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The science of emotion is a mess.  Psychologists can’t agree on what emotion is, and 
neuroscientists can’t find it in the brain.  The main neuroscience textbook  that I am using for 1

this course—which has provided much of the material for previous topics—has 1127 pages and 
51 chapters, ranging from “Synapse Formation” to “The Neuroscience of Consciousness”.  But 
the index has only one entry for “emotion”, and that entry refers to a box, separated from the 
main text, which is allocated one-half of one page.  Nevertheless, we persist; textbooks famously 
lag behind progress in a field, and progress is being made.  In fact, after decades of wandering in 
the wilderness, psychologists and neuroscientists may be finding their way out of the woods.  At 
least, that is the story I will tell here.  The story follows a winding road (as you might expect if 
you are getting out of the woods after wandering in the wilderness).  We will begin with 
psychology, and only turn to neuroscience after we have a firm idea of what it is that we should 
be looking for in the brain.   

Emotion and Psychology 

[2:  see footnote ]  Among the psychological theories of emotion that have been contesting the 2

field for decades, several share a set of basic presumptions which is called the classical view by 
those who have come to oppose it.  The classical theory of emotion holds that emotions are 
evolutionary adaptations that enable an animal or person to deal with different types of 
significant events in their lives.  Fear, for example, is viewed as an adaptation for dealing with 
threats.  In general, the occurrence of an event of the appropriate type triggers an emotion, and 
the emotion causes the person to experience a certain type of feeling, exhibit a certain facial 
expression, and react in a certain way both internally in the body and externally in behavior.  
These effects can be used to identify the particular emotion that caused them:  sadness and fear 
have different effects.  The operation of emotions is automatic; when a triggering event occurs, 
the response is fast and unbidden.  Emotions are thus distinct from cognitions, which are slower 
and more controllable.  The opposition between emotion and rational thought goes all the way 
back to Plato and it pervades our culture today, having gained the status of common sense.  
Common sense may be the biggest obstacle we face in trying to understand emotion.  So let’s 
consider the problems facing the classical view of emotions.   

 Squire, Larry R. et al., editors. Fundamental Neuroscience. 4th ed, Elsevier/Academic Press, 1

2013.

 Numbers in brackets indicate the figures at the end of this document which illustrate the 2

information that follows the brackets.  Some extra figures for class use are at the end.
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The first problem is where to draw the boundary between emotions and things such as moods, 
sentiments, temperament, and even strongly held opinions.  Does a grouchy person frequently 
feel the emotion of grouchiness?  Are hunger and thirst emotions?  Lust?  Loneliness?  Pain? 

Second, if emotions are adaptations, they should be universal; all humans, at least, should 
experience the same emotions.  But the experience of emotions varies widely among individuals, 
and up to ten percent of individuals appear not to be able to distinguish between emotions 
beyond sorting them into good and bad feelings, a condition called alexithymia.  Thymos was an 
archaic Greek word for whatever caused a person to move; today alexithymia means the 
condition of not (“a”) having words (“lexis”) for emotions (“thymia”).  Emotions also vary 
among cultures.  For example, a centrally important emotion in Japanese culture is amae, a 
feeling of pleasure in being helpless and in the loving care of another person, which permits one 
to be a bit self indulgent, like a baby.   Russians consider anger at a person (serdut’sia) to be a 3

different emotion from anger at a situation (zlit’sia) , and even our close cultural cousins the 4

French distinguish between good pride (fierté) and bad pride (orgueil).  Americans can now 
experience Schadenfreude, thanks to the Germans, but not the opposite feeling of a special type 
of sadness at another person’s loss (Spanish pena ajena).  Filipinos carried away by the emotion 
gigili have the urge to squeeze something that is unbearably adorable; the Dutch have a special 
emotion for the anticipation of a pleasurable event that has not yet taken place (voorpret); and to 
end where we began the Japanese experience the emotion of age-otori when they think a haircut 
has left them looking worse.   5

Psychologists holding various versions of the classical view of emotion have responded to these 
findings by falling back onto high ground (to mix another metaphor).  It is now commonly held 
that there are a mere handful of evolved emotions—which have been given the name basic 
emotions—that are universal.  The main candidates for this honor are surprise, happiness, 
sadness, fear, anger, and disgust (a list that originated with Darwin). 

[3]  This brings us to the third problem:  the idea of an innate facial expression for each basic 
emotion.  There has been a sustained tradition of research into the question of the relation 
between emotions and facial expressions.  Early results suggested that, across different cultures, 
people associated the same basic emotions with the same expressions.  This conclusion, however, 
turned out to derive from flaws in methodology.  The pictures shown to subjects in these 
experiments were of actors demonstrating exaggerated forms of emotions, not real people 
experiencing real emotions.  There were unacknowledged problems of translation between the 
language of the subject and the language of the researcher.  Early research used multiple-choice 
questions (“Which of the following emotions is the person feeling?”), which facilitated getting 

 Wierzbicka, Anna. Understanding Cultures through Their Key Words: English, Russian, Polish, 3

German, and Japanese. Oxford University Press, 1997.  pp 238-242.

 Barrett, Lisa Feldman. How Emotions Are Made: The Secret Life of the Brain. 2018. p 104.4

 ibid pp 146-147.5
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the “right” answer.  Then subjects were asked to name the emotion depicted, and performance 
fell.  Then subjects were asked whether two pictures showed the same emotion, and performance 
fell again.  Finally, subjects were given pictures of different actors portraying the same emotions 
and were asked to sort them into groups of similar expressions, and the best the subjects could 
typically do was to separate the happy pictures from the rest (the teeth were showing in the 
happy pictures).  At the end of this road, it is at a minimum reasonable to conclude that if each 
basic emotion has a specific, innate facial expression, the adaptive function of those expressions 
is not communication. 

The same is true for the fourth problem with the classical view:  behavior.  While it is true that if 
you are afraid of someone you are more likely to hide from them than embrace them, it is also 
likely that you might run away, or even put on a façade of confidence to dissimulate your fear.  
When angry, one might attack physically or verbally, or one might spread vicious rumors about 
the person they were angry at, or one might clamp down on the anger and even smile.  There is 
no necessary relationship between a basic emotion and the behavior that may accompany it. 

The final problem with the classical view is the killer.  Despite decades of intensive search, 
neuroscientists have been unable to find patterns of activity in the brain that correlate with the 
basic emotions.  There was thought to be one exception to this conclusion:  the association 
between fear and activity in a structure called the amygdala.  The research was done on rodents.  
Researchers implanted electrodes in the brains of rodents and then tortured them.  Perhaps that’s 
a little strong; what they typically did was to shock the rodents’ feet via the wire grid they stood 
on.  In response, the rodents froze in place.  Researchers interpreted the freezing as “fear”, and 
they found lots of neural activity in their amygdala when they felt this “fear”.  As a result of 
these experiments, the amygdala came to be thought of as the organ of fear in the brain.  This 
conclusion is now known to be wrong; we will examine current understanding of the function of 
the amygdala below.  Joseph LeDoux, easily the most prominent researcher on “fear” and the 
amygdala, supports the view of emotion that we will now begin to consider.  The main proponent 
of this view is psychologist Lisa Feldman Barrett.  She calls it the theory of constructed emotion. 

The central idea of the theory of constructed emotion is that we experience sensations of what’s 
going on in our bodies as belonging to types, or categories, which gives them meaning.  It is 
exactly the same process as categorizing sensations of the external world into perceptions, which 
we studied in the session on Perception and vision.  The categories are called concepts.  Without 
the required concepts, one cannot make sense of one's experiences.  Imagine a situation in which, 
over a period of time, you became aware of many different things that different people did, 
seemingly unrelated but which, when viewed from the right vantage point, fell into a pattern that 
you could call a conspiracy.  This insight would not be available to you if you didn’t have the 
concept of a conspiracy.  We make sense of the world around us by interpreting what we see, 
hear, smell, and feel in terms of concepts.  In the case of feeling, we use concepts like fear, anger, 
happiness, pride, and jealousy.  Under the constructed emotion theory, what distinguishes one 
type of emotion from another is how we conceptualize our situation in the world and the feelings 
in our bodies.  The feelings in our body vary on two dimensions.  We continuously, 
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automatically, and largely unconsciously evaluate everything we encounter in the world in terms 
of whether it is good for us or bad for us, and one dimension of our feelings is whether things are 
pleasant or unpleasant.  This dimension is called valence.  On  the other dimension, we 
continuously, automatically, and unconsciously adjust our bodies to deal with what we encounter 
in the world, either by expending energy or by storing it up for future use.  This dimension is 
called arousal.  Both valence and arousal are fine tuned as we live our lives moment to moment.  
We are not conscious of the adjustments, but we are to a degree conscious of the results, and it is 
the resulting “interoceptive” sensations to which we apply our emotional concepts (just as it is 
our exteroceptive sensations to which we apply our perceptual concepts).  Furthermore, we 
acquire our stock of emotional concepts—fear, anger, happiness, pride, jealousy, and so forth—
linguistically.  We don’t invent these concepts ourselves, we learn them from our culture.  
Different cultures come to have somewhat different emotional concepts by a process of cultural 
evolution, but there is substantial overlap between cultures in the concepts used for the emotional 
categorization of situations that are common and fundamental to human life:  threats, obstacles, 
pleasures, and so forth.  That’s where the idea of basic emotions comes from. 

