morris water maze and radial arm 

maze (Becker et al, 1980; Kolb et al, 1982, 1983; Sutherland 

et al, 1982). 

After lesions in the sulcal PFC Kolb et al (1974) found 

prolonged responding during extinction of barpressing. Neill 

(1974, 1976) reported a disturbance in DRL-learning, in which 

the animal had to withhold responding for a certain period in 

order to obtain a foodreward. Following the view of Rosvold 

(1968), which is based on monkey data, Neill interpreted 

these results as evidence for a role of the sulcal PFC to

gether with parts of the neostriatum in the inhibition of 

responding (particularly under changing conditions of rein

forcement). However, the impairments in DRL-performance seem 

to be neither very specific within the frontal cortex 

(Rosenkilde & Divac, 1975), nor reliable (Nonneman et al, 

1974). 

Recently, Eichenbaum et al (1980, 1983) have shown that les

ions in the sulcal, but not in the medial PFC cause a serious 

impairment in odor discrimination in rats. In hamsters, these 

lesions resulted in diminished or altered odor preferences 

and alterations in subtle aspects of odor-guided sexual beha

viour (Sapolsky & Eichenbaum, 1980) Although these authors 

explicitly do not exclude a motivational deficit, following 

Rosenkilde (1979), they more strongly advocate a "cognitive 

hypothesis", in which the different parts of the prefrontal 

cortex are considered to be "the neocortical components of 

separate functional pathways of the expression of dominant 

sensory modalities". 

From this brief review it may be concluded that concerning 

the functional significance of the PFC in rats numerous 

hypotheses have been stated, but that little coherent insight 

does exist. 
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1.3 Present investigation: objective and experiments 

The present study originates from the work of Van der Staak 

(1975), who stated that the neocortex is involved in the neu

ral processing of appetitive as well as aversive stimuli, 

probably by influencing hypothalamic and midbrain systems. 

And on the basis of the available literature, he suggested 

that the prefrontal cortex might play a crucial role in this 

neocortical involvement. 

It was the objective of the present study to investigate whe

ther the prefrontal cortex in rats might be specifically in

volved in the central regulation of behaviour with respect to 

appetitive and aversive stimuli in general, and with respect 

to the eliciting and reinforcing properties of these stimuli 

in particular. Because of the accumulating evidence for a 

functional dissociation between the medial and sulcal pre

frontal subregions (1.2), the role of both areas had to be 

considered separately. 

In order to study the role of both PFC regions, the lesion-

technique was used. The method of eliminating parts of the 

brain by lesioning or ablation for the purpose of establish

ing their functional significance is still one of the most 

widely used approaches (Huston, 1976); it is considered to be 

of particular interest for the study of brain structures we 

hardly know anything about (Glassman, 1978), as is the case 

with the prefrontal cortex. On the other hand this technique 

has serious limitations (Vernon, 1966; Lawrence & Stein, 

1978), which will become clear in the presentation of our 

experiments. 

Two aspects of the present study may contribute to the valid

ity of the behavioural outcome. First, in order to investig

ate the possibility of different roles for the medial (or 

parts of it) and the sulcal PFC, in each of the following 

experiments separate lesions were placed in these areas in 

different groups of rats. In this way we might find a double 

dissociation, e.g. effect A after medial and effect В after 

sulcal lesions, which will contribute to the specifity and 

meaning of the behavioural disturbances in relation to the 
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lesioned area (Thompson, 197Θ; Glaasman, 1978). Secondly, in 

all experiments the size of the cerebral lesions will vary in 

extent (sometimes a priori planned, but mostly accidentally); 

any significant correlations between measures of behavioural 

change and the extent of the brain damage will enhance the 

specific understanding of the behavioural impairment 

(Thompson, 197Θ). 

Lesions were made by means of radiofrequency current (Levere, 

1969; DiCara et al, 1974); in comparison with electrolytic 

lesions this method of thermocoagulation produces less con

founding effects in the border-region of the damaged area 

(Wolf et al, 1978). 

It was decided to determine the effects of the brain damage 

as soon as possible after the operation. The following argu

ments directed this decision: 

1) In many instances the behavioural effects of brain lesions 

are not permanent, but gradually disappear with practice and 

time. This might especially be the case with lesions in the 

forebrain areas, whose influence is often characterized as a 

modulation of the activity of lower structures (LeVere, 

1975). 

2) The present research was inspired to a large degree by the 

results found during cortical spreading depression, which 

only induces temporal elimination of neocortical activity. 

(Possibly the same results might not have been found after 

longer recovery periods, as for example holds true for defi

cits in feeding behaviour (Whishaw et al, 1981), due to the 

mobilization of compensatory mechanisms). On the other hand, 

shortly after the operation, one should be attentive to the 

effects of non-specific physiological consequences of the 

operation, which might interfere with the influences of brain 

damage (Isaacson, 1975; Finger, 1978). 

The main part of our experiments concerned the exploration of 

the central interaction between the medial and sulcal PFC and 

hypothalamic and midbrain areas, where electrical stimulation 

should have appetitive (LH) or eversive (ΜΗ and central grey) 

characteristics (chapters 4, 5 and 6). 
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Besides that, we investigated the influence of prefrontal 

lesions on some unconditioned and conditioned behaviours to 

natural appetitive and aversive stimuli (chapter 3 and 7). 

Chapter 2 presents a brief review of the neuroanatomy of the 

prefrontal cortex in rodents, and rats in particular. Neural 

connections will be analysed with respect to their potential 

role in the central processing of appetitive and aversive 

stimuli. 

In chapter 3, some experiments are described which were pri

marily planned to determine whether the restricted radiofre-

quency lesions in the medial and sulcal PFC would result in 

changes in physical condition and activity shortly after the 

operations. But, as already mentioned, prefrontal lesions do 

often result in hyperactivity probably depending upon charac

teristics of the environment, like novelty and stimulation-

intensity (Brutkowski, 1965). It could be argued, that these 

environmental characteristics primarily represent aversive 

qualities. Therefore, a combination of test-situations were 

used, viz. the open field and a light-dark-box, whose avers

ive qualities have been explicitly linked to locomotor activ

ity (Aulich, 1976). So we might be able to relate the hyper

activity after prefrontal lesions with these aversive quali

ties. 

In the next three chapters the experiments are presented, in 

which the interactions between the prefrontal areas and the 

hypothalamic and midbrain (central grey) regions, previously 

related to the central processing of appetitive and eversive 

stimuli, were investigated. 

In the experiment described in chapter 4, we studied the ef

fects of lesions in the medial and sulcal PFC on stabilized 

instrumental behaviour reinforced by appetitive or aversive 

electrical stimulation in respectively the lateral and medial 

hypothalamus. We made use of the same test-situation (ON/OFF-

test) as Van der Staak (1975, 1976) developed for measuring 

the effects of cortical spreading depression on this behavi-
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our. This would allow us to compare the effects of restricted 

prefrontal lesions with those of complete temporal decortic

ation. 

In the next experiment (chapter 5), we further investigated 

the relation between the PFC and the lateral hypothalamus 

(LH). 

Besides its rewarding effects, under appropriate conditions, 

electrical stimulation in LH may elicit a variety of ap

proach-behaviours, including exploratory searching, eating, 

gnawing, etc. In an earlier section (1.2.1) we concluded from 

the available literature that the sulcal PFC may be involved 

in the regulation of elicited behaviour with respect to some 

appetitive stimuli, in particular food and water, presumably 

in close relationship with LH, while this seems not to be the 

case with the medial PFC. 

Therefore, the effect of medial and sulcal lesions on the 

behaviour elicited by LH-stimulation was determined. 

At the hypothalamic level, a close relationship has been sug

gested between the eliciting and reinforcing properties of 

intracranial stimulation (Hoebel, 1976, 1979). So, in the 

same animals, the reinforcing properties of the appetitive 

LH-stimulation were explored. 

In the experiment of chapter 4 little insight was obtained 

concerning the involvement of the PFC in eversive processes. 

This might partly have been caused by the ambivalent charac

teristics of the medial hypothalamic stimulation. 

However, some experimental results indicate that the PFC 

plays a role in the reaction to peripheral eversive stimuli 

(see 1.2.2). Therefore, in the subsequent experiment (chapter 

6) the effects of PFC-lesions were examined on escape behavi

our elicited by eversive stimulation in an area which has 

been more explicitly related to natural eversive stimuli, na

mely the dorsal part of the tegmental central grey (Adams, 

1979; Schmitt et al, 1974). 

In the concluding experiment (chapter 7) we studied the ef

fects of prefrontal lesions on the eliciting (consummatory 
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behaviour) and reinforcing (operant behaviour) aspects of 

more natural appetitive stimuli. We used water and (by chang

ing the taste with sucrose and quinine) more or less attract

ive solutions. 

The operant behaviour was investigated under a variable sche

dule of reinforcement. The rate of responding on such a sche

dule is known to be very sensitive to changes in organismic 

drive conditions (Nevin, 1973), as well as to changes in the 

incentive quality of the reinforcement (Receveur, 1985). By 

varying this quality of reinforcement (e.g. changing the tas

te of the reinforcer in appetitive and aversive directions), 

a dissociation could possibly be revealed with respect to the 

effect of prefrontal lesions on both determining factors 

(drive vs incentive). 

In the final chapter, the results of this investigation will 

be summarized and evaluated with respect to the objective of 

this study. 
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CHAPTER 2 

NEUROANATOMICAL CHARACTERISTICS OF THE PREFRONTAL CORTEX IN 

THE RAT 

The concept "prefrontal cortex" was introduced by Ferrier 

(cited in Markowitsch & Pritzel, 1979) in 1Θ86 to define that 

cortical area that in humans and non-human primates lies ros

tra lly to the electrically excitable motor, pre-motor and 

frontal eye regions. Alternative terms for this area are: 

"frontal granular cortex", stresses the specific cytoarchi-

tectonic structure of this area (Warren & Akert, 1964), and 

"frontal association cortex", which refers to its functional 

properties (Pandya & Seltzer, 1982). 

The existence of considerable dissimilarities in size and 

structure of the anterior neocortex in non-primates on the 

one hand and in primates on the other, impeded the use of the 

term prefrontal cortex in non-primates. However, the use of 

the term in this sense, and thus in comparative (behavioural) 

research, was stimulated by a suggestion of Rose & Woolsey 

(1948) to define the prefrontal cortex as the cortical pro

jection area of the mediodorsal nucleus of the thalamus 

(mdT). 

Recently, this definition has been sharply criticized by 

Markowitsch & Pritzel (1979), predominantly on the grounds 

that the thalamic projection to the prefrontal regions does 

not stem from the dorsomedial nucleus of the thalamus alone 

(see also: Divac et al, 1978a), and that the traditional con

cepts on the organisation of the thalamocortical projections 

need revision. They consider a definition of the PFC as the 

projection area of the mdT a provisional starting point with 

respect to comparative research, after which "the prefrontal 

cortex of a given species may be determined further by inves

tigating it as a whole and in parts, using a pallette of dif

ferent techniques". 
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1. TOPOGRAPHY OF THE PREFRONTAL CORTEX IN RODENTS 

It was not before 1969 that the first useful anatomical data 

with respect to localization of the PFC in rodentia became 

available. At that time, Leonard, as a consequence of her 

research on anterograde degeneration following mdT lesions in 

rats, concluded that "the mediodorsal nucleus in the rat pro

jects to cortex forming the dorsal tip of the rhinal sulcus 

(sulcal PFC) and the major portion of the medial wall, anter

ior and dorsal to the corpus callosum (medial PFC)". Thus, 

the prefrontal cortex of the rat consists of two cortical 

zones, separated by the dorsolateral cortex (see figure 1A) 

After a detailed cytoarchitectonic analysis of the entire an

terior neocrotex, Krettek & Price (1977a) arrived at 12 dis

tinguishable regions. (As far as the medial cortex is concer

ned, Zilles et al (1980) and Vogts & Peters (1981), after an

alogous investigations reached the same conclusions). 

By means of anterograde radiographical methods, Krettek & 

Price observed that the fibers from the mdT end in 8 differ

ent frontal regions (see figure IB). The areas concerned are 

- in the medial cortex - the ventral orbital area (VO), the 

prelimbic area (PL), the dorsal and ventral parts of the an

terior cingulate area (ACν and ACd) and the medial precentral 

area (PrCm). The rostral part of the three latter regions is 

also termed the shoulder region (Leonard, 1969). 

These authors as well as Beckstead (1979) argue that the in-

fralimbic area (IL) and the medial orbital area (MO) of the 

most ventral region of the anterior medial cortex do not be

long to the PFC, whereas Divac et al, (1978a) are of the op

inion that these regions do, indeed, receive projections from 

the mdT. 

In the sulcal projection region, Krettek & Price distinguish 

the lateral orbital area (LO) and the dorsal and ventral 

parts of the anterior insular area (AIv and Aid). 

Recently, Markowitsch and co-workers demonstrated a large de

gree of correspondence between the prefrontal projection 

areas of the rat and those of the mouse (Guldin et al, 1981) 

and the guinea pig (Markowitsch & Pritzel, 1981). In those 

species, the rostral frontal pole appears to form a part of 
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the prefrontal area also. It may be noted that the PFC in 

rabbits is almost identical to the PFC in rodents too 

(Benjamin, et al, 1978; Arikuni & Ban, 197Θ). The PFC in ro-

dentia is a primitive, rather little differentiated type of 

cortex (Leonard, 1969). The medial as well as the sulcal area 

are bounded by paleocortex, the anterior hippocampus and the 

primary olfactory cortex respectively. Voigts & Peters (1961) 

consider the entire medial PFC (IL included) cytoarchitecton-

ically a part of the cingulate cortex, whereas the sulcal 

regions, among which AI forms the little differentiated ros

tral part of the insular cortex (Guldin & Markowitsch, 1983), 

cannot be considered isocortex either (Zilles et al, 1980). 

In general the prefrontal regions in rodents can be conside

red parts of an extensive continuous band of transitional 

agranular cortex between paleo- and isocortex (Reep & Winans, 

1982a). This primitive feature of the PFC in rodentia devia

tes strongly from the predominantly highly-developed granul

ated structure of the PFC in primates (Fuster, 1980). 

In combination with the afore-mentioned vision of Markowitsch 

& Pritzel, this distinction is an important argument in prin

ciple to investigate the prefrontal cortex in rodentia in its 

own right. By presenting a review of the input and output 

channels of this area, perhaps some insight might be gained 

concerning the position of the PFC within the entire brains 

of these animals and the possible functional implications 

thereof. However, eventually Sanides' (1970) suggestion based 

upon comparative cytoarchitectonical research, that the gran

ular PFC of primates has evolved from primitive agranular 

prefrontal regions, cannot be neglected. 

2 NEURAL PATHWAYS WITHIN THE PREFRONTAL CORTEX 

Reciprocal commissural pathways between the distinct PFC-reg-

ions of both hemispheres have been demonstrated (Beckstead, 

1979; Reep & Winans, 1982a). Besides, a complex system of 

connections between the various parts of the PFC exists. 

Within the medial PFC, all subareas (including VO) are close

ly interconnected (Beckstead, 1979). However, only the pre-



LIST OF ABBREVIATIONS USED IN FIGURES 1, 2 AND 3. 

ACd Dorsal anterior cingulate area (PFC) 
Aid Dorsal anterior insular area (PFC) 
AIv Ventral anterior insular area (PFC) 
AN Anteromedial thalamic nucleus 
AMYG Amygdala 
Ы Basolateral nucleus 
la Lateral nucleus 

BO Olfactory bulb 
ca Anterior commissure 
CB Cerebellar nuclei 
cc Corpus callosum 
CG Central gray 
CiC Cingulate cortex 
CM Mammillary nuclei 
CPU Caudate nucleus / Putameη 
CS Superior colliculi 
esc Commissure superior colliculi 
EC Entorhinal cortex 
fr Rhinal fissure 
HI Hippocampus 
1С Insular cortex (+ perirhinal cortex) 
IL Infralimbic cortex (PFC) 
LC Locus Coeruleus 
LH Lateral hypothalamic area 
LO Lateral orbital area (PFC) 
MD Mediodorsal thalamic nucleus 
ME (Ventro-)medial prefrontal cortex 
NA Nucleus accumbens 
NOA Anterior olfactory nucleus 
NR Raphe nuclei 
PB Parabrachial nuclei 
PC Pre-)pyriform cortex 
pes Superior cerebellar peduncle 
PF Parafascicular thalamic nucleus 
PL Prelimbic area 
PrCm Medial precentrai area (PFC) 
PS Presubiculum 
RC Retrosplenial cortex 
Rd Dorsal raphe nucleus 
RF Reticular formation 
S Septal area 
SN Substantia nigra 
SOL Solitary area 
STW Subthalamic area 
SU Sulcal prefrontal cortex 
TO Olfactory tubercle 
to Optic tract 
tol Lateral olfactory tract 
VG Ventral tegmental nucleus (of Gudden) 
VLO Ventrolateral orbital area (PFC) 
VM Ventromedial thalamic nucleus 
VO Ventral obital area 
VTA Ventral tegmental area 
ZI Zona incerta 
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Figure 1. Schemat ic r e p r e s e n t a t i o n of t h e n e o c o r t i c a l pro 
s e c t i o n areas of the mediodorsa l n u c l e u s of the 
thalamus (= prefrontal c o r t e x ) , according to 
Leonard (1A) and Krettek & Price ( IB) . Diagrams are 
taken from Pe l l egr ino & Cushman (1967) . 
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limbic part is reciprocally and bilaterally connected with 

all subregions of the sulcal PFC; the dorsomedial areas PrCm 

and AC are reciprocally connected with the dorsal AI area 

only, whereas the ventromedial IL and MO connect with the 

ventral AI area alone (Reep & Winaus, 1982ab). Thus, a cer

tain topological organisation can be distinguished. 

It might be concluded that the medial and sulcal PFC are re

ciprocally closely interconnected. (The functional importance 

thereof has recently been demonstrated by means of intracran

ial selfstimulation from these regions (Corbett et al, 1980; 

Robertson et al, 19Я2). 

AFFERENT CONNECTIONS 

The input of the PFC in rodents orginates from structures at 

various cerebral levels, viz. telencephalone (cortex, amygda

la), diencephalon (thalamus, hypothalamus) and brainstem 

(ventral tegmentum, et al). Some projections are specifically 

directed at the PFC, others have their endings on much larger 

areas of cortex. The afferent connections are predominantly 

organised ipsilaterally. A schematic representation of main 

afférents is presented in figure 2. 

Cortico-cortical afférents 

Beside the already-mentioned connections within the PFC, only 

cortical projections from the primary olfactory cortex, the 

adjacent perirhinal cortex and the entorhinal cortex to the 

anterior insular area's - mainly AIv - and the infralimbic 

area, have been shown (Gerfen & Clavier, 1979; Krettek & 

Price, 1977a; Reep & Winans, 1982a), thus, the sulcal PFC is 

closely related to the olfactory system. The prefrontal 

innervation from the claustrum seems part of a broad 

neocortical projection and thus can be considered little 

specific (Divac et al, 1978a). 

Afférents from the amygdala 

The cortical projection from the amygdala is remarkably limi-
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ted and reaches mainly the prefrontal, posterior insular and 

perirhinal cortices (Krettek & Prince, 1977b; Guldin et al, 

1983). Its basolateral and lateral nuclei project to the ven

tromedial PFC (PL and IL) and to the AI-areas in the sulcal 

PFC (as well as to the medial part of mdT, which itself pro

jects to these PFC regions alsol Krettek & Price, 1974). By 

means of a double fluorescent tracer technique, Sarter & 

Markowitsch (1984) demonstrated that many cells of the baso

lateral nucleus project to medial as well as sulcal PFC reg

ions; thus, a collateral innervation seems to exist. Reep & 

Winans (1982a) are of the opinion that within the sulcal PFC 

only Aid receives input from the basolateral nucleus. Outflow 

from the anterior cortical nucleus reaches IL and AIv (Gerfen 

& Clavier, 1979). Swanson (1981) demonstrated a direct con

nection between IL and hippocampus. 

3.3 Afférents from the diencephalon 

Per definition, all prefrontal regions receive fibers from 

the mediodorsal nucleus of the thalamus (mdT). As had been 

shown in various species (Akert, 1964), also in rodents this 

projection is arranged topologically (Leonard, 1969; 

Domesick, 1969; Guldin et al, 1981). However, there is no 

complete consensus of opinion as to the parts of mdT to be 

distinguished. Krettek & Price (1977a) are of the opinion 

that on cytoarchitectonical grounds three parts might be dis

tinguished, which also has been stated by Sarter & 

Markowitsch (1984); however, most authors distinguish only a 

small lateral part and a large medial part (Divac et al, 

1978a; Markowitsch, 1982; Reep & Winans, 1982a). Starting 

from two parts, the medial part of the mdT projects to the 

sulcal and ventromedial PFC-regions, whereas the lateral mdT 

is connected with the dorsomedial areas PrCm and AC. This 

organization of the connections between mdT and PFC holds 

almost unaltered for mice and guinea pigs and probably golden 

hamsters also. 

In the dorsomedial PFC, this projection from mdT largely co

incides with projections form the anteromedial nucleus of the 

thalamus, whose cortical projection spreads over the entire 
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cingulate cortex (Domesick, 1972; Divac et al, 1978a)· 

Apart from these, only the parafascicular nucleus, the cen

tral medial nucleus and the ventromedial nucleus seem to pro

ject more or less specifically to the PFC, viz. the ventrome

dial and sulcal regions (Gerfen & Clavier, 1979; Reep & 

Winans, 1982a; Vives et al, 1983). 

Finally, most intralaminar nuclei project to the entire ante

rior and medial neocortex. (Jones & Leavitt, 1974). 

A diffuse neocortical projection from the lateral hypothala

mus has been anatomically described (Divac et al, 1978a). 

Veening et al (in press) observed projections to the medial 

PFC from the lateral preoptic area, the lateral supramammil-

lary area and the nucleus of the diagonal band, but only 

little from the hypothalamus itself (cf. Vives et al, 1983). 

Recently, however, Sarter & Markowitsch (1984) demonstrated 

various neurons in LH projecting to the ventromedial PFC. 

Electrophysiological research has yielded indications of a 

complex pattern of impact monosynaptic connections between 

the medial PFC and the lateral as well as the ventromedial 

hypothalamus (Oomura et al, 1978; Ohta & Oomura, 1979ab), 

whereas Yamamoto and Shibata (1975) report anatomical data 

concerning a direct projection from the VMH to the medial PFC 

(particularly PL) . The above-mentioned projection from the 

nucleus of the diagonal band seems to be a part of the chol

inergic projection that originates in the basal nucleus of 

Meynert, which is little defined in rats (and includes the 

ventral globus pallidus and the substantia innominata; Divac, 

1981; Fibiger, 1982). Finally, the perhaps little specific, 

but quite extensive projection from the zona incerta, that 

probably forms a part of the broad innervation of the entire 

neocortex, needs to be mentioned (Leonard, 1969; Divac et al, 

1978a; Sarter & Markowitsch, 1984). 

3.4 Projections from the brainstem 

Undoubtedly the most heavily investigated afferent connection 

of the PFC is the projection from the ventral tegmentum (VTA) 

and the adjacent medial part of the substantia nigra p.c. 
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(Beckstead, 1976; Simon et al., 1976). This interest mainly 

derives from the data demonstrating the predominantly dopami

nergic nature of this projection (Fuxe et al, 1974? Lmdvall 

et al, 1974, 1978; Berger et al, 1976). Apart from the ento-

rhinal cortex, the PFC appears to be the only neocortical 

area that receives dopaminergic inervation, which seems to be 

mainly inhibitory in its effect on PFC-units (Ferron et al, 

1984). This input forms a part of the socalled mesocortical 

system, that also terminates in - among others - septum, 

amygdala and nucleus accumbens (reviews: Thierry et al, 1978; 

Bannon it Roth, 1983). In rats this projection seems to be 

organized topologically: from the VTA to the anteromedial 

(rostral AC, PL and IL) and sulcal PFC regions, and from the 

substantia nigra to the medial AC-areas (Lindvall et al, 

1978). The ventral orbital regions and PrCm alone do not re

ceive dopaminergic input. 

The entire neocortex receives a noradrenergic innervation 

from the locus coeruleus (Levitt & Moore, 1978); the density 

of this innervation is comparatively highest in the PFC and 

the cingulate cortex (Emson & Lindvall, 1979). 

Besides, in the dorsal and central raphe nuclei originate 

fibers, probably partly serotonergic, that project to the 

entire neocortex (Divac et al, 1978a; Steinbusch, 1981). This 

Figure 2. A semi-diagrammatic representation of the main 
afférents to the ventromedial (MF) and sulcal (SU) 
prefrontal areas. Diagram obtained from Dr. L. 
Geeraedts). 
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serotonergic projection seems most extensive in the frontal 

and parietal regions (Dahlstrom et al, 1973; Emson & 

Lindvall, 1979). Finally, there seems to exist a more speci 

fie projection from the parabrachial nucleus in the posterior 

mesencephalon to the PFC (Divac et al, 1978a). Fibers from 

this nucleus which - among others - is related with the sense 

of taste (Pfaffman, 1982) terminate mainly in the sulcal PFC 

(Reep & Winans, 1982a). 

Figure Э.А semi-diagrammatic representation of the main 
efferente from the ventromedial (ME) and sulcal (SU) 
prefrontal areas. 

4 EFFERENT CONNECTIONS 

Analogues to the variety of afferent connections, the areas 

that receive input from the various PFC-regions extend from 

the telencephalon (cortex, striatum, amygdala), via the dien-

cephalon (thalamus, subthalamus and hypothalamus) to brain

stem (a.o. ventral tegmentum and central gray) and perhaps 

even further caudally (Leonard, 1969). It is remarkable that 

the efferent projections are mostly organised bilaterally, 

that is, that from a particular part of the PFC always cor

responding regions in both hemispheres are reached. A sche

matic representation of main efferente is presented in figure 

3. 
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Cortico-cortical efferente 

Besides the connections within the PFC, already considered in 

section 2., Beckstead (1979) describes extensive projections 

in rats from the sulcal area to: 

the entire cingulate cortex (including the retrosplenial 

area) ; 

- the caudal extension of this area itself, particularly the 

posterior agranular insular cortex and the perirhinal cor

tex (Guldin & Markowitsch, 1983); 

the rostral part of the primary olfactory cortex; 

the presubiculum and the entorhinal cortex. 

According to Reep & Winans (1982b) in golden hamsters the 

latter two projections originate mainly in AIv. 

From the anterior cingulate area in the medial PFC efferente 

reach the adjacent parts of the cingulate cortex and the pre

subiculum. Fibers from the prelimbic area reach these regions 

also, but project to the entorhinal and perirhinal cortices 

as well (Beckstead, 1979; Dalsass et al, 1981). 

Most remarkable are the extensive connections from the PL and 

AI areas of PFC with the socalled juxta-hippocampal regions 

(presubiculum and entorhinal cortex), which seem to provide a 

direct route to the hippocampus (Beckstead, 1979). 

Projections to striatum and adjacent regions 

Like all neocortical areas (Divac, 1977), the PFC projects 

abundantly to the nucleus caudatus too (NC; Leonard, 1969; 

Beckstead, 1979). This connection is topologically organized, 

from the medial PFC to the medial NC (Domesick, 1969; Dalsass 

et al, 1981) and from the sulcal PFC to the ventrolateral NC 

(Reep & Winans, 1982b). It has often been assumed that only 

the rostral part, the head of the nucleus caudatus, was 

reached (Neill, 1976; Kolb, 1977); however, according to 

Beckstead this projection reaches the caudal NC as well. In 

golden hamsters, Reep & Winans (1982b) demonstrated a further 

differentiation between projections of AIv (to be ventral NC) 

and Aid (to the lateral NC). 
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Fibers from the medial PL-area and the entire sulcal PFC ter

minate in the area termed by Heimer (1978) the ventral stria

tum, which consists - among others - of the nucleus accumbens 

and the deep layers of the olfactory tubercle (Beckstead, 

1979). Carter (1980, 1982) found indications that glutamate 

is involved as a neurotransmitter in the projections from PL; 

he assumes that in this way PL controls some subcortical do

paminergic mechanisms. 

Again, from the medial PL-area alone (and perhaps from the 

rostral part of the AC) and from the sulcal regions, project

ions to the basolateral and lateral nuclei of the amygdala 

have been reported (Otterson, 1982; Beckstead, 1979); the 

same is found with golden hamsters (Reep & Winane, 1982b). 

These areas are thus reciprocally connected (see section 

3.2). 

Finally, terminations in the lateral septum have been demon

strated (Beckstead, 1979), and - originating from the medial 

PFC - in the medial septum also (Dalsass et al, 1981). 

4.Э Projections to thalamus and hypothalamus 

The topologically organized connections with the mediodorsal 

nucleus of the thalamus, which have been described in 3.3 

seem to be entirely reciprocal in nature; that is the sub-

areas of the PFC project exclusively to that part of mdT from 

which they receive input (Beckstead, 1979; Siegel et al, 

1977). Apart from this, from all parts of the PFC fibers 

reach the following thalamic nuclei: nucleus reuniens, ven

tromedial nucleus and reticular nucleus. 

Moreover, the PL-area projects to the paratenial nucleus 

(which sends fibers back to IL and VIO), the lateral habenula 

and the periventricular gray in the thalamus. The AC-areas 

project to the lateral habenula also, as well as to the ante-

romedial and laterodorsal nuclei, which both are important 

projection areas from the cingulate cortex (Domesick, 1972). 

Finally, the sulcal PFC projects particularly to the nucleus 

gelatinosus (Reep & Winans, 19B2b) and the intralaminar nu

clei (Gerfen & Clavier, 1979). 

In the diencephalon, fibers terminate in the lateral preoptic 
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area, the lateral hypothalamus and the supramammillary area 

(Beckstead, 1979). Electrophysiological research has pointed 

to the existence of monosynaptic inhibitory influence from 

the (medial) PFC upon LH-neurons (Kita & Oomura, 1981), in 

which glycerin appears to function as a transmitter (Kita & 

Oomura, 1982). It must be noted here that a number of path

ways from and to the PFC travels through the medial forebrain 

bundle (Nieuwenhuys et al, 1982). 

Dalsass et al (1981) stress the efferent projections from the 

medial PFC (PL and ACv) to the subthalamic region, close to 

the mammillothalamic tract and to the medial zona incerta and 

the dorsal hypothalamus (perhaps identical with the axial 

nucleus of Divac et al, 1978a), a region that is characteri

zed in part by its catecholaminergic cell groups All and A13. 

4.4 Projections to brainstem structures 

Reciprocally to the afferent relations, the medial (particu

larly the PL) and sulcal PFC project to the ventral tegmental 

area and the adjacent substantia nigra p.c., in which - among 

others - the dopaminergic cell groups AIO and A9 are located 

(Beckstead, 1979; Carter & Fibiger, • 1977). In electrophysio

logical research it has been shown that by this route, 

through a mainly excitatory activity the PFC can modulate the 

activity of the neurons in the ventral tegmental area, which 

in turn project to the nucleus accumbens and the septum 

(Thierry et al, 1979); thus, a controling and regulating in

fluence upon subcortical dopaminergically mediated functions 

is made possible (Pycock et al, 1980). 

From the sulcal PFC fibers reach the adjacent tegmental reg

ions: the ventral part of the central gray, the dorsal raphe 

nucleus and the parabrachial nucleus (the two latter nuclei 

are thus reciprocally connected with the PFC; Leonard, 1969; 

Beckstead, 1979). Reep & Winans (1982b) describe these pro

jections "as several areas which form a continuum from the 

diencephalic - midbrain junction through the pons". 

Only fibers from the entire medial PFC terminate in the dor

sal tegmentum, particularly the pretectum, the superior col-

liculi and the dorsolateral part of the central gray 



30 

(Domesick, 1969; Morrell et al, 1981; Hardy & Leichnetz, 

1981). It is likely that at this level also various fibers 

terminate in parts of the reticular formation (Leonard, 1969; 

Dalsass, et al, 1981). 

Finally, the recently discovered projection from the medial 

PL-area and the sulcal regions to the solitary complex needs 

to be mentioned (Van der Kooy et al, 1982, Terreberry & 

Neafsey, 1983). 

THE DISTINCT REGIONS WITHIN THE PFC OF THE RAT AND THE 

FUNCTIONAL ASPECTS OF THEIR NEURAL CONNECTIONS 

Subdivisions of the PFC in the rat 

In section 1. it was argued that from a cytoarchitectonical 

point of view 8-9 subareas might be distinguished within the 

medial and sulcal PFC. (Krettek & Price, 1977a). Considering 

the present state of affairs in the behavioural research, in 

which experimentally induced damage extends over the entire 

medial and/or sulcal PFC, this detailed subdivision appears 

premature and difficult to operationalize. However, in the 

evaluation of the effects of damage, it is important to dif

ferentiate between those regions that obviously have dis

similar anatomical connections. 

In this respect, from the foregoing review the following con

clusions may be drawn: 

within the sulcal PFC the afferent and efferent connections 

of the three subregions distinguished by Krettek & Price 

(1977a), although not being identical, (cf Reep & Winans, 

1982ab) are similar to the extent that for the time being one 

is justified to consider this area as a whole; 

as far as the subregions within the medial PFC are concerned, 

considerable dissimilarities in input and output are appar

ent, and further differentiation seems necessary. On the 

basis of the connections with parts of the mdT as well as 

amygdala and ventral tegmentum, a distinction must be made 

between the ventromedial regions on one hand, particularly 

IL, PL and perhaps the pregenual part of the AC-areas, versus 

the PrCm and the remaining AC-areas on the other hand. In 
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view of the small size of the lateral part of mdT in the rat, 

one might ask whether its projection areas, i.e. PrCm and AC, 

might be better defined by other connections. In accordance 

with Divac et al (1978) we tend to consider the AC-areas as 

primarily a part of the cingulate cortex. (See also Vogts & 

Miller, 1983). With respect to PrCm Donoghue & Wise (1982) 

argue that in rats this area should be considered part of the 

somatosensory cortex, which extends over the entire frontal 

dorsolateral cortex (see also Wilcott, 1979). 

c) With respect to the ventai orbital regions (MO, VO and VLO) 

the available data are limited; these are small areas, and it 

is not altogether clear whether in rats they should be con

sidered parts of the PFC. 

As had been noted already by Eeckstead (1979) in relation 

with the efferent connections, and as has been stressed by 

Reep & Winans (1982b) on several grounds, large similarities 

exist between the ventromedial and sulcal PFC regions; more

over, both areas are closely interconnected. The present 

study was confined to the two latter regions mainly. 

5.2 Functional characteristics of the neural connections of the 

PFC regions 

At the cortical level the connections of the PFC regions are 

limited to the adjacent mesocortical structures, particularly 

the cingulate and insular cortex and, of course, the olfac

tory cortex. This pattern differs greatly from that found in 

primates, where the PFC is closely related with among others 

the secundary and tertiary sensory and motor neocortical reg

ions (Fuster, 1980; Pandya Ь Seltzer, 19Я2), on which grounds 

this area in primates deserves the qualification association 

cortex. 

Perhaps the most conspicious - and for the present study very 

significant - characteristics of the complex of neural con

nections of the PFC in rats, is the considerable convergence 

of neocortical projections from the mediodorsal thalamus, the 

basolateral amygdala and the ventral tegmentum (Krettek & 
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Price, 1977a; Divac et al, 1978b) to the ventromedial and 

sulcal PFC, as well as the reciprocal nature of these connec

tions. 

Although the question which functional implications result 

from these reciprocity of connections, hardly can be answered 

yet, a limited review of what is known of these areas may 

offer some clues. 

A. Mediodorsal nucleus of the thalamus (mdT) 

The ventromedial and sulcal PFC are closely related to the 

large medial part of the mdT. This medial part also recei

ves an extensive olfactory projection from the entire ol

factory cortex (Heimer, 1972; Price & Slotnick, 1983). 

Lesions in this area cause deficits in olfactory discrim

inations in rats and golden hamsters (Eichenbaum et al, 

1981). Moreover, fibers from various limbic and related 

structures, particularly septum, amygdala and hypothalamus 

reach the medial part of mdT. (Leonard, 1972; Krettek & 

Price, 1977b), as do fibers from the reticular nucleus of 

the thalamus (Siegel et al, 1977). 

In an extensive review. Markowitsch (1982) concludes that 

the functional meaning of the mdT in primates and non-pri

mates differ considerably, possibly in relation with chan

ges in size and internal structure. In non-primates the 

mdT may be linked primarily with emotional and motivatio

nal aspects of behaviour, whereas in primates the accent 

lies on memory processes. 

In the present context, it is important to note that Keene 

& Casey (1973) found mdT units that responded upon appeti

tive (LH) as well as eversive (midbrain RF) intracranial 

stimulation. 

B. Amygdala 

The amygdala represents an important telencephalic part of 

the limbic system; structurally as well as functionally, 

it is composed of a collection of heterogeneous nuclei, 
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whose functional differentiation is not yet sufficiently 

defined (Isaacson, 1974). The basolateral part (blA) that 

is closely connected with the PFC (and mdT) appears to 

functionally influence particularly the medial as well as 

lateral hypothalamus and the nucleus accumbens (Watson et 

al 1983). Lesions and stimulations of this are a result in 

manyfold behavioural changes (Isaacson, 1974; Ben-Ari, 

1981), that - at least in rats - point to deficits in res

ponses with respect to novel and eversive stimuli (Coover 

et al, 1973; Nachman & Ashe, 1974; Werka et al, 1978; 

Henke, 1982). Misslin & Ropartz (1981) conclude that "most 

studies on the effects of amygdala lesions on behaviour 

showed that they make animals less rsponsive to types of 

stimuli which produce defensive reactions in the normal 

subject". (See also: Blanchard & Blanchard, 1972; Adams, 

1979). 

