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INTRODUCTION
Despite the obvious importance
of emotion to human existence,
scientists
concerned with human nature have not been able to reach a consensus about
what emotion is and what place emotion should have in a theory of mind and
behavior.
Controversy abounds over the definition
of emotion, the number of
emotions that exist,
whether some emotions are more basic than others, the
commonality of certain emotional response patterns across cultures and across
species, whether different
emotions have different
physiological
signatures,
the extent to which emotional responses contribute
to emotional experiences,
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the role of nature and nurture in emotion, the influence of emotionon cognitive processes, the dependenceof emotion on cognition, the importance of
conscious versus unconscious processes in emotion, and on and on (see Ekman & Davidson 1994).
Althoughthere has been no shortage of psychological research on these
topics, the findings have not resolved manyof the issues in a compelling
manner.But psychological research is not the only source of information about
the nature of emotion. Informationabout the representation of emotionin the
brain mayshed light on the nature of emotional processes. First, information
about howemotion is represented in the brain can provide constraints that
could help us choosebetweenalternative hypotheses about the nature of some
emotional process. Second, findings about the neural basis of emotion might
also suggest newinsights into the functional organization of emotionthat were
not apparent from psychological findings alone, The brain, in other words, can
constrain and inform our ideas about the nature of emotion.
This review examines the neural basis of emotion and considers howresearch on brain mechanisms
can potentially help us to understand emotionas a
psychological process.
NEURAL BASIS

OF EMOTION

Studies of the neural basis of emotionhave a long history within neuroscience
(see LeDoux1987, 1991). This research culminated around mid-century
the limbic system theory of emotion (MacLean1949, 1952), which claimed
to have identified the limbic system as the mediator of emotion. However,
in recent years both the limbic system concept (Brodal 1982, Swanson
1983, Kotter & Meyer1992) and the limbic system theory of emotion (LeDoux1991) have been questioned. Despite problems with the conceptualization of the brain system that mediates emotionin general, there has been a
great deal of systematic and productiveresearch on the neural basis of specific
emotions. It is not knownwhether there is a general purpose system of emotion in the brain, but if there is it will be identified readily by synthesizing
across studies of specific emotions. This reviewfocuses on the neural basis of
fear, an emotionthat has beenstudied extensively at the neural level.
Neural Basis of Fear
Fear is an especially good emotionto use as a model. It is a common
part of
life, almost from the beginning. The expression of fear is conservedto a large
extent across humancultures and at least to some extent across humanand
nonhumanmammalian
species, and possibly across other vertebrates as well.
There are well-defined experimental procedures for eliciting and measuring
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fear, and manyof these can be used in moreor less identical waysin humans
and experimentalanimals. Further, disorders of fear regulation are at the heart
of manypsychopathologic conditions, including anxiety, panic, phobic, and
posttraumatic stress disorders. It wouldbe an important achievementif, by
focusingon fear, wewereable to generatean adequatetheory of fear, evenif it
applied to no other emotion.
The following survey of the neural basis of fear concentrates on studies of
fear conditioning. This approachhas been particularly successful in identifying the neural systemthat mediates learned fear and in uncoveringsomeof the
cellular mechanismsthat might be involved.
Fear conditioning is a formof Pavlovian(classical) conditioning. Pavlov
best remembered
for his studies of alimentary conditioning, in whichhe elicited salivation in dogs by presenting stimuli that had beenassociated with the
delivery of food (Pavlov 1927). He also determinedthat animals will exhibit
conditioned reflexes that allow them to protect themselves against harmful
stimuli by responding to warningsignals. Pavlov referred to the latter as
defense conditioning. Today, Pavlovian defense conditioning is usually referred to as fear conditioning (Brownet al 1951, Kamin1965, McAllister
McAllister 1971, Millenson &de Villiers 1972, Bouton &Bolles 1980, Davis
1992, Kappet at 1992, Fanselow1980, LeDoux1993a).
In a typical fear conditioningexperiment,the subject is exposedto a tone or
light (the conditioned stimulus, CS) that is followed by a brief shock (the
unconditioned stimulus, US; see Figure 1). Conditioningoccurs after only
fewpairings (one pairing is enoughif the USis sufficiently intense) (Fanselow
&Bolles 1979). The effects of conditioning can be assessed directly by measuring defense responses elicited by the CS, including freezing responses
(Blanchard & Blanchard 1972, Bouton & Bolles 1980, Fanselow 1980, LeDouxet al 1984) or changes in autonomic(Smith et al 1980, Cohen&Randall
1984, LeDouxet al 1984) and endocrine (Mason1968, van de Kar et al 1991)
activity. Theseare hard-wiredor innate reactions to threat that cometo be
coupled to the CSthrough the conditioning process. The effects of fear conditioning can also be assessed indirectly by measuringthe potentiation of reflexes, such as the eyeblinkor startle reflex (e.g. Brownet al 1951,Daviset al
1987, Weiszet al 1992), in the presenceof the CS,by measuringthe inhibition
of pain by the CS (e.g. Watkins & Mayer 1982, Fanselow & Helmstetter
1988), or by measuring the degree to which the animal’s ongoingbehavior is
interfered with or suppressed by the CS(e.g. Estes &Skinner 1941, Hunt
Brady 1955, Bouton & Bolles 1980, Leaf &Muller 1965).
Neural Pathways Mediating

