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Abstract Rolls (1986, 1995) has suggested that the role of the

We describe work in progress with the aim of constructinga ~ @mygdala is to assign a primary emotional value to each

computational model of emotional learning and processing ~ Stimulus that has previously been paired with a primary
inspired by neurophysiological findings. The main areas reinforcer. This function is assumed to be aided by the

modelled are the amygdala and the orbitofrontal cortex and  orbitofrontal cortex whose role is to inhibit associations in
the interaction between them. We want to show that (1)  the amygdala that are no longer valid. In terms of learning
there exists enough physiological data to suggest the overall  theory, the amygdala appears to handle the presentation of
architecture of a computational model, (2) emotion plays a  primary reinforcement, while the orbitofrontal cortex is

clear role in learning and behavior. involved in the detection of omission of reinforcement.
The amygdala-orbitofrontal system is strategically
1. Introduction placed close to the higher cortical sensory areas as well as

smell and taste areas. It is also near to the various regions
In Mowrer’s influential two-process theory of learning, the  constituting the basal ganglia that are assumed to be
acquisition of a learned response was considered to jnvolved in the reinforcement of motor actions (Gray 1995,
proceed in two steps (Mowrer 1960/1973). In the first step, Rolls 1995, Heimer, Switzer and Van Hoesen 1982). The
the stimulus is associated with its emotional consequences.amygdala is thought to be involved in primary
In the second step, this emotional representation shapes areinforcement and extinction only. Secondary conditioning
association between the stimulus and the response. Mowrerlis handled by other areas, possibly the ventral striatum or
made an important contribution to learning theory when he nucleus accumbens of the basal ganglia which is the main
acknowledged that emotion plays an important roles in interface between the limbic system and the basal ganglia
learning. Another important aspect of the theory is that it (Gray 1995). These anatomical facts fit well with a two-
suggests a role for emotions that can easily be computerprocess theory of learning where reinforcement is first

implemented. Different versions of the two-process theory associated with a stimulus and only later with a response
have been implemented as computational models, for (Gray 1975, Mowrer 1960/1973).

example (Klopf, Morgan and Weaver 1993) and Balkenius  |n this context it is important to note the difference
(1995). Gray (1975) describes yet another version of the petween the conditioning that takes place in the amygdala
theory. In some respects, the learning model proposed by and the well known conditioning in the cerebellum (Moore
Grossberg (1987) ialso an instance of the two-process and Blazis 1989). It appears that conditioning in the
idea. These and other computational models are comparedamygdala establishes sensory-emotional association while
in Balkenius and Morén (1998). The goal of the present the cerebellum is involved in stimulus-response learning
work is to show that findings from neurophysiology can be and the precise timing of responses, possibly aided by the
used to give new insights into the emotional process in a reinforcement system of the basal ganglia (Gray 1995).
two-process model. The second process involved with the  That classical conditioning appears in the amygdala does
direct control of behavior will not be described here. not contradict the fact that such learning takes place in the
Recently it has been shown that the association betweencerebellum (Thompson 1988)From a two-process
a stimulus and its emotional consequences takes place inperspective, the two structures are different components of
the brain in the amygdala (LeDoux 1995, Rolls 1995). In the same learning system (Gray 1975, Rolls 1995). The
this region, highly analyzed stimulus representations in emotional representation of a stimulus independently of
cortex are associated with an emotional value. Emotions any response also makes sense from a behavioral
are thus properties of stimuli (Rolls 1986). Cells in the standpoint. If the behavior associated with a certain

amygdala have been shown to react to stimuli only if they stimulus can not be performed, the emotional
have been associated with some sort of motivational cue representation is still intact and can be used to select

whereas cells in the sensory cortical areas do not have thisappropriate innate behaviors (Rolls 1995).
property.