The reason why neuroscientists have not found neural circuits corresponding to specific 
emotions—fear, anger, happiness, pride, jealousy—is that neuroscientists are not even close to 
being able to identify whatever it is in the brain that distinguishes the occurrences of one concept 
from another.  They can’t tell whether a person is feeling pride or jealousy any more than they 
can tell whether they are seeing a dog or a cat.  But they do understand something of the 
workings of valence and arousal.  And that gives us a start on understanding the neuroscience of 
emotion.  We will do that by considering: 

1. How valence (good/pleasurable/positive vs. bad/unpleasurable/negative) gets associated in 
our mind with things in the world 

2. How arousal (expending vs storing up energy) is adjusted to support the sort of behavior that 
is appropriate for dealing with things in the world 

3. How the system that assigns valence to things communicates with the system that arouses 
the body to deal with those things. 

At the end, we’ll return to the psychology of emotion, and we’ll consider what this theory means, 
and doesn’t mean, about the experience of emotion not only by us but also by non-human 
animals. 

Valence and the Amygdala 

[4 - 6]  As it is understood so far, the complex system that processes valence is centered on a 
structure called the amygdala (the “almond”, for its shape).  The amygdala is located inside the 
tip of the temporal lobe.  It touches the cortical surface on its rostroventral side, but mostly it is 
surrounded by white matter axons, and some axons pass through it.  It lies just in front of the 
rostral end of the hippocampus (which is area 21 in illustration [6]).  
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Hints of the role of the amygdala in “fear” emerged in 1888 and that role was confirmed in the 
1930s when researchers surgically removed the temporal lobes of monkeys.  The monkeys’ 
behavior changed in ways that suggested to the researchers that the monkeys no longer 
understood the significance of their sensations, a finding that we now understand as resulting 
from the destruction of the ventral stream of visual processing and the equivalent stream of 
auditory processing, which both occur in the temporal lobe.  Furthermore, the researchers 
reported reductions in the monkeys’ aggression, “fear”, and defensive behaviors, a finding we 
now understand as resulting from the removal of the amygdala.  This seemed to be confirmed in 
a human patient whose amygdalas were destroyed by disease.  Experimental work continued 
with the use of electrodes to locate neural activity and measure how it was correlated with 
perceptions and behaviors.  Most of this work was done with rodents and, as described above, it 
identified the amygdala as the “fear” center in the brain.  In humans, amygdala activity was 
measured not by electrodes but by functional magnetic resonance imaging (a much less precise 
technique).  More recently, genetic engineering made it possible to design animals in which 
specific cells could be killed by their own activation, a precise way of learning the consequences 
of destroying the amygdala without harming the axons that pass through it and near it as earlier 
lesion studies had done.  The most recent advance has been to genetically engineer animals in 
which specific types of amygdala cells can be turned on and off, with precise timing, by shining 
laser light into their brains; this technique, as we shall see, made it possible to investigate the 
causal relationships between events in the brain.  All of these techniques have been used to study 
the amygdala mainly in rodents. 

[7]  You may wonder how relevant to humans this research on rodents can be.  In fact, the 
structures and circuits to be discussed here are, with one exception mentioned below, quite 
similar between rodents and humans.  They are evolutionarily old (even lizards have them) and 
well conserved.  It works both ways:  fMRI findings from humans have generated insights into 
connections involving the amygdala, which were subsequently confirmed by experiments with 
rodents. 

By torturing rodents, researchers learned a lot more than just the fact that the amygdala was 
active.  They also learned something of fundamental importance about learning.  Recall from the 
article on Learning that there are two forms of conditioning.  In classical, or Pavolvian, 
conditioning, a formerly neutral stimulus comes to take on the significance of another, innately 
significant, stimulus:  Pavlov’s dogs salivated (an innate response to a food stimulus) when they 
heard a bell (a formerly neutral stimulus that they had learned to associate with the food).  In 
operant, or instrumental, conditioning, a formerly purposeless behavior that is followed by a 
reward comes to be performed deliberately, to get the reward.  It turns out that the amygdala is 
involved in both kinds of conditioning, although so far the evidence for its involvement in 
classical conditioning is much more complete.  A rodent perceives a neutral stimulus (odor, 
sound, light) and then a foot shock, which causes the rodent to freeze in place.  With repeated 
pairings of stimulus and shock, the rodent comes to freeze in place when it perceives the 
formerly neutral stimulus.  It has learned that the stimulus predicts the shock, and it behaves 
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accordingly.  As the researchers interpreted it, the rodent has learned to “fear” the odor, sound, or 
light. 

A long and detailed tradition of research has established the association of amygdala activity 
with negatively valenced experiences.  Recently, however, it has also been established that the 
amygdala is equally implicated in positively valenced experiences.  Here’s an example.  
Monkeys with electrodes implanted in the amygdala were studied in an experiment in which they 
saw a set of abstract images (colored fractal patterns) repeatedly.  Some of the images were 
followed by liquid, which the thirsty monkey could lick from a spout.  Other pictures were 
followed by a puff of air to the face, which caused the monkey to close its eyes (“blink”).  The 
monkey learned the associations, as evidenced by its licking before the liquid was delivered 
when it saw a positive image, and similarly blinking in advance of the air puff for the negative 
images.  Then the experimenters reversed the significance of the pictures:  those that had 
predicted positive reinforcement now predicted negative reinforcement, and vice versa.  And the 
training continued until the monkeys learned the new associations.  [8]  There were cells in the 
amygdala that were highly active during the time between the appearance of the image and the 
reward or punishment:  some cells were active only for images followed by reward; about an 
equal number were active only for images followed by punishment; some were active for both.  
The activity of these cells correlated with the expected reward or punishment that was coming, 
not with which picture had just been seen; when a picture that had predicted reward later came to 
predict punishment, the reward cells stopped responding to it and the punishment cells began to 
respond.  [9]  Furthermore, when the rewards and punishments were reversed, as the monkeys 
learned the new relationships the new licking/blinking behaviors emerged at the same rate as the 
changes in the firing patterns of the neurons.  Similar results have been seen in rodents.  The 
rodents learned that they could get sugar water if they performed an action after smelling one 
odor, but would get bitter water if they performed it after smelling another odor.  As they learned 
these associations, individual amygdala neurons came to be activated in expectation of either 
sweet or bitter water, regardless of which odors signaled those results. 

The amygdala neurons that represent positive and negative valence are anatomically 
indistinguishable and they are mixed together in the amygdala.  It is presumed that the neurons 
of each type participate in a circuit together, and that these networks compete with each other, as 
we have seen for several other systems in the brain, but this has not been confirmed.  Within the 
negative-valenced system, however, a great deal more has been discovered during the long 
tradition of research on “fear”.  I will describe two aspects of this negative-valence system. 

[10]  First, the mechanism by which a neutral stimulus—such as a sound, light, or odor—comes 
to be associated with an innately negative stimulus—such as a shock or a puff of air in the eye—
has been confirmed in recent experiments utilizing a newly developed optogenetic technique. In 
this classical conditioning experiment, a rodent hears a sound, for example, which is soon 
followed, for example, by a shock to the feet.  The inputs to the amygdala representing the sound 
are not strong enough by themselves to activate the amygdala neurons.  But the ensuing shock 
does activate the amygdala, and it triggers an innate behavior, for example freezing in place.  
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Since the inputs representing the sound were active immediately before the amygdala neurons 
became activated by the shock, the connection from sound to amygdala is strengthened (more 
synapses are formed, or existing synapses are fortified).  If this happens repeatedly, the 
representation of the sound gains the ability to activate the amygdala and the trigger the freezing 
behavior by itself, and the actual shock is no longer necessary.  The animal has learned—been 
conditioned—to “fear” the sound. 