Fear Conditioning

Thelogic underlyingthe search for the neural pathwaysin fear conditioning is
straightforward. Conditioning is believed to involve the intersection in the
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brain of pathwaystransmitting information about the CS and the US(Pavlov
1927, Konorski1967, Hebb1949). Becausethe USmust intersect a variety of
CSpathwaysoriginating in different sensory systems, it seemsthat the crucial
changes that underlie conditioning should involve modifications in the networkthat is involved in the processing of the specific CSused. Thus, if one
were able to follow the processing of the CS through its sensory system and
beyond to the motor system controlling the conditioned responses (CRs), the
circuitry within which conditioning occurs wouldpresumablybe known.
How,then, should one attempt to follow the processing of the CS? The
strategy that has workedbest uses the classical lesion methodin conjunction
with modernneuroanatomicaltracing techniques. For example, if the CSis an
acoustic stimulus, then the CS pathwaymust begin in the auditory systemand
should continue as an efferent projection out of the auditory system. Since the
auditory systemis a linearly organized systeminvolving relays from lower to
higher centers, it is possible to determine, with the lesion method,whetherthe
auditory CShas to rise through the entire pathwayfor conditioning to occur.
By using neuroanatomicaltracing techniquesit is then possible to ex~uninethe
connections of the highest auditory station required and, thereby, define the
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Figure
1 Fearconditioning
involvesthe temporal
association
of aninnocuous
conditioned
stimulus
(CS),suchas a light or tone,witha noxious
unconditioned
stimulus(US),suchas footshock.
After
conditioning
(ac),butnotbeforeconditioning
(bc),theCSacquires
thecapacity
to activatea variety
of brainsystems
involved
in the controlof defensive
responses.
Thesesameresponses
are elicited
bynaturalor unlearned
threatening
stimuli.Fearconditioning
is sdmulns
learning,notresponse
learning, and it allows newstimuli to gain control over hard-wired, evolutionarily perfected,
defensive response control networks.
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next possible links in the pathway, which can each in turn be lesioned to
determinewhichone constitutes the key link.
Research in the early 1980s showedthat lesions of the midbrain and thalamic stations of the auditory pathwaypreventedconditioning but that lesions
of the auditory cortex had no effect (LeDouxet al 1984). This suggested that
the CSmust exit the auditory systemat the level of the thalamus. Anatomical
tracing techniques were then used to showthat the auditory thalamus projects
not only to the auditory cortex but also to the amygdala(LeDouxet al 1985).
Additional studies showedthat interruption of the connections betweenthe
auditory thalamus and the amygdalainterferes with conditioning (LeDouxet
al 1986, Iwata et al 1986)and that the lateral nucleus of the amygdalais the
crucial region for the reception of the auditory stimulus(LeDoux
et al 1990a,b;
Clugnetet al 1990).
Althoughthe auditory cortex is not necessary for conditioning, projections
from the auditory thalamus through the auditory cortex and to the amygdala
(Romanski& LeDoux1993a,b) are sufficient to mediate simple acoustic fear
conditioning (conditioning with a single auditory CS paired with the US)
(Romanski & LeDoux1992). This suggests that the thalamo-amygdala and
thalamo-corfico-amygdala pathways are equipotential in mediating simple
conditioning (Romanski& LeDoux1992). However,auditory cortical areas,
and presumablycortico-amygdala connections, are required for differential
conditioning (in whichtwo auditory stimuli are presented, one paired with the
USand the other not) (Jarrell et al 1987).
The direct thalamic pathwayto the amygdalais shorter and thus faster, but
its capacity to represent the auditory stimulus is more limited (Bordi &LeDoux1994a, b). The thalamo-cortico-amygdala pathway, which involves several cortico-cortical links before reaching the amygdala(Romanski&LeDoux
1993a, b), is longer and slower, but its capacity to represent the auditory
stimulus is considerably greater. The thalamic pathwayis sufficient for the
rapid triggering of emotionby simple stimulus features (as in simple conditioning), whereas the cortical pathwayappears to be needed for emotional
reactions coupled to perceptually complexstimulus objects (as in differential
conditioning). Within the amygdala,the quick-and-dirty thalamic inputs and
the slower but moreaccurate cortical inputs converge in the lateral nucleus
(LeDouxet al 1991). The lateral nucleus is the sensory interface of the amygdala and possibly a crucial site of integration of information from parallel
auditory projections during fear conditioning (LeDouxet al 1990b, LeDoux
1992).
Whenevera CS is paired with a US, some conditioning accrues to the
backgroundor to contextual stimuli that are also present in the environment
(e.g. Rescorla &Wagner1972). Recent studies have shownthat contextual
conditioning, like conditioning to a CS, is dependent on the amygdala, but
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unlike CSconditioning, it is also dependentupon the hippocampus
(Phillips
LeDoux1992b, Kim& Fanselow1992, Selden et al 1991). Although the exact
direction of information flow betweenthese structures is not known,the hippocampus(by way of the subiculum) projects to the lateral nucleus (and
several other amygdalanuclei) (Ottersen 1982, Phillips & LeDoux1992a).
a result, the hippocampus,long believed to be involved in complexinformation processingfunctions, includingspatial, contextual, and relational processing (O’Keefe & Nadel 1978, Eichenbaum1992, McNaughton& Barnes 1990,
Nadel &Willner 1980, Rudy & Sutherland 1992), maybe a kind of higherorder sensory structure in fear conditioning. That is, the hippocampusmay
relay environmentalinputs pertaining to the conditioning context to the amygdala, where emotional meaningis added to context just as it is added to
thalamic or cortical sensory information. Oncelearned, this kind of contextual
fear conditioning might allow the organismto distinguish betweenthose situations in whichit is appropriate to defend oneself against a stimulus vs situations in whichit is not necessary(e.g. a bear in the woodsvs in the zoo).
Just as the lateral nucleus is the input systemof the amygdala,the central
nucleus is the output system (LeDoux1993a, Davis 1992, Kappet al 1984,
1990). Lesions of the central nucleus interfere with the expression of conditioned responses expressed through a variety of motor modalities, including
freezing behavior, sympathetic and parasympathetic autonomic responses,
neuroendocrineresponses, the potentiation of startle and eyeblink reflexes, and
the suppression of pain. Most interestingly, lesions of areas to which the
central nucleus projects interfere separately with individual responses. For
example, projections to the central gray are involved in freezing responses
(Iwata et al 1987, LeDouxet al 1988, Wilson&Kapp1994); projections to the
lateral hypothalamusare involved in sympathetic autonomicresponses (Smith
et al 1980, Iwata et al 1987, LeDouxet al 1988); projections to the bed nucleus
of the stria terminalis are involved in neuroendocrineresponses (van de Kar et
al 1991); and projections to the nucleusreticularis caudalis pontis are involved
in the potentiation of startle responses(Rosenet al 1991).
The amygdalais involved in both the acquisition and the expression of fear
conditioning (e.g. LeDoux1987, 1990, 1992; Davis et al 1987; Davis 1992;
Kappet al 1984, 1990, 1992; Gentile et al 1986). Even with extensive overtraining, posttraining lesions of the amygdalainterfere with fear conditioning
(Kim & Davis 1993).
Although muchof the work on fear conditioning has used auditory CSs,
some studies have used visual stimuli (e.g. Davis et al 1987; Davis 1992;
LeDouxet al 1989). In general, the circuitry involved appears to be quite
similar. However,because the visual connections with the amygdalain the rat
are poorly understood,the input circuitry is not as clear as it is for auditory
conditioning.
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In summary,the neural pathways through which defense responses are
conditioned and expressed to auditory stimuli have been well defined (see
Figure 2). The amygdalaappears to play a central role in this circuitry. It is
located between the sensory system that processes the CS and the motor
systems that control the conditioned responses. Althoughsomelearning may
occur in the sensory and motorsystems (see below), important aspects of fear
conditioning probably occur in the amygdalabecause it is the only part of the
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circuitry that is involved independentof the CSand CRmodalities. Studies of
cellular mechanismshave thus focused on the amygdala.
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Cellular MechanismsInvolved in Fear Conditioning
