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Viewpoints
Pavlovian Fear Conditioning Is More than You Think It Is

Michael A. McDannald
Boston College, Department of Psychology & Neuroscience, Chestnut Hill, Massachusetts 02467

A common neuroscience application of Pavlovian fear conditioning is to manipulate neuron-type activity, pair a cue with
foot shock, then measure cue-elicited freezing in a novel context. If the manipulation reduces freezing, the neuron type is
implicated in Pavlovian fear conditioning. This application reduces Pavlovian fear conditioning to a single concept. In this
Viewpoint, I describe experiments supporting the view that Pavlovian fear conditioning refers to three distinct concepts: pro-
cedure, process, and behavior. An experimenter controls procedure, observes behavior, but infers process. Distinguishing
these concepts is essential because: (1) a shock-paired cue can engage numerous processes and behaviors; (2) experimenter
decisions about procedure influence the processes engaged and behaviors elicited; and (3) many processes are latent, imbuing
the cue with properties that only manifest outside of the original conditioning setting. This means we could understand the
complete neural basis of freezing, yet know little about the neural basis of fear. Neuroscientists can choose to use a variety of
procedures to study a diversity of processes and behaviors. Manipulating neuron-type activity in multiple procedures can
reveal specific, general, or complex neuron-type contributions to cue-elicited processes and behaviors. The results will be a
broader and more detailed neural basis of fear with greater relevance to the spectrum of symptoms defining anxiety and

stressor-related disorders.

Introduction

When a neuroscientist thinks about Pavlovian fear conditioning,
the following scenario comes to mind. A mouse is placed in
a chamber with a grid floor underfoot. An auditory cue can be
played from an overhead speaker. Foot shock can be delivered
through the floor. Playing the cue initially produces little change
in overt behavior. The experimenter pairs the two events by play-
ing the cue, then delivering a strong foot shock. After this pair-
ing, the cue will elicit overt behavior, such as freezing (Blanchard
and Blanchard, 1969; Bolles and Collier, 1976). Observing cue-
elicited behavior serves as evidence a cue-shock association was
formed.

A common neuroscience application of Pavlovian fear condi-
tioning is to manipulate the activity of a neuron type, pair a cue
with shock, then measure cue-elicited freezing. If the manipulation
reduces freezing, the neuron type is ascribed a role in Pavlovian
fear conditioning. A prominent example is that manipulating the
activity of BLA neurons reduces cue-elicited freezing (LeDoux et
al., 1988; Helmstetter, 1992; Maren, 1999; Goosens and Maren,
2001; H. J. Lee et al., 2001; Nader et al., 2001; Choi and Brown,
2003; Gale et al., 2004; Koo et al., 2004; Anglada-Figueroa
and Quirk, 2005; J. L. Lee et al., 2005; Petrovich et al., 2009;
McDannald, 2010; Liu et al., 2022; Williams-Spooner et al.,
2022). Observing reduced cue-elicited freezing is central to
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the historical claim that the amygdala is the site of plasticity
for Pavlovian fear conditioning (Fanselow and LeDoux,
1999), as well as to modern claims that the amygdala is a hub
for fear learning and expression (Ressler et al., 2022).

I find common neuroscience thinking about Pavlovian fear
conditioning to be fuzzy and oversimplistic. Think again about
the scenario above. What does Pavlovian fear conditioning refer
to? Is it the experimenter-arranged pairing of cue and shock? Is
it the display of cue-elicited behavior? Or is it a process engaged
within the mouse? From an associative learning theory perspective,
the answer can be all three. Pavlovian fear conditioning can be con-
ceptualized as a procedure, a process, or a behavioral outcome
(Rescorla, 1980; Dickinson, 1981). This means that Pavlovian
fear conditioning (procedure) can engage Pavlovian fear con-
ditioning (process) to produce Pavlovian fear conditioning
(behavioral outcome) (paraphrased from Peter C. Holland).
Fuzzy thinking blurs these three concepts, while oversimplis-
tic thinking reduces Pavlovian fear conditioning to a single
concept.

