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Stimuli associated with painful or otherwise unpleasant events acquire aversive emotional properties in animals and humans. Subsequent presenta- 
tion of the stimulus alone (in the absence of the unpleasant event) leads to the eventual extinction of the aversive reaction. Although the neural basis 
of emotional learning has been studied extensively, considerably less is known about the neural basis of emotional extinction. In the present study, 
we show that the medial prefrontal cortex plays an important role in the regulation of fear extinction in rats, a finding that may help elucidate the 
mechanisms and, possibly, the treatment of disorders of uncontrolled fear, such as anxiety, phobic, panic and posttraumatic stress disorders in 
humans. 

The prefrontal cortex has long been suspected of play- 
ing some role in the regulation of emotional reactions [4, 
10, 22, 24, 25, 28, 32] but the exact role has remained 
unclear and even controversial [6, 9, 12, 17, 23]. Part of 
the confusion may be related to the fact that the effects of 
prefrontal cortex lesions on emotional behavior have not 
been systematically examined using consistently applied 
well-defined emotional tasks in a given species. Our goal 
in the present study was, therefore, to reexamine the con- 
tribution of the prefrontal cortex to the acquisition and 
extinction of emotional reactions in rats using classical 
fear conditioning, a well-characterized behavioral para- 
digm that is often used for studying emotional behavior 
and its neural basis [5, 14, 18, 19]. We focused on the 
medial prefrontal cortex (mPFC), a region commonly 
described as being involved in emotional reactivity and 
autonomic regulation [16, 35, 36]. 

36 male Sprague-Dawley rats were randomly assigned 
to three groups: mPFC lesions (n = 11), sham mPFC le- 
sions (n = 13) and unoperated controls (n = 12). Coordi- 
nates for mPFC (measured in mm relative to the interau- 
ral line and with the surface of the skull level) were 12 
anterior, 0.6 medial and 4.8 dorsal. An epoxy-coated 
stainless steel insect pin (500-pm-exposed tip) was low- 
ered into the brain and anodal direct current (1 mA) was 
passed for 10-15 s. Sham animals were treated in the 
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same way, except that no current was passed through the 
electrode, After 14 days of recovery, the animals were 
trained in a Pavlovian fear-conditioning paradigm in- 
volving the presentation of a tone conditioned stimulus 
(CS; 800-Hz or 10-kHz tone, 80 dB, 20 s), ending with a 
footshock unconditioned stimulus (US; 0.5 mA, 500 ms 
delivery of direct current produced by a grid floor 
shocker). We measured 'freezing' behavior as the condi- 
tioned emotional response [2, 3, 8, 21]; the number of 
seconds spent freezing was ascertained by observing the 
animal's behavior in the conditioning box and using stop 
watches to time the total amount of freezing. Animals 
received two CS US pairings/day for 2 days after which 
the CS was presented alone. Freezing was measured dur- 
ing the 20 s CS and during the 20 s before the CS, allow- 
ing the assessment of the extent of conditioned emotional 
reactivity to the CS and to the context in which CS US 
pairing took place, respectively [26]. Testing continued 
daily until extinction criterion was met (2 consecutive 
days of 5 s spent freezing to the CS and to the pre-CS). 

Days 1 and 2 of the experiment were conditioning 
days. The effects of conditioning on a given day were 
defined by the amount of freezing during the first trial of 
the following day [26]. Changes in freezing over days 
1-3, thus, reflect fear acquisition. As shown in Fig. 1, 
animals in control and lesion groups exhibited similar 
increases in the amount of freezing expressed during the 
CS and pre-CS periods over days 1 3. Moreover, ani- 
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mals in all groups appeared to condition to the CS earlier 
than to the context, as previously reported [26]. A 
3 x 3 x 2 x 3 ANOVA of  lesion group by experimental 
session (initial study and two replications) by stimulus 
type (pre-CS, CS) by acquisition day (days 1--3) showed 
no significant difference between the groups in the 
amount  of  freezing exhibited during either the pre-CS 