A mainreason for wanting to understand the neural circuit underlying conditioning is that such information isolates from the vast numbersof neurons and
their connectionsthe particular neurons and connectionsthat must be modified
during learning and within whichthe changes might be stored either temporarily or permanently.The neural systemslevel of analysis thus guides the cellular level analysis, and findings at the cellular level reveal mechanisms
about
howthe brain actually works.Althoughthe search for the cellular basis of fear
conditioning is in its infancy, important discoveries have begunto shed light
on the underlying mechanisms.
cs-us CONVERGENCE
The neural basis of classical conditioning involves
convergenceof the CSand USpathwaysin the brain (Pavlov 1927, Hebb1949,
Konorski1967). If, as the systems level of analysis suggests, the amygdalais
crucial site of conditioning, then cells in the amygdalashould respond to both
the CS and the US. Recent studies have mappedthe responses of amygdala
neurons to auditory stimuli similar to those used in conditioning experiments
(Bordi et al 1992, 1993; Romanski
et al 1993). This workhas shownthat neurons
in the lateral nucleus of the amygdalaare particularly responsive to auditory
CS-like stimulation. Responsesin other areas tend to be weakerand to have
longer latencies. This reinforces the conclusionthat the lateral nucleus is the
sensory interface of the amygdala.Romanski
et al (1993) found that essentially
every cell that respondedto auditory stimuli also respondedto noxious somatosensory stimulation similar to that used as a US. The lateral nucleus of the
amygdalais thus a site of CS-USconvergenceand maybe a crucial site of the
cellular changesthat underlie learning. However,one of the key missing pieces
of informationabout the neural basis of fear conditioningis the origin of the US
inputs to the amygdala.
PHYSIOLOGICAL
PLASTICITY
INDUCED
BYCS-USPAIRING Neurons in a number of brain regions undergophysiological changes during aversive classical
conditioning (see Thompson
et al 1983). This fact discourages the use of unit
recordingtechniquesto find the critical locus of learning. Analternative strategy
is to first identify the essential neural circuit underlyinga particular learned
response through lesion studies and then examinethe plastic properties of the
neurons in the circuit. Theseare the neurons that are most likely to undergo
changesin physiologicalresponsivity that are essential to the learning task.
Withkey aspects of the fear learning circuitry nowidentified (see above),
is useful to consider the extent of physiological plasticity that has been ob-
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served in these areas. Studies of the physiologyof learning have suggestedthat
manybrain regions exhibit physiological changes during learning. Thus, it is
perhapsnot surprising that plasticity has beenfound throughoutthe fear conditioning circuitry: in the auditory thalamic areas that project to the amygdala
(Gabriel et al 1976, Ryugo& Weinberger1978, Edeline &Weinberger1992);
in the auditory cortex (Weinberger &Diamond1987, Edeline & Weinberger
1993); in the lateral, basolateral, and central nuclei of the amygdala(LeGal
LaSalle & Ben-Ari 1981, Muramotoet al 1993, Pascoe & Kapp 1985); and in
the lateral hypothalamus(Onoet al 1988). This ubiquitous plasticity in the
conditioningcircuitry wouldbe trivial if plasticity in all levels of the pathway
reflects learning by someearly station (such as the auditory thalamus). Onthe
other hand, it wouldbe significant if it meansthat each link in the pathwayis
plastic and that plasticity in different locations serves different functions.
Plasticity in the sensory structures could makestimulus processing moreefficient; plasticity in motorsystems could makethe execution of the responses
moreefficient; and plasticity in the amygdalacould represent the integrative
(stimulus- and response-independent)aspects of learning.
LTPANDTHEAMYGDALA
Learning at the cellular level is generally believed
to involve changes in synaptic transmission (Hebb 1949, Kandel & Spencer
1968, Squire 1987). A great deal of work has thus sought to identify the
mechanismsby whichexperience modifies the efficiency of synaptic transmission. Most of this workhas involved long-term potentiation (LTP). In an LTP
experiment, a pathwayis stimulated at a high frequency, and as a result, the
response to a low-frequencytest stimulus is amplified. LIP has been studied
most extensively in the hippocampus(Lynch 1986, Cotmanet al 1988, Brown
et al 1988, Malenka& Nicoll 1993, Madisonet al 1991, Bliss &Collingridge
1993)but has also beendemonstratedin other brain regions, includingthe lateral
and basal nuclei of the amygdala (Clugnet & LeDoux1990, Chapmanet al
1990).
Several properties of LTPmake it attractive as a memorymechanism
(Lynch 1986, Brownet al 1988). LTPis experience dependent and synapse
specific: Cells receive manyinputs, but the response is only amplified for
those inputs that werestimulated. LTPexhibits cooperativity: Theinduction of
LTPdependson the simultaneous activation of manyafferents. LTPexhibits
associativity: It can be producedby simultaneousstimulation of two pathways
using stimuli that are not effective individually. LTPis stable and long lasting.
Although the relationship between LTPand behavioral leaming and memory
is still unclear and controversial (Teyler & DiScenna1987, Morris 1992,
McNanghton&Bames1990, O’Keefe 1993), an LTP-like phenomenonmight
underlie someaspects of learning, including fear conditioning mediatedby the
amygdala.
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PHARMACOLOGICAL
SIMILARITYOF LTP ANDFEAR CONDITIONINGOne
way to link LTPto learning and memoryis to determine whether similar
pharmacologicalmanipulations are involved (Lynchet al 1991, Staubli 1994).
The pharmacologyof the classic form of LTPhas been well characterized (e.g.
Lynchet al 1991, Madisonet al 1991, Malenka&Nicoll 1993). It involves the
binding of the excitatory aminoacid transmitter, L-glutamate,to two classes of
postsynaptic excitatory amino acid receptors, NMDA
and non-NMDA
receptors. The NMDA
receptor channel is normally opened only when the cell
membraneis depolarized by the prior binding of Glu to non-NMDA
receptors.
The opening of the NMDA
channel is a crucial step in LTP. LTPdoes not occur
if the channel is blocked by an antagonist. In contrast, the expression of
established LTPis not affected by NMDA
blockade.
In 1949 Hebbpostulated that learning at the cellular level involved the
simultaneousactivity of pre- and postsynaptic neurons. That is, if the postsynaptic neuronis depolarized whenthe presynaptic input arrives, the connection will be strengthened. The NMDA
receptor appears to be a neural instantiation of the Hebbrule. It requires that presynaptically released Glu bind to
postsynaptic NMDA
receptors while the postsyanptic cell is active or depolarized.
If the classic form of LTPis a mediator of fear conditioning, then blockade
of NMDA
receptors in the amygdala should have two consequences: 1. The
establishment but not the expression of LTPin the amygdalashould be disrupted, and 2. the acquisition but not the expression of fear conditioning
should be disrupted. Existing data are, for the most part, consistent with this
line of reasoning. Recent studies have shownthat LTPinduced in the amygdala by stimulation of the endopydform nucleus is dependent on NMDA
receptors (Gean et al 1993). However,induction of LTPin the same regions
stimulation of the external capsule does not exhibit the same dependence
(Chapman&Bellavance 1992). Regardless, these studies have focused on the
basal nucleus, which is not necessarily the only or even the main site of
plasticity in fear conditioning(recall that the cells receiving CS-US
convergent
inputs are in the lateral nucleus). Further, these studies have not stimtdated
knownCS or USpathways in their LTPparadigms. Although LTPhas been
demonstratedin a CSpathwayto the lateral amygdala, the thalamo-amygdala
auditory pathway(Clugnet & LeDoux1990), the pharmacologyof LTPin this
pathway has yet to be determined. Blockade of NMDA
receptors in the lateral/basal amygdalainterferes with the acquisition but not the expression of
Pavlovianfear conditioning to a CS(e.g. Miserendinoet al 1990) or to contextual stimuli (Fanselow&Kim1994). Becauseof the small size of these brain
areas it is not possibleto concludewhetherthe site of action is in the lateral or
basal nucleus. Nevertheless, NMDA
receptors in this region seem to be involved.
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SUMMARY
Important steps have been taken toward understanding the cellular
basis of fear conditioning. While muchworkremains, this is a youngresearch
area and it holds great promise for elucidating mechanismsthrough whichan
important aspect of emotionallearning occurs. Findings to date are consistent
with the view that an NMDA-dependent,
LTP-like phenomenonin the amygdala
might mediate fear conditioning, but this remains unproved.
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Extinction