Intracranial stimulation in the amygdala can have eversive 

as well as appetitive properties; the first derive mainly 

from stimulation of the basolateral part (Wurtz & Olds, 

1963). In general, animals with amygdala lesions appear to 

respond less adequately to changes in incentive stimulat

ion (Kemble et al, 1969; 1972); or, as Nachman & Ashe put 

it, "...the impairment is in their ability to recognize 

and respond to the significance or meaning of stimuli...". 

C. Ventral tegmental area (VTA) 

The ventral tegmental area contains the dopaminergic eel-

cluster AIO and forms a part of the area described as the 

"limbic midbrain area" by Nauta (cited in Le Moal et al, 

1975). The VTA is very closely connected with the lateral 

hypothalamus (Saper et al, 1979; Roberts, 1980). On the 

grounds of anatomical data Simon (1981) characterizes the 

VTA as - among others - an important interface between 

anterior limbic structures and posterior limbic and retic

ular regions. 

Lesions in the VTA result in a complicated behavioural 

syndrome (Le Moal et al, 1969), which, however, may partly 

be attributable to damage of passing fiber systems (Tassin 
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et al, 1978). Behavioural impairments that may be related 

more specifically with the VTA, are locomotor hyperactiv

ity, hypo-explorativity, species-specific aspects of ma

ternal and social behaviour, passive and active avoidance 

learning, appetitively reinforced responses and intracran

ial stimulation (review: Simon, 1981). According to Simon, 

this large variety of effects does not reflect deficits in 

motivation or learning ability, but rather represents an 

impairment in the integration of internal and external 

stimuli, and in related attention mechanisms, which he 

primarily relates with the PFC. Various researchers con

sider the dopaminergic projection from the VTA to the PFC 

very important for the occurrence of intracranial stimul

ation (More, 1978; See chapter 1. section 2.1); however, 

Prado-Alcala et al (1984) did not find any evidence for 

dopaminergic control in prefrontal self-stimulation. More 

explicitly, involvement of VTA-neurons with the reinforc

ing aspects of appetitive stimuli has been demonstrated 

(Roberts 1980, Sakurai & Hirano, 1981). 

The functional significance of the prefrontal connections 

with mdT, Ы А and VTA can hardly be defined as yet. In the 

context of the present study, however, it is important to 

conclude that through these connections the ventromedial 

and sulcal PFC may be involved in the regulation of emot

ional and motivational behaviour, or - more specifically -

in attention and evaluation mechanisms with respect to 

appetitive and aversive stimuli. Probably related is the 

finding that the above mentioned subcortical structures 

are closely connected with the hypothalamus; thus, apart 

from their own less extensive direct connections with the 

hypothalamus the PFC-regions may influence the hypothala

mus along manyfold pathways. 

There remain numerous other connections that may be of 

significance for the functioning of the PFC regions men

tioned. As far as the sensory afférents are concerned, the 

ventromedial and sulcal PFC appear to receive olfactory 

information rather directly through the mdT and prepyri-
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form cortex (Eichenbaum et al, 1981, 1983) and gustatory 

and may be visceral information through the parabrachial 

nucleus (and vmT; Pfaffmann, 1982). The reciprocal relat

ionship with the parabrachial nucleus might be important 

also with respect to the regultion of consummatory behav

iour (Roberts, 1980). Finally, the efferent connections 

with the brainstem enable the PFC to influence pain regul

ation (parafascicular nucleus; Dong et al, 1982) and vis

ceral processes (solitary complex; Terreberry & Neafsey, 

1983). 

Two important output channels of the PFC need to be mentioned 

namely, the caudate nucleus and the dorsal tegmentum. 

a) Caudate nucleus (NC) 

Some researchers consider this efferent connection of pre

eminent importance for the functional significance of the 

PFC (Rosvold, 1968, 1972; Divac, 1972; Neill, 1976), par

ticularly with respect to the organisation and correction 

of the behaviour to be performed. Although a large variety 

of functions has been ascribed to the NC (Cools et al, 

1977; Van der Bereken, 1981), it seems likely that the PFC 

influences the motor organisation of behaviour through the 

NC and may be through the substantia nigra too (both sub

divisions of the extrapyramidal system; Nieuwenhuys, 

1977). 

b) Dorsal tegmentum 

Only the medial PFC has a large outflow to this area. The 

connections between the dorsomedial "shoulder region" and 

the superior colliculi appear to be related mainly with 

visual functions (Hall & Lindholm, 1974). The PFC-project-

ions (particularly from PL and AC), however, reach the 

deeper layers of the colliculi, which - as Graham (1977) 

emphasizes - do not have any visual functions, but are 

involved in various sensory modalities. The ventral part 

of the superior colliculi is closely connected with the 

underlying central gray and the adjacent reticular 
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formation (Grofova, 1478). Intracranial stimulation in 

this area has almost exclusively aversive properties 

(Schmitt et al, 1974), whehat the dorsal tegmentum has an 

important role in the behaviour with respect to painful 

and threatening stimuli (Adams, 1479; Kisser et al, 1978). 

Perhaps the projection to the dorsal tegmentum ought to be 

viewed more as apart of a complex relationship between PFC 

(the medial part mainly) and the entire reticular system. 

Ascending fibers reach the PFC from the mdT and adjacent 

intralaminar nuclei (Jones & Leavitt, 1974), as well as 

from the mesencepahlic reticular formation through the 

zona incerta (Scheibel & Scheibel, 1967). Conversely, the 

PFC may exert her influence on the non-specific thalamic 

nuclei, among others, the periventricular system and the 

reticular nucleus, as well as on the dorsal tegmentum. It 

is remarkable that these possibly functionally important 

connections in the rat have received hardly any attention, 

whereas the opposite is the case in the higher mammals 

(Skinner & Lindsley, 1973r Yingling & Skinner, 1975, 

1976). 

From the foregoing review it can be deduced that the neur

al connections of the ventromedial and sulcal PFC are so 

heterogeneous that unambiguous conclusions with respect to 

their functional implications can hardly be made. 

In the context of the present study, however, we may con

clude that these PFC regions are closely connected, di

rectly, but even more so indirectly, to hypothalamus and 

midbrain tegmentum. This conclusion may form a neuro-ana-

tomical fundament for the functional interactions to be 

investigated here. 

In general, on neuro-anatomica 1 grounds both PFC regions 

have been characterized as limbic structures. Therefore, 

their functional significance might be implied in 

Stellar's description (1982): "the limbic system seems 

clearly involved in hedonic processes of different com

plexity, like reflexes and physiological regulations that 

automatically adapt the organism, aproach and withdrawal 

behaviours, appetitive and consummatory motivated behav

iour, reward and reinforcement of learning, and affective 

display". 
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CHAPTER 3 

THE INFLUENCE OF LESIONS IN THE PREFRONTAL CORTEX - SHORTLY 

AFTER SURGERY - UPON LOCOMOTOR ACTIVITY IN FAMILIAR AND UN

FAMILIAR TEST SITUATIONS, IN RELATION WITH THE AVERSIVE CHA

RACTERISTICS OF THESE SITUATIONS. 

1 INTRODUCTION 

In the first chapter it was pointed out that our investigat

ions concerning the influence of lesions in the prefrontal 

cortex (PFC) upon behaviour with respect to appetitive and 

eversive stimuli, will mainly be directed to behavioural 

changes that occur shortly after surgery. Within that context 

it is important to gain insight into the physical condition 

of the subjects and particularly into their level of activity 

and locomotor capacities after a short period of recovery (3 

days). 

Already many years ago frontal ablations were reported to 

induce increases in activity in various situations in rats 

(Richter & Hawkes, 1939; Beach 1941; Zubeck & DeLorenzo, 

1952). However, the brain damage in these studies extended 

far beyond the neocortical projection areas of the mediodor-

sal nucleus of the thalamus, i.e. beyond the prefrontal cor

tex. More recent investigations indicated that within the 

anterior neocortex ventrolateral lesions, even when they are 

limited to the sulcal PFC, induce far greater increases in 

activity than do lesions in the medial PFC (Lynch, 1970; 

Kolb, 1974a; Markowitsch et al, 1980); thus, in this respect 

a functional dissociation between medial and sulcal subreg-

ions of the PFC seems to exist. However, it has been shown 

also that in rodents lesions in the PFC do not cause hyper

activity under all circumstances. For example, this phenome

non has seldom been found in the homecage or in other situat

ions in which the animals stayed for a prolonged period 

(Campbell & Lynch, 1969; Kolb, 1974a; Lynch, 1970), whereas 

it has been often reported from test situations in which sub-
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jects stayed during a comparatively short time (Harrell & 

Isaac, 1976; Brennen, 1976; Markowitsch et al, 1980). In 

order to evaluate the influence of our limited lesions in the 

medial and sulcal PFC upon activity, it was decided to test 

the subjects in familiar as well as unfamiliar situations. 

From an evaluation of the results obtained with various ani

mal species, Brutkowski (1965) concluded that the effect of 

prefrontal damage upon activity could be better characterized 

as hyperreactivity, since specific aspects of the test situ

ation appeared to play a distinctive role; he mentioned no

velty and stimulation-intensity in particular. Generally, 

circumstances that are characterized by unfamiliarity and/or 

intense stimulation (light, noise, etc.) evoke withdrawal 

(defensive) responses in rats, for example escape behaviour 

and freezing behaviour (Welker, 1957; Lockard, 1963); these 

circumstances do thus possess eversive features. If noxious 

and painful stimuli are absent, these behaviours will de

crease as the subject remains for longer periods in those 

situations, and finally disappear altogether (Walsh & 

Cummins, 1976). It is possible that in certain test situat

ions the aversive aspects play a decisive role in the occur

rence of hyperactivity after prefrontal lesions. In agreement 

with this, in at least one study (Marcowitsch et al, 1980) it 

was found that the hyperactivity was apparent mainly in the 

first few sessions. 

To investigate the behaviour of rats in novel environments, 

the so called open field has been commonly employed; the open 

field is a dimly or strongly illuminated circular or square 

area from which the animal cannot escape (Broadhurst & 

Eysenck, 1964; Vossen, 1966). In general, it is difficult to 

determine unambiguously the relationship between aversive as

pects of this test (novelty, light, etc.) and locomotor act

ivity (Archer, 1973; Suarez & Gallup, 1981). In a series of 

experiments Aulich (1978), however, discovered a strong rel

ationship between locomotor activity in an illuminated open 

field on the one hand and the degree of light aversion demon-
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strated by rats in a light-dark box on the other hand (Aulich 

et al, 1974). The light-dark box (LD-box) developed by 

Aulich, represented a novel situation for the subjects, but 

provided through the presence of a dark area, the opportunity 

to avoid the lightened area. The relative time spent in the 

dark compartment of the box appeared to be a reliable measure 

for light aversion. 

In the first experiment to be reported here, rats with pre

frontal lesions were observed in the open field as well as in 

the light-dark box. The aim was to investigate 

a) whether limited PFC-lesions will influence locomotor act

ivity in unfamiliar environments, and 

b) whether these possible effects can be related to the aver-

sive aspects of those environments, like novelty and part

icularly light. 

With respect to open field studies, Walsh & Cummins (1976) 

have stressed the importance of temporal analyses of the be

haviour within as well as over sessions, among others in view 

of habituation processes. Particularly changes in locomotor 

activity have been interpreted in terms of intra- and inter-

session habituation (bat & Gollovâ-Henon, 1969; Van der 

Staak, 1975). 

Several experiments have shown that frontal cortex damage 

affects habituation of various behaviours (see chapter 

1.2.2), and Kolb (1974b) reported that lesions in the medial, 

but not the sulcal PFC caused a decrease in intra-session 

habituation in the open field, as deduced from a nearly ab

sent decrease of locomotor activity within sessions; both 

lesions did not influence intersession habituation. The pre

sent experiment also attempts to replicate the results of 

this investigation, in order to compare the effectivity of 

our limited lesions with that of more extensive damage as 

reported by Kolb (1974a, 1974b), Brennan (1979), and others. 
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2 EXPERIMENT 1 

2 . 1 Methods 

2.1.1 Subjects. 

The experiment was performed with 30 male albino Wu (Spf63 

Cpb) rats (Loosli, 1975). Two weeks before surgery, the ani

mals were housed individually in macrolon cages; they re

ceived water and food ad lib. Darkness lasted from 08.00 a.m. 

- 20.00 p.m. hr and all testing of the subjects took place 

between 09.00 a.m. - 17.00 p.m. hr. At the day of surgery 

body weights varied from 300 - 337 grams. 

2.1.2 Surgery. 

Subjects were anesthesized with Nembutal (20 mg/ml; 0.225 

ml/100 gr; i.p.). Lesions were made by means of a Radionics 

Radiofrequency Lesion Generator (RFG-4); the electrode (ano

de) was inserted stereotactically in the brain; the cathode 

was placed rectally. The electrode (length: 100 mm; diameter: 

0.8 mm) was insulated except for the tip (1.5 χ 0.7 nun). In 

the present experiment, for the medial lesions a tip tempera

ture of 51 С was maintained during 60 sec, for the sulcal 

lesions a tip temperature of 58 С was maintained for the same 

duration. In the medial PFC (group ME; η = 10) four lesions 

were made with the coordinates (Pellegrino & Cushman, 1967): 

10.8 mm anterior; 0.8 mm lateral and 4.2 and 2.6 mm respect

ively below skull surface; 10.2 mm anterior; 0.8 mm lateral 

and 5.4 and 2.6 mm respectively below skull surface. The 

electrode was inserted vertically. 

In the sulcal PFC (group SU; η = 10) one lesion was placed 

bilaterally with the coordinates 10.7 mm anterior, 4.0 mm 

lateral and 2.0 mm above the interaural line (= 5.4 mm below 

skull surface). The sulcal PFC was approached under an angle 

of 16 with respect to the medial plane. In this group one 

rat died during the operation. 

In the control group (group CO) after anesthezation an incis

ion in the skin was made and holes were drilled bilaterally 

in the skull, at the same location as for either the sulcal 

or the media] lesions. 
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Subjects that suffered lesions, received mashed food in ad

dition to the normal water and food from the second day after 

surgery onwards. This was done to prevent the occurrence of 

aphagia (Kolb, 1974; own preliminary research). 

2.1.3 Apparatus. 

The light-dark box (LD box) consisted of two compartments (30 

χ 30 cm) that were connected by two runways of 50 χ 10 cm 

each, which joined at an angle of 120°. All plexiglass walls 

were 30 cm high. One half of the box (compartment plus ad

joining runway) was painted black, the other half was painted 

white. The white compartment was lit by a 15 W bulb, provid

ing 24 lux at the compartment floor. Illumination gradually 

faded in the adjacent runway. The dark compartment was cover

ed. Observations were made at a 3 m distance of the box by 

means of mirrors mounted above the box. 

The open field consisted of a square wooden floor (100 χ 100 

cm) painted white, and by means of black lines divided into 

36 equal squares. The walls were painted white except the 

front wall which was made of plexiglass. Through a 40 W bulb 

here too an illumination level of 24 lux at the floor of the 

box was realized. Observations were made from an adjacent 

room through a one-way screen. 

2.1.4 Procedure. 

From the third day after surgery onwards, subjects were test

ed on 5 successive days. Before each test an animal was car

ried from an adjacent room to the experimental room. There 

the subject was put either in the LD box at the junction of 

the two runways, or in the center of the open field. In the 

light-dark test, the amount of time the animal stayed in the 

several parts of the apparatus (dark compartment, dark run 

way, light runway, light compartment) was recorded continu

ously during a period of three minutes. 

Open field tests lasted 5 minutes. Observations were made by 

means of a time sample method: each third second the position 

of a rat was recorded in terms of squares; it was also recor

ded whether the animal reared or not. After each test the 
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number of fecal boli was counted. Half of the subjects of 

each group (ME, SU, CO) was first tested in the LD box and, 

minimally three hours later, placed in the open field; the 

remaining half of the subjects was tested in reversed order. 

After each test, the apparatus was cleaned. Because of the 

large number of subjects that had to be operated, the experi

ment has been executed in two stages with an interval of 3 

weeXs. From all groups 5 subjects have been tested in the 

first stage, the others in the second. 

2.1.5 Histology. 

Two months after completion of the behavioural observation, 

subjects received a lethal dose of Nembutal (60 mg/ml; 0.25 

ml/100 g; i.p.); they were perfused through the heart with 

0.9% saline followed by 4% Formalin. The brains were removed 

and soaked in 4% Formalin during three weeks. Finally, they 

were placed in 30% glycerine during one single night. By 

means of a variable inclined plain (Herberg & Franklin, 1973) 

the frozen brains were sliced into 50 urn sections, parallel 

to the coronal plane in which lesion electrodes were insert

ed. Every fourth section from the frontal region was stained 

with cresylviolet. By means of projection, lesions were map

ped into standard diagrams on five frontal levels (anterior 

11.6, 11.0, 10.4, 9.8 and 9.2 mm) from the stereotactic brain 

atlas of Pellegrino & Cushman (1967). 

2.2 Results 

2.2.1 Anatomy. 

Figure 1 shows the extend of the largest and the smallest 

lesions in the medial and sulcal prefrontal cortex on four 

frontal levels. For each subject the amount of the damage was 

determined for each level by means of a grid with 0.1 χ 0.1 

squares. To estimate total lesion size, each lesion was con

sidered as a collection of maximally 5 adjacent cylinders, 

which extend from 0.3 mm before to 0.3 mm after each level. 

Total lesion size is estimated by taken the sum of the con

tents of the maximally 5 cylinders. Thus: 
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5 

Lesion size = 2 0.6 χ S. (S.= surface of lesion at level i). 

Figure 1. Sections showing the largest (horizontal hatching) 
and smallest (vertical hatching) lesions in the 
medial (left) and sulcal (right) prefrontal cortex. 
Diagrams are taken from Pellegrino & Cushman 
(1967). 

The mean estimated size of the bilateral sulcal lesions was 

6.96 mm (SEM= 0.87). These lesions were quite symmetrical 

and individuals (n = 9) differed hardly at the rostral 

levels. The sulcal PFC was damaged almost exclusively. In 

some animals the lesions extended further caudally than in 

others, in which cases the damage affected mainly deeper lay

ers of the sulcal PFC. 

Mean size of the medial lesions was 7.53 mm (SEM = 0.87). 

Within this group subjects differed considerably on all 
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levels. In all subjects the ventromedial PFC was damaged, 

particularly so at the rostral level; individual differences 

were especially large in the dorsal PFC. In some subjects 

also the genu of the corpus callosum was affected. 

2 Influence of the lesions on body weight. 

The loss of body weight after surgery amounted to 1.2, 2.0 

and 3.0% of the body weight at the time of surgery for the 

groups CO, SU and ME respectively on the first day of testing 

and 2.6, 3.1 and 4.1% on the fifth day of testing; there were 

no differences between groups. Supplying the subjects with 

mashed food in the home cage has apparently reduced the 

weight losses that can be considerable, particularly after 

sulcal lesions. 

3 Open field test. 

The frequency in which a subject changed position between 

successive observations (number of displacements) was used as 

a measure for locomotor activity. Mean number of displace

ments per day and frequency of rearing are shown in figure 2. 

For both variables a multi-variate trend analysis was perfor

med (Finn, 1977), with two factors: lesions (CO, ME and SU) 

and replication (stage I and II of the experiment). Through 

planned comparisons the groups ME and SU are each compared 

with group CO, the influence of the replication factor is 

considered and interactions between the latter and the group 

comparisons are determined. 

For the number of displacements no differences between groups 

ME and CO were found. However, group SU shifted position more 

than the controls (F. _- = 5.0; p<.04); the replication fac

tor did not influence these results. The analyses revealed 

that over days, displacements showed strong linear (F= 154.6; 

p<.01) and quadratic trends (F= 71.5; p<.01). These trend 

effects reflect a gradual decline in the number of displace

ments over the 5 days, as well as the hyperbolic characteris

tic of this decline: the decline is located mainly between 

day 1 and day 2. A significant interaction was found between 
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Figure 2. Mean number of displacements (2A) and frequency of 
rearing (2B) in the open field in animals with 
lesions in the medial (ME) or sulcal (SU) PFC and 
in control subjects (CO). 

the replication factor and the group comparisons; 

nevertheless, both group comparisons do not reveal trend 

differences between groups. Therefore, it can be concluded 

that, though trend differences between groups might exist in 

one of the replications, these differences are not confirmed 

in the other replication, and thus can not be considered con

vincingly demonstrated. 

Lesion groups did not differ from controls with respect to 

the frequency of rearing. 

For this variable also strong linear (F= 24.9; p<.01) and 

quadratic (F= 33.6; p<.01) trends over days are found. With 

respect to the linear trend effects groups did not differ, 

but the quadratic trend effect was smaller in group SU (F= 

6.2; p<.0?) as well as in group ME (F= 5.5; p<.03) as compar

ed to group CO. The latter finding reflects the more gradual 

change in frequency of rearing in both lesion groups (figure 

2B), particularly between day 1 and 2. 
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In table 1, the mean defecation scores are presented per 

group and the number of subjects from each group that defec

ated on each day. Taken all days together, subjects of group 

SU eliminated less often than subjects of group CO (Wilcoxon 

test, T=o; p<.05), whereas group ME did not differ from the 

controls. 

Day 

Group nD nD nD nD nD 

CO 

SU 

ME 

2,2 

2,3 

2,4 

6 

4 

5 

3,0 

2,0 

3,9 

3,4 

2,4 

3,5 

6 

4 

6 

2,0 

1,4 

4,0 

4 

4 

7 

3.2 6 

0,8 2 

1.3 4 

Table 1. Mean defecation scores (D) in the open field and 
number of subjects (nD) that defecated each day are 
given for the groups CO, SU and ME each. 

In order to further investigate the differences in locomotor 

activity found between sulcal and control animals, as well as 

to determine possible effects of the lesions on intrasession 

habituation, the course of the locomotor activity within se

parate test sessions was analyzed. For each day the number of 

displacements was determined per minute (figure 3) and a mul-

ti-variate trend analysis was performed on the data. 
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Figure 3. Mean number of displacements per minute on five 
successive days for two groups with either medial 
(ME) or sulcal (SU) lesions and a control g r o u p 
(CO). 
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From the 5 analyses it becomes clear that group SU shows more 

shifts of position than group CO on the third (F= 8.92; 

p<.01) and fourth (F= 7.53; p<.02) days only. Group ME shows 

more position shifts than group CO on day 4 only (F= 7.75; 

p<.02). The replication factor influences the results only on 

day 2 (F= 7.5; p<.02); on none of the 5 days interactions 

between this factor and the group comparisons are found. 

Trend analyses revealed that taken all groups together, lin

ear trend effects were present in each day; this effect was 

strongest on day 1 (F= 56.4; p<.01) and weakest on day 2 (F= 

7.9; p<.01). On each day a quadratic trend was found also, 

which was strongest on day 4 (F= 27.8; p<.01) and weakest on 

day 1 (F= 8.4; p<.01). These trend effects reflect, as can be 

seen in figure 3, the decline of the number of displacements 

within each session (linear trend) and the more or less 

strong acceleration of this decline (quadratic trend). 

With respect to these trend effects, group SU does not differ 

from the controls. However, the medial group shows a less 

strong linear trend on day 1 (F= 4.25; p<.05) and a less 

strong linear (F= 10.05; p<.01) as well as quadratic (F= 

4.31; p<.05) trend on day 4, compared to group CO. These dif

ferences in the pattern of locomotor activity within sessions 

are indications for differences in intra-session habituation 

between the medial and control groups. 1) 

Summarizing, it can be concluded that sulcal subjects demon

strate more displacements in the open field in comparison 

with the controls; these differences are mainly apparent on 

day 3 and 4. In addition, SU subjects defecated less. Medial 

subjects demonstrated a higher locomotor activity on day 4 

only while within sessions the pattern of their activity dif

fered from that of the controls on day 1 and day 4. 

1) Kolb (1974b) reported a very strong effect of medial PFC 
lesions upon intrasession habituation in the open field. 
This analysis by means of averaged minute-scores, expres
sed in percentages, is in the light of the strong trend 
effects in the activity over days, statistically not jus
tifiable. Applying Kolbs method of analysis to our data, 
did however yield identical results. 
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4 The light-dark box. 

From the continuous registration of the subject's position in 

the light-dark box, the amount of time spent in the different 

parts of the box was computed per day. Number of shifts of 

position between the four parts of the box (crossings) were 

taken as a measure for locomotor activity. Figure 4ab shows 

for the three groups the mean amount of time spent in the 

dark compartment and the number of changes of position per 

day. Separate trend analyses (identical to those described 

in2.2.3) were performed on the data for the following three 

variables: amount of time spent in the dark compartment, 

amount of time spent in the light compartment, and number of 

shifts of location. 

days 

Figure 4. Mean time spent in the dark compartment (4a) and 
number of crossings (4b) in the light-dark box i η 
subjects with medial (ME) or sulcal (SU) lesions 
and controls (CO). 

For none of the three variables differences between lesioned 

animals and controls were found. Reflected in figure 4 are 

the positive trend effects (F= 5.1; p<.04) over days that was 

found for amount of time spent in the dark compartment and 

the negative trend effect (F=5.2; p<.04) found for the number 

of position shifts. 
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2.2.5 Relationship between open field and light-dark box. 

In order to verify the relationship between locomotor activi

ty in the open field and amount of time spent in the dark 

compartment of the light-dark box, as reported by Aulich 

(1976), who considered both to be operationalizations of 

fear, product - moment correlations between the two variables 

were computed (table 2). 

Significant negative correlations were found on day 2, 4 and 

5. Except for day 3, these results strongly resemble those 

reported by Aulich. 

At the same time on all days a strong positive correlation 

was found between the locomotor activity measures in both 

test situations. 

Days 1 2 3 4 5 

DT -.04 -.48** -.25 -.51** -.35* 

CLD .55** .57** .44** .46** .44* 

Table 2. Product moment correlations between number of 
shifts of positions in the open field on the one 
hand and amount of time spent in the dark compart 
ment (DT) as well as number of crossings (CLD) in 
the light-dark box on the other hand. (* p<.05? ** 
p<.01). 

2.3 Discussion 

The results obtained in the present experiment demonstrate 

that, under the conditions in effect here, locomotor activity 

(and rearing behaviour as well) in rats with medial and sul-

cal PFC lesions is definitely not less than that of control 

animals after three days of recovery. In accordance with many 

other open field studies (Archer, 1973; Walsh & Commins, 

1976) we found a high activity in the first few minutes in 

lesioned subjects also. In the absence of any other indicat

ions of deficits in physical condition, we may assume that 

the physical condition of the subjects was not much affected 

by the prefrontal lesions. 

Rats with bilateral lesions in the sulcal PFC demonstrated an 
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increase in activity in the open field (number of displace

ments), accompanied with a decreased elimination. After med

ial lesions only incidental effects on locomotor activity 

were found. The same difference in locomotor activity in the 

open field between sulcal and medial lesions have been found, 

in rats, by Brennan (1979) and de Bruin et al, (1983) and in 

guinea pigs, by Markowitsch et al, (1980). The latter authors 

also report that the effect (shortly) after sulcal lesions is 

largest on the first few days of testing (15 min. /day). In 

the present experiment too the differences have disappeared 

on the 5th day of testing. 

These results indicate that the hyperactivity after prefron

tal lesions disappears when subjects become more familiar 

with the situation. 

Although significant correlations were found between locomo

tor activity measures in the open field and in the light-dark 

box, in the latter test-situation no significant changes in 

activity due to prefrontal lesions were detected. 

On the one hand, this result supports the suggestion of 

Brutkowski (1965) that prefrontal lesions do not induce a 

general hyperactivity (independent from situational factors); 

on the other hand, novelty, that is unfarailiarity with the 

test-situation, does not seem to be a sufficient condition 

for the occurrence of hyperactivity after prefrontal lesions. 

Additionally, in the light-dark box, no differences between 

lesioned and control subjects with respect to degree of 

light-aversion were revealed. Thompson & Ledoux (1976) did 

not find changes in light-aversion after complete decorticat

ion either, but probably their operation left large areas of 

the PFC in tact. They did find a significant decrease in 

light-aversion after lesions in the gyrus cinguli and medio-

dorsal thalamus, which both are closely related to the PFCl 

The lack of effects in the LD-box might be related to the 

employed level of illumination (24 lux). Aulich (1978) re

ported that at a comparable intensity (20 lux) hardly any 

differences existed between handled and non-handled subjects, 

and he concluded that a light intensity of this level "seems 
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to be so little eversive that even non-handled rats do not 

avoid it". Because we tested almost unhandled subjects, floor 

effects might have played a role and might have masked the 

possible occurrence of changes in light-aversion following 

the lesions. 

However, we did find similar significant correlations between 

degree of light-aversion (time in dark compartment) and loco

motor activity in the open field, as were reported by Aulich 

(1976). Perhaps these reflect the eversive effects of common 

elements in both situations, e.g. unfamiliarity, being picked 

up before the test, etc., which differentiate between indi

viduals, but not between lesioned groups and controls. 

One important aspect in which both test situations differ is 

the presence or absence of a hiding place, a place that even 

with the low light intensity presently used is preferred in 

the light-dark box. This difference might be the main cause 

of the different effects of lesions in both situations, 

either because subjects do receive far more sensory stimulat

ion (light) in the open field, or by making the open field 

more eversive than the LD-box for the rats. 

Uptil now, there are no indications that rats with prefrontal 

lesions are specifically more active in lightened conditions 

(Harrell & Isaac, 1969; Kolb, 1974a). So probably the effects 

of sulcal lesions may be primarily related to the 

aversiveness of the test-situation. The behaviour of animals 

in the open field has often been interpreted in terms of emo

tionality or fear (Broadhurst, 1957; Archer, 1973; Gray, 

1979). Within this context, the effects of sulcal PFC les

ions, particularly the increase in locomotor activity and the 

decrease in elimination, might be considered indications for 

a diminished fear/emotionality (Whimbey & Denenberg, 1967; 

Roth & Katz, 1979). Indeed, this pattern of behaviour changes 

has been found after experimental manipulations thought to 

reduce fear in rats, e.g. handling, social rearing, etc. 

(Denenberg & Morton, 1962; Aulich, 1978). The concepts of 

fear and emotionality in rats have been defined mainly in 

relation with a complex pattern of responses with respect to 
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eversive stimuli/conditions (Aulich, 1978; Gray, 1979). Thus, 

our conclusion is that the results after sulcal lesions may 

indicate a decreased réponse with respect to the aversive as

pects of the open field (for alternative interpretations, see 

the discussion following Experiment 2). 

The temporal pattern of locomotor activity within and between 

sessions might be interpreted in terms of habituation (Walsh 

& Cummins, 1976; Van der Staak, 1975). On the basis of the 

trend analyses performed on the activity variables we found 

that medial and sulcal PFC lesions do not affect the inter-

session habituation in both test-situations. This result is 

in accordance with those of Kolb (1974b). Concerning the 

within-test habituation, which has been analysed only for 

locomotor activity in the open field, indications were found 

on some test days for a decreased habituation after medial, 

but not after sulcal lesions. It has repeatedly been reported 

for various animal species that large damage to the frontal 

cortex retard short-term as well as long-term habituation 

(Griffin & Glaser, 1962; Roydes, 1970; Obal et al, 1979). In 

the present experiment as well as in those of Kolb (1974b) 

only slight indications were found that within the PFC maybe 

the medial parts play a role in short-term habituation. These 

results and those concerning locomotor activity in the open 

field indicate that our restricted lesions in the medial and 

sulcal PFC induce effects comparable with those of more ex

tensive prefrontal damage (Kolb, 1974b; Brennan, 1979), which 

supports the functional effectivity of these restricted les

ions . 

3 EXPKRIMFNT 2 

In the previous experiment, it was found that lesions in the 

sulcal PFC cause an increase in activity in the open field, 

but do not affect either the activity or amount of time spent 

in the dark compartment in the light-dark box. One reason for 

the absence of effects in the LD-box might be the relatively 

weak light-intensity, that limits the discriminative power of 

the test through a floor effect (Aulich, 1978). In order to 
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test this hypothesis, rats with sulcal lesions were compared 

with controls in the light-dark box, in which lightintensity 

was increased to 80 lux, an intensity at which Aulich (1978) 

found large differences between handled and non-handled sub

jects. If, as in the previous experiment, it will be found 

that the control subjects behave as non-handled animals, and 

if we assume that rats with sulcal PFC-lesions show decreased 

(fear) responses with respect to eversive stimuli, then the 

latter must show a sharp reduction in time spent in the dark, 

particularly so after the first day of testing. 

1 Methods 

1.1 Subjects. 

The experiment was performed with 20 naive male albino Wu 

(SpF63Cpb) rats. On the day of surgery, their body weights 

averaged 311 g. Otherwise, living conditions were similar to 

those of experiment 1 (section 2.1.1). Testing in the LD-box 

took place between 09.00 - 11.00 hr a.m. 

1.2 Surgery. 

In 10 rats bilateral lesions in the sulcal PFC were made, as 

described in 2.1.2. The remaining subjects were Sham-operat

ed. 

1.3 Procedure. 

All testing took place in the light-dark box described in Ex

periment 1. Light-intensity measured at the floor was 80 lux. 

From the third day after surgery onwards, the subjects were 

tested in the LD-box during 3 minutes on five consecutive 

days. 

Observation- and registration procedures were similar to 

those employed in Experiment 1. Histological methods were 

similar too and took place 7 weeks after surgery. 

2 Results 

Mean estimated size of the sulcal lesions amounted to 6.65 

mm (SEM = 0.49); lesions were almost identical in size and 
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location with those described in Experiment 1 and depicted in 

figure 1. 

From the registrations in the LD-box amount of time spent in 

the dark compartment and number of shifts of location (cross

ings) were computed per day. In figure 5ab the means of both 

variables are depicted for group CO and group SU. The multi

variate trend analysis of amount of time in the dark compart

ment did not reveal differences between groups across all 

days. However, post-hoc t-tests demonstrated that on the 

third day group SU stayed significantly less in the dark com

partment then group CO (t = 2.6; p<.02). Over the days time 

in the dark compartment shown strong linear (F..
 1R
»= 33.4; 

p<.01) and quadratic (P = 7.8; p<.02) trends; group SU and 

group CO differ only on the latter (F = 10.5; p<.01). 

The general increase of time spend in the dark over days, 

thus, does not differ for both groups, whereas the particular 

pattern of increase, as is revealed by differences on test 

day 3, does differ. 
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Figure 5. Mean time spent in the dark compartment (5a) and 
number of shifts of position (5b) in the LD-box for 
subjects with lesions in the sulcal PFC (SU) and 
controls (CO). 
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As the number of crossings is concerned, a slight tendency 

towards greater activity in group SU as compared to the 

controls was apparent (F-. •,o\= 3.4; p<.09),· post hoc t-tests 

revealed differences on day 1 (t = 2.2; p<.05) and day 3 (t = 

2.7; p<.02). The changes over days in the number of crossings 

are characterized by significant linear (F = 27.2; p<.01) and 

quadratic (F = 26.7; p<.01) trends, but groups CO and SU do 

not differ. 

3.3 Discussion 

In contrast to the results of the previous experiment, at a 

considerable higher light intensity in the illuminated com

partment of the LD-box, effects of sulcal lesions on behav

iour were revealed. First, sulcal subjects spent less time in 

the dark compartment on the third day of testing; and second

ly, they are more active than the controls on the first-days 

of testing. These effects must be attributed to the increase 

in light intensity. The large amount of time spent in the 

dark compartment, as compared to that found in the first ex

periment, demonstrates that increased light intensity renders 

the test-situation more aversive. 

The moment at which the lesion effect is largest, on the 

third day, coincides with that of the previously found dif

ferences in the open field, as does the nature of the differ

ences, i.e. heightened activity during the first days of 

testing only. Thus, in this situation, too, the hyperactivity 

disappears as the subjects remain longer in the test-situat

ion. 

In connection with the results obtained in the open field, 

the changes in behaviour in the LD-box following sulcal les

ions might indicate a decreased (fear) response with respect 

to the (increased) aversive aspects of this test. This inter

pretation, however, meets with some problems. It is difficult 

to explain why such decreased responses would be revealed on 

one single day of testing only. Aulich (1978) demonstrated a 

decreased light-aversion following manipulations intending to 
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decrease the subjects fear, from the second day onwards that 

lasted many days, whereas in the sulcal animals the degree of 

light-aversion (maximal amount of time in the dark) quite 

soon resembles that of the controls. Besides the differences 

in locomotor activity over days do not parallel the differ

ences in amount of time in the dark. If we consider more 

closely the changes over days in amount of time in the dark 

for the sulcal and control animals, it appears that the pat

terns are largely similar with one exception: for the sulcal 

subjects the major increase occurs one day later than for the 

controls. On the third day the latter hardly leave the dark 

compartment at all (as might be deduced from the low activi

ty-scores), whereas the same is the case in the sulcal group 

on day 4. Thus, it seems that a turning point in the pattern 

of behaviour has been postponed one day in the sulcal sub

jects. 