Figure 1. The anatomy of the emotional conditioning system in the macaque brain (based on the BrainAtlas templates from Martin
and Bowden 1997). Nuclei of the amygdala: LA, lateral nucleus, BA, basal nucleus ABA accessory basal nucleus, CoA, cortical
nucleus, MeA, medial nucleus, CeA, central nucléligher sensory area$TG: inferior temporal gyrus, Ent: entorhinal cortex, HC:
hippocampusNuclei of the hypothalamu&H: lateral nucleus, VMH: ventromedial nucleus, DM: dorsomedial nucl®usito-

frontal regions LOrG: lateral orbital gyrus, MOrG: medial orbital gyrus, FOG: fronto-orbital gyrus. AO: anterior olfactory nucleus.

Below we present some physiological data that suggeststhe brain, from the very early sensory stages to the most
the architecture of the emotional learning system in the complex. Among the earlier structures one finds
brain. This data is used to develop a preliminary connections from the older auditory analysis areas in the
computational model that is shown to roughly model some inferior colliculus through the medial geniculate nucleus
gualitative aspects of emotional learning. The presented (LeDoux 1992).

model is at a very early stage of development but shows The amygdala also receives connections from all the
that it is possible to use anatomical and physiological data sensory cortical areas (Amat al. 1992). These include

in the search for a computational model of emotion. Most the inferior temporal cortex (IT) with the highest level of
of all, we want to show that emotions in the sense visual analysis (Rolls 1995). Cells have been found in the
described here are in no way magical but make both IT that react on complex visual stimuli such as objects and

computational and behavioral sense. faces (Perretet al. 1992, Desimonet al. 1984). The role
of these connections appears to be to supply the amygdala
2. Neurophysiological Data with highly analyzed signals that can be given emotional

significance.

Especially interesting are the cells in the IT that react to
faces. Some of these cells react to specific persons
regardless of the orientation of the face while other cells
reacts to any face given that it has a specific orientation in
space or a certain facial expression (Peméetl. 1992,
Desimone et al. 1984). These different types of
The Amygdala representations are important for assigning emotional value
The basal and lateral nuclei of the amygdala are input both to specific persons and to emotional expressions and
structures that receive projections from the sensory cortical gestures.
areas (Rolls 1995, LeDoux 1995). They receive The accessory basal amygdaloid nucleus also contains
connections from a large number of sensory structures in cells that react to the presentation of faces (Leonard et al.

In this section we describe the two main areas involved in
emotional learning: the amygdala and the orbitofrontal

cortex (figure 1). We concentrate on the areas that we try
to model below rather than giving a complete description

of all known areas and connections between them.



1985). It is likely that these cells receive input from the includes both the facilitation of memory creation in
regions of the inferior temporal cortex that react to faces emotional situations and ability to bias or prime cortical
and facial expressions. Consequently, it has been reportedprocessing with the current emotional state.

that lesions of the amygdala causes deficiencies in social

behavior (Kling and Steklis 1976). Animals with lesions in  Orhijtofrontal Regions

the amygdala are no longer able to interact with the other The role of the orbitofrontal-area in the emotional learning

member of their group. system can be seen when reinforcement contingencies are
The importance of the low-level inputs to the amygdala changed. Rolls (1995) suggests that the role of the

have been disputed. For example, Rolls (1995) states thatorbitofrontal cortex is to react to omission of expected
the earlier stages of sensory processing only plays a minorreward or punishment and control extinction gf the
role in the activation of the amygdala. On the other hand, rd or p . ; .

LeDoux (1995) assigns an important role to the signals '€&Ming in the amygdala. An interesting view of the frontal
from the lower areas. One possibly important aspect of the cortex is that its role is to inhibit the more posterior

: ; structures to which it connectéShimamura 1995).
inputs from lower structures is that these pathways are : U . )
quicker than the more highly analyzed. It is possible that According to this view, the difference between the various

the role of these connections are to prepare the emotional!crontal regions comes primarily from what structures they

system for the highly analyzed signals. In either case, it is inhibit. Taking this perspective on the orbitofrontal cortex

clear that the amygdala receives inputs from all levels of SU99ests that it inhibits earlier established connections
sensory analysis when they are no longer appropriate, either because the