of Conditioned

Fear

Extinction is the process through whichthe strength of a conditioned response
is weakenedby repeated exposureto the CSin the absence of the US. Considerable evidence suggests that extinction of conditioned fear does not occur
passively (i,e. the memory
persists in the absenceof explicit extinction training), and whenextinction occurs it is not passive forgetting but instead is an
active process, quite possibly involving new learning (Bouton & Swartzentmber 1991). Further, conditioned fear reactions are notoriously difficult to
extinguish and once extinguished they can recur spontaneously or can be
reinstated by stressful experiences (e.g. Rescorla & Heth 1975, Jacobs
Nadel 1985, Campbell& Jaynes 1966). Because fear conditioning processes
maycontribute to such disorders as phobia, excessive fear, anxiety, posttraumatic stress, and panic, understandinghowthe effects of fear conditioning are
modulated
by extinction is of great clinical interest.
The neural basis of extinction has been studied muchless extensively than
has the neural basis of acquisition, but somekey discoveries have been made.
Althoughcortical areas are not required for the acquisition of conditioned
defense (see above), cortical lesions can interfere with extinction. For example, lesions of auditory (Teich et al 1989)or visual (LeDoux
et al 1989)cortex
have no effect on simple conditioning involving an auditory or visual CS.
However,with such lesions extinction is greatly prolonged if not prevented.
This suggests that the subcortical sensory projections to the amygdalamediate
learning in this situation (since the relevant cortical areas havebeen removed)
and that subcortical learning of this type is relatively indelible (LeDoux
et al
1989). The cortical lesions, in other words, mayhave unmaskedthe existence
of relatively permanent memories.Extinction, by this account, might be a
process by whichthe cortex regulates the expression of these indelible memories. A recent study failed to replicate these effects (Falls et al 1992), but
numberof procedural differences betweenthe studies might be responsible for
the failure to replicate.
Additional studies have shownthat extinction is prolonged by damageto
the medial prefrontal cortex (Morganet al 1993), which maybe the link
betweensensory cortex and the amygdalain behavioral extinction. That is, the
medial prefrontal cortex maymodulatethe expression of defense responses at
the level of the amygdala. A related conclusion was reached on the basis of
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studies recording unit activity in the prefrontal cortex and the amygdaladining
appetitive conditioning (e.g. Thorpeet al 1983, Rolls 1992).
Blockade of NMDA
receptors in the amygdalainterferes with the extinction of conditioned fear (Falls et al 1992). This reinforces the view that
extinction is not passive forgetting but an active formof learning and suggests
that NMDA-dependent
synaptic plasticity may be involved. The synapses
betweenthe frontal cortex and the amygdalamight be the plastic synapses in
this case. Althoughextinction plasticity mayinvolve modifications in the
strength of the existing associations, extinction plasticity mayalso involve
changes in the propensity with which existing memoriesare expressed.
Conditioned

Fear and Instrumental

Action (Coping)