In agreement with various authors (Aulich, 1978; Walsh & 

Cummins, 1976; Suarez & Gallup, 1979) we suggest that the in

itial high activity of rats in a novel situation reflects an 

escape tendency. Welker (1959) and Aulich (1978) did find 

convincing indications for this tendency in the open field. 

Within and between sessions this active albeit ineffective 

escape behaviour more and more gives way for passive with

drawal responses, e.g. freezing and, if possible, hiding. In 

subjects with sulcal lesions we found more escape behaviour 

in the open field as well as in the intensely illuminated 

LD-box; also, in the latter test situation the behavioural 

turning point (towards continuous hiding) is postponed. Two 

explanations for these results might be suggested: 

a) If we consider the active escape behaviour as the primary 

response in this type of novel situations, it seems that 

the sulcal subjects persevere this response. In other 

words, sulcal animals maintain an unsuccessful behaviour 

pattern longer. In various situations it was demonstrated 

that sulcal lesions negatively affect the changing of once 

learned or spontaneous behaviours, when these behaviours 

are no longer relevant (Rolls, 1975). Neill (1976) ment 
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ions in this respect "a general ability to stop respond

ing in the face of non-reward". 

b) Aulich (1978) argued that hiding and freezing in aversive 

situations as those used, in which there is no opportunity 

for escape, are the result of an increasing fear that in

hibits active escape responses. The results for the sulcal 

subjects might then indicate that this process is retarded 

by the sulcal lesions; in other words, the subjects do be

come frightened less quickly. The lower defecation-scores 

in the open field support this argument. 

EXPERIMENT 3 

In the foregoing experiments the influence of small lesions 

in the PFC on behaviour in novel situations with mildly aver

sive aspects was investigated. The afore-mentioned hyperacti

vity following frontal damage (e.g. Campbell & Lynch, 1969) 

was found only and to a slight degree after lesions in the 

sulcal PFC and was in accordance with BrutXowski's (1965) 

hypothesis, highly dependent upon specific situational as

pects. Although novelty in itself does not seem to be a suf

ficient condition for the occurrence of hyperactivity, the 

hyperactivity found might be related to the totality of aver

sive characteristics of the test-situations employed. 

With a view to later experiments, the present experiment in

vestigates the influence of sulcal PFC-lesions on general 

activity in a semi-permanent living situation. It might be 

assumed, that this situation is entirely familiar for the 

animals and thus is without fear-inducing stimuli. If the 

hyperactivity found after PFC-lesions, must be considered, 

with Brutkowski, as hyperreactivity, then, in the absence of 

aversive or other arousal-inducing stimuli, no changes in 

activity will be found. 

Methods 

Subjects. 

The same 20 subjects that served in experiment 2, were em

ployed in this experiment. The experiment took place some 2-5 
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weeks after surgery. 10 subjects have had bilateral sulcal 

PFC-lesions and 10 subjects have been Sham-operated. Again a 

reversed day/night cycle was in effect, the dark period from 

08.00 a.m. - 20.00 hr. p.m. 

4.1.2 Apparatus. 

To determine the level of general activity two identical 

"VARIMEX animal activity monitors" (Columbus Instruments, 

U.S. patent no. 3.602.806) were used. Essentially, the 

apparatus consists of a box, above which magnetic fields are 

created. The cage with the animal is placed on this box; 

movements of the rat cause disturbances in the magnetic 

fields that are transferred in potential changes. These are 

integrated over time in a control unit connected with the 

box; when an independently set threshold is crossed, this is 

considered one count, thus, the sensitivity of the system is 

determined by the threshold, which can be chosen externally 

on the control unit. In the present experiment this threshold 

was taken such that various active behaviours, e.g. running, 

walking, grooming, eating, etc. all would lead to counts, 

though not all to the same degree. By means of a digital 

clock and a printer the number of threshold transgressions (= 

counts) was continuously registered per period of 6 minutes. 

4.1.3 Procedure. 

Six days before the start of the activity registration, the 

subjects were housed in special perspex boxes (30 χ 25 χ 35 

cm) with a fixed amount of sawdust on the floor and a stan

dard water bottle (these boxes were clearned on the fourth 

day). Between 10.00 a.m. and 14.00 hr. p.m. a pair of one 

control and one sulcal rat was placed in his own box on the 

Varimex boxes, where they remained for 2 χ 24 hours, and dur

ing which period their activity was registered. Both groups 

were matched for Varimex position. 

4.2 Results 

In order to give an impression of the qualitative aspects of 

the method of registration of activity employed, in figure 6 
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the pattern of activity of one subject (number of counts per 

6 minutes) over an entire day/night cycle is shown. Because 

the animals were placed on the Varimex on dissimilar points 

of time and in order to leave aside the influences of the 

shifts of the boxes upon activity, only one entire day/night 

cycle was analysed. 

160 -

Figure 6. The activity (number of counts/6 minutes) of one 
control subject during a period of 24 hours. 

For the comparison of the control group with the sulcal 

group, the activity per hour (of the already mentioned 24-

hour cycle) has been calculated and mean values are depicted 

in figure 7. On these hour-scores a uni-variate analysis of 

variance was performed with the two factors: lesion/no-lesion 

and Varimex position (left/right). This statistical analysis 

did not reveal any differences between control and lesioned 

group, neither per hour nor for the total amount of activity 

in the light period (mean number of counts was 1327 and 1397 

for group CO and SU respectively) or in the dark period 

(means were 4750 and 4641 respectively). Varimex position did 

not have any influence either and both factors were not cor

related. 

Finally, activity changes immediately following the transit

ion from light to dark and vice versa were analysed more 

closely by means of a multi-variate trend analysis over 10 

periods of 6 minutes during the first hour following that 
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dark-period light-period 

Figure 7. Mean number of counts per hour for the control 
group (in white) and the sulcal group (in black) 
during one 24-hour cycle. 

transition (Finn, 1977). During the first hour of the dark 

period a linear trend was found (F = 7.8; p<.02); activity 

gradually increases. Following the change to light activity 

sharply decreases, as apparent in a strong negative trend (F 

= 39.1; p<.01); this decrease is largest in the first part of 

the hour, as can be deduced from the significant quadratic 

trend (F = 7.2; p<.03). No differences between controls and 

sulcal animals were found. Thus, both groups responded the 

same to the transitions from light to dark and vice versa. 

4.3 Discussion 

In accordance with Brutkowski's (1965) hypothesis, after sul

cal PFC-lesions no changes in general activity were found in 

a semi-permanent (i.e. familiar) living situation. Kolb 

(1974a) also did not find changes in the duration of active 

behaviour in the home cage following medial and sulcal PFC 

lesions; however, he did find an increase in the duration of 

eating behaviour after sulcal lesions, at the cost of loco

motor activity. Although we also found impairments in the 

eating of food pellets (see chapter 4). The method employed 

here does not distinguish between the various behaviours; 

besides, in Kolb's study, no sign of hyperactivity in the 

safe home cage was found either. 
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The results of the present series of experiments suggest that 

lesions in the sulcal but not in the medial PFC might induce 

a heightened activity. The occurrence of this hyperactivity 

seems to be related with degree of familiarity with the test 

situation, and perhaps particularly with the totality of 

aversive aspects of the situation. 

Besides, we may conclude that the effects of the lesions made 

by means of radiofrequent current, closely resemble those of 

differently made and often much larger PFC-lesions (Brennan, 

1979; Kolb, 1974b). These results indicate that our lesions 

were effective. 

Finally, a dissociation was found between the effects of the 

medial and those of the sulcal lesions; this confirms the 

functional and anatomical distinction between both PFC-areas 

in rats that have been demonstrated elsewhere (Kolb et al, 

1974; Leonard, 1969). 
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CHAPTER 4 

PREFRONTAL LESIONS AND OPERANT BEHAVIOUR FOR APPETITIVE AND 

AVERSIVE HYPOTHALAMIC STIMULATION 

1 INTRODUCTION 

Thirty years ago it was accidentally discovered that direct 

electrical stimulation of certain parts of the brain had appe

titive or aversive reinforcing characteristics (Olds & Milner, 

1954; Delgado et al, 1954). Subsequently, the rewarding and 

punishing effects of this intracranial stimulation (ICS) were 

convincingly demonstrated in various operant learning situat

ions. Finally, many similarities between reinforcing effects of 

ICS on the one hand and more natural incentive stimuli on the 

other hand were noted (Olds, 1977; Olds & Fobes, 1981). The 

results strengthened the assumption that those phenomena "may 

contain the key to understanding the physiological basis of 

motivation and reinforcement" (Valenstein, 1973). The dominat

ing hypothesis appears to be that ICS "involves the direct sti

mulation of the brain's endogeneous substrates of reinforce

ment" (Clavier & Routtenberg, 1980). Although the regions in 

which ICS has aversive or appetitive characteristics, extends 

from brainstem to telencephalon (Olds & Fobes, 1981), the hypo

thalamus appears to take a crucial place, perhaps mainly due to 

the fact that various ascending and descending pathways pass 

through this region (Olds, 1977; German & Bowden, 1974; 

Routtenberg & Santos-Anderson, 1977). Olds & Olds (1963) found 

that stimulation in the lateral hypothalamus (LH) was sought by 

rats; therefore, it might be considered to be mainly appetitive 

in nature. In contrast, stimulation in the medial hypothalamus 

(MH) was often quickly terminated and was hardly sought; thus, 

it might be thought of as mainly aversive in nature (see also 

Atrens, 1973; Schmitt et al, 1977). 

Exploring the role of the neocortex in appetitive and aversive 

brain stimulation, Bures et al (1961) found that "cortical 

spreading depression" (CSD, a temporal suppression of all 

electrical activity of the neocortex) was accompanied with the 

complete disappearance of lever-pressing behaviour reinforced 
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by LH-stimulation, whereas avoidance - though not escape - from 

eversive stimulation in the dorsomedial tegmentum was abolished 

also. More recently. Van der Staak (1975;1976) found a decrease 

of operant behaviour for LH-stimulation during CSD and no 

changes in the behaviour with respect to MH-stimulation. Dif

ferences in the response measures used, leverpressing vesus 

locomotion, are probably largely responsible for the differing 

results. Huston & Bures (1973) found that CSD totally blocked 

LHstimulation-induced consununatory behaviour, eating and drink

ing, and Buree et al (1961) noted that neural activity in the 

LH was greatly reduced during CSD. On account of these results 

it was assumed that the neocortex exerted an excitatory influ

ence on the hypothalamic structures involved in appetitive re

gulatory mechanisms (Rüdiger & Fifkova, 1963; Van der Staak, 

1975); the neocortical role in eversive mechanisms remained un

clear. 

After Routtenberg (1971) discovered that stimulation of certain 

anterior parts of the neocortex had rewarding effects, it was 

demonstrated that only stimulation of the ventromedial and sul-

cal regions of the prefrontal cortex (PFC) had these effects 

(Routtenberg & Sloan, 1972; Rolls & Cooper, 1974a; Koolhaas, et 

al, 1977; Roberts et al, 1982). Moreover, Rolls & Cooper (1973) 

found that "single units" in both areas were directly activated 

during weak electrical stimulation of diencephalic and mesence

phalic self-stimulation areas. These results gave rise to the 

hypothesis that it is the prefrontal cortex which is the cruc

ial area with respect to the cortical involvement in appetitive 

mechanisms (Rolls & Cooper, 1973; Van der Staak, 1975; 

Routtenberg & Santos-Anderson, 1977). 

Although neuroanatomical and neurophysiological research re

vealed complex relationships between both PFC regions and the 

hypothalamus (Leonard, 1969; Ohta & Oomura, 1979; Kita & 

Oomura, 1981) experiments on self-stimulation pointed almost 

exclusively to a functional relationship between the sulcal PFC 

and lateral hypothalamus. Various experimental manipulation 

(food-deprivation, d-amphetamine) had similar effects on self-

stimulation in the LH and sulcal PFC, whereas they did not 
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affect self-stimulation in the medial PFC (Carey et al, 1975; 

Goodall & Carey, 1975; Roberts et al, 1981). Moreover, Rolls & 

Cooper (1974a) found that bilateral procaine injections in the 

sulcal PFC temporarily blocked self-stimulation in the LH and 

pontine tegmentum, whereas injections in the medial PFC did not 

have this effect. However, Clavier & Corcoran (1976) found no 

evidence for changes in pontine tegmental self-stimulation 

after bilateral electrolytic lesions in the sulcal PFC, even 

though self-stimulation in the substantia nigra, a region which 

receives extensive projections from the sulcal PFC, was greatly 

reduced. While the evidence for a relationship between the me

dial PFC and the LH is largely negative (see also Corbett et 

al, 1980), Berdaskhevisch & Shik (1971) demonstrated a tempora

ry decrease in LH-self-stimulation after extensive lesions in 

the dorsomedial PFC. Response measures used were lever-pressing 

and running wheel behaviour; the effect of the medial lesions 

was much less pronounced in the latter response. Because of 

these results and many others the validity of bar-pressing be

haviour as a measure for the reinforcing quality of ICS has 

been questioned (Valenstein, 1964; Van der Staak, 1975). 

The present experiment was designed to explore the postulated 

interaction between the PFC and hypothalamic structures invol

ved in reinforcement processes. Within this frame, based on the 

aforementioned data, we wanted to discriminate between the pos

sible involvement of the medial and sulcal prefrontal areas. 

Therefore, the influence of radio-frequency lesions in either 

the medial or the sulcal PFC on operant behaviour with respect 

to appetitive LH-stimulation and eversive MH-stimulation has 

been investigated. It should be mentioned that evidence con

cerning a relationship between PFC and eversive intracranial 

stimulation does not exist; the already mentioned studies em

ploying CSD (Bures et al, 1961; Van der Staak, 1975) did not 

find specific effects with respect to this point either. 

To enable the comparison between the effects of pre-frontal 

lesions and those induced by cortical spreading depression, a 

test-situation was used, which has been developed in our labor

atory to investigate the influence of CSD (Van der Staak, 

1975). 
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This procedure - an ON-OFF test - utilizes a locomotor response 

as a measure for the reinforcing quality of stimulation; this 

response is considered better suited than the commonly used 

bar-press response. Besides, in the two successive conditions, 

two opposite responses are required, crossing or not-crossing, 

to achieve the same result. This procedure offers various 

opportunities to distinguish non-specific behaviour changes; 

but it should also be considered rather complex and may result 

in unwanted complications. 

Because of the explorative nature of this study, the extend of 

the prefrontal lesions was varied systematically. 

METHODS 

Subjects 

24 male albino Wu rats (SPF63 Cp6; Loosli, 1975) completed the 

experiment. Some animals had to be discarded because of inef

fective stimulation electrodes; the results of a few others 

were left aside because of problematic or ambivalent behaviour 

during tests (see also 3.1 and 3.4). All subjects were housed 

individually and received food and water ad lib. The dark per

iod lasted from 8.00 a.m. - 20.00 p.m. Bodyweight varied from 

280 - 320 grams at the time of surgery. 

Surgery 

Subjects were twice operated upon. Stimulation electrodes were 

inplanted under Hypnorm anaesthesia (10 mg fluanizone, 0.2 mg 

phentanylcitraat/ml; 0.08 ml/100 gram, i.m.) supplemented with 

a dose of Nembutal (60 mg/ml; 0.03 ml/100 gram, i.p.). The 

stainless steel bipolar electrodes (Plastic Products Company, 

MS 303, SS, 008") were insulated except for the cross-section 

of the tips. 

They were aimed at either the medial or the lateral hypothala

mus of the right hemisphere; coordinates used were 5.4 mm ante

rior, respectively 0.7 mm and 1.6 mm lateral, and 8.5 mm below 

dura (Pellegrino & Cushman, 1967). 

At the time of the second operation, the subjects body weight 
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varied from 330 - 420 grams. Lesions were placed under Nembutal 

anaesthesia (20 mg/ml; 0.225 ml/100 gram, i.p.). Lesions were 

made using a Radionics Radiofrequency Lesion Generator (RFG-4). 

The active electrode (0 0.7 rem) was insulated with exception of 

the tip (1.5 χ 0.7 mm); the indifferent electrode was placed 

rectally. 

In the medial PFC two lesions were placed one above the other, 

either unilaterally or bilaterally; the electrode was inserted 

vertically, guided by the following coordinates: 10.3 mm ante

rior, 0.7 - 0.8 mm lateral and 5.5 mm and 3.9 mm respectively 

below the skull. Current strength was increased until a tissue 

temperature of 51 , 52 or 53 С was reached, and this strength 

was maintained during 60 seconds. 

In the eulcal PFC either large or small bilateral lesions were 

placed. For the large lesions the electrode was inserted at an 

angle of 12 in reference to the medial plane; coordinates were 

10.3 mm anterior, 4.0 mm lateral and 5.4 mm below skull; a tis

sue temperature of 56 , 57 or 58 С was maintained during 60 

seconds. For the small lesions the angle of insertion was 16 , 

and coordinates were 10.5 mm anterior, 3.8 mm lateral and 5.7 

mm below skull; a tissue temperature of 50 or 51 С was main

tained for 60 seconds. 

2.3 Apparatus and characteristics of electrical stimulation 

Subjects were tested in a plexiglas shuttlebox (40x25x40 cm). 

The floor consisted of two pertinax platforms supported on four 

micro-switches each; they were separated in the middle of the 

box by a pertinax barrier with a height of 2.5 cm. The weight 

of a rat was sufficient to depress the switches on either plat

form. If a subject completely crossed the barrier the circuit 

of intracranial electrical stimulation was either closed or 

interrupted. The electrical stimulation was generated by a 

Grass 848 stimulator which was connected in series with a sti

mulus isolation unit (Grass SIU5) and a constant current unit 

(Grass CCV 1U). The subject received the stimulation via a swi

vel device (one meter above the box) and a spring-loaded wire, 

which allowed for the subject's free movement. Stimulation 

consisted of trains of quasi-biphasic pulses with a 0.2 msec. 
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pulse duration and a frequency of 100 pulses/sec; train dur

ation was 300 msec, and train frequency was 1 train/sec. 

Effective current strength was adjusted for each individual and 

varied from 40-200 uA. Intensity and stability of the stimulat

ion were continuously checked on an oscilloscope. The present

ation of stimulation was scheduled by a preprogrammed micro

processor. Subjects were tested during the dark period in a 

room which was illuminated by a dim red light. 

2.4 Procedure 

The rate-independent method of Valenstein & Meyers (1963) was 

used to determine the effectivity of the stimulation electrode. 

At least one week after the electrode implantation all rats 

were tested in the shuttle box during 10 minutes for 4-5 days. 

Intracranial stimulation was obtained for 60 seconds in the 

left compartment and in the right compartment alternately. ICS-

presentation depended on suppression of the micro-switches 

which supported the platform concerned. During these screening 

tests current strength was varied systematically; it was consi

dered effective if a subject displayed clear appetitive or 

eversive reactions. Barrier-crossing behaviour as well as dur

ation of ICS received were registered by the experimenter. 

Stimulation was considered either appetitive or eversive, if a 

subject received more than 420 seconds (>70%) stimulation or 

less than 180 seconds (<30%) stimulation respectively during 

the 10-minutes test. The stimulation was called ambivalent if a 

rat clearly responded to the stimulation (activation, search

ing, etc.), crossed the barrier regularly and reached a stim

ulation percentage between 30 and 70%. 

Thus classified, each subject was again tested in the shuttle 

box under two different conditions. In one condition, the ON-

test, crossing the barrier resulted always in 6-sec. stimulat

ion; in the second condition, the OFF-test, the same barrier-

crossing response resulted in a 6-eec. interruption of other

wise continuous ICS. Whenever a response was made within the 

6-seconds interval, the timer was reset. 

Barrier-crossings were recorded in relation to presen.ce or 

http://presen.ce
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absence of stimulation. In the case of appetitive stimulation 

subjects were given at least 4 ten-minutes ON-tests, one per 

day, followed by again at least 4 ten-minutes OFF-tests. For 

subjects with eversive stimulation this sequence was reversed. 

Subjects with ambivalent stimulation received arbitrarily one 

or the other sequence. There upon, both conditions were combi

ned in one test-session, with a 5-minutes duration each. For 

each subject the sequence of ON and OFF conditions was the same 

as in the previous training. Pre-operative training continued 

until on four successive sessions the number of ON-responses as 

well as OFF-responses (i.e. barrier-crossings) deviated no more 

than 15% from the mean of these sessions. The day after reach

ing this criterion lesions were placed. Depending on the physi

cal condition of the animals, re-testing in the same ON-OFF 

test started on the third to fifth day after surgery; it was 

continued for at least two weeks or at most three weeks, four 

sessions a week. During the 4th week after surgery current-

strength was varied in a few successive sessions for those sub

jects which had shown substantial behavioural changes. 

2.5 Histology 

A few days after completing all tests, the animals were given a 

lethal dose of Nembutal (60 mg/ml; 0,25 ml/100 gr, i.p.); they 

were perfused intracardially with 0.9% isotonic saline and 4% 

formalin. The brains were removed, soaked in a 4% formalin sol

ution for three weeks, and embedded in Albumin jelly (Vogels-

Mentinck, 1973). The tissue was frozen and by means of the 

variable inclined plane (Herberg & Franklin, 1973) it was 

sliced in 25 um sections parallel to the frontal plane of the 

stereotactic atlas of Pellegrino & Cushman (1967). At the level 

of the anterior cortex every eighth section was stained with 

cresyl-violet; at the level of the stimulation electrode in the 

hypothalamus the same was done with every fourth slice. Lesions 

were mapped onto 5 diagrams of the Pellegrino & Cushman stereo

tactic atlas (levels: anterior 11,6; 11,0; 10.4; 9.8 and 9.2mm) 

and the extent of brain damage was estimated. 
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3 RESULTS 

3.1 Introduction 

The 24 rats which completed the experiment, did meet three cri

teria: first ICS produced clear and stable appetitive or ever

sive behaviour in the combined ON-OFF test; secondly, localiz

ation and size of the lesions and localization of the stimulat

ion-electrode could be reliably determined through histological 

investigation; and finally, localization and size of the les

ions in the PFC were satisfactory. 

The first criterion needs to be clarified. Initially, rats were 

classed according to their behaviour in the rate-independent 

test. In the course of the subsequent training in the ON-OFF 

test stimulation became less effective in some animals, or ap

peared to have been judged incorrectly in others. Therefore, 

subjects were classified once more on the basis of their behav

iour in the ON-OFF test. Behaviour was considered appetitive if 

the subject received comparatively much stimulation, through 

making many barrier-crossing responses in the ON-test and few 

responses in the OFF-test (criterion: ON >2 χ OFF). Behaviour 

was classified as eversive if a limited amount of stimulation 

was received due to making few ON-responses and many OFF-res-

ponses (criterion: OFF >? χ ON). Finally, behaviour was called 

ambivalent if the subject made many ON-responses as well as 

many OFF-responses (criterion: ON and OFF >10 each) . At the 

start of training on the ON-OFF test a considerable number of 

subjects showed this ambivalence (18%). As training progressed, 

it became clear that these subjects' response frequencies were 

unstable and could only be maintained by repeatedly increasing 

the current-strength. Therefore, the results of the subjects 

that showed ambivalent behaviour, will not be considered in the 

following account. 

Of the remaining 24 subjects, 14 subjects showed appetitive be

haviour and 10 subjects showed eversive behaviour; of the for

mer group, 8 subjects received sulcal lesions and 6 subjects 

received medial lesions; of the latter group, sulcal and medial 

lesions were placed in 5 subjects each. 
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Histological results 

Electrode placements are depicted in figure 1. All electrodes 

which delivered aversive stimulation were located in the medial 

hypothalamus. All but one (rat 182) electrode tips which produ

ced appetitive stimulation, were situated in the lateral hypo

thalamus; criterion used here was position relative to fornix. 

Figure 1.Sections from Pellegrino and Cushman (1967) showing 
electrode tip locations where stimulation had appetit
ive (circles) or aversive (triangles) effects. 

For each subject the extent of the damage in left and right he

misphere was calculated by means of a grid with 0.1 χ 0.1 mm 

squares; this was done at the five standard levels of the an

terior cortex. From this the total extent of the lesions was 

deduced according to the already discussed estimation method 

(Chapter 3). Estimated size and representative diagrams of the 

lesions will be presented in the next sections. 

Influence of PFC-lesions on body-weight 

Lesions in the sulcal PFC resulted in a greater loss of body-

weight than did lesions in the medial PFC; from the second till 

the ninth day these differences were significant (p <.05; Stu

dent's t-test). Only for subjects with sulcal lesions food-

pellets were found in the homecage which were gnawed at in an 
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unusual way (Kolb,1974a): comparatively large pellets were 

scraped at lengthwise and one-sidedly. It was also observed 

that these subjects did not eat in the normal sitting posture 

picking up and then holding the pellets with their forepaws; 

instead, they ate their pellets while holding them down on the 

cagefloor. 

For both types of lesions no correlation was found between 

total size of the lesion and loss of body-weight, neither per 

day, nor averaged over 11 days (in all cases Spearman's r <.20) 

Figure 2. Mean body-weight 
after lesions in the medial 
(ME) or sulcal (SU) PFC, 
expressed as a percentage of 
the weight on the last day 
prior to surgery. 
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Data concerning training and behaviour in the ON-OFF test 

In order to offer some insight in the characteristics of the 

ON-OFF test- situation representative data concerning training 

and behaviour are presented below. 

Aversive stimulation. 

In the rate-independent test it was determined at which cur

rent strength ICS was aversive. Subsequently, all subjects were 

trained in the OFF-test for at least four days, 10 minutes each 

day. A critical difference between screening-procedure and OFF-

test is that in the latter an escape response resulted in an 

interruption of stimulation for only 6 seconds, whereas in the 

former procedure the same response yielded interruptions up to 
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maximally 60 seconds. In some animals the shortness of this 

stimulation-free period created an accumulation of excitement, 

sometimes accompanied with jumping, intense vocalizations, 

etc.; in these subjects the stimulation-free period was leng

thened to 10 seconds and gradually reduced again to 6 seconds 

during the course of training. However, this did not work out 

well for all subjects. From the first training session in the 

OFF-test onwards most animals showed subject-specific stereo

typed bahaviour, during which escape frequencies - varying from 

13-36 responses/5 min between-subjects - remained stable. 

It may be decided from the response frequences, that escape-la

tencies varied between 2.3 and 17 (I) seconds. Attempts were 

made to decrease this large between-subjects variation by vary

ing current-strength in order to reduce escape-latencies to 4-6 

seconds. In the case of eversive behaviour induced by MH-stim-

ulation, however, this could not be optimally realized. 
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Figure 3.A representative example of barrier-crossing behaviour 
with respect to eversive stimulation in the OFF, ON 
and combined OFF-ON test conditions during the pre
operative training-sessions (responses per 5 min. per
iod). In the ON condition, responses are distinguished 
according to absence (white) or presence (dotted) of 
stimulation. 

The OFF-test.comparable with a Sidman avoidance-procedure with 

a very short S-S interval, offers the opportunity to avoid 
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Stimulation completely by crossing the barrier each time within 

6 seconds. However, none of our subjects did show this active 

avoidance behaviour, they only made escape-responses. 

In the ON-test at the beginning the animals made only inciden

tal crossing-responses during the absence of stimulation. How

ever, when they did, this often resulted in response-bursts by 

which stimulation was prolonged. More than once the experimen

ter had to interrupt this vicious circle of stimulation. After 

2-3 sessions most subjects learned to inhibit the repetitive 

crossing-responses after the first crossing, but often they 

could not refrain from jumping twice (see figure 3). Some sub

jects had to be discarded while they were not able to unlearn 

this inadequate behaviour (probably caused by over-excitation). 

During the next stage of training, the combined ON-OFF-test, no 

specific problems arose. However, at the start of the ON-con-

dition some subjects kept crossing to and from and this behav

iour remained throughout the training. 

3.4.2 Appetitive stimulation. 

Subjects that in the rate-independent test had shown clear 

stimulation-seeking behaviour (through barrier-crossings), did 

R316 

i -

fh 

г 
_ 

[Ъп 
ι ι. libЬь .L. L 

_ _ 

1 ι 
1 2 3 4 1 2 3 4 5 6 I 2 3 4 

«= 
E 

m 
-•ч 
С/Э 

CO 

i - ^ 
Q -
€ Л 

as 

30 

20 

10 

on off on/off 

Figure 4.An example of barrier-crossing behaviour with respect 
to appetitive stimulation in the ON, OFF and combined 
ON-0FF test conditions during the pre-operative train
ing-sessions (responses per 5 min.period). In the ON-
test diagram responses are distinguished according to 
presence (black) or absence (dotted) of stimulation. 
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immediately the same in the ON-condition. Frequency of barrier-

crossing responses increased slightly over sessions (see figure 

4), and varied between subjects from 14-46 responses/5 minutes. 

It can be deduced from this that some subjects received stimul

ation almost continuously during the 5-minutes period, whereas 

others received considerably less. 

During the OFF-conditions most appetitive subjects had pro

blems; termination of stimulation due to incidental barrier-

crossing, resulted in repeated jumps across the barrier, which 

postponed stimulation even more. These bursts of responses 

slowly extinguished; finally, all animals succeeded in inhibit

ing these inadequate response patterns. 

The continuous stimulation in the OFF-condition caused various 

types of behaviour patterns: 

- subjects got more and more active, thus crossings became 

more and more likely; 

- other subjects sat for a long time very quietly as in a 

trance; 

- subjects showed only slight activity accompanied with chew

ing movements. 

Particularly subjects which were very active, had difficulties 

to suppress crossing-responses in the OFF-test. Initially 

transition to the combined ON-OFF-test reduced response fre

quency in the ON-condition; this, however, recovered after a 

few sessions to the level of the earlier training sessions. In 

the OFF-condition incidental burst of crossings still occurred. 

We may conclude that during training subjects particularly 

learned not to jump back immediately after inadequate respon

ses. This applies to aversive subjects in the ON-condition as 

well as to appetitive animals in the OFF-condition. 

Influence of PFC-lesions on behaviour in the ON-OFF-test. 

The effects of the prefrontal lesions were determined by com

paring the number of barrier-crossing responses made during the 

last four sessions before surgery, with the number of responses 
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made during the first and second week after surgery. Responses 

were differentiated according to being made in the absence or 

presence of stimulation in both test-conditions. Results were 

tested per subject by means of the two-tailed Mann Whitney-U-

test; the four sessions prior to and the two times four ses

sions post-surgery were considered independent samples each. 

Although emphasis is laid on individual testing, all variables 

are also tested per group: median scores of the pre-surgery 

week were compared with each of the two post-lesion weeks by 

means of the Wilcoxon matched-pairs, signed-ranks test. The 

results of the group comparisons will only be reported when 

significant. 

Sulcal PFC-lesions and eversive ICS; n=5 (table 1, figure 5) . 

Two subjects with only slight sulcal lesions (no. 180 and 241) 

did not show any changes in their response pattern towards MH-

stimulation after surgery. Two other subjects (301 and 303) 

with more extensive damage showed a rather complex pattern of 

behaviour changes (figure 6a). An initially impaired responding 

(in the ON-test as well as the OFF-test) in the first and 

second test post-surgery, was followed by a gradual and in the 

second week significant increase in the number of OFF-responses 

(+ 20%), whereas the number of ON-responses initially showed a 

sharp increase (from day 4-7) and then gradually declined . 

This remarkable increase in the number of ON-response was ex

clusively accounted for by responses during stimulation:i.e. 

after an accidental crossing, subjects kept jumping the barrier 

to- and for as mentioned previously. This behaviour pattern was 

also shown by all subjects during the initial phases of train

ing. It seems, therefore, that it might be the result of a 

disinhibition of maladaptive behaviour patterns, which dis

appear after repeated testing. 

1) Group results given in tables 1 to 4 are from the first two 

weeks after surgery only. Individual results, as given in 

the diagrams may cover a longer period, depending on the de

gree of recovery after the first eight sessions. 
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The one rat with the largest sulcal lesions (369) showed a sig

nificant decrease in OFF-responses as well as ON-rеароп е ; 

this effect persisted into the third week after surgery (figure 

6b), the pre-operative response frequency could only be re-es

tablished by redoubling current-strength. 

Figure 6 AB. Frequency of 
barrier-crossing in the OFF 
and the ON conditions during 
stimulation (S) or in the 
absence of stimulation (ns) 
for two sulcal rats. 
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The very few responses made on the first days after surgery 

might indicate a weak physical condition in this subject; how

ever, observations made in the home-cage did not support this 

suggestion, therefore, the results of this subject suggest a 

reduced sensitivity for aversive stimulation. However, consi

dering the facts that this subject's brain damage extended far 

beyond the sulcal PFC, and that with more limited lesions (303) 

no indication was found for a reduced sensitivity, the behavi

oural changes demonstrated in this subject cannot be attributed 

to the sulcal PFC. 

In summary: small lesions in the PFC do not have any effect in 

escape behaviour with respect to aversive MH-stimulation; lar

ger lesions produce contradictory results (cf. 303 and 369), 

some of which may be related to the requirements of the tests: 

inhibition of (inadequate) responses during the ON-test. 
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Figure S.Representation of lesions in the sulcal PFC of a l l 
described subjects on standard diagrams at 5 frontal 
l e v e l s (Pellegrino & Cushman, 1967) and the estimated 
total s i ze of the individual brain damage. 

Mean frequency of barrier-crossing in the ON and OfF parts of the test made in the 
presence (s) or absence Ins) of stimulation for the subjects with sulcal PPC-lesions 
and averslve stimulation (means of 4 pre- and 2 x 4 post-operative tests, respectively). 

Subject 

ieo 

241 

301 

303 

369 

Current 
strength 
luA) 

200 

40 

180 

100 

100 

Before operation 

ONS ONns OFFs 

0,0 4,β Π , β 

1,0 6,S 26,3 

1,8 6.3 22,5 

5,8 4,3 28,8 

0.8 6.8 24,5 

OFFns 

0,0 

0,0 

0,0 

0.0 

0.5 

1st 

ONe 

0,0 

2,0 

3.5 

5.8 

0,0 

week aft 

ONns 

2,5 

7,3 

7.5 

3,3 

1.0« 

er operation 

OFFs OFFns 

18.5 0,0 

27,0 0,0 

17,8 0,5 

24,8« 0,0 

6,5« O.O 

2nd 

ONs 

0,0 

1.5 

35.0« 

21,8« 

0,0 

week after operation 

ONns OFFs OFFns 

4,0 П Л 0,0 

7,5 24,0 0,0 

4,5 27,8· 0,3 

5,8 33,8« 0,0 

2,5·. 9,5· 0,0 

Table 2. Similar to table 1, though for subjects with medial lesions and appetitive stimulation. 

182 

183 

187 

220 

234 

238 

316 

317 

90 

60 

60 

80 

80 

100 

40 

50 

0,0 

0,0 

0,0 

10,5 

0,0 

0,0 

0,5 

1.3 

28,3 

33,8 

32,0 

36.0 

33,0 

26,0 

29,5 

33.0 

13.0 

13,0 

4.3 

11,8 

1,3 

5.7 

5.8 

8.8 

1.0 

3,0 

2,3 

2,5 

1,8 

2,0 

0,3 

1,3 

0,0 

6,5« 

0,0 

¡15,3 

I o ' 8 
0,0 

5.3« 

7.5· 

28,3 

18,0· 

29,0 

28,3 

19.5« 

27,5 

27,5 

24,3 

15,5 

18,5 

4.0 

14,5 

0,8 

4.0 

9,8« 

10.3 

1,0 

0,5 

1,3 

3,5 

1.8 

2.0 

1.8 

1.8 

0.0 

2,5 

0,0 

19,5 

0,0 

2.0 

4.5· 

10,e· 

30,5 

24,5 

33,0 

27,0 

29,5 

25.0 

31.5 

29,5 

10.5 

12,5 

3,5 

13,0 

0,0 

3.3 

7.5 

10.3 

0.5 

1.5 

2,5 

2,5 

0,0 

1,7 

0,0 

2,3 

Ρ ^,05; HHU-test (two-eided). 
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2 Sulcal PFC-lesions and appetitive ICS; n=8 (table 2, figure 5). 

Two subjects with small bilateral lesions (1Θ3 and 234) made 

significantly fewer ON-responses in the first week after surge

ry, but recovered their original response level in the course 

of the second week. In contrast, four other rate with comparat

ively small lesions, some of which were almost identical to the 

first mentioned subjects (cf. 234 and 238) did not show any 

changes in ON-responses and OFF-responses. 

The two individuals with the largest lesions (316 and 317) did 

make signicantly more ON-responses during stimulation (ONs in 

figure 7). Although the number of OFF-respondes did not change 

signicantly, both subjects showed temporarily increased cros

sing-behaviour during stimulation in the OFF-test. In connect

ion with these results in the OFF-test we must conclude 

» *• »OFFns 
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Figure 7. Barrier-crossings 
in the ON and OFF conditions 
made during stimulation (s) 
and in the absence of stimul
ations (ns) by subject 317. 

that the ONs-responses are probably not made to prolong stimul

ation, and therefore cannot be considered to represent an in

crease in frequency of operant behaviour. It might be that 

these animals merely become more active during stimulation, 

which increases chances for crossing. In summaryt sulcal pre

frontal lesions seem not to have any effect on frequency of 

operant responding for appetitive LH-stimulation. 