Apart from inputs from the monomodal sensory regions, context or the reward contingency has changed (Rolls

the amygdala also receives multimodal inputs from the 1986, 1990, 1995).
entorhinal cortex (Gragt al. 1981). In this respect, the
amygdala is similar to the hippocampus that also receives
massive projections from this area. A second source of
multimodal input is the subiculum of the hippocampal Lesions of the amygdala produces very striking effects on
formation (LeDoux 1995) that is involved in the behavior (Weiskrantz 1956). Monkeys with amygdaloid
representation of stimuli over time intervals larger than lesions show a marked lack of fear. They may play with
250-300 ms after their termination (Clark and Squire objects that would otherwise frighten them. They also
1998). The importance of these projections are yet unclear increase their oral behavior and have learning problems.
however. Human lesions of the amygdala appear to contribute to a
Another interesting set of inputs comes from taste and large portion of the so called Kliver-Bucy Syndrome
olfaction areas (Rolls 1995, Rolls 1989b). These may which may result from damage to the temporal cortex
function as primary reward in the learning process in the (Kliver and Bucy 1939). This syndrome consists of
amygdala. tameness, loss of fear, indiscriminate dietary behavior,
There are three main output pathways from the increased sexual behavior with inappropriate object choice,
amygdala that will interest us here. The first are the hypermetamorphosis, a tendency to examine all objects
connections to the hypothalamus. These are though to bewith the mouth and visual agnosia (Kolb and Whishaw
involved in motivational control of the structures in the 1990). The last effects are probably due to damage to the
hypothalamus (Rosenzweig and Leiman 1982, Thompson inferior temporal gyrus close to the amygdala.
1980). For example, the cortical medial nucleus of the In animals, similar damage have resulted in loss of
amygdala appear to inhibit ventromedial hypothalamus social dominance, inappropriate social behavior, change in
which in turn controls satiety. The effect is to stimulate social and sexual preferences, less facial expressions and
eating behavior. The basal lateral amygdala, on the othervocalization (Kolb and Whishaw 1990).
hand, inhibits lateral hypothalamus and excites Lesions of the frontal cortex result in an inability to
ventromedial hypothalamus and thus has an inhibitory change behavior that is no longer appropriate (Shimamura
influence on eating behavior. 1995, Kolb and Whishaw 1990). For example, in the
The second important output is directed toward the Wisconsin card-sorting test, subjects are asked to first
autonomic areas of the medulla oblongata (Rolls 1995). figure out how to sort cards according to a simple criteria
This output is responsible for the somatic affects that such as color. When the subjects have succeeded, the
usually accompany emotional states. The effect is to criteria is changed and the subjects have to find the new
prepare the body for swift action if required. rule to sort the cards. Frontal patients are often unable to
Finally, there exist backprojections to the sensory do this. They may be able to verbalize that the rules have
cortices that may be involved in the emotional control of changed but they will persevere in their incorrect behavior.
sensory categorization and motivation (Rolls 1989a). This

3. Lesions
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Figure 2. The preliminary model. Th: thalamus. CX1, CX2, CX3: sensory cortex. A: input structures in the amygdala. E: output
structures in the amygdala. O: orbitofrontal cortex. Rew/Pun : external signals identifying the presentation of rewardhamenpuni

CR/UR: conditioned response/unconditioned response. V: associative strength from cortical representation to the amygydala that i
changed by learning. W: inhibitory connection from orbitofrontal cortex to the amygdala that is changed during learning.