(context) or the CS over days 1-3 but did show main 
effects of  stimulus type (F1.27 = 28.63, P < 0.001) and day 
(F2,54 = 179.16, P < 0.001) and an interaction of  stimulus 
type by day (F2,54 = 21.80, P < 0.001). In summary,  all 
groups exhibited conditioning to both the context and 
the CS and conditioned faster to the CS than to context 
(interaction of  stimulus type by day). Thus, mPFC le- 
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Fig. 1. Acquisition of fear. Mean number of seconds spent freezing 
during an exposure to the conditioning context (A) and to the condi- 
tioned stimulus (B) is shown. Freezing was measured during the 20 s 
before the onset of the conditioned stimulus (context test) and during 
the 20-s conditioned stimulus (conditioned stimulus test) on each day. 
Freezing responses during the first trial of days 2 and 3 reflect the 

effects of conditioning trials on days 1 and 2 (see text for details). 
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Fig. 2. Extinction of fear. Mean number of days to reach criterion is 
shown. Extinction criterion was defined as < 5 s of freezing during the 
conditioned stimulus and, independently, during the context test period 

on 2 consecutive days (see Fig. 1 and text for more details). 

sions had no effect on the rate of  acquisition to either 
stimulus type. 

In contrast, examination of  the number  of  days taken 
to reach extinction criterion (2 consecutive days of  5 s 
spent freezing during CS and pre-CS) indicates that 
m P F C  lesions do have an effect on extinction (Fig. 2). 
Days to extinction criterion was examined between 
groups and experimental session and across stimulus 
type (pre-CS, CS) using a 3 x 3 x 2 ANOVA. There was 
a main effect of  lesion group (F2.27 = 10.07, P < 0.001) 
and stimulus type (Fro7 = 60.42, P < 0.001) and an inter- 
action between lesion group and stimulus type 
(F2.27 = 16.29, P < 0.001). Follow-up simple-effects tests 
showed that there was a significant difference between 
lesion groups in the number  of  days to extinction of the 

freezing response to the CS (Fz.27 = 19.22, P < 0.01) but 
not to the context (F2.27 = 2.32, P > 0.1). Posthoc t tests 
further showed that for the CS the m P F C  group was 
significantly different f rom the sham control group 

( t27 = 11.15, P < 0.001)and from the unoperated control 
group (67 = 12.59, P < 0.001) but these two control 
groups did not differ from each other (t27 = 1.73, 
P > 0.09). Thus, lesioned rats extinguished to the pre-CS 
(context) at the same rate as controls but took signifi- 
cantly longer than controls to extinguish to the CS. 

Histological analysis of  the m P F C  lesions showed that  
all lesions included damage to the infralimbic cortex, 
prelimbic cortex and caudal portions of  medial orbital 
cortex (Fig. 3). Damage  to the anterior cingulate cortex, 
which lies just dorsal to the prelimbic region, and to the 
tenia tecta, which is ventral to infralimbic cortex, was 
slight and was variable from case to case. 
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Fig. 3. Medial prefrontal cortex lesions, mPFC as defined here includes 
the various cortical ares lying along the medial wall of the anterior 
frontal lobe, specifically the infralimbic (IL), prelimbic (PL), anterior 
cingulate (ACg) and medial orbito-frontal (MO) cortical regions [33]. 
Areas damaged consistently included the prelimbic, infralimbic and 
medial orbital cortex. The anterior cingulate region was damaged in 
some but not all cases. The most rostral extending lesion (stippled), the 
most caudal extending lesion (horizontal lines) and the overlap of the 

two (vertical lines) is shown. 
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Some studies have suggested that mPFC lesions alter 
fear levels in rats, with both increases and decreases hav- 
ing been reported [6, 9, 12, 17, 23]. mPFC-lesioned ani- 
mals did not freeze any more or less than controls to the 
CS or context during acquisition and the early trials of 
extinction, ruling out the possibility that the prolonged 
responding of mPFC-lesioned rats over days is due to an 
increase in fear per se. Also, a change in general levels of 
fear would most likely be reflected in freezing to contex- 
tual stimuli as well as to the CS during extinction. Differ- 
ences with past studies may be due to differences in the 
strains of  rats studied (wild vs. laboratory-bred rats), the 
extent to which the various areas of mPFC and sur- 
rounding cortical areas are included in the lesion, varia- 
tions in the procedures used to measure fear (fear condi- 
tioning vs. passive avoidance vs. open-field behavior) 
and/or the extent to which performance on a given task 
is controlled by continuously present background con- 
textual stimuli vs. discrete phasic-conditioned stimuli. 