To demonstrate that it is the conjunction of sound and amygdala activation that causes this 
learning, it is necessary to show that no other circuits are involved.  This has been done using 
rodents that have been genetically engineered so that certain cells have light-sensitive receptors 
(similar to receptors in the retina) that can be activated by shining laser light into the animal’s 
brain (not into its eyes).  [11]  In one experiment, these receptors were engineered into cells in 
the amygdala.  Then the rodent was trained:  it repeatedly heard a sound which was followed, not 
by a shock, but by laser light that activated the amygdala cells that would have been activated by 
the shock.  And the rodent learned to freeze when it heard the sound.  The essential point of the 
experiment is that it demonstrates that none of the many other complex events that happen in the 
brain as a result of a shock are necessary for the animal to connect the sound to the freezing 
behavior, only the activation of the amygdala is necessary.  [12]  Another experiment proved the 
other half of the process, the sufficiency of the sound for the learning.  In this experiment, the 
amygdala was normal, but the axons from thalamic and cortical cells that process sounds were 
engineered to express the light-sensitive receptors.  The experimenters flashed laser light into the 
brain of the animal then shocked it, and with repetition it learned to freeze when the laser light 
was flashed into its brain.  This demonstrated that other circuits that might be activated by actual 
sounds were  not necessarily involved in forming the association. 

[13]  The amygdala is not a single nucleus, but consists of a handful of distinguishable groups of 
cell bodies.  Information cascades through the nuclei of the amygdala in a manner similar to the 
cascade of information through the hippocampus.  [14]  The amygdala cells that were 
manipulated in these experiments are in the basolateral amygdala.  That region of the amygdala 
sends signals to the lateral portion of the central nucleus of the amygdala.  In the lateral central 
amygdala (the oxymoron is the researchers’, not mine) there are two types of cells of interest 
here:  activation of ON cells increases “fearful” behavior, and activation of “OFF” cells 
decreases it.  The ON cells and OFF cells inhibit each other, but the ON cells respond more 
quickly to excitation from the basolateral cells than OFF cells do, so general activation of the 
basolateral nuclei promotes “fearful” behavior.  (It is important to note that this circuit diagram 
shows only a few of the many connections within the amygdala and between it and other areas of 
the brain.) 

[15]  In human patients with generalized anxiety disorder, the functional connections between 
the basolateral nucleus of the amygdala and the medial portion of the central nucleus of the 
amygdala are abnormal, as revealed by fMRI scans.  This finding motivated experiments with 
rodents using what is called an elevated plus maze.  The one shown is for mice.  A mouse is 
placed on the elevated, +-shaped track.  Two arms of the track are walled and two are open.  
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Normal mice explore this +-shaped track (they can’t get down), and they spend a certain fraction 
of the time in the “closed” arms and a certain fraction in the “open” arms; I think it may be about 
half and half.  Genetically engineered experimental mice had lasers aimed at their brains 
(through a hole in the skull) but they could freely move around in the device.  When their 
basolateral amygdala was activated with light, they spent less time on the open arms than normal 
mice, which the experimenters took as a sign of “anxiety”.  On the other hand, when only the 
OFF cells of the lateral central nucleus were optically stimulated, the mice spent as much time in 
the open arms of the track as normal mice. 

[16]  The ON cells of the lateral portion of the central nucleus make direct connections with a 
midbrain cell group called the periaqueductal gray, or central gray area, which is a key structure 
involved in processing pain and other negatively valenced experiences.  It is just dorsal to the 
ventral tegmental area, whose role in processing rewards we considered in the article on 
Learning.  These circuits may explain why general activation of the the basolateral amygdala 
generates “anxiety”, but specific activation of the central amygdala OFF cells relieves it. 

Without going into details, here are a few additional findings from optogenetic manipulation of 
the amygdala.  Activation of basolateral signals to the entorhinal cortex makes rodents “fearful” 
of locations (rather than sounds or odors); recall that the entorhinal cortex is the doorway to the 
hippocampus, which in rodents represents places in the environment.  Activation of basolateral 
signals to the ventral hippocampus increases “anxiety” and also makes rodents spend less time 
with conspecifics.  But activation of basolateral signals to a structure called the bed nucleus of 
the stria terminalis relieves “anxiety”.  It’s complicated. 

Let’s move now to a wider view of the role of the amygdala, as it is emerging in current research.  
Although the amygdala is intimately involved in the processing of valence, its main role appears 
to be to assign valence to objects and places, not to store that information.  When dealing with 
familiar things, it appears that the amygdala is not involved or needed.  But when something 
unfamiliar is encountered, or when experience does not follow the expected pattern, the 
amygdala swings into action and lets you know whether it is good or bad for you. 

We can see how the system may work by considering the major pathways into and out of the 
amygdala.  (This will be a greatly oversimplified view, and the sequencing is to a degree 
conjectural.) 

[17]  Let’s begin with connections from and to the cortex.  Major cortical inputs to the amygdala 
come from the temporal lobe.  As you know, the temporal lobe processes the identify, rather than 
the location, of things seen and heard.  What type of thing something is determines its 
significance for us.  So signals from the temporal lobe presumably play a large role in the 
amygdala’s assignment of valence to things.  On the output side, the amygdala sends these 
signals of good and bad things to the frontal lobe.  There is good evidence that the valence of 
things is stored in the orbitofrontal cortex, which forms the floor of the prefrontal lobe, just in 
front of the temporal lobe.  There is some evidence that the valence of actions, or behaviors, in 
specific contexts may be stored in the medial surface of the prefrontal cortex.  Both these areas 
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send signals back to the amygdala.  The amygdala also sends feedback signals to the temporal 
lobe and, interestingly, even to the primary visual cortex in the occipital lobe, which may serve 
to help focus attention on important objects in the visual scene.  Returning to the frontal lobe, the 
amygdala sends signals to the lateral prefrontal cortex where choices are weighed, decisions 
taken, and orders for actions issued.  It is notable that the only major part of the cortex with 
which the amygdala is not involved is the parietal lobe.  Since the parietal lobe is mainly 
concerned with spatial relations and movements, and since spatial relations in themselves have 
no inherent meaning or value to us, this makes sense. 

[18]  Now let’s look at the subcortical connections of the amygdala.  In addition to its temporal-
lobe inputs, the amygdala is directly informed of sensory events by the thalamus, which is the 
source of sensory inputs to the cortex.  (Unlike the temporal lobe, there are no feedback 
connections from amygdala to thalamus.)   The amygdala sends signals to the striatum, which is 
involved with behavior and habit formation as we have seen.  We have already considered the 
amygdala’s important connections with the midbrain periaqueductal gray area that processes pain 
and punishment.  It has similar connections to the ventral tegmental area that processes reward.  
Both these connections are bidirectional.  It is not known what role the amygdala may play in the 
determination of valence in a specific experience.  It may have a role to play.  Or this 
determination may be made elsewhere—in the midbrain periaqueductal gray and ventral 
tegmental areas, for example—in which case the role of the amygdala would be to associate that 
valence with the object or location being perceived. 

Finally, major outputs from the amygdala go to the hypothalamus and to many of the brainstem 
cell groups that, with the hypothalamus, deal with the other dimension of emotion in the brain:  
arousal.  It is to that subject that we now turn. 

Arousal and the Hypothalamus 

To refer to the subjective experience of arousal we use words like excitement and agitation.  
Objectively, scientists have three ways of measuring arousal, which measure three different 
forms of it.  First, readings taken from electrodes on the scalp measure the spatial and temporal 
patterns of electrical activity in the brain.  When one is asleep these electroencephalographic 
patterns are fundamentally different from when one is awake, and this measure of arousal 
distinguishes between more-aroused waking states and less-aroused sleeping states.  (The 
neuroscience of sleep is a large subject that we don’t have time for in this course.)  Second, as 
one goes through the day, energy is always either being stored up or taken out of storage.  
Objectively measurable indicators of this process include changes in heart rate, pupil dilation, 
and alterations of electrical conductance on the skin due to perspiration.  This energy-governing 
process is controlled by what is called the autonomic nervous system, which we are about to 
explore.  Third, scientists use verbal reports by experimental subjects who rate their responses to 
various stimuli, typically photos or videos of less arousing and more arousing things.  We don’t 
know much about the neural plumbing that connects the stimulus to the verbal response, and I 
won’t have anything to say about it except the following.  In the amygdala, in addition to cells 
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that signal reward and cells that signal punishment, there are other cells that signal how 
rewarding or punishing something is, without regard to whether it is rewarding or punishing.  
These cells are more active for highly rewarding and highly punishing events, and less active for 
less rewarding or punishing events.  (Mathematically, it is as though they signaled the absolute 
value of valence.)   Since the amygdala has lots of connections to the brainstem and 
hypothalamus, these cells presumably play some role in arousal.  Whatever the source, however, 
we will see that this third measure of arousal, which we can call affective arousal, is correlated 
with activity in somewhat different neural areas from those whose activity is correlated with 
autonomic (energy-governing) arousal. 