3 Medial PFC-lesions and aversive ICS, n=5 (table 3, figure 9). 

Of the two rats with small bilateral rostral lesions, one (173) 

demonstrated a significant increase in the number of OFF-res

ponses in the absence of stimulation, but not in the number of 

escape-responses. Subject 298 made significantly more OFF-res-
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ponses during stimulation in the first week after surgery only 

and more ON-responses during stimulation over the total test 

period. The same effect, though stronger, was found in the sub

ject with extensive unilateral rostral damage (304). Thus, both 

subjects demonstrated an increase in aversive behaviour, accom

panied with frequent responses during stimulation in the ON-

test, which was already noted during training (indicative for 

disinhibition). 

Figure 8. Barrier-crossings 
of subject 366 during stimul
ation in the OFF condition 
(•) and in the absence of 
stimulation in the ON condi
tion (·). 
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One subject with large bilateral lesions in the caudal part of 

the medial PFC (367) did not show any significant behavioural 

changes. Subject 366, on the contrary, having comparable les-

m 

n.· 

Ж4 GOGÒ 

u 

К 379 300 
0.01 МИ3 

Œ)(D 

ш m ж 

Φ Φ ® 

GOGO GD Œ)Œ) 
00 

GO GD 
709 1465 1026 1291 646 645 999 1006 965 

Figure 9.Representation of lesions in the medial PFC of all 
described subjects on standard diagrams at 5 frontal 
levels (Pellegrino & Cushman, 1967) and the estimated 
total size of the individual brain damage. 
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ions, made significantly less OFF-responses during stimulation; 

redoubling current-strength did not succeed in recovering the 

pre-operative level of responding (figure 8). 

In summaryt the results of this group are rather heterogenous. 

We have the impression that rostral lesions might cause escape 

behaviour to increase, whereas caudal lesions in the medial PFC 

seem to result in the opposite. 

Table 3. Mean frequency of barrier-crossing in the ON and OFF parts of the test made in the 
presence (s) or absence (ns) of stimulation for the subjects with medical PFC-lesions 
and eversive stimulation (meana of 4 pre- and 2 ι 4 post-operative tests, respectively). 

Subject 

173 

29β 

304 

366 

367 

Current 

strength 

(uA) 

105 

120 

Θ0 

200 

40 

Bef 

ONs 

0,0 

1,8 

1,3 

0,0 

0.3 

ore ope 

ONns 

5,3 

2,8 

12,5 

2,5 

1.5 

ration 

OFFs 

20,0 

26,8 

30,8 

24,0 

20.8 

OFFns 

0.5 

1,0 

0,0 

0,0 

0.0 

Ist 

ONs 

0,5 

6,5· 

7.3* 

0,0 

1.8 

week aft 

ONns 

5,8 

2,0 

6,0' 

2,5 

3.0 

er operation 

OFFs 

23,0 

30,5* 

31,8 

11,0· 

21.3 

OFFns 

4.8· 

0,8 

1.3· 

0,0 

0.0 

2nd 

ONS 

1,3 

7,8· 

5,5· 

0,0 

2.8 

week aft 

ONns 

7.3 

5.0 

8,5· 

2,0 

2,5 

er operation 

OFFs 

22,3 

26,5 

33.Θ* 

11,5· 

22,0 

OFFns 

5,0« 

0,0 

0,5 

0,0 

0,0 

Table 4. Similar to table 3,though for aubjecte with nedial lesiona and appetitive stimulation. 

153 

156 

300 

322 

326 

342 

70 

75 

90 

40 

50 

40 

4.3 

0,0 

2,0 

15,0 

5.3 

22,8 

31,8 

31.5 

35,3 

27,0 

29,8 

29,5 

4,0 

6.3 

5.5 

2.5 

3.8 

10,8 

1,8 

2,0 

1,5 

1,5 

0.3 

3,0 

0,0· 

0,0 

1,0 

14,9 

o,a· 

10,0» 

14,3· 

22,8 

22,8· 

20,0· 

13,8· 

29,5 

7,0 

9.5 

9,5 

8,5 

6,0 

7,8* 

0,5 

1.0 

0.8 

6,8· 

0,3 

0,3 

0.0· 

0,0 

2,7 

11.8 

0,5· 

5,8· 

12,3· 

32,8 

26,3* 

25,8 

20,8* 

32,0 

5,3 

4.3 

2,5 

5,8 

2,8 

9,8 

0.0· 

0,3· 

2,5 

4,8 

1.3 

1,0 

* -, Ρ ¿,05; HHU-test (two-sided). 

3.5.4 Medial PFC-lesions and appetitive ICS; n»6 (table 4, figure 9). 

Contrary to the groups considered before, the results of the 

present group are more homogeneous. Following surgery the en

tire group made significantly less ON-responses in the absence 

of stimulation (p<.05; Wilcoxon, 2-tailed), whereas the fre

quency of OFF-responses during stimulation increased slightly 

during the first week after surgery alone. 

Analyses per subject revealed that for two subjects (156 and 

322) this decrease in ON-responses or was not statistically 

significant; for the other four subjects this decrease reached 
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significance in both weeks after surgery (see figure 10). The 

previously mentioned increase in OFF-responses did reach signi

ficance for none of the subjects. 

4 3 2 1 

PRELESION 

2 3 4 5 6 

POSTLESIOH 

Figure 10.Frequency of barrier-crossings in the ON and OFF 
conditions, made in the presence (s) or absence (ns) 
of stimulation. Results are given for one representa
tive rat (R 300) with medial PFC-lesions. 

The decrease in ON-responses can not unambiguously be connected 

with localization of the brain damage (unilateral versus bila

teral; rostral versus caudal) nor with the total extension of 

the lesion. There was, however, a highly significant correlat

ion between size of damage in the right hemisphere (that is, 

ipsilateral to the stimulation-electrode) and percentage of ON-

response lost (r
e
 - 0.89; ρ < .05). Subjects that showed a sig

nificant decrease, did recover slightly, but not completely, 

during the third week after surgery. 

In summary: lesions in the medial PFC produce a decrease in 

operant behaviour for LH-stimulation, which is proportional to 

the extend of the lesion ipsilateral to the stimulation elec

trode. 
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Because prefrontal cortex damage might result in a temporary, 

but considerable weight-loss (upto 12%), and because it is 

well-known that food-deprivation might influence appetitive 

behaviour for LH-stimulation (Olds, 1958) as well as eversive 

behaviour towards MH-stimulation (Horrell & Redgrave, 1976), 

correlations were calculated between weight-loss after surgery 

(per day and averaged over 11 days) and percentage of frequen

cy-changes in ON-responses for appetitive stimulation or OFF-

responses for eversive stimulation. Correlations found for mean 

bodyweight were .01 and .38 respectively (Spearman's r,p < 

.10). Correlations calculated per day, did not reach signific

ance either. 

DISCUSSION 

In an earlier experiment (Van der Staak, 1975), it was found 

that during temporal elimination of all electric activity in 

the neocortex (cortical spreading depression, CSD) operant res

ponding for LH-stimulation was significantly decreased, whereas 

escape behaviour with respect to aversive MH-stimulation was 

uninfluenced. In the present study indications were found for a 

similar decrease in operant behaviour for LH-stimulation after 

lesions in the medial PFC, but not after lesions in the sulcal 

PFC. The effects of the medial lesions resemble those of CSD-

treatment further in that both seem to be mainly ipsilateral, 

as was indicated by the high correlation between the effects 

and the extend of the ipsilateral damage in the medial PFC. 

Whenever frequency changes in operant responding (with respect 

to ICS) occur following lesions, it is usually not easy to dif

ferentiate whether central reinforcement processes have been 

interfered with or less specific impairments in performance-

processes have occurred (Corbett et al, 1982). From the find

ings that medial lesions did not diminish barrier crossings in 

the OFF-test, and that lesions of this type do not decrease 

locomotor activity in other test situations either, (chapter 3; 

Kolb, 1974a), it may be concluded that the decrease in appeti

tive behaviour does not represent a non-specific change in 

activity, nor can be attributed to interference with response 

execution processes. 
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So, despite the fact that various studies concerning appetitive 

brain stimulation indicate that the medial PFC and LH are part 

of different reward systems (see Chapter 1: 1.2.1), medial pre

frontal lesions seem to cause a real decrease in operant behav

iour for LH-stimulation, confirming earlier findings of 

Berdaslchevisch and Shik (1971). Following Phillips (1984), who 

stresses descending prefrontal influences on brain stimulation 

reward, effects of medial lesions might be the consequence of 

the destruction of descending influences on hypothalamic reward 

systems. Although direct connections - which were demonstrated 

by Ohta et al (1979) and Kita and Oomura (1981) - might play a 

role, probably indirect influences on other subcortical regions 

are of more importance. 

A clear decrease in LH-self-stimulation was also demonstrated 

after unilateral lesions in the ventral tegmentum (AIO; Schmitt 

et al, 1973) and the superior colliculus (Redgrave et al, 

1981). Both areas receive afférents from the medial PFC (Le 

Moal, et al, 1975; Morel1 et al, 1981); besides with respect to 

ICS indirect connections via the mediodorsal nucleus and nu

cleus reuniens in the thalamus has been stressed (Brutus et al, 

1984). 

It has been noted before (Kolb, 1974c; Kolb & Nonneman, 1975) 

that lesions in the sulcal PFC resulted temporarily in a sub

stantial loss of body-weight. On the analogy of the effects of 

lesions in the lateral hypothalamus, this phenomenon has been 

termed aphagia (Kolb, 1974c) and consequently analogous motiv

ational defects have been assumed (Click & Greenstein, 1973). 

However, an impairment of the motor organization of eating be

haviour might be more likely (Wishaw et al, 1981), also in the 

light of the abnormal eating behaviour after sulcal lesions, 

found in this experiment. 

In the present experiment sulcal PFC lesions did not result in 

unambiguous decreases in operant behaviour for appetitive LH-

stimulation. Rolls & Cooper (1973), however, reported that 

after local anaethesia of this region (through procaine) lever-

press behaviour for LH-stimulation was almost completely block

ed. There are several possible explanations for the discrepancy 

between these results: 
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a) the sulcal PFC-lesions made in the present experiment were 

too slight to be effective; this assumption, however, seems 

unlikely, because of the actual size of the lesions as well 

as the clear deficits in eating behaviour found. 

b) the effects of local anaesthesia are non-specific and possi

bly reflect a disruption of response-mechanisms. Perhaps the 

lever-press response is blocked the same way as other consum 

matory behaviours (see above) to which it might be conside

red equivalent, (Milner, 1970). The response, barrier-cross

ing, employed to measure appetìve behaviour in our experi

ment, might be less sensitive to such motor impairments. 

Moreover, the finding that only bilateral local anaesthesia 

was effective, casts doubts on the specificity of the 

effects (Routtenberg & Sloan, 1977). 

c) the local anaesthesia was not limited to the sulcal PFC, but 

eliminated a much larger area. In our experiment, a sharp de 

crease in responding was found in one subject with very lar

ge lesions which extended far beyond the sulcal PFC. 

Not withstanding the often demonstrated relationship between 

self-stimulation in the sulcal PFC and in the LH (Carey et al, 

1975; Robertson et al, 1981), integrity of the sulcal PFC ap

parently is not a necessary condition for an unimpaired occur

rence of hypothalamic self-stimulation. 

The influence of PFC-lesions on escape- and avoidance behaviour 

for aversive MH-stimulation, has not been clarified in the pre 

sent experiment, due also to the limited number of suitable 

subjects. Small lesions in medial as well as sulcal PFC seem 

not to have specific effects, whereas the largest lesions cau

sed sharp decreases in escape behaviour. In contrast, a few 

less extensive lesions in both areas caused a small, but signi

ficant, increase in escape behaviour 1 In the latter cases, tem

porary increaes in ON-responses during stimulation were found 

also. This might indicate deficits in inhibition of inadequate 

(stimulation prolonging) responses. 

When the effects of PFC lesions on behaviour for appetitive and 

aversive stimulation respectively are compared, it is remark

able that large sulcal lesions enhance response frequency dur-
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ing Stimulation in both cases, whereas small lesions have pre

dominantly no effects. This result perhaps indicates that sub

jects with sulcal lesions become more active - regardless of 

the motivational directionality of the stimulation, and there

fore their chances of crossing the barrier increase. This 

effect might be comparable to the heightened activity shown 

after sulcal lesions under food-deprivation, (Kolb, 1974a), 

under the influence of amphetamine (KalIman & Isaac, 1976) and 

under aversive conditions in a novel environment (chapter 3). 

A few remarks remain to be made with respect to the test proce

dure used. The ON-OFF test was developed in order to decrease 

the motor requirements of the operant on the one hand, and on 

the other hand, in order to be able to research behaviour to

wards appetitive and aversive intracranial stimulation within 

one and the same situation (Olds, I960) in which two opposite 

responses (barrier-crossing or inhibition thereof, respective

ly) could be used; thus, this test appears to be symmetrical. 

The advantages of this test above the generally used lever-

press procedure, have become evident, in that, among other 

things, it was possible to distinguish specific and non-speci

fic effects (e.g. disinhibition of inadequate responses, chan

ges in activity) and in that motor deficits did not impair 

operant responding after sulcal lesions. 

However, the two opposite conditions that combine into this 

procedure, do complicate this learning task so much that: 

1) the subjects could perform this task only under relatively 

weak levels of stimulation; if stronger aversive stimulation 

was applied subjects became so excited that they did not 

learn to respond adequately; if stronger appetitive stimul

ation was applied excessive activity resulted in complex be

haviour patterns too; 

2) changes in appetitive or aversive value of ICS, caused as 

intended, by the physiological interventions, can result in 

very complicated changes in the behaviour-under-test, be

cause the demands made upon the subjects might have changed; 

3) interpretation of the test results may be complicated by 

functional impairments caused by the experimental intervent-
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ions, e.g. retention deficits, disinhibition of inadequate 

responses etc., which are not directly related to the appe

titive or eversive value of the ICS. 

Rather unexpectedly, the present experiment revealed that the 

medial and not the sulcal PFC is involved in the processing of 

reinforcing aspects of appetitive lateral hypothalamic stimul

ation. In the next experiment we investigated whether the same 

would hold for the eliciting aspects (induced consummatory 

behaviour) of LH-stimulation. 
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CHAPTER 5 

LESIONS IN THE PREFRONTAL CORTEX AND BEHAVIOUR INDUCED BY 

STIMULATION OF THE LATERAL HYPOTHALAMUS (SIB). 

INTRODUCTION 

The lateral hypothalamic area (LH, including the many passing 

fiber systems) has a crucial position in the neural regulat

ion of behaviour with respect to appetitive stimuli (Gross

man, 1979; Stellar, 1982). Electrical stimulation in this 

area has strong positively reinforcing properties (Olds, 

1962; chapter 4) on one hand} on the other hand, this stimul

ation can, often via one and the same electrode, induce vari

ous consummatory behaviours, such as eating (Nargules & Olds, 

1962; Hoebel 6 Teitelbaum, 1962), drinking (Mendelson, 1970), 

gnawing, etc. (Valenstein, 1969; Wise, 1974). Some investig

ators suggested that both aspects of LH-stimulation follow 

from the activation of the same central system (Glickman & 

Schiff, 1967; Hoebel, 1979), whereas others think in terms of 

two separate drive and reward systems (Deutsch 6 Howarth, 

1963; Huston, 1971). It is a fact that the reinforcing and 

eliciting properties of LH-stimulation can be influenced in

dependently, among others through manipulation of the stimu

lus parameters (Ball, 1969; Huston, 1971, 1972). Moreover, 

Roberts (1980) observed that the structures that are activa

ted during reinforcing versus consummatory-behaviour-inducing 

LH-stimulation only partly overlap in the midbrain. 

In the previous experiment (chapter 4) we found a temporary 

decrease in operant behaviour with respect to LH-stimulation 

following medial but not following sulcal PFC lesions; this 

might be an indication for medial PFC involvement in the re

inforcing aspects of LH-stimulation. We had not expected this 

result, since existing data indicating a relationship of the 

prefrontal cortex and the LH, pointed predominantly to the 

sulcal PFC. However, these indications were mainly concerned 

with a probably relationship between both regions for the re

gulation of eating behaviour. Thus, lesions in the LH as well 
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as in the sulcal PFC result in aphagia and adipsia (Teitel-

baum & Epstein, 1962; Kolb, 1974c; Kolb 6 Nonneman, 1975), 

although the effects do differ on a longterm basis (Kolb et 

al, 1977: Wishaw et al, 1981). Moreover, by means of electri

cal stimulation eating behaviour can be elicited from both 

regions (Cioè et al, 1980). 

The evidence for a functional relationship between the sulcal 

PFC and the LH with respect to eating behaviour, is reinfor

ced by the finding that unilateral LH-lesions combined with 

contralateral sulcal damage result in the complete LH-syn-

drom, whereas unilateral lesions in the LH alone do not (Kolb 

et al, 1978). In accordance with Click & Greenstein (1972), 

Kolb et al (1978) also demonstrated that bilateral sulcal PFC 

lesions reduce the effect of subsequent LH-lesions. 

These results might indicate that the sulcal PFC is more in

volved in LH mechanisms that are essential for the regulation 

of consummatory behaviour, than in the reinforcing aspects of 

the LH-system. 

The cortico-hypothalamic interactions with respect to consum

matory behaviour have been investigated before by means of 

LH-stimulation induced behaviour (SIB). In this context, it 

was observed that surgical neocortical ablation (Rice 6 

Campbell, 1973) as well as temporary decortication (Huston & 

Bures, 1973) resulted in a temporary but strong decrease of 

SIB. Whereas the stimulation threshold to induce the behavi

our was elevated, the duration or persistency of the behavi

our increased considerably. Huston & Bures suggested a possi

ble involvement of the frontal neocortex on the basis of the 

time course of the decortication phenomena. Rice & Campbell 

(1973) observed a strong correlation between the amount of 

frontal damage and the decrease of SIB-persistency. These re

sults might be related to the elimination of the sulcal PFC. 

In order to investigate this hypothesis, in the present expe

riment the influences of lesions in the medial and sulcal PFC 

upon LH-stimulation induced behaviour, particularly in relat

ion with food, will be studied. 

Because of the individual-specific characteristics of SIB 

(Huston & Bures, 1973) and the limited number of animals in 

which this behaviour could be induced, a design has been 
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chosen in which each subject was used as its own control. 

Thus, all subjects were sham-operated first, and received 

lesions in the medial or sulcal PFC later on in the experi

ment. 

As LH-stimulation that induces consummatory behaviour usually 

has reinforcing properties as well (Hoebel, 1976, 1979), the 

same subjects have also been screened on the occurrence of 

self-stimulation. It might enable us to dissociate the lesion 

effects upon the reinforcing and eliciting properties of LH-

stimulation respectively within a single experiment. 

2 METHODS 

2.1 Subjects 

In 58 male albino Wu rats (SPF Cpb; Loosli, 1975) a stimulat

ion electrode was inserted unilaterally in the lateral hypo

thalamus. Body weight at the time of surgery varied between 

265 and 362 g (mean = 306 g). Eventually, in 17 subjects 

clear stimulation induced behaviour was observed; however, 

due to premature loss of electrode, convulsions or instabil

ity of behaviour, another 5 had to be discarded. Thus, the 

experiment was completed with 12 animals. Subjects were hou

sed individually and received food and water al lib. The 

day/night schedule was reversed; the dark period lasted from 

08.00 a.m. to 20.00 p.m. 

2.2 Surgery 

Each subject was operated upon three times, every time under 

Nembutal anesthezia (20 mg/ml, 0.225 ml/100 g; i.p.). During 

the first operation a bipolar electrode (Plastic Products 

Company, MS 303, SS, 008") was implanted unilaterally in the 

lateral hypothalamus of the right hemisphere. These electro

des were insulated except for the tips. 

Three different combinations of stereotaxic coordinates were 

used (Pellegrino & Cushman, 1967): 

a. (n » 7) 5.6 mm anterior, 1.9 mm lateral and 8.8 mm below 

skull surface; 
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b. (η = 3) 5.2 mm anterior, 1.6 mm lateral and 9.2 mm below 

skull surface; 

c. (n ••48) 5.0 mm anterior, 1.6 mm lateral and 8.6 mm below 

skull surface. 

The second operation consisted of a Sham-operation. It was 

performed only on the 12 subjects that showed stimulation 

induced behaviour. Bilaterally, holes were drilled in the 

skull at the site at which the lesion electrode would be in

serted in the final operation, i.e. above the medial or dor

sal PFC. During the final operation, lesions were made by 

means of a Radionics Radiofrequency Lesion Generator (RFG-4); 

with the anode stereotaxically inserted in the brain and an 

anal cathode. The electrode had a length of 100 nun and was 

insulated except for its tip (1.5 χ 0.7 mm). In 6 animals two 

bilateral lesions were placed in the medial PFC, one above 

the other. Coordinates were: 10.5 mm anterior, 0.8 mm lateral 

and 4.8 and 2.6 mm respectively below skull surface. During 

60 sec. a tip temperature of 55 or 54 С was maintained, the 

other 6 subjects received bilaterally one lesion in the sul-

cal PFC. Coordinates were:10.4 mm anterior, 3.8 mm lateral 

and 5.4 mm below skull surface. In these subjects, the elec

trode was inserted under an angle of 16 with respect to the 

vertical; during 60 sec. a tiptemperature of 58 or 60 С was 

maintained. 

2.3 Apparatus and characteristics of electrical stimulation 

The electrical stimulation was provided by a Grass S48 stimu

lator, followed by a Grass Stimulus Isolation Unit (SIU5) and 

a Grass Constant Current Unit (CCU 1A). Stimulation consisted 

of quasi-biphasic pulse trains with the following character

istics: train-frequency: 1 train/sec; train-duration: 300 

msec; pulse-frequency: 100 pulses/sec; pulse-duration: 0.2 

msec. Effective current strength was assessed for each rat 

individually and varied between 20 and 140 uA. 

By means of an oscilloscope stability and intensity of stim 

ulation was checked continuously. Stimulation reached the 

subject via a swivel device and a springloaded wire that al-
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lowed for free movement in the test situation. Stimulus pre

sentation was processed automatically. 

4 Procedure 

4.1 SIB: Definition, test situation, procedures and experimental 

design. 

In accordance with Wise (1974) we will define the term "stim

ulation induced behaviour" (SIB) as indicating the behaviour 

that is specifically induced by the intra-cranial stimulat

ion. The criterion to consider a particular behaviour (in a 

particular rat) a SIB, is, that this behaviour must occur 

almost exclusively during the periods in which the subject 

receives stimulation and must largely be lacking in the per

iods without stimulation. LH-stimulation often also induces 

increased exploratory activity; as these behaviours occur 

also in periods without stimulation, they cannot be consider

ed SIB. 

After implantation of the LH-electode, animals were housed in 

large (80 χ 40 χ 50 cm) or small (50 χ 30 χ 30 cm) glass-ca

ges, that had opaque side and backwalls. The cages were per

manently provided with ample saw dust, a rack with pellets 

and a water bottle. Subjects were habituated at daily handl

ing and being connected to the electrode during a few days, 

and received a number of test objects in their cages during a 

few hours per day, namely: a wooden block, a single water can 

and a can containing porridge.* 

After this, test sessions started. All sessions began with 

placing the test objects in the cages, and scattering a num

ber of pellets on the floor; then, a subject was allowed 

to eat until satisfaction from the porridge during 15 minu

tes. Subsequently, subjects were stimulated via the LH-elec-

trode in 20 successive trials of 30 sec. each, alternated 

The porridge consisted of 50% grinded pellets, 5% sugar, 
3% corn oil and 42% water. It was judged so palatable by 
the subjects that each of them started eating from it as 
soon as it was presented, and in considerable amounts. 
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with 60 sec. periods without stimulation. Before and after 

each test session the subject as well as the porridge can 

were weighted. In maximally 4 sessions all subjects were 

screened as to the possibilities of eliciting clear stimulat

ion-induced behaviour (SIB) through the LH-stimulation elec

trode. 

In the first session we started with a current strength of 50 

uA. If within 2-5 trials no indications were found for clear 

SIB, stimulation intensity was increased in steps of 10-20 

uA. At the first occurrence of any SIB the intensity applied 

at that time was tested during a larger number of trials. 

When stable SIB was observed in a subject (in at least 50% of 

the trials during 2 successive days), the experiment contin

ued according to the design shown in table 1. 

All 12 experimental subjects were housed in a large cage from 

at least the second screening test onwards. 

Table 1. Experimental design for 

completed the experiment. 

the 12 subjects that 

Weeks 

Experimental 

phase 

Days 

Test 

Operation 

1 

Pre-SHAH 

(PRE) 

mo tu we th fr 

DB Τ Τ Τ Τ 

SHAM 

Post-SHAM 

(POS) 

mo tu we th fr 

Τ Τ Τ Τ DB 

LESION 

mo 

Τ 

3 

Post-Lesion 

(POL) 

tu we th fr 

Τ Τ Τ DB 

7/β 

Recovery 

(REO 

tu we 

Τ DB 

Τ = test containing 20 trials at constant current intensity. 
DB» test in which threshold-intensity was determined. 

The first pre-phase test, during which the threshold was de

termined, started at the intensity used in the last screening 

test. 

Between successive trials intensity was decreased in steps of 

5-10 uA until SIB disappeared; subsequently intensity was in

creased in steps of the same size until SIB occurred again. 
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These sequences were executed 2 or 3 times. On the basis of 

these up-and-down series the threshold for the prevailing SIB 

was estimated according to the method of Dixon 6 Massey 

(1969). Combined with the results of the screening tests, a 

stimulation intensity was chosen amply above the threshold 

intensity (30-90%).* 

The threshold determination session was then supplemented 

with test trials until a total of 20 trials was reached. In 

all successive test sessions the thus determined test intens

ity was applied. (In later threshold determination sessions 

the same up-and-down method was used). Recovery tests were 

taken 4-5 weeks after the lesion operation. During these 

weeks the animals were left undisturbed. 

SIB: Observation and registration; method of analysis. 

The behaviour of the experimental animals was continuously 

observed and recorded during each test session. Based on a 

pilot study a set of 24 behaviour categories had been defined 

(see table 2), that are mutually exclusive and cover all be

haviour in this situation. Recordings were made by means of a 

keyboard with 24 keys, connected to a 7-channels stereo tape 

recorder; on one channel stimulus presentation was automatic

ally recorded simultaneously. The tapes were transcribed 

through a DEC PDP 11/45 computer and the resulting data were 

collected on a disk. For each test, total duration of each 

behaviour category observed, as well as frequency of occurr

ence and number of behaviour changes, were computed per 

trial, for 3 successive blocks of 30 seconds separately (be

fore, during and after stimulation). Duration and frequency 

of all SIB per trial were computed also. 

These data have been analysed per subject. The Friedman's 

two-way analysis-of-variance (Siegel, 1956) was performed to 

test for behaviour changes over the 4 days within each of the 

experimental phases (PRE, POL, POS). These analyses were per-

To obtain stable and relatively persistent SIB it was necess
ary to increase the test intensity with respect to threshold 
intensity in varying degrees for the various animals. 
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formed at frequency and duration of all behaviours that oc

curred in at least 25% of all trials per phase. 

In order to reduce the number of accidentally occurring sig

nificant results in the large number of statistical tests 

BEHAVIOURAL 

CATEGORY 

SITTING 

LKING 

ROCKING 

EXPLORE SITTING 

EXPLORE WALKING 

EXPLORE REARING 

CLIMBING 

WASHING 

GROOMING 

GENITAL GROOHING 

SCRATCHING 

DIGGING 

THROWING UP 

BURROWING 

MARKING 

GNAWING 

TRANSPORTING OF 
WOODEN BLOCK 

PICKING UP 

TRANSPORTING 
FOODPELLETS 

EATING FOOD-
PELLETS 

EATING PORRIDGE 

CHEWING 

DRINKING 

LICKING 

ABH. 

SI 

LI 

m 

ES 

EW 

ER 

CL 

WS 

GR 

GG 

SC 

DI* 

TU' 

BU' 

MA 

Of 

ΒΙ· 

PF» 

TF" 

EF« 

EP* 

CW 

DR 

LK 

COMBINATIONS 
OF TIMMERMAMS' 

CATEGORIES 

46, 47 

4β, 49, 50, 52 

76 

29, JO, 31, 34 

32, 33, 37, )β 

35 

— 
40 

39, 41, 42 

43 

44 

61, 62 

63, 64 

78, 65, 36 

71, 72 

66 

54, 55, 58 

54, 55 

58 

56 

56 

— 
57 

~ 

SHORT DESCRIPTION 

THE RAT RESTS AT FOUR FEET, WHILE THE BODY MAY OR MAY NOT REST 
ON THE GROUND. 

THE WHOLE BODY RESTS ON THE GROUND: THE RAT IS ASLEEP OR AWAKE. 

IN A SITTING POSTURE THE RAT SHOWS SLOW SIDEWAYS SWAYING OF THE 
HEAD AND THE ANTERIOR PART OF THE BODY. 

IN A SITTING OR HUNTING POSTURE THE RAT SHOWS PREDOHINANTLY 
SNIFFING. 

WHILE SNIFFING THE ANIMAL MOVES ONE FEET AT LEAST. 

WHILE THE BODY RESTS ON THE BENT HINDLEGS AND/OR ON THE BASE 
OF THE TAIL, THE FRONTLEGS ARE FREE OR REST AGAINST THE WALLS. 
THE ANIMAL SHOWS SNIFFING AND FEELING. 

THE RAT MOUNTS ON THE PELLET TRAY. 

THE ANIMAL LICKS ITS FOREPAWS AND MOVES THESE TOGETHER ACROSS 
ITS HEAD. 

THE ANIMAL LICKS AND/OR CHEWS ALL THE PARTS OF THE BODY IT CAN 
REACH: ALSO SHAKING THE WHOLE BODY OR THE FOREPAWS ONLY. 

THE RAT BENTS ITS HEAD BETWEEN ITS HINDLEGS AND LICKS ITS 
GENITALS. 

SITTING ON BOTH FORELEGS AND ONE HINDLEG THE ANIMAL SCRATCHES 
ITS FLANKS OR HEAD WITH THE FREE HINDPAW. 

THE RAT SCRATCHES THE LITTER TOWARDS ITS BELLY WITH ITS FORE
PAWS, WHICH IS SOMETIMES FOLLOWED BY KICKING OR PUSHING THE 
LITTER FURTHER AWAY WITH THE HINDLEGS. 

THE ANIMAL SHOVES UP THE LITTER WITH ITS FOREPAWS OR THROWS IT 
UPWARDS (PILES IT UP). 

THE RAT PUSHES ITS HEAD INTO THE LITTER AND SEEMS TO HIDE IT
SELF BY KEEPING SILENT, 

THE RAT PRESSES ITS ABDMEN OR ITS FLANK TO THE GROUND OR AN 
OBJECT ?ND (SOMETIMES) SLOWLY SHUFFLES FORWARD. 

THE ANIMAL BITES IN AN OBJECT (WOODEN BLOCK OR WATER CAN) , 
SOMETIMES PIECES ARE BITTEN OFF OR SCRAPED OFF. 

THE RAT TARES THE WOODEN BLOCK BETWEEN ITS TEETH AND CARRIES 
IT FOR SOME DISTANCE. 

THE RAT TAKES UP A FOODPELLET FROM THE FLOOR OR OUT OF THE 
PELLET TRAY. 

AFTER PICKING UP A FOODPELLET THE ANIMAL MOVES FOR SOME 
DISTANCE WITH THE PELLET IN ITS MOUTH. 

BITS OF THE FOODPELLETS, WHICH ARE HELD BY THE FOREPAWS, ARE 
GNAWED OR TORN OFF, CHEWED AND SWALLOWED. 

THE RAT IS BITING THIS POOD FROM THE SPECIAL PORRIDGE CAN AND 
SWALLOWS IT IMMEDIATELY. 

THE ANIMAL MAKES CHEWING MOVEMENTS WHICH ARE CLEARLY SEPARATED 
FROM THE USUAL EATING IN SPACE AND TIME. 

LICKING AT THE DSmWNIPPLE OF THE WATER BOTTLE OR FROM THE 
SPECIAL WATER CAN. 

LICKING OF OBJECTS OR THE WALL WITHOUT CONSUMING FLUID. 

* LH-stimulation induced behaviours (SIB) observed. 

Table 2. Listing of the behaviour categories used during the 
continuous behaviour observation. This list is com
posed by utilizing the ethogram of non-social be
haviour of the rat, developed by Timmermans (1978). 
The original 42 categories described there have 
been compressed to 19, whereas a few situation-
specific categories have been added. For a more 
precise description of the original categories, see 
Timmermans (1978). 
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performed, the level of significance chosen was p<.01 (two-

tailed tests). 

Since in the within-session analyses almost no differences 

were found between the periods before and those after stim

ulation, the data for both periods were combined and the 

means were taken. In the next part of the report, these com

bined data are termed: behaviour in the periods without stim

ulation. 

2.4.3 Self-stimulation test 

A few days after the last recovery test 11 of 12 experimental 

subjects were tested for intracranial self-stimulation 

through the same electrodes and at the same current intensity 

that had induced SIB. During this test, the animals were 

placed in a plexiglass Shuttlebox (40 χ 25 χ 40 cm), contain

ing two pertinax platforms (20 χ 25 cm) supported by micro-

switched and separated by a 2.5 cm high pertinax barrier. The 

test session started with a 10-min. habituation period with

out any stimulation given. After this period, the animals 

were tested for at least 15 minutes during which each bar

rier-crossing resulted in 5 sec. stimulation (at the start of 

this period subjects had been primed by means of two pulse 

trains). 

If no self-stimulation occurred within these 15 minutes, 

current strength was increased in steps until after priming 

self-stimulation was obtained. At this intensity the rat was 

then tested for 10 minutes. Finally, a 5-minutes extinction 

procedure was followed, during which barrier-crossing did not 

result in stimulation anymore. For the entire test session 

barrier-crossings were recorded per minute. 

2.5 Histology 

After completion of the self-stimulation test the animals 

were anesthesized by Nembutal (60 mg/ml; 0.25 ml/100 g; i.p.) 

and perfused through the heart with 0.9% isotonic saline, 

followed by 4% formalin. After fixation and imbedding the 

brains were frozen and sliced in sections of 50 urn, parallel 

to the standard frontal plane of the Pellegrino 6 Cushman 

(1967) atlas. Each fourth section at the level of the pre-
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frontal cortex as well as at the level of the hypothalamus 

was stained with cresylviolet. By means of projection of the 

sections, the lesions were mapped into 5 standard diagrams of 

the aforementioned atlas (see figure 4 and 5). For each of 

these standard diagrams the size of the lesion was determined 

with the help of a surface analysing device (Kontron Messge

räte, type Digiplan). 

3 RESULTS 

3.1 The Pre-Sham phase (PRE) 

In only 29% of all albino rats tested clear LH-stimulation 

induced behaviour was observed. Such a low success percentage 

is common for most rat-strains (Cox & Valenstein, 1969; 

Koolhaas, pers. comm.). The 12 experimental subjects that 

completed the experiment, predominantly demonstrated one of 

the following behaviour categories during stimulation*: DIGG

ING (n = 4), EATING PORRIDGE (n » 3); PICKING UP and EATING 

FOOD PELLETS (n » 5), and EATING PELLETS alone (n = 1). In 

Figure 1. Location of stimulation electrodes capable of induc
ing SIB; О DI, · EP, · PT, O EF (Diagrams from 
Pellegrino 6 Cushman, 1967). 

* One subject (N639) showed DIGGING and PICKING UP PELLETS in 
almost equal amounts. 
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figure 1 the locations of the stimulation electrodes are de

picted in relation with the prevailing SIB. 

During the 15 minutes before the test-period, the experimen

tal animals (with the exception of the PORRIDGE eaters) con

sumed 2-8 grams of porridge on average. The stimulation in

duced porridge eaters consumed 17.5-30.3 grams of porridge on 

average, in the period before and during the test. It may be 

concluded that most subjects started the test almost satiat

ed. 

In figure 4 and 5 mean duration of predominating SIB per 

trial is depicted for all subjects. The threshold intensities 

determined in the first PRE session varied between 26 and 113 

uA, with a mean of 62 uA. The ratio of test intensity used to 

threshold intensity averaged 1.60. 

In order to illustrate the behaviour in the PRE-SHAN phase, 

in figure 2 the composition of an average trial of the fourth 

PRE-session is shown for 4 representative subject with dif

ferent predominating SIB's. All types of SIB are characteriz

ed by a large degree of stereotyping and vigor. (See also 

Wise, 1974). The DIGGING consisted of a vigorously scratching 

backwards of litter with the front and hind legs alternately; 

while THROWING UP the sawdust, the animal violently pushed 

the sawdust forwards and upwards. PELLET EATING consisted of 

the gnawing off and swallowing of bits of pellets without 

much chewing. During the first screening sessions this vorac

ious eating resulted in regurgitation of the food again after 

10-15 trials as soon as stimulation stopped; it was then ex

tensively chewed. This regurgitation disappeared after 1-2 

sessions, but the chewing immediately following the end of 

stimulation remained. The PORRIDGE-EATING behaviour during 

stimulation was also executed extremely voraciously and con

sisted mainly of taking a mouthful and swallowing and very 

little chewing; the chewing immediately after termination of 

stimulation was observed here too. 