A stimulus that warns of impendingdanger elicits defense responses, such as
those discussed above, but it also has other consequences. Oncethe organism
is acted on by the CS, it then prepares to act backon the environment,figuring
out howto escape and/or avoid danger and the stimuli that are associated with
danger. Theseinstrumental emotional responses, which might be thought of as
coping responses (Lazarus 1966, 1991), have been studied experimentally
using avoidance conditioning procedures. Fear conditioning is generally assumedto be the first step in the learning of avoidance (e..g. Mowrer1960,
Mackintosh1983). That is, the state of conditioned fear is assumedto be
unpleasantor undesirable, and in the effort to reduce fear, the organismlearns
to escape from and ultimately avoid situations or stimuli that lead to the
arousal of fear. It might therefore be expected that damageto the amygdala,
which will prevent fear conditioning, wouldinterfere with avoidance conditioning.
The literature on the effects of brain lesions on avoidanceconditioning is
large and fairly confusing, and is not reviewedin detail here. Several features
of this literature are highlightedbelow.
First, manystudies of active and passive avoidancedemonstratethat lesions
of the amygdalainterfere with the acquisition of avoidance responses (Panksepp et al 1991, Sarter &Markowitsch1985). It is not clear whysomestudies
fail to find this effect, but an analysis of the underlyingtask demandsmightbe
revealing. Evenfor those tasks in whichthe amygdalais involved, the :input
and output connections and intra-amygdala circuitry are not very well understood, possibly becauseof the variability in the eliciting stimulus conditions
and in the emitted instrumental responses. At the sametime, the simplicity of
the eliciting stimuli and elicited responses in fear conditioning probablycontribute to the greater success achieved in uncovering brain mechanismswith
this procedure.
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Second, most studies of passive avoidance find that the septo-hippocampal
systemis important. This observation provides part of the conceptual foundation for Gray’s septo-hippocampal theory of fear and anxiety (Gray 1982,
1987). Althoughthe theory is based on an impressivesurvey of the literature,
it is unclear to what extent the septo-hippocampalsystemis involved in the
fear part or in the stimulus processing (e.g. contextual processing) aspect
manypassive avoidance tasks. As noted above, the hippocampusis involved
in fear conditioningif the CSis the context in whichthe USoccurs rather than
a discrete signal. The samemaybe true of passive avoidance,in whichdiffuse
contextual cues usually serve as the PavlovianCS. Other aspects of the septohippocampal model of anxiety have been discussed elsewhere (see commentaries in Gray 1982, LeDoux1992, Panksepp1990).
Third, althoughthe amygdalais often required for the acquisition of avoidance, it is less important and probably unnecessaryfor the long-term maintenanceof well-trained avoidanceresponses. Thus, after learning is established,
the defense systeminvolving the amygdalais no longer a necessary part of the
avoidancecircuitry. It is thus importantto keep the phaseof training in mind
whenasking questions about brain involvementin avoidance.
Fourth, the instrumental aspects of avoidance,unlike the Pavlovianelicited
responses, mayrequire connections between the amygdalaand the ventral
striatum for their acquisition and/or expression (Everitt &Robbins1992).
particular, the nucleus accumbens
of the ventral striatum maybe a crucial area
for the initiation and control of instrumental responses motivated by either
appetitive or aversive processes, possibly resulting from its innervation by
dopaminergic pathways.
In summary,although the literature on avoidance is somewhatconfusing,
studies of avoidanceconditioning, like studies of fear conditioning, point to
the amygdalaas probably playing some role. This should not be surprising
since avoidanceconditioning is believed to involve Pavlovianfear conditioning (whichrequires the amygdala)followed by the learning of the instrumental
avoidance response. The amygdala almost certainly contributes to the
Pavlovianpart of avoidancelearning but its role in the instrumentalpart is less
clear.
Fear Conditioning:

Conclusions

Studies of fear conditioninghave successfully identified the neural systemthat
underlies this important form of learning and memoryprocess. Part of the
reason that researchers have been so successful is that in fear conditioning,
simple, well-definedstimuli can be used to elicit stereotypedor at least repeatable responsesthat require little training. It is alwaysmucheasier to trace
neural pathwayswhen the stimulus and the response can both be precisely
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identified and quantified. This probably accounts for the greater success of
studies of fear conditioning than of studies of avoidanceconditioning in rnapping the pathwaysof fear. At the sametime, we have to be awarethat the brain
mechanismsof fear conditioning maynot generalize to all aspects of fear.
Whetherfear of failure or fear of authority or fear of being afraid are mediated
by the same basic system, with somecognitive baggage added on, remains to
be determined.
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Relation

of the Neural Basis of Fear to Other Emotions

As noted above, the neural basis of fear conditioning has been studied so
extensively and successfully because there are good techniques available for
eliciting and quantifying conditioned fear responses. For the same reason,
there has been a relative paucity of research on the neural basis of most other
emotions, especially positive emotions.
Somestudies have examinedthe neural basis of positive affective reactions
and approach behavior. Unlike studies of defensive behavior, which are relevant to the emotionof fear, these studies are less specifically related to a
well-defmed emotion, except possibly pleasure. Most of this work has involved three paradigms: brain stimulation reward (Rolls 1975, Olds 1977,
Gallistel et al 1981), stimulus-reward association learning procedures (see
Aggleton & Mishkin 1986, Gaffan 1992, Everitt & Robbins 1992, Rolls 1992,
Ono & Nishijo 1992), and appetitive classical conditioning (Gallagher
Holland 1992). The neural networkunderlying these tasks overlaps somewhat
with the fear systemin that the amygdalais involvedto someextent in each of
these tasks [but see Cahill &McGaugh
(1990) for a comparisonof the relative
contribution of the amygdalato appetitive and aversive learning]. Unfortunately, the neural system is poorly understood for these positive emotional
phenomenaand muchmore work is needed. The creation of new models of
positive affect is also important.
Given that the amygdalais involved to someextent in both positive and
negative emotional reactions, one might be tempted to conclude that the
amygdalais the centerpiece of an emotionalsystemof the brain. However,this
wouldbe a mistake. Weknowfar too little about the neural system-mediating
emotionsother than fear and far too little about variants of fear other than
simple forms of conditioned fear. The amygdalais a sufficiently complex
brain region that it could be involved in fear and reward processes in completely different waysand for different reasons. Other attempts at identifying
emotionwith a single systemof the brain (e.g. the limbic system) have fared
poorly (see LeDoux1991), and we should be cautious not to overinterpret the
role of the amygdala.
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IMPLICATIONS OF THE NEURALBASIS OF FEAR FOR
UNDERSTANDING EMOTION
Examiningemotionfrom the point of view of the nervous system allows us to
see questions about this complexprocess from a unique angle. Several issues
have been raised about the nature of emotionin light of the neural systems
analysis of emotionjust presented.
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Cognitive-Emotional