Both wakeful arousal and autonomic arousal are controlled by circuits in which a key role is 
played by the hypothalamus.   The hypothalamus is probably the most important and interesting 
brain structure you have never heard of (now that you have heard all about the amygdala).  [19 
and 20]  The hypothalamus is located below (“hypo”) the thalamus in the evolutionarily ancient 
part of the forebrain called the diencephalon.  It fills the ventral side of the diencephalon, just 
above the boney floor of the skull.  It is wedge  shaped.  The hypothalamus is not single thing, 
but a collection of cell groups with complex interconnections with each other and with complex 
functional specializations.  [21 and 22]  In the coronal plane we see the two hypothalami at the 
bottom of the diencephalon and the infundibulum which connects them to the pituitary gland, 
which is not shown; the pituitary is cradled in a spherical cavity in the boney floor of the skull, 
surrounded by blood vessels.  [23]  This drawing, which is also in the coronal plane, shows cell 
bodies on the left and axons on the right.  On the left the dots represent the density and size of 
cell bodies; of course there are many more cells than shown, and they are much much smaller.  
On the right, long lines represent axons lying in the plane of the drawing and dots are axons 
running perpendicular to the plane (short lines are axons passing through at an angle).  In the 
actual brain, there are cell bodies and axons on both sides; notice how the apparent hole in the 
hypothalamus is occupied by the fornix (35), which connects to the hippocampus as you already 
know. 

Among the functions of the hypothalamus are: 

1. Modulating the state of the body in accordance with the day/night cycle and governing the 
process of going to sleep and waking up 

2. Managing the energy stores of the body, building them up when possible and mobilizing 
them for action when necessary 

3. Managing the amount of water in the body and its salinity by motivating drinking and other 
means 

4. Controlling body temperature, which affects all the biochemical processes occurring in the 
body 

5. Ensuring that the body obtains nutrition by feeding 

6. Contributing to reproductive behaviors and motivations. 
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The first two functions—wakeful arousal and autonomic arousal—are our present concern. 

A great deal is known about the neural and molecular mechanisms that govern circadian rhythms 
and the wake/sleep cycle.  Since the arousal associated with the waking state is only marginally 
relevant to the subject of emotion, I will be brief.  Distributed throughout the brainstem is a large 
collection of small cell nuclei that, as a collection, are called the reticular activating system, due 
to the “netlike” axonal fibers that run through them and connect them.  A set fibers descending 
from this system, called the descending reticulospinal tract, is involved with locomotion; we 
touched on this system in the session on Behavior.  A complementary set of ascending fibers, the 
ascending reticular activating system, originates in a set of more than 20 reticular nuclei, passes 
through the hypothalamus and thalamus, and projects to the entire cerebral cortex.  These 
projections utilize a broad variety of neurotransmitters to modulate neural activity in the cortex, 
keeping us awake.  The timing of this activity is controlled by a master circadian clock in the 
hypothalamus. 

Most tissues in the body have clock-like mechanisms that modulate activity with the daily cycle.  
These distributed clocks are all kept accurate by a pacemaker clock located in the 
suprachiasmatic nucleus of the anterior hypothalamus.  In this structure, cells express genes in a 
cyclical pattern:  one gene is used to make a protein that initiates the activation of a second gene 
to make a second protein, that …  eventually comes back to the activation of the first gene that 
makes the first protein.  Such an endogenous mechanism can be accurate over a period of days, 
but to maintain accuracy for months and years requires calibration with the rotation of the earth 
and the day/night cycle.  This is accomplished by signals from a specialized type of ganglion cell 
in the retina of the eye.  These retinal ganglion cells do not get inputs from the receptors that 
detect light or contribute to vision; they have their own receptors, and their signals go only to the 
suprachiasmatic nucleus.  It is the rhythmic firing pattern of that nucleus that is informative:  its 
cells fire at a higher frequency in daytime and a lower frequency at night.  That signal goes to the 
dorsomedial hypothalamic nucleus (among other targets), where it is amplified and sent out via 
several separate pathways with different functions.  One of these pathways goes through the 
lateral hypothalamic area, among whose functions is maintaining wakefulness. 

[24]  The wake/sleep cycle results from a seesaw competition between arousal signals from the 
lateral hypothalamus and the accumulation of metabolic waste products in the brain over the 
course of the day; the principal of these may be adenosine.  As waste accumulates during the day 
and into the evening, the need for sleep increases.  But the arousal signal is at its strongest in the 
evening, and it predominates until it starts to wane.  At that point the system rapidly tips over 
into sleepiness. During sleep the wastes are flushed away by cerebrospinal fluid flowing from the 
ventricles through the tissue of the brain to its surface, where the waste is dumped into the blood.  
In early morning, when the waste has been cleared, sleep is still promoted by the low level of the 
arousal signals.  This presumably explains why caffeine is essential to human functioning in the 
morning. 

Another function of the signals from the lateral hypothalamic area is to promote feeding during 
the day and suppress it at night.  A second pathway from the dorsomedial hypothalamus delivers 
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arousal signals to the spinal cord, where they modulate the activity of the autonomic nervous 
system (see below).  A third pathway coordinates the activity of the neuroendocrine system and 
its pituitary gland with the day/night cycle.  Fourth, a pathway directly from the suprachiasmatic 
nucleus that does not pass through other hypothalamic areas controls the daily cycle of body 
temperature.  And finally, my favorite, the pineal gland and melatonin.  At the beginning of 
animal evolution, the raison d’être of the forebrain was the “pineal eye”.  The pineal eye did not 
form images; it just detected the presence of light (which is to say, daytime).  It sent that 
information to the pineal gland, which performed an early version of the circadian functions just 
described.  In the course of evolution, the pineal eye was lost, or it evolved into the two lateral, 
image-forming eyes which include the specialized ganglion cells that detect light and  send 
signals to the suprachiasmatic nucleus.  The pineal gland thus lost its input, but it still needed to 
know whether it was light or dark, and this need is met, today, by an amazing circuit.  It proceeds 
from the suprachiasmatic nucleus, with three intermediate stops, all the way down to the spinal 
cord and back up to the pineal gland in the forebrain, at the level of the hypothalamus where the 
signal originated in the first place.  What does the pineal gland do today?  During the nighttime, 
it secretes melatonin.  And what does melatonin do?  It signals the seasons of the year.  In the 
winter when nights are long, there’s a lot of melatonin in the system, and in the summer there is 
less.  Behaviors that are appropriate to certain seasons—such as reproduction in most species—
take their cue from the amount of melatonin put into circulation by the pineal gland. 

We turn now from wakeful arousal to the main topic of this section, autonomic arousal.  Waking 
life requires the constant adjustment of the workings of the internal organs of the body to meet 
the needs of the moment.  During periods of calm, when outside events do not trigger arousal for 
action, the body is busy storing up energy for future use.  Digestion is active, and extra calories 
get loaded into adipose tissue (fat) and into glycogen, which is stored in the muscles and the 
liver.  These metabolic processes, in which complex molecules are built up out of simpler ones, 
are called anabolic.  Catabolic processes, on the other hand, involve tearing down these complex 
molecules, releasing the stored energy and making it available for action.  During periods of 
action, arousal increases as energy is pumped back into the system in the muscles, from the liver, 
and by breaking down fat. 

These processes are controlled by the autonomic nervous system. The autonomic nervous system 
has two divisions.  One of them promotes the “rest and digest” process of storing up energy; it is 
called the parasympathetic nervous system.  In addition to promoting digestion and storing up 
energy, this system conserves energy by slowing the heart rate and limiting heat loss.  The other 
division, called the sympathetic nervous system, activates the process of making energy available 
for “fight or flight”.  It speeds up the heart; it dilates the arteries feeding the muscles to deliver 
more energy to them and constricts muscles of the digestive system to make more blood 
available to the muscles; it stimulates perspiration to disperse the heat generated by muscular 
activity.  And activation of the sympathetic nervous system causes the adrenal glands on the 
kidneys to release adrenaline into the blood, which reinforces all the adjustments just listed and 
is perceived as the adrenaline rush triggered by surprising or threatening events. 
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The autonomic nervous system’s peripheral nerves—whose cell bodies are in ganglia outside the 
central nervous system (brain and spinal cord)—have a well understood and complex structure, 
the details of which do not concern us here.  [25]  The system originates in multiple cell groups 
in the brainstem (the midbrain and medulla oblongata), 18 of which are shown in the illustration.  
Complex, coherent behaviors can be elicited by stimulating these cell groups.  Multiple cell 
groups are implicated in the same behaviors; for example, three are involved with micturition (in 
English, urination) and five in respiration.  Furthermore, these cell groups process and coordinate 
signals both between the parasympathetic and sympathetic systems and also between those 
autonomic nervous systems and the somatic nervous system that controls the skeletal muscles 
that move the body.  The result is that, when the body needs to perform an action, all the organ 
systems in the body support the performance of that action.  And presiding over the autonomic 
aspects of the entire system are the nuclei of the hypothalamus, of which six are shown in the 
illustration.  Note that the dorsomedial hypothalamic nucleus, number six, is credited with its 
role in feeding, but its role in maintaining the waking state didn’t make the cut.  The pattern of 
connections among all these cell groups has been mapped out in exquisite if not complete detail.  
It is too complex to survey here.  For example, the dorsomedial nucleus of the hypothalamus, 
just mentioned, receives inputs from more than 40 known sites in the brain, most of which are 
also within the hypothalamus. 