Apart from the differences in SIB between the various sub

jects, the general pattern of behaviour within a trial is 

quite similar and may be characterized as follows: 
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Some types of behaviour 

induced by stimulation 

in the lateral hypothalamus 
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Figure 2. Mean duration per trial of the most frequently oc
curring behaviours in the periods with (upper part) 
and without (lower part) stimulation for 4 repre
sentative animals with different predominant SIB's 
in the last pre-operative test (PRE-4). Numbers de 
note mean frequency per trial of the behaviour con
cerned. (See for abbreviations: tabel 2). 

besides the predominating SIB, during the 30 sec. stimulation 

a few other SIB's are demonstrated to a lesser ex tent, par

ticularly DIGGING, THROWING UP and TRANSPORTATION OF WOODEN 

BLOCK; duration and frequency of the remaining behaviour, 

mainly exploratory behaviour (EW, ES, RE), de pends, of cour

se, very much upon the total duration of SIB's. The total 

number of behaviour changes too is close ly connected with 

total SIB duration (R =-.73; p<.01) and not with specific 
s 

aspects of SIB. The behaviours shown in periods without 

stimulation is rather stereotyped also for each rat (even 

concerning the exact location of the cage the animal predo

minantly stays in). After termination of stimulation the ani

mals mainly explore from a sitting pos ture (ES), more or 

less frequently altenated with other explorative behaviours. 

The number of behaviour changes in these periods does not 

correlate with total duration or nature of SIB during 

stimulation. 
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Stability of behaviour during the 4 successive PRE-sessions 

was analysed by means of Friedman's Analysis of Variance. It 

was found that 5 subjects show hardly any changes over days 

(593, 607, 597, 604, 646), whereas the 7 remaining subjects 

showed changes in the duration of the predominant SIB. Since 

it appeared that in these 7 subjects too behaviour had stab

ilized on the 3rd and 4th PRE-test, for all subjects the be

haviour on the fourth PRE-test was taken as a point-of-refer-

ence for the evaluation of the effect of the Sham-operation. 

3.2 The POST-SHAM phase (POS, see figures 4 and 5). 

Comparison of the four POS-tests with the last PRE-test with 

respect to the occurrence of SIB, revealed the following: 

In 8 subjects on none of the days significant changes were 

found; 

- Two subjects (604 and 646) demonstrated less SIB on the 

first POS test; the remaining two (607 and 632) did so 

during the first three POS-tests; 

For none of the subjects differences were found between 

the last POS-test and the last PRE-test; the threshold 

intensity for the predominant SIB, as determined in the 
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Figure 3. Mean duration of the most frequently observed be
haviours in the last PRE-test and all 4 POS-tests 
for subject 632 that was most affected by the Sham 
operation. 
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fifth POS-test, had not changed for 9 subjects, whereas it 

had decreased (M5 uA) in the three others. Probably this 

decrease in threshold intensity is related to repeated 

testing (Rice, 1968). 

In figure 3 the behaviour composition is shown for the sub

ject that was most affected by the Sham-operation (632). This 

animal was the only one that - at the first day of testing at 

least - was rather inactive (much sitting, with or without 

exploration, and lying), which might indicate an as yet in

complete recovery after surgery. In this subject as well as 

in 604 and 607, the Sham-operation resulted in the disappear

ance of behavioural differences between periods with or with

out stimulation (Wilcoxon-test, within-sessions) and the tem

porary disappearance of SIB. It is remarkable that in cases 

were the Sham-operation affected behaviour, recovery to the 

complete pre-Sham behaviour pattern does not proceed gradu

ally, but abruptly. 

The location of the holes drilled in the skull during the 

Sham-operation, either above the medial or above the sulcal 

PFC, did not differentially affect the occurrence of Sham-

effects. 

3 Post-lesion phase (POL) 

3.1 Anatomical results. 

In figure 4 and 5 the PFC damage is presented for all sub

jects at the three levels where the lesions were largest. 

Estimated lesion size (see chapter 3) of the bilateral sulcal 

PFC lesions was 12.7 + 4.2 mm . Lesion size varied slightly, 

but location was almost identical for all subjects and the 

lesions were symmetrical. In some subjects, at the rostral 

extension the olfactory anterior nucleus was affected at its 

dorsolateral aspects (and thus the tractus olfactorius late

ralis also), whereas caudally the lesions reached the deeper 

layers of the dorsolateral area of the frontal cortex. 

Estimate lesion size of the medial PFC lesions was 14.4 + 0.7 

mm · The rostrocaudal position of the lesions was almost 

identical in 6 subjects, but in some the bilateral lesions 
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were slightly asymmetrical (particularly in 646). 

3.3.2 Influence of the PFC lesions on body weight. 

The Sham- as well as the lesion operations did not have any 

appreciable effect on the body weight at the first post-oper

ative test session. At the first day of testing after the 

lesions were placed, mean body weight loss amounted to 0.5% 

in the medial PFC group and 1.8% in the sulcal PFC group. 

Both groups did not differ from each other. 

3.3.3 Influence of the PFC lesions on behaviour in relationship 

with LH-stimulation. 

The effects of medial and sulcal PFC lesions on the behaviour 

in the test periods with and without LH-stimulation will be 

considered for each lesion separately. First, individual data 

will be summarized, concentrating on the predominant SIB, 

while for each subject a more extensive analysis of behaviour 

is presented in Appendix 1! This individual approach has been 

chosen in the conviction that the lesion effects cannot be 

evaluated in a meaningful way unless the prior experiences 

(post-Sham phase) of each individual subject are implicated, 

and unless careful attention is paid to the various kinds of 

SIB. Next, the effects of the lesions will be evaluated for 

the entire group having received identical lesions; therewith 

only data concerning total duration and frequency of all SIB 

will be considered. 

Per subject the short term effects of the lesions are evalua

ted by comparing the data of the first post-surgery week, 

i.e. the 4 post-lesion tests (POL) with the corresponding 

post-Sham tests (POS). In those subjects where clear Sham-

effects had been observed, all POL tests were also compared 

with the last POS test. Since the effects of the Sham-operat

ion lasted 3 days in some subjects, only the differences be

tween POL-4 and POS-4 tests will be considered temporary les

ion effects! 

The longterm lesion effects are assessed by comparing the re

sults of the recovery test with POS-4 test and significant 

differences will be considered permanent lesion effects. 
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3.3.4 Influence of the medial PFC lesions. 

Supplementing the already mentioned mean duration of predomi

nant SIB, as depicted in figure 4, in appendix 1A mean durat

ion and frequency of the most often occurring behaviours, are 

given for the POS-4, POL-4 and recovery tests respectively, 

for each individual subject. 

In appendix IB an extensive analysis of the individual re

sults is presented. Here we will only summarize the effects 

of medial PFC lesions on the behaviour in periods with and 

without LH-stimulation in the б investigated subjects. The 

results of N638 will be left aside, particularly concerning 

the longterm effects. In this subject, the results from the 

first post-lesion tests seem to warrant the supposition that 

the medial PFC-lesions have no specific effects on behaviour, 

particularly stimulus-induced pellet eating. 

Concerning the influence of the medial lesions during the 

first week after surgery, it was found that: 

in N594 no changes in stimulus-induced porridge eating oc

curred, whereas the picking-up of pellets in those sub

jects that frequently demonstrated this behaviour during 

stimulation (N632, 639 and 646) was unaffected too, with 

the exception of a threshold increase in N639. Frequency 

of pellet-eating had not changed either, although duration 

of this behaviour had decreased in N632 as well as N646 

(10-32%); threshold intensity, however, had hardly in

creased. Stimulus induced DIGGING and THROWING-UP, final

ly, had almost completely disappeared in N604, acccompan-

ied with a sharp increase in threshold intensity, whereas 

for subject N639 hardly any changes in stimulus-induced 

digging were observed. In those cases, where SIB had de

creased, exploratory activity (ES, EW and RE) had increas

ed. 

In the periods without stimulation no clear behaviour 

changes due to medial lesions were found, with the except

ion of N604 which demonstrated less behaviour changes and 

less walking exploration. 

The temporary influence of damaging the medial PFC seems to 

depend to a certain degree upon the nature of the predominant 

SIB. 
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The analysis of total duration and frequency of all stimulat

ion-induced behaviours (see table 3), however, reveals that 

in all 5 subjects a significant decrease in SIB (4-60%) had 

occurred, whereas only in N604 frequency had decreased also. 

With respect to the longterm influences of the medial PFC 

lesions, (i.e. in the recovery tests), it was observed that 

only in N632 stimulation induced pellet eating had a slightly 

shorter duration; in all other subjects no specific lesion 

effects were still apparent. Again, only in N632, the total 

duration of SIB is still less than during the last post-Sham 

test. 

SESSIONS 

SUBJECTS 

604
 f 

d 

594
 f 

d 

632
 f 

d 

646
 f 

d 

638
 f 

d 

639
 f 

d 

PRE-04 

6.1 

14.4 

1.8 

26.O 

2.8 

26.3 

3.2 

26.0 

9.6 

24.1 

7.6 

4.9 

P0S-04 

6.9 

I6.O 

1.3·· 

26.7 

2.9 

26.3 

3.0 

25.8 

7.3 

25.I 

8.0 

8.8 

P0L-04 

0.7· 

6.4· 

1.7 

25-5· 

4.1 

23.7' 

З.9 

I8.I· 

0.0* 

0.0* 

7.1 

» 

5.3 

REG 

6.4 

І6.3 

1.7 

25.5 

4.0 

21.1* 

З.5 

23.З 

4.7 

12.2* 

9-5 

5.8 

f » frequency? d « duration 
* ρ < .01 in comparison with POS-04 (Wilcoxon test); 
** ρ < .01 in comparison with PRE-04. 

Table 3. Mean frequency and mean duration per trial of all 
stimulation induced behaviours in the four crucial 
test sessions for subjects with medial PFC-lesions. 
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In summary: Lesions in the medial PFC result in a temporary 

reduction in the total duration of SIB's, whereas some types 

of SIB (e.g. digging) are strongly affected, and other types 

not at all. Besides, no convincing evidence for longterm ef

fects was obtained. The results for one single subject (N632) 

are too limited and are not supported by the results of the 

other subject demonstrating a similar SIB (N646). 

5 Influence of sulcal PFC-lesions. 

For each of the 6 subjects with bilateral lesions in the sul

cal PFC in figure 5 diagrams of the lesions are shown as well 

as the mean duration of the predominant SIB per trial. In 

appendix 1С for each subject mean duration and mean frequency 

of the main behaviours observed as well as number of behav

iour changes are represented for POS-4, POL-4 and recovery 

tests. Again, a summary of individual results will be consi

dered first, while a more extensive description is presented 

in appendix ID. 

On the basis of the individual results the short-term influ

ence of the sulcal PFC lesions upon behaviour induced by 

LH-stimulation (POL-week) might be summarized as follows. 

For all subjects, the predominant SIB has completely disap

peared on the first test day(s). Only in subject N607 did the 

predominant SIB, digging, after a gradual recovery over days 

return to its original level on POL-4. In subject N593 sti

mulation-induced digging hardly occured as yet on POL-4, 

whereas threshold intensity was increased. The same patttern 

of results was obtained in N629 with respect to porridge eat

ing, whereas N623 did not show any signs of porridge eating 

even on POL-4. (Both rats, however, consumed a large amount 

of porridge from the first day onwards, without any relation

ship with presence or absence of stimulation). Both subjects 

whose predominant (SIB) was pellet eating (597 and N642) 

showed a more or less gradual recovery of this behaviour, 

even though in POL-4 it still was considerably shorter (-

25%) than on the last post-Sham day; threshold intensity had 

hardly changed. Both animals picked-up the pellets signific

antly more often during stimulation. 
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Figure 5. Mean duration per trial of predominant SIB for each 
experimental session (left) and lesion size (right) 
at three frontal levels (from Pellegrino 6 Cushman, 
1967), represented for each of the 6 subjects with 
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For all subjects except N607, an increase in exploratory 

activity during stimulation was found, particularly explor

ation while walking. 

In the periods without stimulation no systematic behavioural 

changes were observed, with the exception of the occurrence 

of porridge eating, gnawing, etc. An analysis of frequency 

and duration of all SIB's together (see table 4) confirms the 

foregoing; on the fourth POL-test for all subjects except 

N607, the total duration of SIB is less than on POS-4 (a mean 

decrease of 49%), whereas the frequency has decreased for one 

subject only (N629). 

The number of behaviour changes during stimulation has in

creased only with both pellet-eating subjects and with one 

digging animal (N607). No correlation was found between the 

degree of SIB decrease on the fourth POL-test and location 

and/or size of the sulcal PFC lesions. 

Concerning the long-term influence of sulcal PFC lesions 

(N607 will not be considered in this respect), it was found 

SESSIONS 

SUBJECTS 

593 
d 

607
 f 

d 

623 
d 

629 
d 

597
 f 

d 

642
 f 

d 

PRE-04 

11Λ 

23.0 

6.7 

23Л 

2.0 

ЮЛ 

1.8 

ΙΊ.? 

6.1 

21.5 

8.7 

22.9 

POS-Ob 

ю.з 
22.4 

8.2 

21.0 

2.0 

19.3" 

2.8 

15.9 

5-0 

23.4 

9.3 

23.8 

POL-04 

8.7 

14.0* 

Ю.З 

20.6 

0.1 

1.4» 

1.3* 

5-6* 

6.6 

17.8* 

10.4 

7.5* 

НЕС 

11.8 

26.6* 

6.5 

6.4* 

3.7 

9.8:, 

4.0 

3.5* 

6.0 

16.5* 

12.2 

16.2 

f = frequency; d = duration 
* ρ < .01 in comparison with POS-04 (Wilcoxon test); 
** ρ < .01 in comparison with PRE-04. 

Table 4. Mean frequency and duration per trial of all SIB 
observed in the 4 crucial test-sessions for animals 
with sulcal PFC lesions. 



109 

that: in three subjects the predominant SIB (EP or EF) still 

had a shorter duration; whereas another animal showed an in

crease in duration of SIB (DI). Threshold intensity had re

turned to the original level in all animals. Analysis of fre

quency and duration of total SIB (table 4)revealed that in 

the saune three above-mentioned subjects total duration of SIB 

in the recovery test was still shorter than during the last 

post-Sham test. These same three animals also showed signif

icantly more exploratory behaviour during stimulation as well 

as more behaviour changes. As was the case with the short-

term lesion effects no correlations were found betwee these 

long term lesion effects and location and size of the lesion. 

In summary: we might conclude that lesions in the sulcal PFC 

reduce the duration of the predominant SIB as well as of all 

SIB during the first week after surgery in 5 of the 6 sub

jects. The degree of this decrease seems to be related with 

the type of SIB. This pertains also to the occurrence or 

non-occurrence of increases in threshold intensity. The 

decrease in the duration of SIB seems to be permanent in 3 

subjects. 

3.4 Results of the self-stimulation test 

During the habituation period subjects with medial PFC les

ions (n = 6) made a mean of 12.7 barrier-crossings (BCR's), 

whereas the subjects with sulcal PFC lesions (n = 5) made 

more such responses: 18.8 (n * 6; ρ = 0.06; MWU-test, two-

tailed). The number of crossings in the extinction period 

was not different for both groups and amounted to 14.3 and 

15.8 responses for the medial and sulcal groups respectively. 

During the period between habituation and extinction a bar

rier-crossing resulted in 5 sec. of LH-stimulation (self-sti

mulation test). All subjects with sulcal lesions reached a 

considerable degree of self-stimulation after a very fast 

learning process (see figure 6). In contrast, the same result 

was obtained in only 2 subjects with medial lesions, whereas 

another one demonstrated a slight amount of self-stimulation 

behaviour. For the remaining three subjects with medial le

sions current strength had to be increased to induce self-
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Figure 6. Number of barrier-
crossing responses (BCR) be
tween the 11th and 16th min
ute in the self-stimulation 
test for subjects with sulcal 
(dotted) and medial (white) 
PFC lesions. 

—* subjects 

stimulation. In 3 successive periods of 5 minutes, the sulcal 

group made more barrier-crossing responses than the medial 

group (U = 3-6; p£.06). 

DISCUSSION 

In accordance with the results of comparable experiments (Cox 

& Valenstein, 1969; Koolhaas, pers. comm.) in only a small 

number (29%) of the wistar rats investigated clear consummat-

ory or related behaviours could be induced by LH-stimulation. 

The behaviour induced consisted always of eating or eating 

related behaviours, such as digging or the picking-up of 

pellets. This in comparison with other rat strains meager 

result may be related with various causes, among which strain 

differences in activity and emotionality (Wise, 1974). 

Extensive observations of the behaviours induced in the pres

ent experiment, has shown that the particular SIB induced in 

each subject separately, obtained a large degree of stability 

after a short or long period of time/experience and was very 

stereotyped. Apart from this a large inter-individual variat

ion in the nature of the induced behaviour was found. Via 

electrodes, whose locations can hardly be distinguished ana

tomically, different behaviours were induced (e.g. digging 

versus eating). The experimental design employed in he pre

sent experiment, in which the same subjects received Sham as 

well as lesion operations, in our opinion, did justice to the 

individual bound character of SIB (see also; Huston & Bures, 

1973). 
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The first unexpected result from the present experiment con

cerns the influence of the Sham-operation on the occurrence 

of SIB. In 33% of the animals the predominant SIB completely 

disappeared during one or more days; these subjects hardly 

responded to the presence of LH-stimulation at those times. 

The recovery of SIB occurred, however, abruptly and complete

ly. Rice & Campbell (1973) did not observe any influences of 

the Sham-operations from the first post-surgery day onwards; 

however, they did not damage the skull. Perhaps the damage to 

the skull caused a post-operative shock (Finger, 1978). These 

effects appear not to be related with the nature of the SIB 

nor with location of skull damage. 

Comparing the effects of medial and sulcal PFC lesions on 

LH-stimulation induced behaviour, leads to the following 

conclusions: 

a) Both types of lesions are followed by a temporary decrease 

of SIB, which, however, after sulcal PFC lesions is larger 

than after medial PFC lesions (49 and 29% decrease of SIB 

duration respectively), while the amount of decrease seems 

to be related with the nature of the predominant SIB. 

b) Only subjects with comparatively large sulcal PFC-lesions 

still show considerably less SIB after a 5 weeks recovery 

period. All subjects with medial PFC lesions have comple

tely recovered at that time. 

Concerning the temporary effects of both lesions, it may be 

concluded that dissimilarities as well a similarities with 

respect to the nature of the predominant SIB were found: 

1. Lesions in both areas do not affect the frequency of pel 

let-eating nor the threshold intensity required, but de

press its duration almost equally. Only in subjects with 

sulcal PFC-lesions this is accompanied with an increased 

picking-up of pellets. 

2. Extensive bilateral lesions in the medial PFC did not af

fect stimulation induced porridge eating, whereas sulcal 

PFC lesions caused a sharp decrease in frequency and dur

ation of this behaviour, whereas the threshold intensity 

had considerably increased. The latter subjects, indepen

dently of stimulation, consumed large amounts of porridge. 
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3. The influence of both lesions on stimulation induced digg

ing cannot be unambiguously derived. In both lesion groups 

one subject showed a large decrease (accompanied with a 

threshold intensity increase) whereas another showed hard

ly any changes at all. 

For the interpretation of these temporary results, it is im

portant to note that for none of the subjects appreciable 

effects on behaviour in the periods without stimulation were 

found. Moreover, the behaviour changes observed after the 

Sham-operations and those found after the lesions differ qua

litatively as well as quantitatively. Contrary to the behav

iour of some subjects shortly after the Sham-operation, after 

the lesions the behaviour during stimulation always differs 

from behaviour in periods without stimulation (we observed an 

increase in exploratory behaviour together with a decrease in 

SIB). Finally, the recovery of predominant SIB, if present, 

proceeds gradually, in contrast to the abrupt recovery after 

the Sham-operation. 

We might conclude that the influence of PFC lesions on the 

occurrence of SIB is of a specific nature and cannot be as

cribed to non-specific operation effects. 

The effects of PFC lesions observed here support the hypothe

sis of Rice & Campbell (1973) that frontal cortical damage 

contributes to the decrease of SIB observed after the elim

ination of the entire neocortex. The medial and sulcal reg

ions of the PFC appear to play distinctive roles. The influ

ence of the medial PFC is only slight and temporary. The re

sults of our behaviour observations indicate that these les 

ions reduce the effects of LH-stimulation (the subjects are 

less active). In the light of the heterogeneous picture of 

the subjects investigated, the specific nature and the signi

ficance of these effects remains open to discussion. 

In contrast, the effects of the sulcal PFC lesions are con

siderable and partly permanent. Strong evidence indicates 

that these subjects remain activated by the LH-stimulation. 

Identical to Rice & Campbell's report,in our study the les

ions affect particularly the duration of SIB. These authors 

conclude therefore that through its modulating influence of 
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the hypothalamic circuits, the frontal cortex enables the 

animals to let specific consummatory responses prevail over 

ongoing preparatory behaviour. In other words, according to 

this hypothesis, the transition from preparatory behaviour to 

consummatory behaviour at the moment the food is reached, is 

mediated partly by the prefrontal cortex. It was observed 

that subjects with sulcal lesions showed much of exploratory 

behaviour and often picked up pellets. In this light, it can 

be understood that the eating of porridge was effected to a 

larger degree than the eating of pellets. The eating of por

ridge consists only of taking a mouthfull and swallowing, 

i.e. the most elementary consummatory activity; whereas the 

eating of pellets, besides biting and gnawing, requires a 

number of manipulative preparatory behaviours. Digging and 

throwing-up are the least affected by the lesions. These be

haviour might be considered preparatory behaviour in the 

service of food intake too, although they are part of other 

functional activities (like nestbuilding) as well. 

An additional result of this experiment is that following the 

recovery tests, subjects with sulcal PFC lesions demonstrated 

more self-stimulation behaviour than subjects with medial PFC 

lesions. This might indicate an impairment in the medial PFC 

group. However, various arguments point to the opposite: that 

the sulcal group shows exceptionally much self-stimulation, 

whereas the self-stimulation level of the medial group must 

be considered normal. 

1) The stimulation intensity required to induce self-stimul

ation is often higher than the intensity required to in

duce SIB (Huston, 1971, 1972; Miller, 1960; Kobayaski, 

1974). Thus at the stimulation intensity employed in the 

present experiment comparatively little self-stimulation 

was to be expected. 

2) In a previous experiment (chapter 4) only a temporary ef

fect of NE-lesions on self-stimulation was obtained. 

3) At the time of the self-stimulation test, medial PFC les

ions did not affect SIB or any other behaviour observed 

anymore. 
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The results of the self-stimulation test indicate that sulcal 

PFC lesions (at least the larger lesions) facilitate self-

stimulation! An intervening factor probably is the higher ac

tivity of these animals at the start of the shuttlebox test. 

This increased activity in novel situations was observed be

fore (chapter 3) and might affect self-stimulation frequency. 

In summary, in accordance with Rice and Campbell's hypothe

sis, it might be argued that the influences of sulcal PFC 

lesions on LH-stimulation induced behaviour as well as LH-

self-stimulation indicate that the disruption of elicited 

consummatory behaviour might result from disinhibition of ap

petitive activity. A similar interpretation might be valid 

for these subjects under food deprivation conditions 

(Campbell 6 Lynch, 1969). 

The results of the present experiment correspond to a large 

degree with the effects of medial and sulcal PFC lesions on 

tail pinching elicited consummatory behaviour, as obtained by 

Shipley et al, (1980): medial lesions had no effects at all, 

whereas extensive sulcal lesions resulted in a short disap

pearance of the behaviour followed by a recovery to 70% of 

the pre-operation duration of the behaviour concerned. These 

authors too concluded that sulcal subjects remained aroused 

by the tail pinching (their behavioural descriptions report 

excessive reactions!). 
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CHAPTER б 

LESIONS IN THE PREFRONTAL CORTEX AND BEHAVIOUR WITH RESPECT 

TO AVERSIVE STIMULATION IN THE DORSAL TEGMENTUM. 

INTRODUCTION 

In a previous experiment (chapter 4) we were not able to un

ambiguously demonstrate an effect of lesions in the prefron

tal cortex (PFC) upon escape behaviour with respect to evers

ive stimulation in the medial hypothalamus (MH). However, the 

significance of the results was weakened by shortcomings of 

the test-procedures employed. On the other hand, the medial 

hypothalamus is perhaps a region less suited to research 

eversive processes by means of electrical stimulation. While, 

stimulation in that area often has ambivalent qualities con

taining appetitive as well as eversive components (Horrell & 

Redgrave, 1976; Atrens & Von Vietingshoff-Riesch, 1972; 

Schmitt et al, 1979)? those eversive and appetitive compon

ents are probably related with complex motivationel condit

ions (Ball, 1972: satiation; Kruk, et el, 1979: offensive 

aggression). Finally, the direct anatomical connections be

tween MH and prefrontel cortex seem to be minimel (Veening, 

et al, in press), which makes interaction at e centrel level 

less likely. 

In order to investigate a possible role of the PFC in ever

sive processes at the cerebral level that are less prone to 

the above-mentioned objections, the dorsal tegmentum seems a 

more suitable candidate. Intracrenial stimulation in this 

region, composed of the ventral part of the superior colli-

culi, the dorsal central gray and adjecent parts of the 

mesencephalic reticular formation (MRF), has exclusively 

eversive qualities (Olds Ь Peretz, I960; Velenstein, 1965; 

Schmitt et el, 1974). Moreover, on eccount of the collaterals 

of peleospinothelemic fibers thet reach the dorsal tegmentum 

(Mehler, 1960), end the presence of single units that respond 

specifically to pain stimuli (Stein Ь Dixon, 197Θ), this 
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region is thought to play an important role in the perception 

of pain and responding to pain (Taub & Collins, 1973; Riser, 

et al, 1978; DeSousa & Wallace, 1977). 

On a more general level, the dorsal central gray is consider

ed to play a major role in the regulation of defensive behav

iour with respect to threatening stimuli (Adams, 1979). Elec

trical stimulation in this region induces escape behaviour as 

well as freezing, vocalization and defensive aggressive post

ures (Olds & Olds, 1963; Nakao, 1971; and others), whereas 

Mos (1981) was able to induce offensive intraspecies aggres

sion. Lesions in the dorsal tegmentum cause a dramatic de

crease in defensive responses with respect to pain stimuli 

(Halpern, 1968; Edwards 6 Adams, 1974) as well as non-painful 

threatening stimuli (Lyon, 1964; Blanchard et al, 1981). 

As far as relationship with the PFC is concerned, it is known 

that the dorsal tegmentum receives an extensive projection 

from the medial regions (Leonard, 1969; Chapter 2). Nakao 

(1971) found in cats a temporary but considerable decrease in 

escape behaviour (switch-off behaviour) in response to stim

ulation in the dorsal tegmentum after extensive ablations of 

the frontal cortex. 

An important phenomenon that relates the PFC in rats to ever

sive stimulation, is the impairment in habituation to (mostly 

mild) eversive stimuli after lesions in this area. (Glaser & 

Griffin, 1962; Kolb, 1974b; Obal, et al, 1978). This often 

demonstrated deficit in habituation, has been interpreted by 

Van der Staak (1975), after Thompson (1973) as a loss of 

inhibitory influence from the medial PFC upon eversive 

mechanisms in the mesencephalic reticular formation. These 

aversive mechanisms seem predominantly located in the 

above-mentioned dorsal tegmental regions in which aversive 

electrical stimulation is accompanied with tonic cortical 

activation and depression of evoked potential (Ruth & 

Rosenfeld, 1977). 

On the basis of these data, the dorsal tegmentum appears to 

be a proper candidate to investigate a possible role of the 

PFC in the central organization of aversive processes. Thus, 

the influence of bilateral lesions in the medial and sulcal 

PFC on escape behaviour induced by aversive ICS in the dorsal 
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tegmentum, was investigated. To limit problems concerning the 

interpretation of the lesion effects due to the fact that PFC 

lesions may influence behaviour in various ways (see chapter 

1 & 4), a comparatively simple behavioural test was chosen, 

the rate- independent test of Valenstein & Meyers (1964). 

METHODS 

Subjects 

In 27 male Wistar rats (SPF63 Cpb; Loosli, 1975), weighting 

on average 278 g, a stimulation electrode was implanted in 

the dorsal tegmentum; the experiment was completed with 21 

subjects: some were discarded because the electrode was in

effective or because they lost the electrode prematurely. The 

rats were housed individually and received food and water ad 

lib. They were kept under a reversed day-night regime, the 

dark period being from 8.00 a.m. - 20.00 hr p.m. 

Operations 

Electrodes were inserted under anesthezation with Hypnorm 

(0.08 ml/100 g; i.m.) and a supplementary dose of Nembutal 

(0.10 - 0.11 ml/100 g, i.p.). The twisted bipolar electrodes 

(Plastic Products Сотр., MS 303, SS, 008") were isolated ex

cept for the tips. They were aimed at the dorsal part of the 

central gray of the right hemisphere; coordinates were 1.1 mm 

anterior, 0.2 mm lateral and 5.6 mm below skull surface 

(Pellegrino & Cushman, 1967). 

The second operation to either produce the lesions or Sham-

operate the controls, was performed under Nembutal anesthesia 

(0.225 ml, 20 mg/ml/100 g; i.p.). At the time of surgery mean 

body weight was 320 g. Bilateral lesions were made by means 

of a Radionics Radiofrequency Lesion Generator (RFG-4). The 

active electrode (0 0.7 mm) was insulated except for the tip 

(tip-length: 1.5 mm); an anal cathode was used. 

For the sulcal PFC lesions (n = 8) the electrode was inserted 

in the brain under an angle of 16 with respect to the medial 

plane; coordinates were 10.4 mm anterior, 3.8 mm lateral and 
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5.4 mm below skull surface. Current strength was increased 

until a tip temperature of 58 С was reached; this temperature 

was maintained for 60 sec. For the medial PFC lesions (n = 7) 

the electrode was inserted vertically on three locations bi

laterally. In order to distinguish the relative contribution 

of the various subregions of the medial PFC (see chapter 2) 

to the possible lesion effects, the coordinates were varied 

for the various animals in a rostro-caudal direction. How

ever, all locations were between 11.4 and 9.0 mm anterior, 

0.6 and 1.3 mm lateral and 3.0 and 5.6 mm below skull surfa

ce; a tip temperature of 51 С was maintained for 60 sec. For 

the Sham-operated animals (n = 6), under anesthesia only 

holes were drilled bilaterally in the skull at identical 

places as in the lesioned groups. 

2.3 Apparatus and stimulation characteristics 

Subjects were tested in a plexiglass shuttlebox (40 χ 25 χ 40 

cm). The floor consisted of two pertinax platforms, resting 

on microswitches and separated by a pertinax barrier (height: 

2.5 cm). The barrier had to be crossed by all four feet to 

depress the microswitches; the intracranial stimulation cir

cuit was thus closed or interrupted. 

Electrical stimulation was generated by a Grass S-48 stimula

tor, followed by a Grass Stimulus Isolation Unit (Grass SIU-

5) and a constant current unit (Grass CCU 1A). The animal was 

coupled to the stimulus apparatus by means of a swivel device 

and a spring-loaded wire that enabled the animal to move 

freely. 

Stimulation was composed of trains of quasi-biphasic pulses 

with a 0.2 msec, pulse duration, a frequency of 100 pulses/ 

sec, a train-duration of 300 msec, and a train-frequency of 

1 train/sec. 

Intensity and stability were continuously checked on an os

cilloscope. Presentation of stimulation was processed by a 

microprocessor. Subjects were tested in the dark period, the 

experimental room was illuminated by a red fluorescent lamp. 
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2.4 Procedure 

At least 7 days after electrode implantation tests were star

ted. Initially, subjects were tested in order to assess the 

effectiveness of intracranial stimulation for the induction 

of eversive behaviour. This screening as well as all subse

quent tests was done by means of the rate-independent method 

of Valenstein & Meyers, (1964), in which electical stimulat

ion was delivered for 60 sec. in alternately the left or 

right half of the shuttle box. 

The rat received stimulation only if he happened to be in 

that part of the box were stimulation was delivered at that 

time. If the stimulation has eversive qualities, the rat will 

try to escape; as soon as he jumps the barrier, the current 

circuitry is interrupted, and the animal waits at the safe 

side of the box until the 60 sec. have passed and he will 

receive stimulation again (the stimulation switches to the 

other compartment every 60 sec), which he will try to escape 

again by crossing the barrier, etc. The screening of elec

trode effectivity was done in maximally 5 daily sessions of 

15 min. each. During the first 5 minutes of each test no 

stimulation was delivered. Subsequently, through systematic 

variations of current strength the effective current strength 

was determined on the basis of the occurrence of escape beha

viour. 

For the effective electrodes stimulation intensity was adjus

ted until an escape latency of minimally two and maximally 15 

sec. was reached. Consequently, this stimulation intensity 

was used during the later tests in daily sessions of 10 minu

tes, until over 5 successive sessions a stable escape latency 

(LE) was reached. The criterion was a maximal variation of 

20% or 2 sec. of the mean over those 5 tests. 

The day after reaching the criterion, lesions were placed and 

the control subjects were Sham-operated. The subjects were 

quasi randomly distributed over the three operation condit

ions. 

After a recovery time of 3 days, testing with the same proce

dure was resumed. Also every day the body weights were taken, 

and if eating deficits arose, the subjects received additio-
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nal mashed food. 

Post-surgery testing continued for at least 2 x 5 sessions (= 

2 weeks). If after that period clear differences in compari

son with the pre-operative behaviour were still apparent, 

testing continued. During these latter tests current strength 

was increased systematically (in steps of 20%) until the pre-

su rgery escape behaviour was re-instated, except in animals 

that showed spontaneous recovery thereof. Subsequently, the 

original current strength was retested. 

During all sessions it was continuously recorded on a poly

graph: a) at which side of the shuttlebox stimulation was 

delivered; and b) periods during which the subject received 

or not received stimulation. 

From these registrations the values of three dependent 

variables could be derived; viz. 

a. escape latency, LE (= maximally 60 sec); 

b. number of escape responses, RE (= number of barrier-cross

ings during stimulation); 

с number of initiating responses, RI (= number of barrier-

crossings which result in stimulation). 

During all sessions behaviour was recorded continuously on 

the polygraph too. The following behavioural categories were 

used: 

1 ACTIVE : the rat moves at least two of his legs; excluded 

are rearing and grooming, included are walking, 

running, jumping, stretching, etc. 

2 REARING : An upright posture with the forelegs off the 

floor, unsupported or while leaning against the 

wall; 

3 GROOMING: Skin care behaviour, washing, scratching, etc. 

4 SITTING : The subject does not move any of his legs; ex

cluded: the next category; 

5 BARSIT : The subject sits or stands with one or more legs 

at or across the barrier. 

From the recordings for each session the duration of each be

haviour was computed as the percentage of the time during 
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which the rat received stimulation and of that in which not. 

2.5 Histology 

The histological methods employed were almost identical with 

those described in chapter 4 section 2.5. In the present ex

periment, however, the brains were cut in 50 um slices. Every 

fourth section from the prefrontal area, and every second 

section from the dorsal tegmentum area were stained with 

creeylviolet. 

3 RESULTS 

3.1 Histological results 

Locations of the electrode tips are shown in figure 1. Four 

electrodes reached the most ventral part of the right super

ior colliculus (in or against the commissure), whereas the 

others ended more or less dorsally in the central gray. 

Figure 1. Tip locations of the stimulation electrodes in the 
dorsal tegmentum (sections from Pellegrino & 
Cushman, 1967). 

The bilateral lesions in the sulcal PFC (see figure 2a) were 

almost identical in location and size in all subjects; only 

at the caudal extend some variation existed. Damage at the 
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rostral level was almost complete; caudally, mainly deeper 

layers of the sulcal PFC were destroyed. Lesion size, esti

mated through the method described in chapter 3, averaged 

7.36 mm3 (S.E.M. 0.7) . 

Medial lesions differed considerably in location as well as 

size (figure 2b). The planned variation in rostrocaudal di

rection was obtained in various subjects. In two animals the 

lesions were located mainly rostrally, in three others 

predominantly caudally, and in the remaining two subjects the 

damage extended over the entire area. In three cases the cor

pus callosum was damaged and in one subject the anterior 

olfactory nucleus was affected. Estimated lesion size 

averaged 6.72 mm (S.E.M. 1.2). 

Figure 2. Sections of the largest ( lllll ) and smallest (^=) 
lesions in the sulcal (A) and medial (B) prefrontal 
cortex. 

3.2 Influence of PFC lesions on body weight 

Sham-operations hardly affected the body weight at all. In 

contrast, both types of lesion induced an initial strong de

crease in body weight (on average 6-7%, on the first post-

surgery day), followed by a gradual recovery. 
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Subjects with medial PFC lesions differed from the Sham-group 

(MWU test; p<.05) until the 6th day after surgery, the group 

with eulcal lesions did the same even until the 12th day. 

Both lesioned groups did not differ from each other. Neither 

within the medially, nor within the sulcally lesioned group a 

relationship was found between lesion size and percentage of 

weight loss (r <.30). 

Influence of PFC lesions on behaviour with respect to 

eversive stimulation in the dorsal tegmentum 

As the influence of PFC lesions will be mainly described on 

the basis of changes in the pre-surgery behaviour, relevant 

data concerning the pre-surgery behaviour with respect to 

aversive stimulation in the dorsal tegmentum will be present

ed first. 

Pre-operative behaviour. 

After it was determined in the screening phase whether escape 

behaviour could be induced by stimulation in the dorsal teg

mentum, maximally 10 sessions were required to reach the cri

terion of 5 successive sessions with stable escape behaviour. 

In figure 3 mean escape latencies (LE) and escape responses 

(RE) are shown. It can be deduced that for the three future 

groups the mean escape latencies amounted to 5 seconds 

(range : 1.2-16.7 sec.) and the number of escape responses 

to approximately 12/10 min. (range: 10-18 responses). For 

both variables no differences between (future) Sham and 

lesion groups were revealed; neither were trend effects 

apparent over the last 5 pre-surgery days. (Multivariate 

trend analysis; Finn, 1977). 