Interactions

The nature of cognitive-emotional interactions is one of the most debated
topics in the psychologyof emotion(e.g. Zajonc 1980, 1984; Lazarus 1982,
1984, 1991; Mandler1984; Leventhal & Scherer 1987; Frijda 1986; LeDoux
1987, 1993b; Parrott &Schulkin 1993a,b; Izard 1992; Oatley &Johnson-Laird
1987; Ortony et al 1988; Ekman1992). Knowledgeof the neural system
underlying emotioncan help constrain our thinking on this topic. As we have
seen, the systemthat mediates the emotionfear is well characterized. Wecan
thus examinehowcognitive processes participate in and interact with the
neural systemof fear.
DEPENDENCE
OFEMOTIONAL
PROCES
SING(APPRAISAL) ONCOGNITION
Bymost
accounts, the amygdalaplays a crucial role in deciding whethera stimulus is
dangerousor not. Functionsmediatedby the amygdalaare likely to be the neural
instantiation of the emotionalprocess knowas appraisal (Arnold 1960, Lazarus
1966, 1991; Ekman1977, 1992; Leventhal &Scherer 1987, Ellsworth 1991,
Scherer1991), at least for the appraisal of danger. Theanatomicalinputs to the
amygdalafrom systems involved in stimulus processing define the kinds of
events that can be appraised by the amygdalaand the kinds of cognitive factors
that mightbe importantin this evaluation.
For example, the amygdalareceives inputs from sensory processing areas
in the thalamus and cortex (summarizedin Figure 1; see LeDoux1992 for
review). The former provide course representations, but reach the amygdala
quickly, while the latter provide detailed stimulus information, but reach the
amygdalamore slowly because of the additional processing stations involved
at the cortical level. The thalamic inputs thus maybe useful for producing
rapid responses on the basis of limited stimulus information, whereascortical
inputs are required to distinguish betweenstimuli. Rapid response to danger
has obvious survival value (Ohman1986, 1992; Ekman1992; LeDoux1986,
1990), suggesting the possible significance of a quick-and-dirty subcortical
pathway. The amygdalaalso receives inputs from the hippocampalformation
(Ottersen 1982, Amaralet al 1992). These set the context in which an emotional stimulus is to be evaluated (Phillips &LeDoux1992b, Kim&Fanselow
1992, Selden et al 1991, Penick & Solomon 1991, Good & Honey 1991),
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possibly allowing the amygdalato respond to a stimulus as threatening in one
situation and not in another. In addition, given the role of the hippocampus
in
declarative or explicit memory(Squire 1992, Eichenbaum1992), the hippocampal inputs mayalso allow fear responses to be activated by explicit or
conscious memoriesof past experiences. Whenthe functions of the other
cortical areas that project to the amygdalahavebeen elucidated wewill be able
to makeadditional predictions about the kinds of inputs that the amygdala
appraises.
The anatomicalorganization of the fear systemthus tells us that emotional
responses can be elicited by processing in a wide range of systems. The issue
of whetheremotional processing is dependenton prior cognitive processing is
reduced to a question of howwe define cognition. If cognition is defined
broadly to include sensory information processing, such as that occurring in
the sensory thalamus and/or sensory cortex, as well as the processing that
occurs in complexassociation areas of cortex in the frontal lobes or hippocampus, then emotional processing by the amygdalais highly dependenton cognitive processing. If cognitive processingis defined narrowlyto include only the
higher mental functions most likely mediated by complexassociation cortex,
then emotionis not necessarily dependenton prior cognitive processing.
Emotional responses also might occur in the absence of inputs from cognitive systems. Onthe one hand, the amygdalareceives inputs about the state of
various internal organs of the body (e.g. Cechetto &Calaresu 1984) and these
subcortical sensory inputs, like other exteroceptive sensory inputs, might be
capable of triggering emotionalresponses. It is knownthat internal signals can
precipitate emotionalreactions, as in panic attacks (Klein 1993), but it is not
knownwhether the coding of the signal by the amygdalais involved. Onthe
other hand, in somesituations spontaneousdischarges of the arnygdala might
generate emotionalresponses, but little evidencesupports this possibility.
In the past, cognitive-emotional interactions have often been discussed
without muchconsideration of what the terms cognition and emotion mean. I
have limited this discussion to the emotion of fear and have examinedhow
specific cognitive processes (such as sensory processing in the thalamus, perceptual processing in the neocortex, spatial and contextual processing in the
hippocampus,or mnemonicprocessing in the hippocampus)can influence the
amygdalaand thereby elicit fear responses. This perspective forces us to
abandondiscussions of cognitive-emotional interactions in terms of vague
monolithic cognitive processes and instead consider exactly which cognitive
processes are involvedin fear reactions. This is a morepractical and tractable
problem than the problemof howcognition and emotion, in the broader sense
of the terms, interact. All we have to do is to determine howa particular
cognitive process is organized in the brain and then determine howthat brain
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region interacts with the amygdala. Wecan then hypothesize the nature of that
particular cognitive-emotional interaction, at least within the fear domain.