[26]  This section began with the distinction between three objective ways of measuring arousal:  
wakeful arousal measured by electroencephalograph waves, autonomic arousal measured by 
heart rate and galvanic skin conductance, and affective arousal measured by experimental 
subjects’ verbal reports of their reaction to photo and video stimuli.  A survey of the literature  6

compiled a list of 53 brain centers involved in arousal and noted which forms of arousal each of 
them is known to be involved with.  All 30 areas in the brainstem, hypothalamus, thalamus, and 
basal ganglia were implicated in wakeful arousal; about half of them were also implicated in 
autonomic arousal, and the same for affective arousal.  In the cortex, amygdala, and 
hippocampus, all 23 areas were implicated in affective arousal, about half in autonomic arousal, 
and only 3 in wakeful arousal.  In addition to showing the complexity of arousal, of which we 
have only scratched the surface, this analysis suggests that despite substantial overlap in 
function, the brainstem and cortex play distinctly different roles in arousal.  Coordination 
between them is the job of what is called the limbic system, to which we now turn. 

Limbic System 

Although the hypothalamus has been called the head ganglion of the autonomic nervous system, 
it is not really the big boss.  In fact, it is more like middle management, relaying to the 
supervisors in the brainstem orders it receives from the cortex.  That coordination is 
accomplished in what is called the limbic system.  The limbic system is large, complex, and very 

 Satpute, Ajay B., et al. “Deconstructing Arousal into Wakeful, Autonomic and Affective 6

Varieties.” Neuroscience Letters, vol. 693, Feb. 2019, pp. 19–28. ScienceDirect, doi:10.1016/
j.neulet.2018.01.042.
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partially understood.  I am going to tell a coherent story about it, and I think the story is correct, 
but it is far from the only story one could tell; it’s one way of thinking about this complex, 
partially understood system. 

If the cerebral hemisphere has the shape of a shower cap, the limbic system occupies the circle 
with the elastic that holds it onto your head.  Limbic means border or margin, and the principal 
limbic structures run around the border of the medial surface of the cortex; some subcortical 
structures are also part of the system.  [27]  In this drawing by Brodmann, there is a gap in the 
medial surface between the tip of the temporal lobe and the ventral part of the frontal lobe.  [28]  
This gap is not present, however, on the lateral surface of the cortex:  there is continuous neural 
tissue from the temporal lobe, across the insula, and into the frontal lobe.  [29]  In front of and 
above the corpus callosum (which connects the two hemispheres, one reason why there has to be 
a hole in the shower cap), the border of the cortex is called the cingulate gyrus.  Cingulate means 
belt-like, for reasons that are obvious from the drawing.  The gyrus is continuous as it curves 
around behind the rear end, or splenium, of the corpus callosum, and the name changes to 
retrosplenial gyrus.  It, in turn, continues into the temporal lobe as the parahippocampal gyrus, 
which as you know houses the hippocampus.  The important thing to note is that there are 
important connections running all around this circle, all through the cingulate, retrosplenial, and 
parahippocampal gyri. 

[30]  Let’s start with the amygdala.  As you now know, it is lodged in the tip of the temporal 
lobe.  The amygdala is strongly connected with the prefrontal lobe.  The strength of these 
connections is the main difference between the amygdalas of humans and rodents, whose 
prefrontal lobes did not expand like ours did.  The amygdala’s main prefrontal connections are 
with the orbitofrontal cortex that forms the floor of the frontal lobe and with the medial surface 
of the frontal lobe, which is easier to see in this illustration.  As we saw earlier, these two frontal 
areas probably store information about the valence that has been associated by the amygdala with 
objects (orbitofrontal) and places (medial prefrontal).  Both interact strongly with the 
rostroventral part of the cingulate gyrus, where it begins in front of the corpus callosum.  This 
end of the cingulate is known to be involved in processing information that involves emotion.  
Just behind it is a stretch of cingulate that is concerned not with emotion, but with cognition; it is 
closely connected with prefrontal areas (continuing over the top of the cortex and down the 
lateral surface) that involve decision making, which we will learn about in the next session.  
Once a decision is made, those prefrontal areas give orders for action to the premotor and motor 
cortex, which also get information from the next stretch of the cingulate gyrus; unlike the other 
cortical areas with which the cingulate communicates, these motor areas do not send signals back 
to the cingulate.  As we continue through the posterior cingulate and into the retrosplenial gyrus, 
there are strong reciprocal connections with parietal lobe areas that are concerned with spatial 
information.  Then, coming around and back under the rear (pardon, I mean splenium) of the 
corpus callosum, we get into the parahippocampal gyrus.  It exchanges information with high-
level visual areas that process the identity of the things one sees and with the association cortex 
where this information meets similar information coming from the auditory system. 
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Although at this point we seem to have completed the circuit, we are only halfway home, and we 
have the return trip yet to trace.  As we saw in the session on Learning, the parahippocampal 
gyrus is the main source of input to the hippocampus, where memories of significant events are 
formed.  One of the most important pathways out from the hippocampus follows the arch-like 
fornix, circling forward, this time underneath the corpus callosum.  The fornix terminates in a 
structure that has not been mentioned before, and which I imagine at least half the group is 
curious about:  the mammillary body.  This pair of bulbs—side by side, one in each hemisphere
—is a grand junction of connections.  For now, we will follow the pathway that leads from the 
mammillary body to the anterior thalamus.  The main target of the anterior thalamus is the 
anterior cingulate, and voilà! we have completed the circuit. 

We came in through the amygdala, but then we just went in a (double) circle.  Where’s the door 
out?  There are doors leading to various parts of the cortex all along the cingulate gyrus, as we 
have seen.  [31]  In addition, the fibers of the fornix, which originate in the hippocampus, lead 
not only to the mammillary body, but also to the hypothalamus.  And as we know, the 
hypothalamus sends marching orders—somehow formulated in the circuitry connecting the 
limbic system to the rest of the cortex—to the brainstem centers that actually make things 
happen inside the body.  (The mammillary body also sends signals to the brainstem.) 

[32]  To boil an overly simplified account of the neuroscience of emotion down into a single 
breathtakingly simplistic graphic:  cortical circuits connect the amygdala, where valence is 
assigned to things in the world, to the cingulate gyrus; it in turn is connected via limbic circuits 
to the hypothalamus, which makes a large contribution to the state of arousal; and the 
hypothalamus is connected to the brainstem via the autonomic nervous system, which extends 
into the body to govern the management of energy as needed to meet the needs of the moment or 
of the future. 

Emotion and Psychology—Revisited 

At this point may seem as though the theory of constructed emotion denies that emotions like 
fear, anger, happiness, pride, and jealousy are real, that the only real things in the neighborhood 
are valence and arousal.  That’s because we know something about the neuroscience of valence 
and arousal, and we don’t really know anything about the neuroscience of concepts.  To be sure, 
we have some insight into neural mechanisms that may be what makes it possible to have 
concepts:  to form categories, assign individual sensations to those categories, and use those 
categories to make sense of the world by associating categories with the consequences of past 
sensations falling into those categories.  We considered those mechanisms in the article on 
Perception and vision.  It is plausible that those mechanisms—originally perceptual—have been 
recruited to operate in more abstract cognition.  It is perhaps even more plausible that the 
mechanisms that enable us to give meaning to sensations coming from the external world are 
also used to make sense of sensations coming from the internal world of our bodies.  So the 
neural circuits required for conceptualizing emotion—for forming categories and recognizing our 
feelings as belonging to categories—are not a complete mystery. 
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What we do not understand—what, consequently, we cannot identify in the brain—are markers 
that distinguish one concept from another.  We cannot tell, by looking at someone’s brain, 
whether they are seeing a dog or a cat.  For exactly the same reason, we cannot tell, by looking at 
someone’s brain, whether they are feeling pride or jealousy.  So I have not been able to say 
anything neuroscientific about the conceptual side of emotional experience.  And that probably 
creates the impression that, as far as neuroscience is concerned, pride and jealousy are not real, 
that the only real things are valence and arousal.  But that impression would be dead wrong.  
Pride and jealousy are just as real as valence and arousal.   

What distinguishes one emotion from another?  Part of the answer—only part—is valence and 
arousal.  Pride and jealousy, for example, differ in valence:  pride has a pleasant feeling and 
jealousy has an unpleasant feeling.  They also differ in arousal:  the arousal component of pride 
might vary from mild to strong, while jealousy generally involves strong arousal.  [33]  The fact 
that different emotions typically involve different combinations of valence and arousal explains 
why some psychologists have found that emotions can be represented with a structure called a 
circumplex.  That fact also suggests that neuroscientists should not be completely at a loss if 
asked to distinguish between, for example, worry and panic; if those were the only two 
possibilities, measures of arousal could distinguish between them. 