Attempts were made, through varying its intensity, to prevent 

the stimulation from being extremely aversive. However, in a 

number of cases it was difficult to obtain stable escape be

haviour at lower intensities; in these subjects the differen

ces between stimulation intensities that induced hardly any 

responses and those that evoked very violent responses, were 

T) ranges given are for mean LÊ and total number ot RE per 
session across all subjects. 
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Figure 3. Means for LE 
(sec), RE and RI (see text) 
of the three groups that will 
be operated after the 5 ses
sions depicted above: SHAM 
(SH), MEDIAL (ME) and SULCAL 
(SU) PFC lesions. 

only slight and offered hardly room for experimental manipul

ations. 

For most subjects a stable response level at a below-extreme 

escape level could be reached. The frequencies of escape and 

initiation latencies show that most subjects escape from the 

stimulation almost exclusively and seldom walk back. In three 

animals considerably higher frequencies of RI and RE were ob

tained (more than 5 and 15 responses respectively per 10 mi

nutes), which démontrâtes that these subjects after an escape 

response often turn back and cross the barrier again (RI), 

received stimulation again and subsequently escape again. 

Probably, these subjects had a position preference for one 

part of the shuttlebox. On the basis of the dorsal locations 

of the stimulation electrodes as well as the comparatively 

low frequencies of RI, it might be considered improbable that 

stimulation for these subjects had appetitive properties. 

The behaviour in the test situation might be described quali

tatively as follows: 

As soon as stimulation starts, the subject stiffens during a 

short or long period of time. This reaction is followed by a) 

a violent jump across the barrier; b) turning around and jum

ping across the barrier (often accompanied with a defensive 

boxing posture and piloerection), or c) a period of heighten

ed activity (walking, rearing) followed by a barrier cross-

*^£ - - ^ • - ~ - * _su 
"OME 

2 3 4 5 

PREOPERATIVE TESTS 



125 

ing. After arrival in the safe compartment a short period of 

activity is followed by a large degree of immobility. Some 

subjects sit or stand on or halfway across the barrier, seem 

ingly ready to escape again; others sit somewhere else. All 

subjects show much freezing behaviour. 

INS 

in 
Figure 4. Mean duration in 
percentages of the behaviours 
observed the most for the 
total time with and without 
stimulation (n = 21). 

ACTIVE SITTING BARSIT REARING 

From figure 4 it can be observed that during stimulation sub

jects are more active than in periods without stimulation 

whereas the reverse is true for SITTING (for both variables: 

Wilcoxon's Τ <28 r p<.01). BARRIER SITTING occurs almost as 

often during stimulation as without stimulation, whereas 

REARING hardly occurs during stimulation. GROOMING has only 

been seen incidentally and during very short periods (never 

during stimulation). 

.3.2 Lesion effects: between-groups comparison. 

In order to determine the influence of the operations upon 

behaviour with respect to eversive ICS, difference-scores be

tween post-operative test scores and the mean of the last 5 

pre-operative sessions were computed for all variables. On 

these difference scores multivariate trend analyses (Finn, 

1977) per variable were performed for the total time of two 

weeks and for each post-surgery week separately: both lesio-

ned groups were compared with the Sham control group. 

Escape latencies (figure 5A). All groups and all days taken 

together, LE frequencies were increased as compared with the 

pre-surgery level (F . ._ = 15.Θ; p<.01); no trends were 
1 , 1 о 

revealed. Both the Sham-group and the lesion groups show an 

increased escape latency; and though the group means depicted 
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in figure 5A suggest otherwise, statistical analysis did not 

reveal any differences between lesioned and Sham-groups. How

ever, with respect to changes in escape latencies over days 

group SU differed from the Sham-group (lin. trend, F = 4.9? 

p<.04 and quadr. trend, F = 5.1; p<.04). 

1 2 3 4 5 6 7 8 9 10 
postoperative sessions 

Figure 5. Mean changes in escape latencies (5A) and number 
of escape responses (5B) after a Sham-operation 
(SH) and lesions in the medial (ME) or sulcal (SU) 
prefrontal cortex (the variation given - S.E.M. -
is representative for the entire period). 

Escape response (figure 5B). All groups and all days taken 

together, a significant negative change in RE was found (F = 

8.8; p<.01), but no significant trends. However, the Sham-

group demonstrated no changes (overall mean: +.42). Compared 

with the Sham-group, group ME shows a significant decrease in 

number of escape responses (F = 5.0; p<.04); this effect is 

not found in group SU, though this group differs from the 

Sham-group with respect to the pattern of changes over day 

(lin. trend, F = 11.7; p<.01). 

Initiation réponses (RE). Only slight changes in number of 

RI's, which were already at a low level before surgery, were 
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found (on average -1.8 to + 2.4); because of the many 0-

scores these changes could not be statistically tested. 

Behaviour in the absence of stimulation. 

The operations caused but little changes in the relative dur

ation of the various behaviours in the periods without stim

ulation. Only for SITTING a significant negative change was 

found for all groups (F = 8.0; p<.02); its duration in per

centages decreased some 5-10%. A remarkable finding is the 

increase in GROOMING following the operations. Whereas this 

behaviour occurred in only 33% of the subjects and very inci

dentally before surgery, after surgery significantly more 

subjects perform this behaviour (77%; X =4.3; p<.05) and of

ten during more than 5% of the periods without stimulation. 

Grooming occurs predominantly in those subjects that also 

show sharp increases in escape latencies. In none of the be

havioural variables significant differences between the Sham 

and lesion groups were found. 

Figure 6. Mean changes in duration-in-percentages for a 
number of behaviours during stimulation. Sham-group 
(SH), medial PFC (ME) and sulcal PFC (SU) group. 
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Behaviour during stimulation (figure 6). Compared with the 

Shamgroup, group ME showed a significant increase in SITTING 

during the first post-surgery week (F = 4.6; p<.05)? duration 

in percentages of this behaviour has increased 20%. Group SU 

showed an increase of 10% in duration of BARRIER SITTING (F = 

6.3; p<.03). Although both lesioned groups were some 10-30% 

less active during stimulation, no differences in comparison 

with the Sham-groups were revealed, due to very large within-

group variation. As was already the case before surgery, the 

Sham-group was significantly more activity during stimulation 

then in the absence of stimulation (Wilcoxon's T=0; p<.05). 

Both lesioned groups showed no activity differences between 

both conditions. 

In summary: statistical comparisons of the Sham-group and the 

lesioned groups revealed a number of significant lesion ef

fects: a decrease in the number of escape responses after me

dial PFC lesions and clear trend effects for LF and RE after 

sulcal lesions. Both lesions resulted in an increased immobi

lity during stimulation and eliminated the activity differen

ces between periods with and without stimulation. However, 

the groups results are difficult to interpret. Particularly 

the finding that a considerable decrease in escape responses 

(down to less than 10 per session, compare with 3.3.1) is not 

accompanied with a significant increase in escape latencies, 

does not seem plausible. The main cause might be the large 

variation found for most variables, reflecting the consider

able differences between individuals. In order to obtain a 

more complete picture of the lesion effects, more attention 

must be paid to the results of the individual animals. 

Lesion effects: individual results (within groups). 

For each subject the effect of the operation upon escape la

tencies and escape responses was determined by comparing the 

scores obtained in the 5 pre-operative sessions with those in 

the first 10 post-surgery sessions, employing a Student's 

t-test. In tabel 1 individual results are presented for the 

5th and 10th session after the operation, while a more ex

tensive review of the results is presented in appendix 2AB. 

Per group the scores of each post-operative session were 
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compared with the mean of the pre-operative scores, by means 

of a t-test for dependent samples (see table 1). 

Table 1. Number of escape responses (PF) and escape-laten
cies (LE) : preoperative mean values and data for 
the 5th and 10th postoperative sessions for all 
individual subjects. Stars indicate significant 
results (* p<.05; ** p<.01) of within subject test
ing (Student's t-test). 

GROUP SUBJECT 

458 

459 

481 
SHAM 4 8 7 

512 

520 

478 

479 

482 

486 
SULCAL ,,, 

513 

514 

528 

456 

457 

480 

MEDIAL 485 

512 

517 

527 

LE 

PRE POST 5 POST 10 

2.0 3,4 1,6 

5.4 14,7 15.4*· 

4,6 9,8 5,9 

6.5 4,8 5,2 

4,3 5,3 4,8· 

9.6 21,2 18,5** 

2,7 3,0 2,1 

6,1 11.6 13,8** 

3,7 47,4 43,5*· 

6,4 40,9 57,1·* 

4,4 30,5 36,4·* 

4,0 4,2 11,1 

5,4 8,8 6,3* 

11,6 11,1 12,9 

7,1 8,5 4,9 

2,0 2,4 1,9 

7,3 60,0 9,9* 

2.7 7,2 10,3** 

6.0 47.8 49,5** 

8.8 40,7 26,5** 

4.9 3,3 14,7 

RE 

PRE POST 5 POST 10 

10,4 12 14 

10,6 9 10 

10,6 11 11 

13,2 16 17 

10,0 10 11 

10,8 10 11 

15,4 10 10* 

13,2 11 14 

11,2 0 2** 

10,0 2 0** 

12,0 3 5·* 

11,2 10 11 

10,6 16 10* 

10,2 10 11 

10,6 13 12 

10,2 10 10 

18,0 0 13** 

10,6 10 15 

10,6 0 0** 

16,0 0 6** 

12,0 10 11 

Sham-group (n = 6). In none of the post-operative sessions 

this group differed from the pre-operative means with respect 

to LE and RF. In three subjects, however, the Sham-operation 

resulted in an increase in escape latencies. For subject no. 

512 the increase was only slight, for rat 520 the increase 

seemed a continuation of a trend already apparent before 

surgery, but rat 459 showed a considerable increase in escape 

latency. 

In none of the Sham-operated subjects a change in number of 

escape responses was found, thus, these animals escaped ever

sive stimulation on every occasion (with the exception of rat 

459 during the first days). 
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Group with sulcal PFC lesions (η = 8). 

On almost all post-operative days this group demonstrated 

significantly higher escape latencies (t. >2.2Я; p<.06), 

whereas the number of escape responses had decreased on day 9 

and day 10 only (t, >̂  2.39; p<.05). However, apart from these 

effects large individual differences in lesion effects were 

apparent. For 3 subjects the lesion had no effect at all on 

LE and RF (subjects 47Θ, 513 and 52Я). Two others (479 and 

514) demonstrated increases in escape latencies, however, 

they consistently escaped from stimulation. 

For the remaining three animals with sulcal lesions (4Я2, 486 

and 511) escape latencies increased considerably; in all ses

sions they frequently did not escape within 60 sec.(!). Total 

duration of time with and without stimulation is almost equal 

(50% of the test time). Whereas the latter finding suggests 

that stimulation has no effect on the behaviour of these ani

mals anymore, during stimulation they show much less grooming 

behaviour (or no grooming at all) than in the absence of sti

mulation (see appendix 2c). One of the latter 3 subjects 

(486) recovers spontaneously to the pre-operative level of 

escape behaviour during the third post-surgery week; in the 

other two this behaviour could be restored to the original 

level by doubling the stimulation intensity. 

Groups with medial PFC lesions (n = 7). 

For the entire group only the first and second days of test

ing after surgery revealed increases in escape latencies (t, 

>_ 2.81; p<.05) and a decrease in number of escape responses 

(t. >̂  2.67; p<.05). Also in this group large individual 

differences with respect to lesion effects were apparent. In 

three subjects (456, 457 and 527) a lesion in the medial PFC 

caused no changes in behaviour with respect to aversive 

stimulation. One subject (485) showed an increase in escape 

latencies, whereas the number of escape responses remained 

unaffected. In the remaining three subject (440, 512 and 517) 

escape latencies increased considerably and often no escape 

response was made within 60 sec. Total stimulation time 

amounted to approximately 50% of the entire test duration. 

However, only in the absence of stimulation an increase in 
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GROOMING was observed (see appendix 2c); thus these subjects 

behaved differently with or without stimulation. One of these 

3 animals recovered spontaneously to the pre-operative escape 

level during the second week (Ί80), whereas the other two 

subjects required a considerable increase in current strength 

to obtain that result in the third week after surgery. 

4 Correlations between behavioural changes observed and varia

bles considered relevant. 

Whereas in chapter 3.3.2 a few differences between the Sham-

controls and lesioned groups were found, the previous section 

demonstrated that the operations within each group results 

into considerably varied effects on behaviour with respect to 

eversive stimulation in the dorsal tegmentum. Thus, we have 

searched for quantifiable variables that might have contribu

ted to the individual differences. Some variables might be 

considered relevant for the Sham as well as the lesion 

groups, where as others presumably relate more or exclusively 

to the lesioned groups. For each of these variables its con

nection with the changes in escape latencies and number of 

escape responses is computed by means of Spearman's Rank 

Correlation Test (Siegol, 1456). 

All subjects taken together (n = 21) no significant correlat

ions were observed between changes in LE or RF and : 

a) pre-operative means escape latency (r £.11); 

b) intensity of intracranial stimulation (r £.04); 

c) depth of tip-location of the stimulation electrode (ranked 

by two independent judges; r =-.35, p<.10). 

Within the lesion groups (n = 15) no significant correlations 

were found between degree of change in LF and RE on the one 

hand and size of brain damage on the other hand; neither were 

correlations found between T.E and PF changes and damage in 

the right hemisphere (ipsilateral to the stimulation electro

de; r <.19). Finally, no correlations were found between the 

s— 

behaviour changes and percentage weight loss after surgery, 

if means scores of the first post-operative week are conside-

, , <.1Я). 
red (rs— 
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Whereas a correlation tended to appear between behavioural 

changes and location of electrode tips, when all subjects 

were considered together, this correlation was highly signi 

ficant if considered within group (r =-.76; p<.01); thus, the 

largest behaviour changes after PFC lesions were observed 

with the electrodes located most dorsally. 

4 DISCUSSION 

In accordance with the literature (Schmitt et al, 1974; 

Valenstein, 1975; Keene & Figueroa, 1977) electrical stimul

ation in the dorsal tegmentum, particularly the ventral parts 

of the superior colliculi, the commissure lying below and the 

dorsal part of the central gray, induced unambiguous escape 

behaviour in Wistar rats. In none of the subjects any tenden

cies to approach stimulation were observed. 

The influences of the operations upon behaviour with respect 

to eversive stimulation may be summarized as follows: 

a) lesions in the medial as well as the sulcal prefrontal 

cortex induce a decrease or even complete disappearance of 

escape behaviour in 57% of the medial and 63% of the sul

cal subjects. 

b) these lesion effects are closely related to the location 

of the stimulation electrode tips; the largest behavioural 

changes were observed with electrodes located in the ven

tral part of the superior colliculi or in the extremely 

dorsal part of the central gray. 

c) even after Sham-operations increased escape latencies with 

respect to aversive stimulation were found; at the first 

days of testing escape behaviour sometimes did not even 

occur. 

Although the results of the Sham-operations may be related to 

specific individual causes (pre-operative trend to increasing 

latencies; less stable response level), doubts arise as to 

the specificity of the lesion effects. The issue is whether 

after the lesions only non-specific surgery effects might 

have been found (Isaacson, 1975), on the assumption that 

recovery, physically and otherwise, after a lesion operation 
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needs more time and energy then after a Sham-operation. How

ever, various arguments can be posed against this interpret

ation: 

a large number of animals that underwent surgery, did not 

show changes in escape behaviour (even after very extensive 

damage)r 

- two variables, that might be considered to reflect condit

ion after surgery, weight loss and activity (in periods 

without stimulation), do not correlate with the changes in 

escape behaviour and/or did not change following surgery. 

Although some hard to define non-specific operation factors 

cannot be excluded entirely, we feel that the results follow

ing PFC lesions warant closer scrutinity. 

In approximately 60% of the animals lesions in the medial and 

sulcal PFC resulted in an increase in escape latency and in 

some the escape responses disappeared entirely. 

Some subject returned to their original escape behaviour 

within two or three weeks, but in a few this required a con

siderable increase in stimulation intensity. Quantitatively 

the medial and sulcal lesions do not differ in this respect. 

This effect of the prefrontal lesions seems to correlate with 

the location of the stimulation electrodes: the changes ob

served were almost exclusively found with dorsally located 

electrodes, and not with electrodes reaching deeper in the 

central gray. It has been suggested elsewhere too that the 

lesion effects depend upon the specific location of the elec

trodes within a particular structure (Redgrave et al, 1991). 

Cells in the deeper parts of the superior colliculi respond 

systematically on painful peripheral stimulation (Stein & 

Dixon, 1978) and uptill now only eversive responses have been 

demonstrated from stimulation in this area (Valenstein, 1965; 

Schmitt et al, 1974). During a systematic exploration of the 

dorsal tegmentum, by means of movable electrodes, in their 

search for appetitive and aversive properties of intracranial 

stimulation, Schmitt et al (1974) found exclusively aversive 

responses in the dorsal central gray, whereas stimulation in 

more ventral regions of this area often was approached by the 
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animals, and thus, as stimulation in the medial hypothalamus 

(chapter 4), possess ambivalent properties. Therefore, it 

might be suggested that when PFC lesions resulted in behav 

iour changes, another neural system (aversive only) was sti

mulated, than in cases in which PFC lesions had no effect. 

This suggestion is supported by Riser, Levovitz & German 

(1978), who demonstrated that on a mesencephalic level two 

different neural systems for escape behaviour exist, one 

serotonergically regulated system in the dosai central gray, 

and an other catecholaminergic sytem in a wider zone under

neath. The medial as well as the sulcal subregions of the PFC 

are innervated by ascending serotonergic fibres (Harvey et 

al, 1975, Steinbusch, 1981); moreover, it has been observed 

that the serotonergic activity in the PFC was specifically 

related with pain sensitivity in rats (Schlosberg & Harvey, 

1978). An argument against an interpretation in terms of 

direct descending influences from the PFC, is presented by 

the fact that lesions in both PFC regions had comparable 

effects, whereas only the medial PFC projects towards the 

dorsal tegmentum (Leonard, 1969; Hardy & Leichnetz, 19B1). 

However, alternative possibilities are many, and with respect 

to the data presented here, too speculative to need special 

mention. 

The results of the present experiment as well as those of the 

one described in chapter 4 suggest that the prefrontal cortex 

might be related with pain mechanisms, that are partially 

located in the dorsal tegmentum (DeSousa & Wallace, 1977), 

rather than with a more general regulation of aversive pro

cesses, in which the entire central gray and the medial hypo

thalamus are considered to be involved (Adams, 1979; Sandner, 

et al., 1979). 
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CHAPTER 7 

THE INFLUENCE OF LESIONS IN THE PREFRONTAL CORTEX ON 

CONSÜMMATORY AND INSTRUMENTAL BEHAVIOUR FOR WATER, SUCROSE 

AND QUININE SOLUTIONS (in collaboration with J.P.M. Receveur) 

INTRODUCTION 

In the three previous experiments the possible involvement of 

the prefrontal cortex in the central processing of appetitive 

and eversive stimuli was investigated by means of intracrani

al stimulation. The results point to differential effects of 

medial and sulcal PFC-lesions with respect to the reinforcing 

and eliciting aspects of such stimuli, as is expressed in in

strumental and consummatory behaviour respectively. Bilateral 

damage to the sulcal PFC causes considerable impairments of 

consummatory behaviour; this is found as much in normal eat

ing and drinking behaviour (Kolb, 1974; Kolb & Nonneman, 

1974, 1975, chapter 3 6 4) as in the eating behaviour induced 

by stimulation of the lateral hypothalamus (chapter 5). Med

ial PFC lesions affect both kinds of behaviour only slightly. 

In contrast, evidence exists that the medial PFC is involved 

in instrumental behaviour, whereas the role of the sulcal PFC 

in this behaviour is much less clear. Following bilateral 

medial prefrontal lesions, we found a temporary reduction of 

instrumental behaviour directed at obtaining rewarding elec

trical stimulation in the lateral hypothalamus; sulcal les

ions had no such effects (chapter 4). It has been demonstrat

ed that medial prefrontal damage caused a decrease in running 

speed in a runway to get food (Gurowitz et al, 1970; Glass et 

al, 1969), as well as declining response-rates on a CRF-sche-

dule in a Skinnerbox (Numan 6 Grant, 1980). However, Kolb et 

al, (1974) did not find effects of medial PFC-lesions on res

ponding on a CRF-schedule when they tested subjects several 

months after surgery, whereas sulcal lesions did cause a de

pressed response-rate at that time. Their medial lesions, 

however, included only the anterior cingulate area and left 

the prelimbic area unaffected. Besides, the long recovery 

time preceding retesting seems an important determining 

factor. 
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The effects of medial PFC-lesions have been described as a 

reduction in approach tendencies (Glass et al, 1969; Gurowitz 

et al, 1970), c.q. instrumental behaviour. 

In the present experiments the influences of medial and sul-

cal PFC-lesions on consummatory as well as instrumental be

haviour with respect to natural appetitive stimuli was in

vestigated. 

Quality and intensity of consummatory as well as instrumental 

behaviour are determined mainly by the prevailing physiologi

cal state of the subject (central organic state, drive state 

etc.) on the one hand, and by the particular properties of 

the stimulus to be obtained (incentive value; Bolls, 1975; 

Bindra, 1976) on the other hand. Thus, deficits in the senso

ry or motor ability of the organism aside, changes in behav

iour may be induced by changes in physiological state (e.g. 

deprivation-level), changes in incentive value of the stimu

lus (quantity, taste, etc.) or by complex interactions be

tween both. 

To gain a better insight in the influence of PFC-lesions in 

behaviour with respect to appetitive stimuli, the incentive 

value of an appetitive stimulus was varied; deprivation-level 

was held constant. This was done by offering water as an ap

petitive stimulus as well as a more preferred sucrose solut

ion and less preferred quinine solution. 

In the first experiment the influence of PFC-lesions in in

teraction with taste changes on water consumption after 23 hr 

deprivation is investigated. As for the role of taste in con

summatory behaviour, Kolb et al, (1975) found that medial 

PFC-lesions resulted in finickiness: addition of quinine to 

solid food caused a stronger reduction of food-intake in med

ially lesioned subjects than in subjects with sulcal or sham 

lesions. Apart from this, not much is known concerning this 

phenomenon. 

In the second experiment instrumental behaviour, operant res

ponding in the Skinner box on a VI-30" schedule was examined. 

Responding on a VI-schedule is very sensitive to changes in 

deprivation-level (Clark, 1958; Miller, 1956) as well as in 
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incentive value of the reward (Levin, 1973; Campbell & 

Seiden, 1974). 

The influence of the incentive value (taste) of the reward 

was investigated in a version of the so-called behavioural 

contrast paradigm. While subjects are pressing the lever for 

water, the water reward is alternated with the earlier-ment

ioned sucrose or quinine solutions. Our interest is, first, 

in behaviour changes, i.e. changes in response frequencies, 

during the shifts in reward quality; and, secondly, in con

trast effects which may occur upon returning to the regular 

water-reward, as reflected in an increase or decrease in res

ponse frequency relative to the response frequency to be ex

pected (Receveur, 197Я; Rashotte, 1979). Examination of the 

influences of prefrontal lesions on behaviour changes direct

ly induced by the reward shifts and on contrast effects might 

offer additional insight into the role of the prefrontal cor

tex in the effectuation of appetitive behaviour. Thus, the 

total pattern of instrumental behaviour shown within sessions 

will be carefully analyzed. 

EXPERIMENT 1: PFC-LESIONS AND THE CONSUMPTION OF WATER, 

SUCROSE AND QUININE SOLUTIONS 

Methods 

Subjects. 

The experiment employed 27 male Wistar rats that had served 

before in an experiment measuring light aversion and activity 

in the open field (chapter 3). The three groups of subjects 

(n = 10 each) have already been described in that context. 

One group had been sham-operated, the others had received 

bilateral lesions in either the medial or the sulcal PFC. In 

this experiment, nine subjects of each group were tested. 

Time between operation and the present experiment was six 

weeks. Subjects were housed individually under reversed day-

night schedule (dark period: 8.00 a.m.- 20.00 p.m.) and re

ceived food ad lib. At the start of the experiment subjects 

averaged 36Й grams of weight; the three experimental groups 

did not differ in this respect. 



13Θ 

Procedure. 

Animals were kept on a 23 hr. water-deprivation schedule. 

They were given the opportunity to drink in their homecage 

from 11.00 - 12.00 a.m. each day. After 4 days of adaptation 

to this schedule, water consumption was measured on 4 succes

sive days during the first 10 minutes of the one-hour water 

presentation. This was done by means of measuring-glasses 

with an 0.5 ml accuracy. During the remaining 50 minutes wa

ter was given through the standard water-bottle, as usually. 

After a three days interval, a .01% quinine solution (QHCL, 

weight/volume) was offered during the first 10 minutes of the 

drinking period and amount taken was measured. This was done 

again on 4 successive days. 

Another 3 days later, the same procedure was repeated with an 

8% sucrose solution (saccharose, weight/volume), also on 4 

consecutive days. Weight of subjects were recorded at the 

start and after completion of the experiment. 

Histology. 

Histological methods and anatomical data have been fully des

cribed in chapter 3. 

Results 

In figure 1 the mean consumption of each of the three liquids 

offered per 10-minutes test are represented for each experi

mental group. 

A 3(groups) χ 3(taste of liquid) χ 4(days) repeated measures 

analysis of variance (Winer, 1971: p. 539) shows that neither 

type of PFC lesions had any effect on the consumption (F_ _. 

= 0.34). The influence of taste was highly significant (F_ ._ 

= 195.4; ρ < .01); subjects consumed more of the sucrose sol

ution and less of the quinine solution, as compared to water. 

The factor days was significant also (F_ __ = 27.3; ρ < .01), 

reflecting the increase in consumption of all three liquids 

over days. This increase was, however, different per liquid, 

as is revealed by the significant taste χ day interaction 

(F. ... = 3.66; ρ < .01). The increase in quinine consumption 

seems much more marked than the increase in consumption of 
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Figure 1. Consumption of water, quinine solution and sucrose 
solution during 10 minutes after 23 hr deprivat
ion, presented for the Sham group (SH), and the 
groups with medial (ME) or sulcal (SU) prefrontal 
cortex lesions. 

Discussion 

A clear influence of taste stimuli on water consumption was 

demonstrated. The results for the three liquids used closely 

resemble those of previous studies (Receveur, 1978). A strong 

neophobia reaction seems responsible for the depressed con

sumption of each liquid during the first day(s) of testing 

(Domjan et al, 1976). For the water data this neophobic re

action may be the results of the disturbing novelty of the 

registration procedure; after two days, however, water con

sumption seems to have stabilized around 7.5 ml. Introduction 

of new flavours also causes consumption to decrease temporar

ily below the level actually reflecting the subjects like or 

dislike of the solutions offered. 

Neither medial nor sulcal prefrontal lesions - after a long 

recovery period at least - seem to have any effect on amounts 

of liquids consumed, nor on the pattern of consumption over 

days. These findings, then, are at odds with the finickiness 
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for quinine after medial PFC, as reported by Kolb & Nonneman 

(1975). However, they added quinine to solid food and besides 

the quinine concentration used in their experiment was much 

higher than the ore chosen for this experiment which was 

offered in water. 

Э EXPERIMENT 2: EFFECTS 0Γ PFC-LESIONS ON OPERANT RESPONDING 

(VI-30" SCHEDULE) UNDFR WATER-DEPRIVATION AND 

RFSPONSE CHANGES INDUCED BY CHANGFS IN DUALITY 

(TASTE) OF THE REWARD. 

3.1 Methods 

3.1.1 Subjects. 

Subjects were 36 male Wu rats (SPF36 Cpb). At the start of 

the experiment they weighted 429 (+ 20.9) grams. All housing 

conditions were the same as those described in Experiment 1. 

3.1.2 History of subjects. 

Immediately prior to the present experiment, all subjects had 

served in a similar experiment for two months. In that study, 

the influence of changes in quality and quantity of the re

ward on oparant reponding on a VI-30 sec. schedule was inves

tigated (Receveur, 1985). For all subjects this means that: 

a) they have been kept on a 22 1/2 hr water-deprivation 

schedule for a long period; 

b) they have been given shaping and CRF training sessions and 

have had considerable experience with responding on a 

VI-30" schedule (about 25 sessions); 

c) they have experienced reward shifts before (either in 

quantity or quality) in a paradigm similar to the one 

employed in the present experiment. 

3.1.3 Surgical methods. 

All operations were carried out under Nembutal anaesthesia 

(20 mg/ml; 0.225 ml/100 g; i.p.). Lesions were produced by 

means of a Radionics Radiofrequency Lesion Generator (RFG-4) 

with the anode inserted stereotactically in the brain and an 
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anal cathode. The stainless-steel electrode had a length of 

100 mm and was insulated with exception of the tip (1.5 χ 0.7 

mm) . For the medial lesions (ME-group) current strength was 

maintained during 60 seconds at the level that produced a tip 

temperature of 52
0
-53 C; for the sulcal lesions (SU-group) a 

tip temperature of 58 С was aimed at. 

Two medial prefrontal cortex lesions were made, one above the 

other, via the vertically inserted electrode; coordinates 

were 10.6 mm anterior, 0.8 mm lateral and 5.0 mm and 2.6 mm 

respectively below skull surface (Pellegrino & Cushman, 

1967). A single sulcal lesion was placed bilaterally with the 

coordinates: 10.6 mm anterior, 3.9 nun lateral and 5.4 mm be

low the skull surface; the electrode was inserted under a 16 

angle from the median plane. 

Sham-operations (SH-groups) contained incision of the skin 

and the bilateral drilling of holes in the skull surface (for 

half of the SH-subjects the holes were drilled above the me

dial PFC, for the other half this was done at the same place 

as for the sulcally lesioned group). 

4 Apparatus. 

A set of 8 identical Skinnerboxes (Campden, Model 410) has 

been used. They were constructed from aluminium except for a 

plexi-glass frontwall and a gridfloor, and measured 20 χ 24.5 

χ 2 3 cm. In the left side wall 4 cm above the floor, a re

tractable lever of rectangular feeding compartment was situa

ted (5.5 χ 6.4 χ 4.0 cm), 1 cm above the floor, through this, 

the liquid reward (.05 ml) was offered by means of a dipper-

feeder driven by a motor. Dipper-presentation lasted 6 sec

onds and was signalled by a light in the feeding compartment. 

At rest, the dipper rested in a plastic tray containing the 

liquid reward. On the ceiling a houselight and a speaker were 

mounted. Each testbox was located in a sound attenuating cu

bicle, the frontwall of which was left open to facilitate the 

exchange of the plastic trays with liquids and observation of 

the subjects. The exhaust-fan produced a background noise of 

+ 42 dB. 

A PDP 11-02 computer was used to schedule experimental events 

and collect the date by means of FORTRAN programs. All equip 
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ment was located in a single room, which was illuminated by a 

dim red light. 

5 Procedure. 

All subjects were kept on a 22 1/2 hr deprivation schedule, 

except for a few days immediately following surgery. They 

were given access to water during one hour after each test 

session. 

During phase I of the present experiment (pre-surgery phase) 

all subjects were submitted to 10 daily sessions of retrain

ing on a VI-30" schedule for a .05 ml water reward. In a 

VI-30 sec. schedule the first response after intervals vary

ing at random between 10 and 50 seconds (with a mean of 30 

sec.) are rewarded. Each test session lasted 24 minutes and 

consisted of 5 periods of 4 minutes (blocks) in which the VI-

schedule was in effect, seperated by 1-minute time-out per

iods. 

In the time-outs, all lights in the box were switched off and 

the lever was retracted. As all subjects were experienced in 

VI-30" responding, this phase rather than learning served the 

unlearning of associations formed before. 

At the end of the presurgery phase, subjects were separated 

into two groups (n = 18) on the basis of their prior exper

iences: a QUININE group (which later on in the experiment 

will receive quinine rewards), composed of subjects that have 

experienced negative shifts in reward; and a SUCROSE group, 

composed of subjects that either have experienced positive 

reward shifts or have had no such experiences, but have ser

ved as controls. Within each group then, subjects have had 

more or less similar though not identical experiences. 

Thereupon, both groups were subdivided in 3 subgroups, each 

(n = 6) on the basis of their mean response-frequencies over 

the last 5 presurgery sessions; subjects that were to receive 

Sham-operations (SH), medial prefrontal cortex lesions (ME) 

or sulcal prefrontral cortex lesions (SU). Subsequently, sur

gery was performed. 

After surgery, subjects received food and water ad lib during 

4 days; subjects with PFC lesions were given mashed food dur-
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ing the first 3 recovery days. Weights were taken every day. 

After 7 days of recovery, subjects were retested on 5 succes

sive days under the same conditions as before surgery (post-

surgery phase). 

Then the shift phase of the experiment started. Subjects were 

tested on 10 successive days on the same VI-30" schedule. 

However, in the third block a reward of .01% quinine solution 

(QHC1 weight/volume) was given instead of water to the 

quinine groups. The sucrose groups received a reward of 8% 

sucrose solution (saccharose, weight/volume) instead of water 

during the third block. In the other blocks the regular water 

reward was given. This change in the quality of reward during 

the 3rd block was cued by a tone signal (1000 Hz, 2dB above 

background noise). 

For each subject response-rate per minute was registered dur

ing the whole experiment. 

6 Statistical analysis. 

Response rates per block of 4 minutes will serve as the basic 

data on which statistical analyses will be performed. For all 

phases after surgery, analyses were aimed at revealing whe

ther differences in possible response changes do exist be

tween Sham-operated and lesioned groups, as compared to pre-

surgery performances. To this end difference-scores between 

pre- and post-surgery block-scores were computed per subject. 

Analyses were performed on these difference-scores; because 

during each phase of the experiment tests were repeated for 

several days, this was done by means of a multi-variate ana

lysis for repeated measurements (Finn, 1977), in which 

through planned comparisons each lesion-group is compared 

with the Sham-group. First, overall group means are tested, 

and, secondly, changes over days (trend analyses). 

7 Histology. 

After completion of the experiment subjects were sacrificed 

by Nembutal overdose (60 mg/ml, 0.25 ml/100 g, i.p.) and per

fused through the heart with a 0.9% saline solution, followed 

by 4% Formalin. The brains were removed, soaked in 4% Forma

lin (for 3 weeks) and embedded in Albumin jelly. They were 
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frozen and sliced in 50 urn sections. Every fourth section 

from the frontal area was stained with cresylviolet. Lesions 

were then mapped onto maximally 5 standard diagrams (anterior 

11.6, 11.0, 10.4, 9.8 and 9.2 mm) from Pellegrino & Cushman 

(1967). By means of a surface analysis device (Kontron Mess

geräte, type Digiplan) extend of damage was determined for 

each level; thereupon total amount of damage was estimated by 

means of methods described in chapter 3. 

Results 

Anatomy. 

Diagramatic representations of the largest and smallest med

ial and sulcal lesions on five frontal levels are shown in 

figure 2. The medial PFC-lesions typically destroyed the most 

rostral part; the main areas damaged are the prelimbic region 

and the rostral part of the anterior cingulate area (i.e. the 

ventromedial PFC). Slight damage was usually also sustained 

by the genu of the corpus callosum. Estimated size of the le-
3 . . 

sions was 8.1 + 2.0 mm ; the deviation was mainly located in 

its rostral extent. 

Ventrolateral PFC-lesions were located somewhat more caudally 

than the medial PFC-lesions. Rostrally, mostly superficial 

layers of the lateral orbital area and the anterior insular 

area are destroyed; caudally, deeper layers of the anterior 

insular area were also affected. In all subjects, the lateral 

part of the genu, the deeper layers of the lateral cortex and 

occasionally the claustrum (rostral part) sustained damage 

also. Estimated size of the sulcal lesions was 11.1 + 3.9 

mm , which is slightly larger than the medial lesions. 

Lesions varied mainly in their rostral extent as well as 

caudally in amount of tissue damaged. 

Involvement of the genu of the corpus callosum in both les

ions means substantial damage to efferent and afferent fibers 

from and to both prefrontal areas. 

Presurgery phase: Pesponding on a VI-30" schedule for water 

rewards. 

Prior to surgery all subjects were given 10 daily 'training 
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Figure 2 Diagrammatic representations of the largest (^=) 
and smallest (|||||) lesions in the medial and sulcal 
PFC. Diagrams are from Pellegrino & Cushman 
(1967). 

sessions in the Skinnerbox on a VI-30" schedule with .05 ml 

water as a reward. Only the results of the last 5 days have 

been analysed in order to determine whether pooling of the 

data over days would be allowed, the pooling serving the goal 

of providing a reliable baseline against which lesion effects 

might be tested. After completion of this phase the three 

experimental groups (SH, ME and SU) were formed on the basis 

of response frequencies of the last 5 sessions. Thus, differ

ences in group mean scores were not to be expected. A trend 

analysis (Finn, 1977) performed in the response-frequencies 

per block (over days) showed that no significant changes occ

urred over the last 5 days, neither per block nor in total 

response scores per day. This enables us to take the mean of 

the response frequencies of the last 5 presurgery sessions as 

a point-of-reference for postsurgery performance. Mean res-
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Figure 3. Cumulative record of leverpressing performance by a 
subject during the last test before operation. The 
recorder was reset at the end of each block. 

ponse-rates per block for each group formed after completion 

of this phase are shown in figure 4. In figure 3 a cumulative 

recording of the response pattern of a single subject during 

one total session is presented. 
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Figure 4. Mean number of barpressings per 4-minutes blocks (+ 
Sd) over the last 5 preoperative tests for the 
three experimental groups (n=12), which will be 
sham-operated (SH), or will have lesions in the 
medial (ME) or sulcal (SU) prefrontal cortex. 
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Both figures clearly demonstrate the decrease in response 

frequency in the course of the session. A trend-analysis over 

the mean blockscores confirm this with significant linear 

(F. ,, = 120.9; p<.01) and quadratic (F. -- = 8.2; p<.01) 

trends. The presurgery response pattern is characterized by 

high response rates in the first and second blocks (+ 15 res

ponses/reward), followed by a decreasing response rate in the 

remaining three blocks. Response frequency in the latter 

blocks is, however, almost always high enough to obtain all 

available rewards (+ 3 responses/reward), thus the pattern of 

responding gained efficiency. 