EMOTIONAL
INFLUENCESON COGNITIONA similar situation
holds for the
other side of the cognitive-emotional dyad. That is, we can examine projections
from the amygdala to areas involved in cognitive processing and make predictions about how the appraisal of danger by the amygdala might affect these
processes (see Figure 3). The role of these projections in information processing
has not been studied empirically, but the anatomical observations are suggestive
of the functions served. For example, the amygdalaprojects back to the cortical
sensory processing systems that send projections to the amygdala (Price et al
1987, Amaral et al 1992). Although the amygdala receives inputs from only the
later stages of sensory processing, its back projections innervate the earlier
stages as well. These projections from the amygdalato sensory processing areas
may allow the amygdala’ s appraisals of danger to influence ongoing perceptions
of the environment (Rolls 1992, LeDoux1992). The amygdala does not project
back to the thalamus, but the cortical areas that receive amygdala inputs do,

I

SENSORY
CORTEX
(PRIMARY)

PERIRHINAL
CORTEX

HIPPOCAMPAL
]
~ORMMI0~I

N. BASAUS
}
Figure3 Amygdala
influences on cortical cognitive processing. Oncean emotionalstimulus
activates the amygdala,the amygdalacan in turn impactcognitiveprocessesorganizedin the
neocortex.Theamygdala
receives inputs fromsensoryassociationareas but not primarysensory
cortex (see Figure2). However,
it appearsto project backto primarysensorycortex(1) and
associationareas (2). Theseprojectionsallowthe amygdala
andits codingof emotional
significance
to controlthe ongoingflowof sensoryinformationandmayrepresentchannelsbywhichemotional
processingcan influence perception. Theamygdalareceives inputs fromand projects to the
perirhinalcortexandhippocampal
formation(3, 4). Thesestructureshavebeenimplicatedin explicit
or declarativememory
processingandthe interconnectionsmayaccountfor emotionalinfluences
onmemory
processing.Thehippocampus
is also importantin addingcontextto emotionalsituations,
andthe interconnectionsbetweenthe anaygdalaand the hippocampus
mayplay a role in making
contextan emotional
stimulus.Thenucleusbasalis (N. Basalis)is the sourceof eholinergieinputs
to widespread
areas of the cortex(5) andplaysan importantrole in cortical arousalandattention.
Projectionsfromthe amygdala
to this regionmaybe importantin attention andarousalprocesses.
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allowing for an indirect modulationof thalamic processing. Additionally, the
amygdalaprojects to the nucleus basalis (Price et al 1987, deOlmos
et al 1985),
which provides widespread cholinergic modulation of cortical arousal. These
projections mayallow the amygdalato participate in selective attention (Weinberger 1993, Kappet al 1992, Gallagher &Holland 1992). The amygdalaalso
projects to the hippocampus
(Amaralet al 1992, Price et al 1987), allowingthe
appraisal of danger to modulatehippocampalfunctions, including spatial behavior (O’Keefe & Nadel 1978, O’Keefe 1993, McNaughton& Barnes 1990,
Muller et al 1991), contextual processing (Phillips & LeDoux1992b, Kim
Fanselow1992, Selden et a11991, Nadel &Willner 1980, Good& Honey1991,
Penick & Solomon 1991), and explicit or declarative memorystorage or
retrieval (Squire 1992, Eichenbaum1992). Manyother examples could
given, but these illustrate the usefulness of a neuroanatomicalperspective in
suggestingpredictions about the nature of cognitive-emotionalinteractions.
IS EMOTIONAL
PROCESSING
COGNITIVE
PROCESSING?
It has been argued that
appraisal involves informationprocessing; therefore, emotionis cognition (Lazarus 1982, 1984). However,as Zajonc (1984) and Izard (1992) have noted,
cognitive processing is but one exampleof information processing. Noncognitive biological information processing systems include the immunesystem and
the genome.Just because emotion involves information processing does not
meanthat emotionis cognition.
The issue, again, dependson howcognition is defined. It can be defined to
include emotion, motivation, and similar processes, but this wouldseem to
defeat the purpose of having a designation of cognition as opposedto the more
general term mind. Hilgard (1980) has reminded psychology that cognition
historically has been thought of as part of a trilogy of mindthat also includes
emotionand will (motivation) rather than as an all-encompassingdescription
of mind.Certainly, early pioneers of cognitive science did not viewemotionas
a cognitive process. According to Neisser (1967), emotion was one of the
manyaspects of psychologynot included in the cognitive approach.
Studies of the processingrules and transformationsin areas of the brain that
are involved in cognition and areas involved in emotion might be able to
address the question of whether emotionaland cognitive processing are fundamentally different. Studies of the brain mechanismsof emotionhave pointed
to the amygdalaas an important part of an aversive emotional memorysystem,
and to the hippocampus
as part of the system involved in cognitive or declarative form of memory(for a discussion of emotional and cognitive memory
systems, see LeDoux1993a). This does not prove that the systems operate by
different informationprocessingrules, but it certainly leaves openthe possibility. For example, given that cells in the amygdala and hippocampusboth
"learn" during conditioning, one might ask whether comparable repre-
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sentations are encoded. Akhougha lot has been learned about the nature of
hippocampalinformation processing from studies of the physiology of hippocampal neurons (for review, see O’Keefe 1993), we knowvery little about
howamygdalaneurons process information, ff and whenphysiological studies
of the amygdalacatch up with studies of the hippocampus,it maybe possible
to determine whetherthese systems use different processing rules or whether
they simplydo different things on the basis of similar processingfunctions.
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Conscious versus UnconsciousProcesses in Emotion
The issue of what is conscious or unconscious in emotion was around even
before James (1884) popularized it with his famousquestion about whether
run from a bear out of fear (conscious or subjective emotion)or whetherfear
comes from running away. However,all animals, invertebrates as well as
vertebrates, must have a way of defending themselves from danger. Whena
fruitfly is conditioned to avoid shock by flying out of the chamberwherethe
shock occurred (Tully 1991), it is unlikely that a conscious state of fear
intervenes betweenthe reception of the stimulus and the production of the
response. Comparativepsychologists long ago learned the importanceof parsimonyin explaining findings across species, ff we do not need subjective fear
to explain defensive responses in lower species, then we should not explain
defensive responses in higher species in this way either. At least amongst
vertebrates, the neural system involved in detecting danger and producing
defense responses is similarly organizedin all species studied. This suggests
that evolution long ago figured out howto organize the defense systemand has
continuedto use this organizationalblueprint. Subjectivefear, in this view, is
whatoccurs whenthe evolutionary old defense systemis activated, but only in
a species that also has the capacity for subjective consciousstates.
This view highlights the value of studies of experimentalanimals in understanding emotional systems. Because the system that generates emotional
responsesis strongly conservedin evolution (the amygdalaand its connections
are involved in all vertebrates studied), we can learn about humandefense or
fear reactions by studying other creatures. Andif fear responsesand conscious
emotionalstates of fear are the result of activation of an evolutionarily conserved system that detects danger, then studying howthe neural system produces fear responses in animals will also shed light on mechanismsthat
contribute to consciousstates of fear in humans.