But emotions are not differentiated only on the interoceptive dimensions of valence and arousal.  
They are also differentiated by the circumstance in which they are understood to occur:  we don’t 
think of pride as occurring when one suspects their spouse of cheating on them, and we don’t 
think of jealousy as occurring when one is given the distinguished medal of honor.  They are 
likewise distinguished by the behaviors that are thought to accompany them:  sticking one's 
thumbs in the arm-holes of one's vest vs. keeping tabs on one's spouse.  And they may be 
accompanied by different facial expressions, although these two emotions—pride and jealousy—
do not have as clear cut expressions as “basic” emotions like fear and happiness. 

All of these other factors that distinguish one emotion from another—physical and social 
context, accompanying behavior, and facial expression—are culturally conditioned.  Different 
cultures associate different behaviors, for example, with the same emotion.  In some cultures a 
jealous man might divorce his wife; in others, he might kill her lover.  But “culturally 
conditioned” doesn’t go far enough.  Concepts of emotions are not culturally conditioned, but 
culturally created.  No culture consciously and intentionally creates the concept of an emotion.  
Rather, emotional concepts emerge by cultural evolution.  Old concepts gradually change and 
sometimes new concepts grow up or are imported.  This is true not only for emotional concepts, 
but for all concepts.  But the subject of cultural evolution is too large to grapple with here. 

To come full circle, the cultural nature of emotional concepts is no reason to deny that emotions 
are real.  The concept of an atom is also culturally evolved.  Emotions are just as real as atoms. 

The cultural and conceptual nature of emotions does, however, complicate how we should think 
about emotion in animals.  A great deal of the neuroscience of emotion has derived from work 
with animals:  other primates and especially rodents, and especially in regard to “fear” in 
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rodents.  The preeminent researcher in this area is Joseph LeDoux, and he is a reliable guide on 
the question of emotion in animals. 

LeDoux’s position is that there are survival circuits which, in situations affecting the 
fundamental interests of an animal for good or ill, call forth appropriate behaviors.  These 
circuits are evolutionarily ancient and they have been designed and maintained by natural 
selection for their contribution to the ability to survive, prosper, and reproduce.  The circuit that 
LeDoux has spent his career on is what has generally been called the “fear” circuit, and we have 
seen the fruits of that research.  LeDoux has long held that survival circuits, and the behavior that 
they initiate, operate independently of any feelings that may accompany their operation.  The 
operation of the circuit may have effects in the body that are perceivable by the individual, but 
such feelings are not necessary for the operation of the circuit.  This is demonstrated by the 
double dissociation between autonomic arousal and conscious fear.  Subliminal presentation of 
threatening stimuli causes a person’s sympathetic nervous system to prepare the person for action 
(rapid heartbeat, sweaty palms) even though the person reports feeling no threat whatsoever.  
Conversely, a person with a damaged amygdala, presented with a consciously perceptible threat, 
may report a feeling of fear without showing any measurable arousal. 

Despite holding that the feeling of emotion is one thing, while the operation of the survival 
circuit is another, LeDoux used to use the word fear metaphorically to describe the survival 
circuit that he studied in rodents.  But he has now decided that the metaphor causes more 
problems than it is worth, and recommends that scientists cease to describe animals as though 
they had the culturally transmitted conceptual structures necessary to perceive what is going on 
in their bodies as an emotion.  His three page article from 2017 “Semantics, Surplus Meaning, 
and the Science of Fear”, is an assigned reading for this session.  I also highly recommend 
reading his 2012 article, “Rethinking the Emotional Brain”, which elaborates on and to some 
extent corrects what he wrote in his famous 1996 book The Emotional Brain. 

There is no little irony in the idea that the consequence of so much work on emotion in animals 
should lead to the conclusion that animals don’t have emotions.  But denying emotions to 
animals doesn’t deny them feelings.  The sensations associated with valence and arousal—
pleasure/displeasure and agitation/calmness—come from neural and physiological systems that 
we share with other primates, rodents, and other mammals, at least.  When a rodent is shocked 
with electricity and freezes, the same systems operate in the rodent as operate in us when we 
experience unpleasantness and agitation.  What the rodent actually “feels”, and the question of its 
consciousness, we have no way of investigating now.  Perhaps it feels just as we do, as far as the 
unpleasantness and agitation go.  But for the rodent, that agitated unpleasantness would be the 
whole story.  It doesn’t contemplate imminent injury or death; it doesn’t try to hide its “fear” 
from others; it doesn’t react with outrage at the violation of its rights in an experiment that it 
believes should not have been approved by the experimental review board.  However similar to 
ours its overt reaction to threats may be, no animal has the full human experience of fear; no 
matter how pleasant a feeling follows a difficult achievement, no animal experiences pride; no 
matter how similar to ours their behavior toward a mate may be, no animal experiences jealousy.  
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Emotions are conceptually organized, and the concepts are culturally evolved and transmitted, so 
emotions are not available to animals that lack the conceptual and cultural resources that make 
them possible.
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compared with the CeA between rodents and primates might result from 
the substantial increase in the size of cortical regions that communicate 
with the BLA in primates22. Predominantly unidirectional outputs of the 
BLA include the striatum, especially the nucleus accumbens (NAc), and 
the bed nucleus of the stria terminalis (BNST) and the CeA. In turn, the 
striatum, BNST and CeA have been considered to mediate the transla-
tion of BLA signals to behavioural output. Of note, there are exceptions 
to this serial model of information flow; the BA and CeA also receive 
sensory inputs, and the CeA contributes to some behavioural processes 
independently from the BLA23,24.

From rodents to humans and back again
The neural circuits underlying Pavlovian fear conditioning have predomi-
nantly been explored in rodents. Simple tone–shock pairings produced 
robust and reproducible changes in amygdala neural responses to the 
tone25,26, such that neuronal spiking tracks the acquisition and extinction 
of fear behaviour in response to the tone. Human studies using functional 
magnetic resonance imaging (fMRI) adapted these simple fear-condi-
tioning tasks and showed that the human amygdala is also activated by 
fear-conditioned stimuli, and that this activation wanes on extinction27,28. 
Furthermore, ventromedial prefrontal cortex (vmPFC)–amygdala cir-
cuitry was found to mediate fear extinction in both rats29,30 and humans31. 
By applying tasks designed for rodents to humans, the circuits mediating 
fear acquisition and extinction were shown to be well conserved.

Not only does fear conditioning activate both the rodent and human 
amygdala, but these animals also share long-term memory processes 
for fear memory. When consolidated fear memories of rodents are 
reactivated during retrieval, they become labile, thereby requiring 
‘reconsolidation’32. During this labile state, memories can be modified 
by interfering with the reconsolidation process using protein-synthesis 
inhibitors32 or with the non-invasive presentation of non-fearful infor-
mation in mice, rats and humans33,34.

Reverse translational approaches have become more frequent with the 
advent of new circuit mapping and manipulation technologies in rodents. 
One example in which a correlation in humans was taken to causation in 
rodents comes from fMRI studies in people with generalized anxiety dis-
order35. The observation of abnormal functional connectivity between the 
BLA and the CeM in these people inspired the application of optogenetic 
tools to probe specific projections within mouse amygdala. Optogenetics 
allows for the rapid and reversible activation or inhibition of neurons by 
directing light towards neural elements that have been artificially induced 
to express light-sensitive opsins. In the first demonstration of optogenetic 
projection-specific manipulation in a freely moving animal, the increase 
or decrease of transmission between the BLA and the CeA was shown 
to cause the reduction or augmentation of anxiety-related behaviour36, 
complementing the fMRI findings.

Any attempt to define the behavioural functions of amygdala neu-
ronal activity is confronted by the dense interconnections among amyg-
dala nuclei and between amygdala nuclei and other brain regions, and 
by the lack of a predictable distribution of functional cell types. The 
availability of new neurotechnologies and approaches is overcoming 
these hurdles and accelerating the mapping of function onto amygdala 
circuitry, revealing a complex picture of amygdalar control of behaviour. 
These findings, achieved using optogenetic and pharmacogenetic acti-
vation or inhibition, in conjunction with behaviour and electrophysiol-
ogy, reveal causal relations between amygdala cell types and projections 
in various behaviours (Fig. 3). As we discuss, the behavioural functions 
of afferent and efferent projections had not been determined at this 
level of specificity until the application of these new technologies for 
circuit manipulation.

New insights into circuitry for fear
The investigation of the neural basis of fear learning and expression 
led to the view that the amygdala is a rapid detector of aversive envi-
ronmental stimuli and situations, producing affective or behavioural 
states to allow for adaptive responses to potential threats37,38. Along 

the way, this line of research uncovered crucial brain mechanisms of 
associative conditioning, arguably providing us with our best under-
stood neurobehavioural model of learning.