Post-surgery phase; Influence of PFC-lesions on responding on 

a VI-30" schedule for water rewards. 

The influence of the lesions on responding on a VI-30" sche

dule was determined on the basis of changes in block-scores 

after surgery compared with the individual mean block-scores 

of presurgery tests. 
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Figure 5. Mean differences between the mean preoperative 
block-scores and those of each postoperative day of 
the Sham-group (SH) and the groups which got medial 
(ME) or sulcal (SU) prefrontal lesions. 
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The changes were expressed in difference-scores (see figure 

5) . A multi-variate trend-analysis has been performed on 

these difference-scores per block, comparing ME with SH and 

SU with SH as planned comparisons. 

The comparison of group ME with the Sham-groups reveals that, 

taking the 5 days together, the difference-scores of the for

mer differ from those of the Sham-group in the three latter 

blocks (Block 3: F.. -,. = 4.35; p<.05,· block 4: F* = 7.23; 

ρ<.02; block 5: F = 8.26; p<.01). No differences in trends 

were apparent. This means that, compared with the Sham-group, 

groups ME responded at a lower level than before surgery in 

the latter 3 blocks. The differences were not large, however, 

and for blocks 3 and 4 were present only on some days. On the 

last post-surgery day only differences in block 5 still 

existed. 

Comparing group SU with the Sham-group reveals the following: 

1) Both groups differ in block 1 (F =10.3; p<.01), block 2 

(F = 6.4; p<.02) and block 4 (F = 7.4; p<.01). In figure 

5 it can be seen that the SU group shows a considerable 

decrease in response rate, compared to its pre-surgery 

rate level, whereas no such thing is found for the Sham-

group. However, the difference found in block 4 reflects 

an increased responding of group SU, that is not found in 

the Sham-group. 

2) Both groups differ in their linear trends in block 1 (F = 

6.7; p<.02), block 3 (F = 4.4; p<.05) and block 4 (F = 

4.4; p<.05). From figure 5 it is clear that the trend-dif 

ference of block 1 reflects the almost complete disappear

ance of the decrease in response rate over days for group 

SU. In block 3 and 4 group SU tends to increase its res

ponse rate whereas the Sham-group develops the opposite 

pattern. 

* For each F-statistic where no degrees of freedom are present

ed, those are equal to the last-mentioned ones. 
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In summary - this somewhat complicated analysis reveals that: 

a) medial PFC-lesions cause a slight decrease in responding 

(compared with the Sham-group) in the latter blocks of the 

postsurgery test sessions. 

b) Sulcal PFC lesions result in a dual change: a temporary 

decrease (lasting 3 days) in responding in the first 2 

blocks, and an increase in responding in block 4 found on 

all days. 

In order to clarify the changes found after sulcal PFC les

ions, the patterns of responding during the first post-oper

ative test has been analysed by inspecting response rates per 

minute (figure 6). During the first 8 minutes (block 1 and 

block 2) the response depression relative to the preoperative 

response level, is larger for the SU group than for the Sham 

group (F = 10.25; p<.01). A difference between both groups 

was also found in their linear trends (F = 9.9; p<.01), which 

reflects the fast recovery of group SU. A within-group analy

sis (dependent t-test) revealed that group SH responded less 

than before surgery during the second and third minutes only, 

whereas group SU did so during the first 5 minutes. 

Figure 6. Mean differences 
between the number of bar-
pressings in the first В 
minutes of the first post
operative test and the 
preoperative means for 
Sham-operated (SH), medial 
(MF) and sulcal (SU) pre
frontal lesioned groups 
(n=12). 

1 2 3 4 OUt S 6 7 I 
m i n u t e s 

In conclusion: Group SU first shows a large decrease in res

ponse rate during the first part of the first postsurgery 

test, but then recovers fast and completely; while the Rham-

group shows the same pattern, albeit less pronounced. 
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Even though the lesioned groups were given additional food 

during the first days after surgery, it appeared that group 

RU showed greater weight losses than the Sham-group during 

the whole post-operative test period (t> 3.3; p<.01). The 

mean percentage of weightloss on the first day of testing was 

2.9%, 3.1% and 5.2% of the presurgery body weight for group 

SH, group ME and group SU respectively; on the fifth day of 

testing the percentages were 0.5, 0.7 and 3.8% respectively. 

Group MF did not differ from the Sham-group. 

As these differences in weight loss did not correlate with 

the response decrements found (product-moment correlations), 

it seems that they did not influence the group differences in 

response rates. 

Neither has a correlation been found, within groups, between 

lesion size and the effects considered before (Spearman Rank 

correlations). 

4 Shift-phase: Influence of PFC lesions on behaviour changes 

induced by shifts in the quality of reward. 

Subsequent to the previous phase of the experiment 10 sess

ions were given in which during the third block the regular 

water reward was replaced by the quinine solution for those 

subjects in each group that were assigned to the quinine 

group before, by the sucrose solution for those that were 

assigned to the sucrose group. The influence of these changes 

in the reward upon response frequency and interactions with 

the PFC lesions were evaluated again by comparing present 

block scores with presurgery performance. 

The quinine and sucrose conditions respectively were analyzed 

separately. Each condition contained the three experimental 

groups (SH, ME, SU) with 6 subjects each. 

A. Influence of quinine solution. 

Figure 7 depicts the mean differences in the block scores as 

compared with mean presurgery performance (averaged per 2 

days). Multivariate trend-analyses revealed that - taken all 

groups together - the response rates in the first and second 

blocks were increased relative to presurgery performance 

(F,, JC« = 7.68; p<.02 and F = 10.9; p<.01); no trend effects 
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Figure 7· Mean differences in blockscores between the shift- tests (mean scores of two days) 
and the preoperative means for the sham-operated (SH), medial (ME) and sulcal (SU) 
prefrontal lesioned groups (n=6). 
In the third block the water reward was substituted by a quinine solution. 
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nor differences between groups were found for these two 

blocks. In the third block, response rates decreased consi

derably, due to the quinine presentation (F = 19.1; p<.01), 

but again no trend effects nor differences between groups 

were found. 

In the fourth block increases in response rate were revealed 

(F = 14.8; p<.01), accompanied with a linear trend effect (F 

= 34.3; p<.01), which reflects the fact that this increase 

becomes larger over days. However, group differences were not 

observed. 

In the fifth block finally, an increase was apparent also (F 

= 9.8; p<.01), which in the SU group was larger than in the 

Sham-group (F . ._ = 4.43; p<.05). No trend effects were ob

served. 

In summary, in comparison with presurgery response rates 

Quinine caused an immediate and permanent drop in responding. 

During the next block of 4 minutes in which water was given 

again, increasingly more responses were made relative to the 

pre-operative response level (i.e. an increasing positive 

contrast effect was found). In the fifth block, SU subjects 

demonstrated larger rate increases than did Sham-animals. No 

other differences between groups were revealed. 

B. Influence of sucrose solution. 

Figure 8 depicts the changes in block-scores per 2 days. Ana

lysis of the results revealed that - all groups taken to

gether - in the first block response rate was increased 

significantly above presurgery response level (F.
 1
 ̂  = 6.54; 

1 , 1 j 

p<.03). No differences between groups were observed. In the 

second block, no changes were observed at all. 

In the third block response rates increased considerably (F = 

21.5; p<.01), again accompanied with a linear (F = 31.6; 

p<.01) and quadratic trend effect (F = 6.6; p<.02). 

Visual inspection of figure Я reveals that response rates 

became increasingly larger over days (first trend), though 

less so in the latter days (second trend). 

In the fourth block, over all groups an increase in perform-
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ance was observed (F = 23.7; p<.01), which in group SU was 

significantly larger than in the Sham-group (F = 5.2; p<.04). 

No changes over days were found. In the fifth block, finally, 

an overall increase in responding was observed (F = 8.6; 

p<.01), but neither trend effects nor differences between 

groups were apparent. 

In summary - Sucrose presentation caused a gradual increase 

in responding (which on the first days of testing was not 

apparent). In the blocks after the sucrose presentation 

(blocks 4 and 5) a positive induction effect was demonstrat

ed, which also gradually increases. Only the sulcal group 

differed from the Sham-group by showing larger response rate 

increases in block 4. Apart from this, no group differences 

were found. 

3.3 Discussion 

Before discussing the influences of prefrontal cortex les

ions, the pre-operative behaviour has to be considered. 

Whereas in the literature operant behaviour on variable in

terval schedules is said to be very stable over long periods 

of testing (Ferster and Skinner, 1957; Nevin, 1973), we ob

served a considerable decline of response rate within the 5 χ 

4 minutes test periods; the number of responses per block 

decreased from + 125 in the first block to + 30 in the fifth; 

however, almost all available rewards were obtained even in 

the fifth block (+ 8 per block). A similar decline has repea

tedly been demonstrated by Receveur (1985) under comparable 

conditions. It seems, then, that with water as a reward res

ponse levels on a VI-schedule are not as stable as suggested. 

Concerning the influences of prefrontal cortex lesions on 

operant responding for water, it was found that medial les

ions caused a temporary decline in responding during the lat

ter blocks of each test session. In those subjects the pat

tern of decline found prior to surgery was intensified. This 

accelerated decrease does probably not result from a non-spe

cific fatigue-like effect, as might be deduced from the nor 
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mal activity patterns demonstrated by subjects with similar 

lesions in previous experiments (see chapter 3 and 5). 

A comparable temporary decrease in operant responding follow

ing medial lesions was also observed with appetitive stimul

ation of the lateral hypothalamus as the reward (see chapter 

4). The results seem to be in accordance with the earlier 

reported reduction of approach tendencies following medial 

prefrontal lesions (Glass et al,1969; Gurowitz et al, 1970). 

As no lesion effects were found in the shift phase of the 

experiment, the behaviour pattern found probably is not caus

ed by deficient incentive mechanisms; however, short-lived 

impairments of drive regulating processes might be involved 

(Konorski, 1972). 

Sulcal PFC-lesions had dual effects on responding for water: 

a) they caused depressed response rates during the initial 

minutes of the first tests; 

b) they caused consistently increased response rates in the 

latter blocks of the tests, particularly so in block 4. 

It seems reasonable to try to relate both findings. However, 

the first effect lasted only a few days, whereas the second 

effect seemed more permanent. The finding that the response 

reduction in the sulcal group was apparent only during the 

first minutes of the test and was followed by an enhanced 

response level in the latter blocks, excludes an interpretat

ion in terms of decreased drive-level. In connection with the 

fact that the subjects have not been tested for 10 days, per

haps novelty reactions are involved, which - presumably - for 

the Sham and medial groups last only one day. It is known 

that sulcal lesions enhance activity under deprivation condi

tions (Campbell Ь Lynch, 1969; Kolb, 1974a) as well as under 

novel circumstances (see also chapter 3; de Bruin et al, 

1983). This increased activity might initially interfere with 

efficient barpressing. The finding that subjects with sulcal 

PFC lesions maintain this enhanced responding in particularly 

the third and fourth blocks, implies that the usually found 

within-session decline is retarted. Several interpretations 

might be considered: 

1) The behaviour after sulcal lesions might represent a per-
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severation of high response frequencies. Perseveration of 

once-learned predominant behaviours is a frequently obser

ved effect from sulcal PFC lesions (Rosvold, 1Ч6Я; Kolb et 

al, 1974; Neill, 1976). 

2) Subjects with sulcal lesions perhaps gain less profit from 

the rewards and thus need more rewards to reach their 

prior consumption level; an assumption then is that the 

amount of water consumed contributes much to the within-

session decline in responding. The impaired efficiency of 

consummatory behaviour might be caused by a motor deficit 

in licking the water from the hard-to-reach dipper. In

dications for such motor impairment, however, have only 

been demonstrated shortly after surgery (chapter 4; Kolb, 

1974c; Brandes & Johnson, 1978). After longer periods of 

recovery Kolb (1974a) still observed an increased frequen

cy of eating behaviour, but probably only during relative

ly short periods (see also Kolb et al, 1977). This might 

indicate the occurrence of a more general deficit in ade

quately switching between consummatory and preparatory 

(instrumental) behaviours; according to Rice and Campbell 

(1974) the frontal cortex in connection with lateral hypo

thalamic mechanisms plays a prominent role there in (see 

chapter 5). 

During the shift phase, changing the reward in a more prefer

red or less preferred direction, produces clear rate increa

ses and rate decreases respectively. For quinine an immediate 

and permanent drop of + 50% was obtained. For sucrose the 

increase is gradual and results in a more than 50% higher 

response frequency. This gradual effect of sucrose is also 

mentioned by Mackintosh (1974), though not interpreted. The 

results do confirm the sensitivity of VI-responding for 

changes in the incentive value of the reward (Nevin, 1973). 

Both lesions in the prefrontal cortex do not significantly 

affect the size or the pattern of these reactions due to the 

shifts; that is, subjects with PFC-lesions do adequately res

pond to changes in the incentive value of rewards. Following 

return to the water reward, subjects exposed to quinine show 

gradual increases in response frequencies (up to more than 
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100% above the pre-operative response level); they thus de

monstrate what is called a positive contrast effect 

(Receveur, 1978; Mackintosh, 1974). Subjects having received 

sucrose during the shifts, retain higher response rates after 

the return to water reward, although not as high as during 

the sucrose presentations; this is termed a positive induct

ion effect. These findings replicate earlier results 

(Receveur, 1978). 

Concerning the influence of PFC lesions on intensity and de

velopment over days of the post shift effects, it appears 

that medial lesions do not influence these effects at all. 

For the animals with PFC lesions the results are more com

plicated. Following quinine presentations, these subjecs de

monstrate a positive contrast effect that is identical with 

that of the Sham-group in both intensity and development over 

days in the fourth block; in the fifth block, however, they 

maintain a significantly higher response level than the 

Sham-group. Following sucrose presentations, the sulcal group 

responds at a higher level than the Sham-controls in the 

fourth block already (i.e. a stronger positive induction 

effect), whereas in the fifth block no differences between 

groups were revealed. 

In both cases, the sulcal group remains at a higher response 

level following a block with relatively increased response 

rates (block 4 in the quinine condition and in block 3 in the 

sucrose condition). This might be an indication that either 

the sulcal group persévérâtes the prior response rate, or the 

response rate increasing effect of the preceding conditions 

(positive contrast effect and sucrose presentation respecti

vely) affect their behaviour for a longer period. 

An argument against these hypotheses is found in the pattern 

of development of responding over the 10 days. In those 

blocks in which the SU group shows higher response rates than 

the Sham-group, the response level is very stable, whereas in 

the preceding blocks a strong trend effect over days was con

sistently found. In our opinion, this indicates that both 

effects (contrast/induction effects on the one hand and 

lesion effects on the other) are independent phenomena, and 
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that the perseveration interpretation is less likely correct. 

It might be more plausible to consider the effects of sulcal 

lesions in the shift phase of the experiment as a continuat

ion of the changes induced by these lesions already observed 

in the first phase after surgery, and probably resulting from 

a less optimal utilization of the rewards (this interpretat

ion has been elaborated before). The effect found in the 

post-surgery phase was situated in the fourth block, as was 

the effect following sucrose presentation in the shift phase. 

The size of the effects was also comparable in both cases. 

Following quinine presentation the effect is located in the 

fifth block, in which during the prior post-surgery phase no 

effect was found. If we assume that consumption of the 

quinine solution is less than optimal for all subjects, and 

that Sham and medial groups compensate for this already dur

ing the fourth block, it follows that sulcal subjects because 

of their already considered deficits will need more rewards 

to effectively compensate, and thus will retain increased 

response rates for a longer period of time. 

The results of this experiment strongly indicate that the 

medial as well as sulcal prefrontal cortex is not involved in 

the central processing of the incentive aspects of instrumen

tal conditioning. In contrast, particularly the sulcal PFC 

seems to play a part in the organization of consummatory be

haviour, and probably even more in the adequate tuning of in

strumental (preparatory) and consummatory behaviour. 
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CHAPTER 8 

SUMMARY AND CONCLUSIONS 

Previous research on the effects of temporal or permanent eli

mination of neocortical functioning in rats has indicated that 

the neocortex might be involved in the neural regulation of 

behaviour with respect to appetitive and eversive stimuli 

(Teitelbaum, 1971? Van der Staak, 1975; Oakley, 1979b). These 

incentive stimuli elicit - under certain specifiable condit

ions - reliably specific approach or withdrawal responses 

(eliciting properties) and may act as effective rewarding or 

punishing stimuli in instrumental conditioning (Vossen, 1973; 

Bindra, 1976). 

Predominantly, based on some early investigations of Kolb and 

associates (1974abc, 1975) and Rolls & Cooper (1973, 1974), 

the suggestion was made that a specific part of the anterior 

neocortex, the prefrontal area, might be especially relevant 

for appetitive and eversive processes (Van der Staak, 1975). 

According to the prevailing notion (Leonard, 1969) the pre

frontal cortex (PFC) has been defined as the neocortical pro

jection area of the mediodorsal thalamic nucleus. 

The objective of this study was to investigate whether the PFC 

in rats is specifically involved in central mechanisms regul

ating behaviour with respect to appetitive and eversive stimu

li. 

In a review of the relevant literature on the functional sig

nificance of the PFC in rats, which is presented in chapter 1, 

various experimental results are described which do support 

the idea of prefrontal involvement in appetitive processes 

(consummatory behaviour, intracranial self-stimulation, inter

action with crucial hypothalamic areas), while the evidence 

for a specific role in eversive processes was rather scarce. 

From an extensive description of the neuroanatomical aspects 

of the PFC in rats, which is presented in chapter 2, it could 

be concluded that: 

1. topographically and structurally the PFC in rats differs 
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strongly from that in primates, in being a primitive meso-

cortical area, closely related to the neighbouring cingul-

ate and olfactory cortices, with predominantly limbic re

lationships. 

2. the PFC in rats can be subdivided in at least three reg

ions, namely a dorsomedial, a ventromedial and a sulcal 

part. 

3. in rats the ventromedial and sulcal regions, which are 

closely interrelated, are characterized by extensive and 

reciprocal connnections with limbic and related structures 

at various cerebral levels, particularly the amygdala, the 

mediodorsal thalamic nucleus and the ventral tegmental 

area; structures which are related to the hypothalamic 

areas. 

It was argued that the functional characteristics of these 

subcortical areas, although not very precisely known, do 

emphasize the limbic character of the prefrontal connect

ions; so there exist several opportunities for prefrontal 

influence on appetitive and aversive processes. 

In the experiments which are reported in chapters 3 to 7 we 

investigated the effects of radiofreguency lesions, predomin

antly restricted to the ventromedial and sulcal prefrontal 

regions on various neural and behavioural processes related to 

appetitive and aversive stimuli. 

In the first series of experiments (chapter 3), the locomotor 

activity was measured in novel and familiar situations (open 

field, light-dark box and homecage), with clearly different 

aversive qualities. This was partly done with the purpose of 

gathering data concerning the effect of ventromedial and sul

cal prefrontal lesions on physical condition and level of act

ivity after a short recovery period. In accordance with re

sults reported elsewhere (Brennan, 1979; Markowitch et al, 

1980; De Bruin et al, 1983) it was found that lesions in the 

sulcal PFC caused an increase in locomotor activity in novel 

situations only, which effect disappeared after prolonged 

testing; medial lesions affected activity far less. The ef

fects of sulcal lesions seemed to be related to the total 
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aversiveness of the unfamiliar situations; it was suggested 

that these lesions cause a prolongation of escape-tendencies, 

which might indicate either the perseveration of dominating 

(but unsuccessful) responses (Neill, 1976), or that these ani

mals become anxious less quickly than normal animals. This 

latter interpretation is supported by the decrease of defec

ation in the open field after sulcal lesions. 

Medial lesions caused the same disturbance of short term (in

tra session) habituation, as was reported by Kolb (1974b). 

The main part of this study has been devoted to the interact

ion between the PFC and subcortical structures which are 

thought to play an important role in the central processing of 

behaviour with respect to appetitive and eversive stimuli, 

particularly the hypothalamus and the dorsal midbrain. For 

this purpose the technique of electrical intracranial stimul

ation (ICS) was used; the effects of prefrontal lesions were 

evaluated with respect to the eliciting and reinforcing as

pects of ICS in those regions. 

In chapter 4 a procedure, developed by Van de Staak (1975), 

was used for measuring the appetitive and eversive reinforcing 

qualities of lateral and medial hypothalamic stimulation. 

Despite the detection of some serious limitations of the pro

cedure used for measuring the reinforcing value of intracran

ial stimulation, it was found that medial, but not sulcal 

PFC-lesions temporarily caused a decrease in the rate of oper

ant behaviour reinforced by lateral hypothalamic ICS. The size 

of this effect correlated significantly with the extent of 

medial prefrontal damage. Lesions in both prefrontal areas did 

not clearly affect escape behaviour with respect to eversive 

MH-stimulation. Limited evidence was obtained for a temporal 

increase in activity during stimulation in both hypothalamic 

areas following sulcal PFC-lesions. 

Effects of medial lesions closely resemble those found after 

the elimination of neocortical functioning and partly support 

the prefrontal involvement in appetitive processes, at least 

with respect to the reinforcing aspects. 
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However, previous research predominantly had pointed to a 

functional relation between LH and sulcal PFC, particularly in 

relation to self-stimulation and feeding behaviour (Koolhaas 

et al, 1977; Kolb, 1974c; Cioè et al, 1980). As this presumed 

interaction seemed of no importance for the reinforcing as

pects of LH-stimulation, it might be relevant for the elicit

ing aspects of appetitive LH-stimulation. Therefore, in the 

next experiment the effects of PFC-lesions on the behaviour 

elicited by appetitive ICS in the lateral hypothalamus were 

evaluated (chapter 5). 

We succeeded in the elicitation of LH-stimulation-bound eating 

and related behaviour in 12 rats of the Wistar-strain, a 

strain in which this phenomenon is not easily established. 

Sulcal prefrontal lesions did produce a larger and longer 

lasting decrease of stimulation-bound behaviour than did the 

medial lesions, a result which is in accordance with the lit

térature cited. In the same animals it was found that self-

stimulation was more easily/frequently obtained after sulcal 

than after medial lesions. It was argued that this combination 

of effects indicate that sulcal prefrontal lesions might pro

duce an increase of elicited preparatory behaviour at the ex

pense of appropriate consummatory behaviour. Presumably this 

has been caused by an increase of neural activity in the lat

eral hypothalamus due to the loss of an inhibitory influence. 

In the experiment described in chapter 4 little insight was 

gained concerning the prefrontal involvement in eversive pro

cesses. Partly this might have been caused by the ambivalent 

and complex nature of the medial hypothalamic stimulation 

used. To supplement the investigation of the eliciting proper

ties of appetitive ICS, as described in chapter 5, in the next 

experiment the effects of PFC-lesions on the escape-behaviour 

elicited by unequivocally eversive stimulation in the dorsal 

tegmentum (Schmitt et al, 1974) were investigated and are 

described in chapter 6. 

It was found that lesion as well as Sham operations may result 

in a decrease or even disappearance of this escape-behaviour. 

However, the analysis of individual results indicated a speci-
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fie effect of medial and sulcal prefrontal damage which was 

highly correlated with the location of the stimulating elec

trode: the largest decrease in escape-behaviour was found for 

the most dorsally ending electrodes. It was suggested that 

both prefrontal regions might be involved in probably seroto

nergic pain-regulating mechanisms (Kiser et al., 1978; Harvey 

and Schlosberg, 1978). 

In the final experiment presented in chapter 7, we have tried 

to verify whether the abovementioned effects of prefrontal 

lesions on the reinforcing and eliciting aspects of ICS could 

also be found with respect to natural incentive stimuli. 

Therefore, by using a contrast-paradigm (Receveur, 1978), we 

studied the consummatory and instrumental behaviour with res

pect to water and to other liquids, which were made more or 

less attractive than water, by sucrose and quinine respecti

vely. 

The taste of the liquids did influence consumption, but the 

amount of consumption of the lesion groups, which was measured 

some weeks after the operation, did not differ from the 

control group. The serious disturbances of eating and drink

ing, clearly present during the first days after sulcal les

ions were made (Kolb, 1974c; Kolb et al, 1975; etc.), can no 

longer be detected by raw measurement of consumption some 

weeks later, as was also found by Kolb et al (1978). 

Medial PFC-lesions temporarily produced a decrease of barpres-

sing on the Vl-schedule for water, while the sulcal lesions 

did cause a permanent increase of responding; where medial and 

sham-operated animals showed a gradual decrease of responding 

after 8-12 minutes testing, the animals with sulcal lesions 

continued at a high rate of barpressing for a longer period. 

This result might represent the earlier perseverative tenden

cies after sulcal lesions (Kolb et al, 1974; Neill, 1976), but 

more likely it is a consequence of less efficient utilisation 

of rewards, which will be discussed later. 

Both prefrontal lesions did not influence the behavioural 

effects of positive or negative changes in reinforcement (in

troduced by the shifts in taste). In our opinion, this result 
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forms a strong argument against any prefrontal involvement in 

the behavioural control of incentive aspects of stimuli in 

rats. 

The first conclusion which may be drawn from the results of 

the present study is that, despite their close relatedness and 

many common neuroanatomical connections, the effects of 

lesions in the ventromedial and sulcal subregions of the PFC 

differ considerably. This concerns effects on locomotor acti

vity, consummatory as well as instrumental behaviour. 

Such a dissociation of effects after medial and sulcal lesions 

in rats has been previously reported with respect to many 

other kinds of behaviour, like hoarding, social behaviour and 

several learning tasks (Kolb, 1974abc; Eichenbaum, 1983; 

a.o.). Therefore, our results lend further support to the view 

that the prefrontal cortex in rats does consist of at least 

two functionally heterogeneous areas. This conclusion is 

strengthened by the finding of a double dissociation 

(Glassman, 1978) between medial and sulcal lesions within the 

present series of experiments: both types of PFC lesions did 

affect predominantly different kinds of behaviour. 

A much more difficult guestion applies to the functional sig

nificance of the present results. 

With respect to the (ventro-)medial prefrontal area, we only 

could find some shortlasting effects of lesioning. Results 

which appear rather unimportant in comparison with the large 

amount of evidence that these lesions seriously do affect 

performance in several kinds of learning tasks. 

As has been argued in our introductory chapter, the medial 

prefrontal area seems primarily involved in the processing of 

temporal and spatial information (Rosenkilde, 1983; Eichenbaum 

et al, 1983). Besides this area seems to play a role in habit

uation (Griffin, 1970; Obal et al, 1978; see also chapter 3), 

which probably is unrelated to specific aversive processes (as 

has been supposed in our introduction). 

Therefore, we may conclude that despite its close anatomical 

relationship with the sulcal PFC, evidence obtained so far, 

does not indicate an important contribution of the medial 
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prefrontal cortex to the central organization of motivational 

processes. 

On the other hand, several results of the present series of 

experiments do indicate that the sulcal prefrontal cortex may 

be involved in these processes in one way or another. Besides 

the frequently reported shortlasting aphagia and adipsia after 

sulcal lesions, we found: 

increased activity in novel situations presumably re

lated to the eversive aspects of those test situations; 

increased activity during appetitive as well as eversive 

stimulation in the lateral hypothalamus; 

decreased eating and related behaviour induced by lateral 

hypothalamic stimulation; 

increased or prolonged instrumental behaviour for water. 

We want explicitly state two hypotheses which may offer an 

explanation for some of these results and which already have 

been discussed in the foregoing chapters. 

The first hypothesis is a specification of Rice and Campbell's 

view (1973), who stated that the frontal cortex might play an 

important role in the appropriate sequencing of preparatory 

and consummatory behaviour. The following results lend support 

to the view that the sulcal prefrontal area may be the crucial 

region: 

1) animals with sulcal lesions do show increased activity 

(preparatory or searching behaviour?) during fooddeprevat-

ion; 

2) they show more frequent, but shorter periods of consummat

ory behaviour in their honecage (Kolb, 1974c); in addition 

the results of the present study indicate that sulcal 

lesions cause; 

3) an increased activity during hypothalamic stimulation; 

4) a decrease of consummatory and related behaviour induced 

by LH-stimulation, while in the same animals an increased 

probability of self-stimulation was revealed; and 

5) prolonged instrumental behaviour for water, that may also 

be related to decreased consummatory efficiency. 

We suppose that these effects may be the consequences of a 

weakening or even disappearence of the normally operating, 

primarily inhibitory, modulating influence of the sulcal PFC 
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on the hypothalamic mechanisms controlling the intergration of 

preparatory and consurnmatory behaviour. 

The second hypothesis concerns the evidence that in some sit

uations the animals with sulcal lesions do perseverate some 

kinds of behaviour which - in comparison with controls - may 

be valued as less efficient: they did show prolonged escape-

behaviour in eversive, but inescapable, situations and the 

same happened with respect to their high freguency of barpres-

sing for water.Those perseverative tendencies after sulcal 

lesions have been stressed before by Rosvold (1972) and Neill 

(1976). However, perseveration has been shown to be a conse

quence of (or adaptation to) various kinds of functional im

pairments. In the case of sulcal lesions probably the the ani

mals are somehow deficient in evaluating the internal conse

quences of their behaviour, although it has been shown in the 

final experiment that their behaviour will be normally con

trolled by changes in (externally presented) reinforcement. On 

the other hand, it can be argued that the perseverative ten

dencies, which are primairily found in preparatory/instrumen

tal behaviour, may be related to the underlying disturbances 

as were postulated in the first hypothesis. 

By no means we think that these hypotheses offer an explanat

ion for all available data concerning the sulcal prefrontal 

cortex. Recent research does indicate that this prefrontal 

area is involved in other aspects of behaviour, like odor-

guided learning (Eichenbaum et al, 1983) and social interact

ion (De Bruin et al, 19B3). 
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APPENDIX 1. 

INDIVIDUAL DATA AND ANALYSIS BELONGING TO CHAPTER 5. 

Abbreviations 

DI 
TU 
FP 

EF 
EP 

POL-4 

-
-
-

-
-

-

Digqinçj 
Throwing up 
P ick ino up food 
p e l l e t s 
Eat ing food 
Eat ing p o r r i d g e 

Fourth t e s t a f t e r 
the l e s i o n -
o p e r a t i o n 

ES 
FW 
RE 
BA 

POS-4 

*p<.01 

Explore sitting 
Explore walking 
Explore rearing 
Number of behavioural 
alternat ions 

Fourth test after 
Sham-operat ion 
Wilcoxon test 

the 

1A. Mean duration and frequency of the most often occurring 
behaviours during the POS-4, POL-4 and recovery tests, in 
periods with (ON; 30 sec.) and without (OFF; 60 sec./2) 
stimulation, for all individuals with medial prefrontal 
lesions. 

I 
ЬОА 

594 

632 

618 

ЫЬ 

6VJ 

S 

І! 
¡я В 

ON 

ОРГ 

ON 

OF! 

ON 

ОРГ 

ON 

OU 

OS 

Oll 

OS 

on 

I ! 
Ζ S 

DI 

4 ,7 

14, 1 

0 , 2 

0,2 

0 , 6 

0 , 5 

0,4 

0,S 

4 , 3 

6,4 

POST - SHAM SESSION 4 

TU 

2 , 1 

1 ,5 

2 , 0 

3 , Ί 

0 , 6 

1 .0 

0 , 4 

0 , 5 

PF 

1,2 

0 , 5 

2 , 2 

0 , 8 

0 , 8 

0 , 5 

3 , 7 

2,2 

EF 

1.2 

2 4 , 8 

0 , 5 

1,7 

2 , 0 

19.5 

0 , 3 

0 , 3 

1.1 

2 2 , 9 

0 , 5 

0 , 8 

EP 

1 ,0 

2 5 , 9 

0 , 5 

1.2 

ES 

4 . 2 

5,6 

5 , 7 

15,4 

0 , 7 

0 , 7 

5 , 0 

1 3 , 8 
1,2 

1.8 

3 , 9 

2 0 , 2 

1 ,6 

2 , 4 

6 , 1 

1 6 , 5 

0 . 9 

2 , 1 

4 , 8 

1 3 , 9 

5 , 2 

6 , 5 

4 . 9 

1 5 . 1 

EH 

3 , 2 

3 , 7 

3 . 7 

3 . 6 

1 ,6 

2 , 1 

3 , 6 

s,s 
0 , 6 

0 , 4 

2,5 

2,4 

0 , 6 

0,4 

4 , 6 

a , 2 

0 , 7 

0 , 5 

3 . 9 

3 , 7 

6 , 9 

8 , 7 
4 . 1 
4 . 8 

RE 

1.2 

1 Λ 

0 , 9 

1,7 

0 , 7 

1 ,1 

8 , 7 

0 , 9 

0 , 6 

0 , 8 

2 , 0 

6 , 1 

3 . 2 

2 , 2 

2 , 0 

_ί~5 

ΒΑ 

1 4 , 7 

1 1 , 3 

2 , 6 

1 0 , 6 
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7 , 2 

8 , 8 
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4 , 6 
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1Π. Analysis of individual results of subjects with medial 

prefrontal lesions (n = 6).* 

N604 (DI-DIGGING)** 

During the entire week after surgery digging and throwing-up 
are absent; moreover, threshold intensity for digging has 
sharply increased (+ 240 uA). As had been observed in the 
first test after the Sham-operation, on the first test after 
the lesion operation too no differences were found between 
the periods with and without stimulation. On the next days, 
however, this rat demonstrated more exploratory behaviour (ES 
and EW) during stimulation than in the absence of stimulat
ion. Particularly exploration while walking has decreased in 
the periods without stimulation. On all days much porridge 
eating, grooming and gnawing is observed, but without any 
relation to stimulation. The number of behaviour changes has 
decreased sharply in periods with as well as without stimul
ation. In the recovery test stimulation induced digging (in
cluding its threshold-intensity) and throwing up, and all 
other variables tested, have been returned to the original 
(POS-4) level. 

Conclusion: in this subject the medial PFC lesions result in 
a temporary disappearance of stimulation-induced digging and 
throwing-up; after 5 weeks, recovery is complete. 

N594 (ЕР-PORRIDGE EATING) 

On the first POL-test less porridge-eating and less block 
transportation is observed during stimulation, whereas explo
ration while sitting has increased. On all subsequent test 
days as well as in the recovery test, behaviour (including 
threshold intensity) does not appreciably differ from behav
iour during POS-tests. 

Conclusion: the lesions have no effects on the predominant 
SIB and other behaviours in this subject. 

N632 (EF-PELLETS EATING) 

After the Sham-operation pellet eating during stimulation was 
absent on the first three test days and no differences were 
found between periods with and without stimulation for this 
behaviour (see figure 3). After the lesion operation only on 
the first test day a considerable decrease in stimulation-in
duced pellet eating (compared with POS-4) is observed, where
as differences were found between periods with and without 
stimulation for this behaviour. 

* Гог those subjects in which no Sham-effects were observed, these 
will not be mentioned. 

** Predominant SIB. 
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From the second test day onwards, the frequency of EF is back 
to its pre-lesion level (POS-4), though its duration remains 
significantly shorter (-10%); threshold intensity is somewhat 
increased also (= 17 uA). In the periods without stimulation 
initially more exploratory behaviour (in comparison with cor
responding POS-tests) is observed, reflecting a faster re
covery after the lesion operation; on the fourth POL-test-day 
these differences have disappeared. In the recovery test, the 
results are identical with those of the POL-4 test; An ex
ception is the duration of EF that is shorter during stimul
ation (- 15%); threshold intensity has returned to its pre-
lesion level. 
Conclusion: In this subject medial PFC lesions were followed 
by a slight but permanent decrease in the duration of stimul
ation-induced pellet eating, whereas the threshold intensity 
for this behaviour is only temporarily increased. However, as 
the effects of the lesion operation are much less than after 
the Sham-operation in the first week, the specificity of 
lesion effects may be doubted. 

N646 (EF-PELLETS EATING) 

Compared with the corresponding POS-tests, on the first three 
test days after the lesion operation the picking-up of pel
lets during stimulation has sharply decreased and the pellet 
eating is almost absent; in contrast, exploratory activity 
(EW, ES and RE) has increased. On the fourth POL-test day the 
picking-up of pellets has completely recovered, and only the 
duration of the pellet eating is still significantly shorter 
(-32%); threshold intensity for the pellet eating behaviour 
had hardly changed though. In the periods without stimulation 
no changes were observed as compared with the post-sham 
tests. During the recovery test no behaviour changes in com
parison with the last post-sham test were observed. 
Conclusion: The lesion resulted in a temporary decrease in 
duration of stimulation-induced pellet eating, while thres
hold intensity remained unaltered. After 5 weeks recovery is 
complete. 