Volitional Control of Emotion
Whetheremotionalresponses are under voluntary control is an important issue
with a great deal of practical application to legal issues. Whatseemsclear from
the neural systemsperspective is that there are both involuntary and voluntary
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responses, each mediated by different neural networks emanating out of the
amygdala.
Manydefense responses are respondents rather than operants. That is, the
responsesare controlled by their antecedents rather than by their consequences
(Bouton&Bolles 1980). Borrowinga term from ethology, these responses are
released by the presenceof stimuli that havetheir releasing capacity either as a
result of genetic programmingor associative learning processes. These responses are, in the languageof cognitive psychology,effortless and automatic,
and probably are controlled by unconsciousappraisal processes. These involuntary emotional responses include behavioral (e.g. freezing and flight reactions, facial expressions) as well as visceral (e.g. autonomicand endocrine)
responses.
Emotionalrespondentsare only part of the story of emotionalresponsivity.
Onceemotional respondents are expressed, emotional operants begin to occur.
These are instrumental responses. A rat exposedto a cat will automatically
freeze in order to minimizethe possibility of an attack. Duringthe freezing
episode, the rat begins planningstrategies that mightlead to successful escape,
using information stored from past experience and expectations about possible
outcomes. These kinds of processes are related to what has been called
risk-assessment behavior (Blanchard et al 1993). This maybe the point
which Gray’s (1982, 1987) septo-hippocampal system (which may be
volved in the instrumental and cognitive phase of fear and anxiety) meets the
amygdala-basedsystem (which is probably more involved in the automatic,
elicited aspects of fear and anxiety).
Respondentsare not learned. They are hard-wired into the nervous system,
and are subject to Pavlovian conditioning. But conditioning does not modify
the responses; it allows newstimuli to activate the responses. In contrast,
emotional operants are learned through instrumental (operant) conditioning
procedures. Althoughthe respondents are controlled by outputs of the amygdala to brainstem motorsystems, the instrumental actions (such as escape and
avoidance) appear to be mediated by projections from the amygdala to
forebrain region knowas the ventral striatum (Everitt &Robbins 1992),
important link to the extrapyramidal motor system. The emotional respondent
system has been examinedin detail, but less is knownabout emotional operants, which are muchmore difficult to study because they are considerably
morecomplex.However,this is an important area for future research because
it mayhelp shed fight on emotionalcoping responses (Lazarus 1991).
Psychopathological

Issues

Disorders of fear regulation make up an important set of psychopathologic
conditions. To the extent that we understand the anatomyof these systems, we
will be in a better position to develop moreselective drug therapies that are
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targeted for the specific brain networksinvolvedin fear regulation. In addition,
knowledgeof the anatomyof fear mayhelp us understand someother aspects
of pathological fear, and perhapsother emotions,as well.
Theanatomyof the fear processingsystemtells us that fear can be triggered
by manydifferent kinds of information processing functions that lead to the
amygdala.If, for genetic or experiential reasons, the lower-order pathwaysare
moreefficient at triggering the amygdalathan are the higher-order pathwaysin
someindividuals, we wouldexpect those individuals to have rather limited
insight into the nature of their emotional reactions. People have different
degrees of insight into their emotions and the anatomicalfindings suggest a
possible explanation.
Another point to consider is that emotional memories mediated by the
amygdalasystemare indelible. That is, the memoriespersist even after emotional behavior is extinguished, This has been demonstrated in behavioral
studies (e.g. Bouton&Swartzentruber1991), but is also illustrated dramatically by studies showingthat with cortical lesions, extinction can be prolonged
or eliminated (Teich et al 1989, LeDouxet al 1989, Morganet al 1993).
Extinction thus appears to involve cortical inhibition of indelible, amygdalamediatedmemories.It is not a process of emotional memory
erasure. The role
of therapy maybe to allow the cortex to establish moreeffective and efficient
synaptic links with the amygdala.
Finally, consider the issues of infantile amnesiaand the inaccessibility of
memoryfor early Irauma. Jacobs &Nadel (1985) madethe intriguing suggestion that our inability to rememberearly experiences may be because the
hippocampusis not sufficiently mature to allow us to form declarative or
consciousmemoriesuntil aroundthe secondor third year of life. Theysuggest
that early traumamight not be accessible consciously because the systemthat
encodes conscious memoriesis not fully functional. At the same time, we
knowthat early trauma can have long lasting influences on behavioral and
mental states, which suggests that the systemthat encodesthese unconscious
traumatic memoriesis present and functional. Weknowthat the amygdalais
crucial for at least someforms of aversive or traumatic learning and memory,
but little definitive workhas beendone on the maturational time course of the
amygdalathat wouldallow us to clearly state whetherit develops before the
hippocampus.However,a recent study showedthat rats can be conditioned to
an auditory CS at an earlier age than they can to contextual stimuli (Rudy
1993). This finding implies strongly that the amygdalamatures earlier than
does the hippocampus.
There are several implications of these observations. First, early memories
maybe emotional memories(and not explicit, declarative conscious memoties) because the emotional memory
system(and not the declarative system)
functional at the time. Second,early emotionalmemories,including traumatic
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as well as nontraumatic
memories,
maybe inaccessibleto consciousnessnot
becauseof active repressionbut becauseof the timecourseof brainmaturation. Third,the extentto whichonecangainconsciousaccessto these early
memories,
whichwereencoded
in the absenceof the consciousor declarative
memory
system, maybe limited.
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CONCLUSIONS
Progressin understanding
the neuralbasis of fear has beenrapidin the last
decade.Wenowunderstand
the anatomy
of this systemin great detail. This
information
can help us see emotionsin a different light andsuggestssome
insightsandconstraintsconcerning
important
issues aboutthe natureof emotion. Although
muchremainsto be done,especially in termsof determining
the generalityof the findings, weare well on the wayto understanding
how
oneimportant
aspectof emotional
life is represented
in the brain.
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