The LA has been the focus of many studies because it has ready access 
to information about the auditory cue used in conditioning, and lesions 
of this region block acquisition of conditioned freezing16,17,39. LA neu-
rons develop and maintain excitatory neural responses to the onset of 
an auditory cue that has been paired with a footshock US25,26,40,41. These 
responses in vivo probably arise from potentiation of sensory inputs onto 
LA neurons because CS–US pairings enhance measures of excitatory 
synaptic plasticity in vivo42 and in acute amygdala slice preparations43–45. 
In this model, an initially weak afferent carrying sensory information 
about the CS and a strong afferent carrying US information converge 
onto individual principal neurons in the LA and, through a Hebbian 
plasticity mechanism, lead to enhanced strength of the excitatory syn-
apses carrying CS information. This experience-dependent synaptic 
strengthening allows the presentation of the CS alone to activate LA 
neurons. The model of CS and US convergence has been explored by 
studies that took advantage of the temporal specificity of optogenetics 
to activate neural elements in a time window corresponding to the few 
seconds of CS or US presentation. The first study expressed the excitatory 
opsin, channelrhodopsin!2 (ChR2), in LA principal neurons to allow 
for rapid and reversible activation of these neurons during behaviour. 
When paired with an auditory CS, this simultaneous photoactivation of 
LA neurons could be used as a substitute for the footshock US, resulting 
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the new pairings. Paton et al. observed exactly that
(Figure 1d). Furthermore, after reinforcer reassignment,
licking and blinking responses to the reinforced stimuli
correlated closely with neural activity (Figure 1e, f),
suggesting that the changes in associative encoding in
amygdala neurons might be responsible for the learning.
Importantly, one population of neurons encoded positive
valence and a largely separate group of cells encoded

negative valence. There was no obvious spatial segregation
of these populations, and most were in the basolateral
portion of the amygdala (BLA; Figure 1d). Although other
physiological studies have also shown amygdala activity
reflecting aspects of positive reinforcement [22,23], earlier
studies failed to observe neurons similar to those recorded
by Paton et al. [24,25]. This apparent discrepancy probably
resulted from the use of a single, overlearned pair of

Figure 1. Primate amygdala: positive and negative reinforcement. (a) Line drawing of a coronal section through the right hemisphere of a rhesus monkey brain. The section
is located at roughly the middle of the amygdala in its anterior–posterior dimension. The rectangle is drawn around the amygdala and neighboring structures. (b) Medial
aspect of the right hemisphere of a rhesus monkey brain. The line corresponds to the level of the section shown in (a). (c) Photomicrograph of a Nissl-stained coronal
section matching the location of the rectangle shown in (a). Due to differences in cell sizes, cell packing density and staining properties, some of the nuclear boundaries of
the amygdala are clearly visible. (d) Recording sites (filled circles) of amygdala neurons with activity that reflected positive value or negative value independent of image
identity and independent of upcoming motor responses. The analysis considered neuronal activity during picture presentation and the ensuing unfilled interval, before the
delivery of the liquid reward or air puff. Hence, the neuronal activity is predicting the valence of the expected reinforcer. Because recording sites are collapsed across 2 mm
in the anterior–posterior dimension, some circles represent multiple cells. Green circles show locations of cells that signaled positive reinforcement, red circles show
locations of cells that signaled negative reinforcement, and blue circles show locations of cells that predicted neither type of reinforcement. Yellow filled circles and black
triangle show locations of multiple cells, some signaling positive reinforcement and some negative reinforcement. (e) Average activity of amygdala neurons that are active
in relation to a positive or negative picture (green) and behavioral responses (gray) plotted as a function of trials from reversal (0). Shaded regions show 95% prediction
intervals for best fit functions. On average, neurons begin to change their activity within a few trials of a change in picture value (i.e. a reversal), and across the population,
the rate of change after a reversal is indistinguishable from the rate of changes in responses (i.e. learning). Thus, in principle, decisions to lick or blink could be based on the
representation of picture value provided by the amygdala. (f) Same analysis as in (e) applied to neurons active in relation to nonreinforced pictures. (d), (e) and (f) modified,
with permission, from Ref. [21].
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the new pairings. Paton et al. observed exactly that
(Figure 1d). Furthermore, after reinforcer reassignment,
licking and blinking responses to the reinforced stimuli
correlated closely with neural activity (Figure 1e, f),
suggesting that the changes in associative encoding in
amygdala neurons might be responsible for the learning.
Importantly, one population of neurons encoded positive
valence and a largely separate group of cells encoded

negative valence. There was no obvious spatial segregation
of these populations, and most were in the basolateral
portion of the amygdala (BLA; Figure 1d). Although other
physiological studies have also shown amygdala activity
reflecting aspects of positive reinforcement [22,23], earlier
studies failed to observe neurons similar to those recorded
by Paton et al. [24,25]. This apparent discrepancy probably
resulted from the use of a single, overlearned pair of
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aspect of the right hemisphere of a rhesus monkey brain. The line corresponds to the level of the section shown in (a). (c) Photomicrograph of a Nissl-stained coronal
section matching the location of the rectangle shown in (a). Due to differences in cell sizes, cell packing density and staining properties, some of the nuclear boundaries of
the amygdala are clearly visible. (d) Recording sites (filled circles) of amygdala neurons with activity that reflected positive value or negative value independent of image
identity and independent of upcoming motor responses. The analysis considered neuronal activity during picture presentation and the ensuing unfilled interval, before the
delivery of the liquid reward or air puff. Hence, the neuronal activity is predicting the valence of the expected reinforcer. Because recording sites are collapsed across 2 mm
in the anterior–posterior dimension, some circles represent multiple cells. Green circles show locations of cells that signaled positive reinforcement, red circles show
locations of cells that signaled negative reinforcement, and blue circles show locations of cells that predicted neither type of reinforcement. Yellow filled circles and black
triangle show locations of multiple cells, some signaling positive reinforcement and some negative reinforcement. (e) Average activity of amygdala neurons that are active
in relation to a positive or negative picture (green) and behavioral responses (gray) plotted as a function of trials from reversal (0). Shaded regions show 95% prediction
intervals for best fit functions. On average, neurons begin to change their activity within a few trials of a change in picture value (i.e. a reversal), and across the population,
the rate of change after a reversal is indistinguishable from the rate of changes in responses (i.e. learning). Thus, in principle, decisions to lick or blink could be based on the
representation of picture value provided by the amygdala. (f) Same analysis as in (e) applied to neurons active in relation to nonreinforced pictures. (d), (e) and (f) modified,
with permission, from Ref. [21].
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is located at roughly the middle of the amygdala in its anterior–posterior dimension. The rectangle is drawn around the amygdala and neighboring structures. (b) Medial
aspect of the right hemisphere of a rhesus monkey brain. The line corresponds to the level of the section shown in (a). (c) Photomicrograph of a Nissl-stained coronal
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Table 2
Integrative reference neural space of arousal.

Note: The table lists a set of neural nodes that have been generally implicated in wakeful arousal (W.A.),
autonomic arousal (Au.A.), and a!ective arousal. (A!. A.), as pooled across several references
[23,24,27–29,35,49,50,55,71,77,149–151,155–163]. We note that the table is primarily a schematic re-
presentation of an integrative neural reference space for arousal. Fig. 1 provides a graph representation of
the above set of regions to illustrate how nodes may form functional networks that give rise to di!erent
varieties of arousal. Much work remains to be done to determine the precise role of many of these nodes
across varieties of arousal. *For example, the amygdala is involved in sleep (REM sleep atonia), yet not
strictly in promoting and maintaining wakefulness.
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prototypical emotional episodes typically fall. Modified from Feldman Barrett and Russell (1998). Copyright
1998 by the American Psychological Association.

1984; Storm & Storm. 1987). Typically, the supcrordinate cate-
gory emotion is subdivided into fear, anger, and so on. These
middle-level categories, in turn, arc further subdivided, such as
fear into terror, anxiety, panic, and so on; anger into annoyance,
fury, indignation, and so on.

There arc several problems with this approach. Because the
hierarchy consists of discrete categories, it poorly represents such
continua as pleasure and activation. Thus, a hierarchy comple-
ments rather than competes with a dimensional structure. More
important, emotions do not form the usual strict class-inclusion
hierarchy. (The following is an example of a strict hierarchy: A
square is a type of quadrilateral, which is a type of plane geometric
figure.) Instead, the emotion hierarchy is fuzzy (Russell & Fehr,
1994). Subordinate categories are not proper subsets of the next
higher level (not every case of indignation is a case of anger or of
emotion). Categories at one level are not mutually exclusive.
Indeed, the levels themselves are fuzzy: The emotion hierarchy
cannot be neatly divided into quantum levels (superordinate, mid-
dle, and subordinate), but, rather, categories vary quantitatively in
degree of breadth.