Previous studies have shown that lesions of sensory 
areas of cortex interfere with extinction of conditioned 
fear responses elicited by conditioned stimuli presented 
in the sensory modality corresponding to the damaged 
cortical area [20, 29]. On the basis of these findings, it 
was suggested that damage to sensory cortex interferes 
with the flow of sensory information about the condi- 
tioned stimulus to higher-order cortical association re- 
gions, such as the hippocampus or frontal cortical areas 
[20]. The present findings suggest that the mPFC might 
be the critical recipient of this information. 

The amygdala is an essential component of the neural 
system underlying the acquisition and expression of fear 
conditioning; it is believed to be the site where the 'emo- 
tional significance' of  threatening stimuli is determined 
[5, 14, 18, 19]. The mPFC has extensive projections to the 
amygdala and several amygdaloid projection targets in 
the brainstem that are also involved in the expression of 
conditioned fear [1, 13, 30, 31. 34]. These projections 
may allow the organism to adapt the expression of 
learned fear reactions to changing stimulus relations by 
modulating neuronal activity in the amygdala and/or its 
projections during exposure to the CS. A similar conclu- 
sion was reached by Rolls [27] on the basis of neurophys- 
iological studies of primate orbito-frontal cortex and the 
amygdala. The finding that extinction of fear responses 
elicited by a phasic CS is interfered with by blockade of 
N M D A  receptors in the amygdala [7] suggests a possible 
mechanism through which fronto-amygdala connections 
might exert their influence. 

A commonly observed effect of extensive damage to 
the frontal cortex is response perseveration [10, ll], a 
failure or inability to inhibit responses which are no 
longer appropriate. Our findings suggest that persevera- 
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t ion  extends  in to  the  e m o t i o n a l  domain .  Fur the r ,  our  

f indings local ize  a specific reg ion  o f  the  p re f ron ta l  cor tex  

tha t  is involved  in e m o t i o n a l  persevera t ion .  W h e n  m P F C  

is d a m a g e d ,  e m o t i o n a l  assoc ia t ions  med ia t ed  by  the 

a m y g d a l a  m a y  no t  be inh ib i ted  du r ing  non re in fo rcemen t  

and,  thus,  cond i t i oned  r e spond ing  m a y  be p ro longed  

over  t ime. E m o t i o n a l  pe r severa t ion  m a y  represent  a fail- 

ure to  inhib i t  fear  to the CS af ter  the th rea ten ing  p roper -  

ties o f  the s t imulus  should  have  been d imin i shed  by  non-  

re inforcement .  To the extent  tha t  such a mechan i sm ex- 

ists, it is ex t r ao rd ina r i l y  specific to the CS i tself  as p ro-  

longed ex t inc t ion  to  con tex tua l  s t imuli  d id  no t  occur. 

However ,  con tex tua l  cond i t ion ing  is m e d i a t e d  by  the 

h i p p o c a m p a l  fo rma t ion ,  as well as the a m y g d a l a  [15, 26], 

and  m P F C  does  no t  have  extensive pro jec t ions  to the 

h i p p o c a m p a l  region [1, 13]. Thus,  the effect o f  m P F C  

lesions on the ext inc t ion  o f  fear  to the CS, bu t  no t  to 

context ,  m a y  be re la ted  to the fact  tha t  somewha t  differ- 

ent  mechan i sms  under l ie  the acquis i t ion  and /o r  expres-  

s ion o f  fear  to a CS and  to con tex tua l  stimuli.  F u r t h e r  

e luc ida t ion  o f  these mechan i sms  m a y  p rov ide  insights 

in to  the n e u r o b i o l o g y  o f  fear  ext inct ion;  this may,  in 

turn,  shed l ight  on  the mechan i sms  and  poss ib ly  the 

t r ea tmen t  o f  d i so rde r s  o f  uncon t ro l l ed  fear, such as anxi-  

ety, phobic ,  pan ic  and  p o s t t r a u m a t i c  stress d isorders .  
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