4. A Preliminary Model inhibitory connection from O to E will increase in strength.

The presentation above suggests that there exists a numbe?ehs'soﬁgéh;\f[aé \_’I_V'Ale Sel#fgsc?%l;%rr]g%o;?:r:?;l égtra'te?(rri]so&ounsa'lto
of interacting learning systems in the brain that all deal P : : : 2
with emotional learning. The amygdaloid system appears pletect wh_en expectations are not fulfll_leq a_nd inhibit an
to be involved in primary emotional conditioning while the NaPPropriate emotional response. This is in agreement
orbitofrontal system controls the reactions to changing with the view that the funct_|on of fron_tal cortex is to inhibit
emotional contingencies (Rolls 1986, 1995). Here, we mﬁd;&e hpe?:te:&r frr%%'t%rfsccfi&mggufe 18198?'61'2‘561
describe a preliminary model of these processes. The : ' ; .
model is based on neural networks but we do not claim to mechanlsm that can quickly change the behavu_)ral set.
model the neurons in the different areas. The model should Sthown éntrt]he figure t_are aflso the backprolt?[ctlopstao
be considered at a functional rather than at a neuronal €9/'cX and ne connections from sensory cortex 1o the
level. orbitofrontal cortex. These_ connections are not simulated
Figure 2 shows the main components of the model. The P€loW although we plan to include them in the future.
sensory input enters through thalamus, Th, and is analyzed,, * number of simulations have been run of the model
in a number of consecutive cortical areas CX1, CX2, CX3. that shoyvs that it is a possible candidate for the emotional
At present only the output from the third level of sensory process in a two-process m°d¢'- The output from E can be
analysis at CX3 is considered in the model. This is in US€d both to trigger autonomic reactions and to control
accordance with Rolls (1995) who assigns only a minor learning in a secondary learning process. A co_mputat|or)al
role to the earlier sensory stages. The sensory model of the secondary process can be found in Balkenius
representation in CX3 is subsequently sent to the (1996)' . . . .
amygdala, A, though the pathway V Figure 3 shows two simulations of the model in classical
This pat1hvx;ay is the main site for Iéarning in the model conditioning with an intact orbitofrontal cortex and with

When reward or punishment enters the amygdala it G BerPiPdtel SO S0 TRt T AC  ere
strengthens the connection between cortex and the ' .

amygdala in this pathway. As a consequence, E becomesacquisition is fast but extinction is controlled by a passive
activated when a similar. representation is éctivated in Process. In the.complete model, the orbitofrontal cortex is
cortex at a later stage and produces the emotional response‘f"”owed to monitor the actual anq expected rewar ds given

The amygdala also sends signals coding the expectedtO the mo_del. When_th_es_e are_dlfferent,_the orbltofr(_)ntal
reward or punishment to the orbitofrontal area where they SYStem Will leam to inhibit the inappropriate connections
are compared to the actual reward or punishment. If the Made in the amygdala. As a consequence, extinction wil
reinforcement is unexpectedly omitted, inhibitory learning Ecr)?tc:xedtrr:;u?:Ofg:fegér\]/vgﬂégeea%‘imgeﬁ tsr}fug:g:]cgrsvrgglre
will take place in the pathway W by anti-hebbian learning, : 9

that is, when A and E are simultaneously active, the reward is given and situations where it is omitted much
' ' faster than with the amygdala alone.
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Figure 3. Simulations of the model. (CR no O) When the orbitofrontal cortex is disconnected, extinction is a slow pass$ve proce
(CR with O) With the orbitofrontal system, the model can quickly change between different reinforcement contingencies.

5. Discussion Acknowledgements

The model above is at a very early stage of development. A The support from The Swedish Council for Research in the
number of additional components will have to be added Humanities and Social Sciences and the Swedish
before its utility can be tested on more advanced problems. Foundation for Strategic Research is gratefully
First, it would be interesting to add a working memory to acknowledged. Other papers pertaining to this subject can
the frontal part of the model. This memory would be found at:

recognize that the situation had changed and would then
inhibit the inappropriate connections in the amygdala until
the situation changes again.

Second, a mechanism for learning the context where
each set of connections in the amygdala were inappropriate
could be added to the frontal system. In this case, the
inhibition could be triggered even before the first omission
of a reward. Hence, the model could behave optimally at
the first learning trial when the situation has changed.

http://lucs.fil.lu.se/Projects/Conditioning.Habituation/
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