A Proposal and Prognosis for Further Development

The search for a small number of basic emotions will continue,
especially based on advances in neuroscience. However, for many
purposes, we suggest a structure that does not reduce emotions to
some small number of basic ones. Our proposal is to combine the
dimensional structure with a fuzzy hierarchy. The fuzzy hierarchy
is a vertical organization, capturing differences in breadth of each
category. Middle-level categories can also be organized horizon-
tally by the circumplex and the dimensions it contains. The com-

bined fu/.zy hierarchy-circumplex structure is an explicit repre-
sentation of the structure implicit in human judgments about
emotion.

One neglected question is just how suited any discrete category
system ultimately is for scientific work on emotion. Over a century
ago. James (1884) noted the variety of emotion categories and
despaired of further progress in a purely descriptive taxonomy. He
proposed instead a focus on causal mechanisms, and we echo his
advice. Not all of the properties of our current category system per
sc arc desirable from a scientific point of view. Vague boundaries,
an unspecified number of overlapping categories, and ill-defined
concepts limit the precision and rigor aimed at in science. To be
sure, the events themselves are extremely important, and we need
further progress in understanding how to describe and assess them
in a scientifically useful manner. We offer the circumplex-fuzzy
hierarchy as a useful tool for now but hope to move beyond it.

One needed step in moving beyond is to consider each of the
subevents that together make up a prototypical emotional episode
(antecedent, appraisal, attribution, core affect, cognitive process-
ing, behavior, and all the neural and chemical processes involved).
In this article, we consider core affect.

Structure of Core Affect

Core affective feelings and their neurophysiological substrate
are two sides of the same coin. Here we focus on the subjective
feeling side, at the level of how people experience core affect and
report that experience. We believe that psychology must include
these consciously accessible feelings, and we believe that a heu-
ristic descriptive structure results from this level of analysis. In-
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longitudinal location along the hippocampus for either encoding
[median duration 2.52 vs. 2.59 s, respectively; z(131) = 0.16, P >
0.2, rank sum test] or retrieval [median duration 3.38 vs. 3.26 s,
respectively; z(136) = !0.72, P > 0.2, rank sum test] time cells (SI
Appendix, Fig. S5). Time field onset time also did not differ be-
tween anterior and posterior time cells [encoding: z(52) = !1.06,
P > 0.2; retrieval: z(46) = !0.11, P > 0.2, rank sum test] (SI Ap-
pendix, Fig. S5).
Further, we did not observe significant differences in time cell

behavior based on hippocampal vs. entorhinal recording loca-
tion. Of the 123 total time cells, we localized 103 to the hippo-
campus and 20 to the entorhinal cortex. The ensemble activity of
both populations represented time across the duration of the
behavioral period (Fig. 4 C and D). Location did not significantly
affect either the duration of the time field [z(349) = !1.06, P >
0.2] (SI Appendix, Fig. S3G) or the onset of the time fields
[z(129) = 1.08, P > 0.2] (SI Appendix, Fig. S3H).

The Entorhinal Cortex Is Enriched in Neurons That Demonstrate
Ramping Activity across Multiple Timescales. We asked whether
ramping cells can also be found in the human MTL. These cells
exhibit spiking activity that increases or decreases across the
duration of a temporal epoch (11, 27, 28). Following the meth-
odology established by Tsao et al. (11), we built a generalized
linear model for each cell (Materials and Methods). We included
10 predictor variables in the model (SI Appendix, Fig. S6). Two
were related to time: session time, which continuously tracked
absolute elapsed time since the first second of the experimental
recording session (longer context duration), and epoch time,
which tracked the absolute elapsed time within a given behav-
ioral epoch such as a single encoding list (shorter context dura-
tion). We additionally included covariates such as word onset,
recall success, list onset, and vocalization, along with a categor-
ical predictor variable indicating whether the subject was in the
encoding or retrieval period of the task (SI Appendix).
Relative to the hippocampus, we found entorhinal cortex

neurons more frequently responded to the temporal predictors
of the model (Fig. 5 and SI Appendix, Fig. S6B). The difference
in ramping cell proportion between MTL regions was significant

for all ramping cells collectively [25/51 in the entorhinal cortex
vs. 158/458 in the hippocampus, !2(1) = 4.2, P = 0.040] as well as
for those that specifically tracked session time [21/51 vs. 124/458,
!2(1) = 4.5, P = 0.034] and epoch time [13/51 vs. 56/458, !2(1) =
6.9, P = 0.0087]. However, the regions did not significantly differ
for any other predictor (Fig. 5B). This finding is consistent with
the known properties of ramping cells in rodents, where this
phenomenon is localized to the LEC (11). Ramping MTL neu-
rons exhibited a wide range of time constants (SI Appendix, Fig.
S6D) and displayed both “up” ramping and “down” ramping
(Fig. 5A). Of the 145 cells demonstrating ramping across the
session (longer timescale), 67 exhibited up ramping, and 78
exhibited down ramping. Of the 69 cells demonstrating ramping
within behavioral epochs (the encoding or retrieval period of a
single item list), 18 exhibited up ramping, and 51 exhibited down
ramping. Results of a control analysis in which ramping cells
were identified after splitting the data are shown in SI Appendix,
Table S5.

Time Cells Exhibit Theta-Phase Precession during Item Encoding.
Given previous findings (1), we hypothesized that time cells
may exhibit phase precession, although this properly has not
been demonstrated in human place cells (or time cells) to date.
We employed an established circular–linear method for mea-
suring phase precession (29), a method well-suited to analyze
precession with lower spike counts (29, 30). We focused on the
firing of time cells within their preferred time fields. For time
cells with multiple time fields, we defined the preferred time field
as the one with the highest peak firing rate. We measured the
theta-phase angle for all spike events in a time cell’s preferred
time field. We evaluated precession within the 2- to 10-Hz range,
encompassing frequencies that exhibit mnemonically relevant
properties in humans such as phase locking, phase reset, and
power increases during successful memory encoding (31–33).
Twenty-four encoding time cells demonstrated significant

phase precession, which we identified by measuring a significant
correlation between time and phase at one or more of these
frequencies (P = 0.0067, binomial test, corrected for multiple
comparisons with Q = 0.2) (Fig. 6 A and C). These counts
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significantly exceeded that expected based on shuffle controls
(time and phase shuffling, P = 0.001 and 0.004, respectively). We
tested for significant phase precession across the entire pop-
ulation of encoding time cells by comparing the distribution of
correlation coefficients from circular–linear regression against a
shuffle distribution, revealing significant precession overall (P =
0.026) (SI Appendix, Fig. S7C). Similar to theta precession de-
scribed in rodents for place cells (34), peak firing within the time
field occurred near the trough of the theta cycle (95% CI for
phase in the central 25% of the time field: 110° to 197°, z = 4.03,
P = 0.017, Rayleigh test) (Fig. 6B). These encoding time cells
had a mean precession rate of !69 ± 45°/s and median corre-
lation coefficient of !0.30 between phase and time. Consistent
with expectations from rodent findings (10), we detected signif-
icant theta local field potential (LFP) power increases during the

time fields of precessing cells relative to behavioral periods
outside of their time fields [t(41) = 2.86, P = 0.0067].
In a convergent analytical approach, we also tested for sig-

nificant precession across all encoding time cells using a separate
published method (35). We observed an association between the
firing rate of all encoding time cells and the phases of their
spikes (r = !0.59, P = 0.040, one-sided Spearman rank correla-
tion, P = 0.0093, nonparametric circular ANOVA) (Fig. 6D). We
found that as cell firing rate increased, spike phase precessed to
earlier phases of the theta cycle. Further, as in rodents (35), as
encoding time cell firing rate began to decelerate from local
maxima, phase precession continued (r = 0.89, P < 0.001, one-
sided Spearman rank correlation) (Fig. 6F). Consequently, as
time cells entered time periods of sustained elevations in firing
rate (such as the beginning of their time field), they fired at
consistently later theta phases than when exiting periods of
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Fig. 5. The entorhinal cortex is enriched in cells that track time at multiple timescales simultaneously. (A) Three examples of ramping cells. The actual and
model-predicted firing rates for each cell are superimposed. Data are from encoding (purple bars under axes) and retrieval periods (blue bars under axes). The
model R2 and added predictors are displayed to the top right of each cell’s firing rate curve. (B) Comparison of the fraction of hippocampal and entorhinal
cells’ firing rate predicted by each variable. (C) Histogram of the model R2 values for hippocampal (light green) and entorhinal (dark green) populations. n.s.,
not significant. *P < 0.05; **P < 0.01.
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Another Simplistic Diagram of Emotion
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