N6 38 (EF-PELLETS EATING) 

On the first POL test day, hardly any differences with the 
corresponding POS test days were found. However, in the third 
and even more so in the fourth POL test behaviour had com
pletely changed and during the entire session this subject 
remains almost exclusively in a sitting or lying posture. On 
the fifth test day threshold intensity for pellet eating has 
more than doubled (= 92 uA). In the recovery test, the pick
ing-up of pellets during stimulation has completely recovered 
to POS-4 level, although the PELLET EATING still occurs less 
(- 70%). In contrast, this rat demonstrates more exploratory 
behaviour (EW and ES). Contrary to the last POL test, during 
the recovery test a clear difference in behaviour during sti
mulation and in periods without stimulation is found. In the 



194 

latter periods, the animal is still less active than before 
the lesion operation (less EW and less behaviour changes; 
more ES). 
Conclusion: In view of the finding that the behaviour of this 
rat was unaltered on the first days after the lesion operat
ion, it seems highly unlikely that the collapse after these 
days and the incomplete recovery a few weeks later represent 
specific lesion effects. Probably, the changes observed re
sult from oedema development or related processes (Rice & 
Campbell, 1973; Braun, 1978). 

N639 (PF-PICKING-UP of pellets; DI-DIGGING). 

since the behaviour of this subject during stimulation is 
rather unstable during the pre- as well a the pos-phase, the 
lesion effect cannot directly be derived from comparing pol-
tests with the corresponding POS-tests. Therefore, additional 
comparisons have been tested. These revealed that the behavi
our during the first POL-test is almost identical with the 
behaviour in the last POS-test. In the subsequent POL-test 
days duration and frequency of stimulation-induced picking-up 
of pellets remains unaltered; however, threshold intensity 
has increased (= 30 uA). Stimulation-induced digging decrea
ses considerably from the second POL-test onwards. However, 
in the fourth POL-test the behaviour during stimulation does 
not differ from that in the fourth PRE-test. 
In the periods without stimulation hardly any differences be
tween POS- and POL-sessions were observed. 
In the recovery test, significantly less digging is observed, 
compared with POS-4, though this is not so when compared with 
POL-4 and PRE-4. Apart from this, neither differences in be
haviour (including threshold intensity) after comparison with 
the last post-Sham test are found, nor differences after com
parison with POL-4 and PRE-4. 
Conclusion: In view of the behaviour similarities between the 
last test before and the first test after the lesion operat
ion, the in the latter days appearing significant differences 
cannot be considered lesion effects; also relevant in this 
respect are the similarities with the behaviour during the 
PRE-Sham sessions. The significant differences observed seem 
mainly caused by the instability of th SIB. 
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1С. Mean duration and frequency of the most often occurring 
behaviours during the POS-4, POL-4 and recovery tests, in 
periods with (ON; 30 sec.) and without (OFF; 60 sec/2) 
stimulation, for all individuals with sulcal prefrontal 
lesions. 
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ID. Analysis of individual results of subjects with sulcal 
prefrontal lesions (n = 6). 

N593 (DI-DIGGING) 

Stimulation-induced digging is completely absent in the first 
three post-lesion tests; even on day four frequency and dur
ation (-62%) are lower than in POS-4; thresholdintensity has 
increased considerably (+ 30 uA). Stimulation induced throw-
ing-up, however, has returned to the pre-lesion level at the 
third post-lesion test. On all POL-days a large increase of 
exploring while walking and sitting is observed during stim
ulation is observed. In the periods without stimulation hard
ly any differences with the behaviour after the 
Sham-operation are found, with the exception of the regular 
occurrence of porridge eating. In the recovery test, stimu
lus-induced digging has recovered completely; its duration 
even has increased (+ 49%) compared with POS-4, whereas 
threshold intensity has returned to the pre-lesion level. In 
the periods without stimulation, frequency of exploration 
while walking and frequency and duration of exploration while 
sitting as well as the number of behaviour changes have in
creased. 
Conclusion: In this subject sulcal lesions were temporarily 
followed by a sharp decrease of stimulation induced digging 
(accompanied with a rising of the threshold intensity), but 
not of stimulation-induced throwing-up. After 5 weeks the 
recovery of digging is more than complete; moreover, a sig
nificant increase in exploratory activity in periods without 
stimulation is observed. 

N607 (DI-DIGGING) 

Following the Sham-operation stimulation-induced digging and 
throwing-up were almost totally absent on the first three 
test days; on the fourth day an abrupt and complete recovery 
was revealed. This subject was the only animal to be tested 
one more week before lesion operations were made. (Consequ
ently, the lesion effect is analysed in relation with both 
post-Sham weeks). After the lesion operation, stimulus-indu
ced digging was absent on the first test day only and gradu
ally increased on the following days; on the fourth POL-test 
stimulation-induced digging as well as its threshold intensi
ty had returned to the level of POS-7. Stimulation-induced 
throwing-up never differs significantly from the level reach
ed in the second POS-week. Complementary to the gradual re
covery of stimulation induced digging, after an initially 
strong increase exploratory sitting during stimulation 
decreases again gradually. On the fourth POL-test day only 
the number of behaviour changes is higher than in the last 
post-Sham test. In the periods without stimulation an 
increase in exploration while walking and number of behaviour 
changes is observed. 
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In the recovery test duration of digging during stimulation 
and of throwing up have decreased in comparison with POS-7 
(-31% and -67% respectively), whereas frequency of these be
haviours has not changed - nor has the threshold intensity 
for digging increased. Besides, an increase in exploratory 
activities (ES, EW) and number of behaviour changes was ob
tained. In the period without stimulation no differences in 
comparison with POS-7 were apparent anymore. 
Conclusion: In view of the complete recovery on the fourth 
test day after the lesion, it is unlikely that the large 
changes observed later on in the recovery test represent ge
nuine lesion-specific effects (perhaps with the exception of 
the number of behaviour changes during stimulation). The 
sharply decreasing trend in the duration of stimulation-indu
ced digging during the second post-Sham week perhaps contin
ues during the later periods. However, the gradual recovery 
of stimulation-induced digging after the lesion operation 
differs from the abrupt recovery following Sham-operations. 

N623 (EP - PORRIDGE EATING) 

(It must be noted that in this subject the duration of por
ridge eating during stimulation was rather unstable in the 
PRE-phase as well as the POS-phase). 
During the entire week after the lesion operation the stimul
ation induced porridge eating had almost completely disappea
red and the throwing-up completely, whereas threshold intens
ity for porridge eating had increased strongly, at an even 
higher level than the test-intensity (+ 50 uA). 
During stimulation an increase in exploratory behaviour (ES 
and EW) was observed. In the periods without stimulation, 
only on the fourth POL-test day decreases were observed in 
the frequency of exploratory walking, the frequency and dur
ation of exploratory sitting, as well as the number of behav
iour changes, in comparison with POS-4. From the observat
ions, it appeared that this animal each day, before and dur
ing the tests, was eating porridge for long periods (indepen
dently of stimulation), as is confirmed also by a mean con
sumption of 14 g porridge per test. In the recovery test al
most complete recovery of stimulation induced porridge eating 
and throwing-up (as compared with all post-Sham days) was 
obtained; however, during stimulation an increase in frequen
cy of exploration while sitting and frequency and duration of 
exploration while walking, as well as the number of behaviour 
changes, was observed. In periods without stimulation hardly 
any changes in comparison with post-Sham tests were revealed. 
Conclusion: After the sulcal PFC lesions stimulation-induced 
porridge eating and throwing-up were temporarily abolished 
completely, while threshold intensity has increased consider
ably. This subject, however, kept eating large amounts of 
porridge, independently of stimulation. After 5 weeks re
covery is almost complete, but the animal is considerably 
more active during stimulation than he was before the lesion 
operation. 



199 

N629 (EP - PORRIDGE EATING) 

Stimulation-induced porridge eating is almost completely ab
sent in the first three test days after the lesion operation, 
and on the fourth test day occurs less (-65% than in the cor
responding POS-test; threshold intensity has increased (+ 20 
uA). This rat too sits eating porridge for long times before 
and during the test, independently of stimulation; he con
sumes a mean of 11 g per test. 
The picking-up of pellets (PF) during stimulation occurs less 
after the lesion operation than in the corresponding POS 
tests, but from the second POL-test onwards a slight recovery 
is observed. 
Exploration while walking or sitting is increased on all 
POL-days. In the periods without stimulation only on the 
first POL-day activity (EW and behaviour changes) is decreas
ed; on the latter days no differences in comparison with the 
POS-tests are found anymore. 
In the first recovery test stimulation induced porridge eat
ing is still largely absent, but in the second recovery test 
the threshold intensity is identical with its value before 
the lesion operation, and stimulation induced porridge 
eating(after threshold determination) occurs in every trial 
again, even though its mean duration is significantly less 
than in POS-4. During stimulation an increase in exploratory 
activity (ES and EW) and in the number of behaviour changes 
as compared with POS-4 was obtained, but no differences were 
apparent in periods without stimulation. 
Conclusion: The lesions were followed by a temporary large 
decrease in stimulation-induced porridge-eating and an in
crease in the threshold intensity required, whereas the sub
ject ate very much porridge, independently of stimulation. 
The picking-up of food pellets induced by the stimulation, 
has also decreased temporarily. After the period of recovery 
the stimulation-induced porridge eating recovers more or less 
(see the threshold intensity) but not completely; besides, 
during stimulation a large increase in number of behaviour 
changes and exploratory activity is observed. 

N597 (EF - PELLET EATING) 

During the entire week after the lesion operation the durat
ion but not the frequency of stimulation-induced pellet-eat
ing has decreased in comparison with the corresponding POS-
tests. Stimulation induced porridge eating gradually in
creases over the four days, but does not reach the post-Sham 
level (- 28%); threshold intensity has not changed. However, 
stimulation-induced pickinq-up of pellets occurs even more 
often on all POL-days than on the POS-tests; in relation with 
this result, the number of behaviour changes has increased 
also. Stimulation-induced digging occurs less often than in 
the POS-tests at the first two POL-tests only. In the periods 
without stimulation no significant behaviour changes were 
observed. In the recovery test the duration of stimulation-
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induced pellet-eating still is shorter than in the last POS-
test (- 35%), whereas during stimulation the frequency of 
picking-up pellets still is higher. During periods without 
stimulation exploration while sitting and number of behaviour 
changes are very much higher than in POS-4. 
Conclusion: In this subject the lesions resulted in a perma
nent decrease in duration of stimulation-induced pellet eat
ing and an increase in the picking-up of pellets. In this 
subject too the gradual recovery after the lesion operation 
differs from the abrupt recovery observed after the Sham-
operation. After the recovery period particularly the number 
of behaviour changes has increased considerably. 

N642 (EF - PELLET EATING) 

On the first three test days after the lesion operation this 
subject shows hardly any stimulation-induced pellet eating, 
whereas on the fourth test day this behaviour increased con
siderably again, even though frequency and duration (- 22%) 
were still below the POS-4 level; threshold intensity had 
hardly changed. Stimulation induced picking-up of pellets was 
higher on the 3rd dand 4th POL-tests than on the correspond
ing POS-tests, whereas the pellet-transporting behaviour had 
decreased. In the fourth POL-test during stimulation an 
increase was found for frequency and duration of exploration 
while walking and sitting, rearing as well as number of 
behaviour changes. In the periods without stimulation only 
rearing has increased. In the recovery test stimulation-
induced pellet eating still differs from its amount of occur
rence in the last post-Sham test (- 28%), but the picking-up 
of pellets does not differ any more, whereas the transportat
ion of pellets had disappeared again. 
Exploratory behaviour, while sitting and walking, rearing as 
well as number of behaviour changes during stimulation, occur 
still more than in the POS-4 test, whereas in periods without 
stimulation no differences were found. 
Conclusion: The sulcal PFC lesions were followed by a perma
nent decrease of stimulation-induced pellet eating, accompa
nied with a temporary increase in the picking-up of pellets. 
Shortly after the lesion as well as after the recovery period 
exploratory activity as well as number of behaviour changes 
during stimulation have considerably increased. 



APPENDIX 2. Additional individual results belonging to chapter 6. 

2A. Mean (Le) and maximal occurring value (Lmax) of escape-latencies per session; 
mean of 5 preoperative tests and scores for each postoperative test of all subjects. 
(p; dependent t-test) 

GROUP 

SHAM 

SULCAL 

MEDIAL 

RAT 

4 5 8 

4 5 9 

481 

4 8 7 

512 

5 2 0 

4 7 8 

4 7 9 

4 8 2 

4 8 6 

511 

513 

5 1 4 

5 2 8 

4 5 6 

457 

4Θ0 

4 8 5 

512 

5 1 7 

527 

p r e 

Le І л а х 

2 , 0 3 , 9 

5 . 4 9 , 0 

4 , 6 6 , 3 

6 . 5 1 2 , 4 

4 , 3 7 , 5 

9 . 6 1 3 , 9 

2 . 7 8 , 6 

6 , 1 1 0 , 7 

3 , 7 5 , 4 

6 , 4 1 0 . 2 

4 , 4 Β,Ι 

4 , 0 6 , 4 

5 , 4 9 , 9 

1 1 , 6 2 1 , 1 

7 , 1 1 1 , 4 

2 , 0 2 , 9 

7 , 3 1 1 , 8 

2 , 7 3 , 9 

6 , 0 1 3 , 2 

β , β 2 2 , 1 

4 , 9 β , Ι 

POST 1 POST 2 POST 3 POST 4 POST 5 POST 6 POST 7 POST 8 POST 9 POST 10 

Le LiiAjt 1« Ілаж 1« І л л х 1 « І л а х Le Ілшх Le Ілдк te І д а х 1* І д л я Le Laax Le L A U 

3 2 , 9 6 0 , 0 1 ,3 2 , 0 1,1 1 ,8 1,5 2 , 8 3 , 4 6 , 8 2 , 3 4,В 1,4 2 , 2 1,6 4 , 6 1,4 2 , 4 1,6 5 , 2 

3 7 , 8 6 0 , 0 4 1 , 6 6 0 , 0 2 0 , 6 5 7 , 8 ΙΘ,Β 6 0 , 0 1 4 , 7 2 7 , 8 2 7 , 4 4 2 . 0 1 4 , 5 2 5 , 4 2 2 , 1 3 8 , 0 2 2 , 1 3 1 , 0 1 5 , 4 3 2 , 6 

8 , 4 1 1 , 2 5 , 1 7 , 8 5 , 4 1 0 , 8 8 , 3 1 2 , 4 9 , 8 1 6 , 7 4 , 5 7 , 2 9 , 4 1 3 , 3 5 , 7 8 , 2 5 , 7 β,Ο 5 , 9 9 , 8 

7 . 2 1 4 , 2 1 8 , 0 3 8 , 2 6 , 0 1 1 , 8 6 , 2 1 2 , 6 4 , 8 1 0 , 0 5 , 6 1 0 , 2 6 , 2 9 , 8 5 , 3 9 , 2 5 , 3 β , β 5 , 2 7 , 2 

4 . 3 7 , 4 6 , 5 9 , 2 6 , 7 1 0 . 0 6 , 8 9 , 3 5 , 3 7 , 6 5 , 5 7 . 6 4 , 7 6 , 8 6 , 1 1 1 , 0 6 , 1 7 . 0 4 ,Β 8 , 2 

1 4 , 0 1 7 , 8 1 3 , 0 1 7 , 2 1 2 , 4 1 9 , 2 1 7 , 1 2 2 , 2 2 1 , 2 2 9 , 6 1 6 , 0 2 8 . 5 1 5 , 3 2 3 , 6 1 9 , 2 2 4 , 2 1 9 , 2 3 3 , 8 1 8 , 5 2 3 , 0 

3 . 6 7 , 0 2 , 7 5 , 6 2 , 0 3 , 2 3 , 0 4 , 4 3 , 0 4 , 4 3 , 6 7 , 8 4 , 3 1 1 , 4 2 , 1 3 , 8 2 , 1 5 , 8 2 , 1 4 , 8 

1 7 , 4 6 0 , 0 2 2 , 5 4Θ,8 1 2 , 3 2 7 , 6 7 , 8 1 5 , 2 1 1 , 6 1 5 , 2 9 , 2 1 6 . 8 1 2 . 7 2 6 , 4 9 , 8 1 6 , 4 9 , 8 2 0 , 8 1 3 , 8 2 6 , 0 

1 5 , 3 6 0 , 0 2 9 , 3 6 0 , 0 4 0 , 0 6 0 , 0 3 0 , 0 6 0 . 0 4 7 , 4 6 0 , 0 6 0 , 0 6 0 , 0 4 4 , 8 6 0 , 0 4 4 , 4 6 0 , 0 4 4 , 4 6 0 , 0 4 3 , 5 6 0 , 0 

3 0 , 7 6 0 , 0 2 0 , 8 6 0 , 0 2 4 , 7 6 0 , 0 2 8 , 9 6 0 , 0 4 0 . 9 6 0 , 0 5 5 , 2 6 0 . 0 6 0 , 0 6 0 , 0 6 0 , 0 6 0 , 0 6 0 , 0 1 2 , 7 5 7 , 1 6 0 , 0 

2Β,6 6 0 , 0 3 5 , 0 6 0 , 0 4 7 , 3 6 0 , 0 2Θ,3 6 0 , 0 3Θ,5 6 0 , 0 4 3 , 4 6 0 , 0 4 2 , 6 6 0 , 0 4 2 , 5 6 0 , 0 4 2 , 5 6 0 , 0 3 6 , 4 6 0 , 0 

4 . 7 5 , 4 4 , 0 5 , 2 4 , 8 7 , 6 5 , 5 6 , 2 4 , 2 6 , 3 5 , 2 7 , 8 5 , 3 7 , 0 6 , 1 1 1 , 0 6 , 1 1 3 , 6 1 1 , 1 2 0 , 8 

9 , 6 1 9 , 0 1 7 , 0 3 2 , 2 8 , 9 1 6 , 4 6 , 6 2 1 , 2 8 , 8 2 1 , 2 5 , 3 1 0 . 2 8 , 7 1 0 , 8 7 , 6 1 5 , 4 7 , 6 1 1 , 0 6 , 3 9 , 4 

3 , 9 8 , 6 2 , 5 3 , 4 3 , 6 4 , 0 7 , 1 1 5 , θ 1 1 , 1 1 5 , 4 1 9 , 4 3 2 , 7 2 3 , 9 4 3 , 8 2 8 , 9 6 0 , 0 2 8 , 9 6 0 , 0 1 2 , 9 1 8 , 8 

3 2 , 7 6 0 , 0 7 , 5 1 5 , 2 7 , 3 1 4 , 4 7 , 1 2 1 , 4 8 , 5 1 6 , 2 1 0 , 2 1 8 , 0 6 , 4 1 5 , 4 5 , 6 1 2 , 4 5 , 6 1 5 , 4 4 , 9 1 4 , 4 

2 , 3 3 , 2 4 6 , 0 6 0 , 0 1,9 2 , 2 2 , 9 3 , 8 2 , 4 4 , 4 2 , 0 3 . 2 1,9 2 , 4 2 , 2 4 , 2 2 , 2 2 , 4 1,9 2 , 4 

4 9 , 7 6 0 , 0 6 0 , 0 6 0 , 0 6 0 , 0 6 0 , 0 6 0 , 0 6 0 , 0 6 0 , 0 6 0 , 0 1 0 , 2 1 7 , 0 1 0 , 1 1 6 , 4 7 , 5 1 1 , 4 7 , 5 4 3 , 8 9 , 9 1 3 , 5 

8 . 3 1 4 , 4 5 , 5 9 , 4 5 , 0 6 , 4 6 , 6 9 , 1 7 , 2 1 2 , 3 7 , 3 1 1 , 8 5 , 9 7 , 6 8 , 1 1 0 , 9 8 , 1 1 2 , 0 1 0 , 3 2 3 , 7 

2 8 , 9 6 0 , 0 4 3 , 0 6 0 , 0 5 0 , 3 6 0 , 0 4 4 , 8 6 0 , 0 4 7 , 8 6 0 , 0 4 3 , 7 6 0 , 0 4 7 , 3 6 0 , 0 5 4 , 5 6 0 , 0 5 4 , 5 6 0 , 0 4 9 , 5 6 0 , 0 

4 2 , 0 6 0 , 0 5 4 , 1 6 0 , 0 4 3 , 7 6 0 , 0 4 9 , 0 5 1 , 0 4 0 , 7 6 0 , 0 1 0 , 1 3 4 , 8 4 1 , 5 6 0 , 0 2 7 , 1 6 0 , 0 2 7 , 1 5 2 , 4 2 6 , 5 6 0 , 0 

8 . 4 2 1 , 0 2 , 8 5 , 6 5 , 8 1 1 , 0 8 , 1 6 , 4 3 , 3 1 6 , 2 6 , 3 9 . 6 3 , 7 6 , 0 6 , 2 1 3 , 6 6 , 3 1 2 , 6 1 4 , 7 2 7 , 6 

t ( L e ) ρ 

1.1 

3 . 8 < . 0 1 

1 .9 

0 . 2 

2 . 6 < . 0 5 

4 . 5 < . 0 0 1 

0 . 3 

3 . 5 < . 0 1 

6 . 5 < , 0 0 1 

3 . 7 < . 0 1 

1 0 . 2 4 . 0 0 1 

1 .8 

2 . 6 4 . 0 5 

0 . 3 

0 . 6 4 

0 . 7 2 

2 . 4 5 ' . 0 5 

6 . 2 4 . 0 0 1 

1 2 . 5 ί.ΟΟΙ 

4 . 7 ¿ . 0 1 

1 .1 



2B. Total number of escape (Re) and initiating (Ri) responses; irean for 3 preoperative tests, 
and scores for each postoperative test of all subjects (.p; dependent t-test). 

GROUP 

SHAM 

SULCAL 

MEDIAL 

RAT 

458 

459 

481 

487 

512 

520 

4 7 8 

479 

482 

486 

511 

513 

514 

528 

456 

457 

480 

4 8 5 

512 

517 

527 

PRE 1 

Re Ri 

1 0 , 4 0 , 4 

1 0 , 6 0 , 8 

1 0 , 6 0 , 8 

1 3 , 2 3 ,4 

1 0 , 0 0 , 0 

1 0 , 8 1,0 

1 5 , 4 6 , 0 

1 3 , 2 3 , 4 

1 1 , 2 1,2 

1 0 , 0 0 , 0 

1 2 , 0 2 , 0 

1 1 , 2 1,2 

1 0 , 6 0 , 6 

1 0 , 2 0 , 4 

1 0 , 6 0 , 8 

1 0 , 2 0 , 2 

1 8 , 0 1,4 

1 0 , 6 0 , 6 

1 0 , 6 6 , 2 

1 6 , 0 1,8 

1 2 , 0 8 , 2 

POST 1 POST 2 POST 3 POST 4 POST 5 POST 6 POST 7 POST 8 POST 9 POST 10 

Re Ri Re Ri Re R i Re Ri Re Ri Re Ri Re Ri Re R i Re Ri Re Ri 

10 0 10 0 11 1 13 3 12 2 10 0 13 3 13 3 11 1 14 4 

4 2 4 2 10 4 9 2 9 3 8 7 10 2 11 5 11 1 10 1 

10 1 11 1 11 1 11 1 11 1 10 0 11 1 11 1 12 2 11 2 

12 2 10 0 15 5 17 7 16 6 14 4 13 3 15 5 17 7 17 7 

11 1 10 0 10 0 10 0 10 0 10 0 10 0 10 0 11 1 11 1 

10 0 10 0 10 0 10 0 10 0 10 0 11 1 11 1 10 1 U 1 

15 5 16 6 11 1 11 1 10 0 11 1 10 0 12 2 11 1 10 0 

13 3 14 4 12 3 10 1 11 2 15 5 11 1 11 1 15 5 14 4 

11 11 5 7 4 4 4 7 0 4 0 0 2 3 3 5 3 7 2 4 

6 3 12 7 8 3 7 3 2 4 1 1 0 0 0 0 0 0 0 1 

6 5 6 4 1 3 5 7 3 3 2 2 3 3 3 5 4 8 5 3 

10 0 10 0 12 2 11 1 10 0 10 0 11 1 10 1 10 0 11 1 

13 3 15 5 12 2 16 6 16 6 18 8 15 6 15 5 10 0 10 1 

12 2 11 1 12 2 11 1 10 0 10 0 11 2 11 1 10 0 11 2 

4 0 11 1 10 0 11 1 13 3 10 0 12 2 10 0 11 1 12 2 

8 4 0 2 10 0 10 0 10 0 10 0 10 0 10 0 10 0 10 0 

0 0 0 0 0 0 0 0 0 0 13 0 14 1 14 1 10 2 13 6 

10 9 10 4 10 2 10 8 10 2 10 5 11 2 11 2 12 6 15 6 

3 2 1 1 0 4 0 5 0 10 0 6 1 4 0 6 0 12 0 1 

1 2 0 1 0 0 0 1 0 0 16 0 0 0 3 1 2 1 6 1 

12 1 11 0 10 0 11 0 10 0 10 4 10 4 11 4 11 1 U 3 

t ( R e ) ρ 

1.85 

1.63 

0 . 8 0 

0 . 9 8 

1.36 

1.49 

2 . 5 7 <.05 

0 . 6 0 

5 . 3 7 (.001 

3 . 2 5 <.01 

8 . 3 7 <.001 

1 .71 

2 . 7 0 <.05 

1.66 

0 . 1 8 

0 . 9 7 

3 . 7 0 i . O l 

0 . 3 8 

2 3 . 4 9 i . O O l 

5 . 3 7 < . 0 0 1 

1.91 



APPENDIX 2C. Some results of the behavioural observations of the experiment described in Chapter 6. 
Mean duration of QSOOMINQ and ACTIVE BEHAVIOUR as the percentage of periods with (S+) 
and without (S-) stimulation of the last 5 PHE- and the first 2 x 5 POST operative 
sessions. 

GROUP 

SHAM 

SULCAL 

MEDIAL 

RAT 

1*58 
459 
Ш 
if87 

5 1 5 
5 2 0 

^78 
if79 
4 8 2 
486 
5 1 1 
5 1 3 
5 1 4 
528 

4 5 6 
4 5 7 
4 8 0 
4 8 5 
5 1 2 
5 1 7 
5 2 7 

PRE 

s+ 

0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 

0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 

0 . 0 
0 . 0 
0 . 0 
0 . 0 
1 . 2 
0 . 1 
0 . 0 

s-
0 . 0 
1 . 6 
0 . 0 
0 . 0 
0 . 0 
0 . 0 

0 . 6 
0 . 6 
0 . 9 
0 . 1 
0 . 0 
5 . 1 
0 . 0 
4 . 5 

0 . 0 
0 . 0 
0 . 0 
0 . 5 
2 . 4 
0 . 4 
0 . 2 

GROOMINO 

POST 

S+ 

2 . 0 
1 . 0 
0 . 9 
0 . 0 
0 . 0 
0 . 0 

2 . 1 
0 . 4 
1 . 7 * 
0 . 7 
4 . 1 · 
0 . 0 
0 . 0 
0 . 0 

0 . 8 
0 . 8 
0 . 2 
0 . 0 
2 . 7 
0 . 6 
1 . 6 

I 

S -

2 . 2 
1 5 . 9 * 

1 . 9 * 
0 . 0 
0 . 0 
0 . 0 

3 . 0 
1 . 1 

2 2 . 2 * 
6 . 2 ' 

1 5 . 3 · 
2 . 6 
0 . 0 
0 . 9 

0 . 4 

3 . 5 
1 . 4 
2 . 9 

1 4 . 0 · 
7 . 1 * 
1 . 5 

POST 

s+ 

0 . 0 

0 . 3 
0 . 0 
0 . 0 
0 . 0 
0 . 0 

1 . 2 
0 . 2 
0 . 8 

0 . 3 
0 . 1 
2 . 4 · 
0 . 0 

0 . 3 

0 . 0 
0 . 0 
0 . 0 
1 . 8 
3 . 8 
0 . 0 
0 . 0 

I I 

S -

0 . 0 
1 3 . 4 · 

1 . 6 
0 . 3 
0 . 3 
0 . 0 

1 . 4 
0 . 8 

3 4 . 2 · 
5 . 2 · 
1 . 8 · 
9 . 7 
0 . 0 
9 . 1 

0 . 0 
0 . 0 
0 . 2 
4 . 8 * 

1 5 . 3 * 
2 . 8 
2 . 0 

PRE 

S+ 

5 6 . 6 
1 9 . 7 
3 5 - 5 
8 2 . 5 
6 6 . 1 
8 4 . 0 

7 4 . 3 
8 0 . 2 
6 3 - 9 
3 7 . 2 
8 6 . 0 
4 0 . 1 
8 8 . 9 
3 0 . 5 

8 8 . 8 
4 6 . 6 
4 5 . 3 
1 9 . 6 
4 3 . 4 
7 1 . 6 
5 2 . 8 

S -

1 9 . 7 
1 9 . 9 
1 7 . 7 
2 5 . 6 

1 3 . 3 
3 7 . 7 

4 2 . 3 
4 0 . 5 
2 4 . 4 

2 4 . 5 
4 0 . 1 
4 2 . 7 
4 8 . 8 
3 3 . 5 

3 0 . 5 
1 2 . 8 
2 7 . 7 
1 0 . 5 
3 2 . 7 
5 0 . 6 
4 2 . 0 

ACTIVE 

POST I 

S+ 

6 2 . 9 
3 5 - 4 · 
2 8 . 0 
7 8 . 0 
6 5 . 4 
7 8 . 4 

7 9 . 4 
5 8 . 6 * 
3 2 . 9 * 
2 5 . 6 
1 9 . 1 * 
5 2 . 2 
7 1 . 0 
2 5 . 7 

7 8 . 1 
5 2 . 9 

7 . 8 * 
1 5 - 0 
3 2 . 2 
3 1 . 5 * 
3 ^ . 7 * 

s-
3 2 . 4 
3 5 . 0 
1 8 . 9 
3 1 . 5 
1 8 . 5 
3 1 . 1 

2 3 - 8 
4 3 - 1 
3 1 . 5 
3 4 . 6 
3 8 . 6 
3 9 . 2 
5 2 . 4 

2 1 . 3 

3 3 . 3 
2 1 . 2 
1 9 . 2 
1 5 - 5 
4 3 . 8 
3 0 . 8 * 
3 ^ . 2 

POST I I 

s+ 

7 2 . 2 
2 7 - 9 
2 8 . 8 
8 6 . 2 

6 9 . 3 
6 1 . 2 · 

8 2 . 6 
5 4 . 9 * 
2 1 . 5 * 
1 5 . 8 ' 
2 5 . 2 * 
5 1 . 0 
4 6 . 1 * 

8 . 0 · 

7 6 . 0 
6 7 . 2 · 
3 0 . 2 
2 8 . 7 
2 6 . 3 * 
3 9 - 6 · 
4 6 . 4 

s-
2 8 . 5 
3 3 - 1 
1 4 . 8 
3 4 . 9 
2 4 . 7 
3 5 . 6 

2 9 . 4 
3 8 . 8 
3 3 . 4 
3 3 . 0 
3 9 . 4 
4 4 . 1 
4 0 . 6 
1 6 . 1 

3 1 . 0 
3 0 . 9 
2 2 . 0 
2 3 . 7 
4 0 . 4 
3 8 . 1 
4 6 . 2 

all 5 post values are higher or lower than the PRE values 

ω 





SAMENVATTING 

In dit proefschrift wordt verslag gedaan van een serie expe

rimenten, waarmee beoogd werd de mogelijke rol van de pre-

frontale cortex (PFC) van de rat bij de centrale regulatie 

van gedrag ten aanzien van appetitieve en aversieve stimuli 

te verhelderen. 

Uit een overzicht van de bestaande literatuur (hoofdstuk 1) 

kon gekonkludeerd worden, dat er evidentie bestaat voor pre-

frontale betrokkenheid bij appetitieve processes, terwijl er 

weinig aanwijzingen werden gevonden voor een specifieke rol 

bij aversieve processen. 

In hoofdstuk 2 werden de topografie en neurale verbindingen 

van de PFC behandeld. Er werd onder meer gekonkludeerd dat in 

dit gebied bij de rat tenminste drie regionen dienen te wor

den onderscheiden, te weten een dorsomediaal, ventromediaal 

en sulcaal deel. Betoogd werd, dat de onderling nauw gerela

teerde ventromediale en sulcale gebieden door gelijksoortige 

en omvangrijke relaties met limbische strukturen diverse mo

gelijkheden bezitten voor een betrokkenheid bij bovengenoemde 

appetitieve en aversieve processen. 

In de huidige studie werd, middels radiofrequente lesies in 

beide laatstgenoemde PFC-regionen, deze betrokkenheid op 

tweeërlei wijzen onderzocht. Enerzijds, werd de interaktie 

met subcorticale gebieden, welke geacht worden een belangrij

ke rol te spelen bij appetitieve en aversieve processen, ge

ëvalueerd met behulp van elektrische stimulatie in deze ge

bieden, roet name de hypothalamus en het dorsale tegmentum 

(hoofdstukken 4, 5 en 6). Anderzijds, werden de effekten van 

PFC-lesies op het gedrag ten aanzien van externe appetitieve 

en aversieve stimuli (water, licht en nieuwheid) bestudeerd, 

en gerapporteerd in de hoofdstukken 3 en 7. 

De resultaten van deze experimenten wijzen er op dat ondanks 

de nauwe neuro-anatomische verwantschap tussen de ventro

mediale en sulcale prefrontale regionen, lesies in deze ge

bieden zeer verschillende effekten sorteren. De enige uitzon

dering hierop betrof een door beide lesies veroorzaakte ver-



mindering van ontsnappingsgedrag t.a.v. aversieve stimulatie 

in het dorsale tegmentum (hoofdstuk 6). 

Beschadiging van het ventromediale PFC had overigens slechts 

incidenteel en kortdurend effekt op het gedrag t.a.v. zowel 

appetitieve als aversieve stimuli. Deze effekten lijken van 

aanzienlijk minder belang dan de freguent gerapporteerde 

stoornissen in leergedrag ten gevolge van mediale PFC-lesies. 

Daarentegen werden meerdere aanwijzingen gevonden voor een 

specifieke rol van de sulcale PFC bij de centrale organisatie 

van appetitief en aversief gedrag. Naast de vaak vermelde 

tijdelijke stoornissen in eet- en drinkgedrag vonden we na 

lesies in dit gebied: 

- een verhoogde aktiviteit in onbekende situaties, mogelijk 

te relateren aan de aversieve aspekten van die situaties 

(hoofdstuk 3); 

een verhoogde aktiviteit gedurende zowel appetitieve als 

aversieve stimulatie in de hypothalamus (hoofdstuk 4); 

een afname van eten en daaraan verwant gedrag opgewekt 

door stimulatie in de laterale hypothalamus (hoofdstuk 5); 

een langer doorgaan met instrumenteel gedrag voor water 

(hoofdstuk 7). 

Tenslotte werden twee hypothesen besproken welke dit patroon 

van resultaten mogelijk kunnen verklaren. De eerste hypothe

se stelt, in navolging van Rice en Campbell (1973), dat sul

cale lesies een stoornis bewerkstelligen in het op elkaar af

stemmen van preparatoir en consummatoir gedrag, mogelijk ten 

gevolge van een disinhibitie van hypothalamische mechanismen. 

Volgens de tweede hypothese zouden de resultaten geïnterpre

teerd kunnen worden in termen van het perseveren van - onder 

de gegeven omstandigheden - inadequate gedragingen (Rosvold, 

1972). 
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STELLINGEN 

1. Binnen de prefrontale cortex van de rat lijkt alleen het 

sulcale deel van belang bij de centrale organisatie van 

motivationele processen. 

2. Het sulcale deel van de prefrontale cortex bij de rat is 

betrokken bij de adequate overgang van preparatoir gedrag 

naar hetzij consummatoir gedrag, hetzij andersoortig pre

paratoir gedrag. 

3. Ondanks de nauwe anatomische verwantschap tussen mediale 

en sulcale prefrontale cortex bij de rat is er tot nog toe 

weinig funktionele verwantschap tussen beide regionen ge-

konstateerd. 

4. Gelet op de verschillen in omvang en struktuur tussen de 

als prefrontale cortex aangeduide regionen bij de rat en 

die bij primaten, moeten de overeenkomsten in de effekten 

van beschadiging van deze gebieden op het gedrag verba

zingwekkend genoemd worden. 

5. Het verdient aanbeveling om bij de studie naar de effekten 

van intracraniele stimulatie een nauwkeurige beschrijving 

te geven van het gedrag van ieder subject afzonderlijk. 

6. Het recente denken over intracraniele zelfstimulât ie laat 

een verschuiving zien van ee'n centraal reinforcement sys

teem naar meerdere lokale systemen. 

7. De neuropsychologische diagnostiek zou gebaat zijn bij een 

ruimere aandacht voor stoornissen in motivationele proces-

son. 

8. Dij het onderzoek naar de werkzaamheid van nootropica 

dient het professionele oordcel ondersteund te worden door 

het oordeel van de patient en diens direkte leefomgeving. 



9. De apocatastasis van Roszak is nog niet nabij. 

(Th. Roszak. Where the Wasteland ends. 

New York, Doubleday, 1973) 

10. Het waarnemen van gedrag dat door electrische stimulatie 

in de hersenen wordt opgewekt verrijkt de geest. 

Nijmegen, 14 februari, 1985 C. Sennef 