If Pavlovian fear conditioning consisted of a single procedure
that engaged a single process to produce a single behavioral out-
come (Fig. 1A), then distinctions between these three concepts
would be meaningless. Here I discuss experimental findings
showing that these distinctions are not only meaningful but are
essential to uncovering a complete brain basis for fear. The im-
portant points are: (1) a shock-paired cue can engage dissoci-
able behaviors and processes; (2) experimenter decisions about
procedure influence the behaviors and processes engaged; and
(3) many processes are latent, unnecessary for overt behavior but
imbuing a cue with properties that only manifest outside of the
original conditioning setting (Fig. 1B). Fear is a collection of
processes and behaviors. This means that neuroscientists could
describe the complete brain basis for a single behavior, such as
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Figure 1. Procedure, process, and behavior in Pavlovian fear conditioning. 4, Schematic of

Pavlovian fear conditioning in which a single procedure (gray) engages a single internal pro-
cess (white), to elicit a single behavioral outcome (freezing, red). B, Schematic of Pavlovian
fear conditioning in which different procedures (black vs gray), engage unique and overlap-
ping processes (abstract patterns), to elicit (triangles) or inhibit (circles) a suite of behaviors
(red represents freezing; cyan represents reward seeking; green represents running).

freezing, but still know little about the brain basis of fear. We will
only reveal a complete brain basis for fear by combining increas-
ingly sophisticated neuroscience tools (Jung et al., 2023; Massi et
al., 2023) with sophisticated thinking about procedure, process,
and behavioral outcome in Pavlovian conditioning (Rescorla, 1988;
Holland, 1990).

Pavlovian fear conditioning as procedure

Pavlovian fear conditioning as procedure refers to the experi-
menter-arranged relationship between events. A common arrange-
ment consists of an auditory cue preceding foot shock. A procedure
is Pavlovian, as opposed to instrumental, when the subject’s behav-
ior has no impact on the event-event relationship. The cue will be
played, and the shock will be delivered no matter what the subject
does. A longstanding goal of learning theorists is to describe
event-event relationships that support conditioning (Rescorla
and Wagner, 1972; Pearce and Hall, 1980; Esber and Haselgrove,
2011). Although the goal is to identify principles that apply to
many behavioral settings, foundational experiments have used
foot shock as one of the events (Estes and Skinner, 1941). The
results of these experiments make clear that conditioning does
not occur anytime a cue is followed by foot shock. Pavlovian fear
conditioning as procedure is about contingent, event-event rela-
tionships (Rescorla, 1968; Kamin, 1969), and is constrained by
behavioral relevance (Garcia and Koelling, 1966), belongingness,
and relative validity (Colwill et al., 2022).
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Demonstrating the importance of contiguity, Mowrer and
Aiken (1954) arranged for different groups of rats to receive dif-
ferent temporal relationships between a flashing light and foot
shock: Group I, light preceded shock (forward pairing); Group
I1, light was concurrent with shock onset; Group III, light was
concurrent with shock termination; and Group IV, light fol-
lowed shock termination (backward pairing). When tested,
light responding systematically differed between groups (I >
IT > III > IV). The forward-paired Group I showed the great-
est evidence of a light-shock association, while the backward-
paired Group IV showed little evidence (Mowrer and Aiken,
1954). The authors concluded that Pavlovian fear condition-
ing, as procedure, occurs when a cue precedes and is contigu-
ous with foot shock.

Rescorla (1968) hypothesized that conditioning depends not
just on the number of times a cue is paired with shock (contigu-
ity), but also on the likelihood of shock delivery outside of cue
presentation (contingency). Conditioning should occur when
shock delivery is more likely during a cue’s presence than during
a cue’s absence. To demonstrate the necessity of contingency,
Rescorla (1968) systematically manipulated the probability of
foot shock in the presence and absence of a tone. Many groups
of rats were tested, but the key finding can be summarized by
comparing two groups. Groups I and II were given identical,
contiguous tone-shock relationships: the probability that shock
would follow tone was 0.4. Groups I and II were given different
contingent relationships. The probability of receiving foot shock
in the absence of tone was 0.0 for Group I, but 0.4 for Group
II. If conditioning was based on contiguity, both groups
should form a tone-shock association. If conditioning was
based on contingency, only Group I should form a tone-
shock association. Group I, but not Group II, showed robust
evidence of a tone-shock association. Pavlovian fear condi-
tioning, as procedure, occurs when shock delivery is contin-
gent on cue presentation.

Demonstrating a requirement of behavioral relevance, Garcia
and Koelling (1966) paired tasty water (flavored) or bright/noisy
water (delivery coincided with light illumination and clicker pre-
sentation) with foot shock. Despite pairing, rats receiving tasty
water showed no evidence of a taste-shock association. By con-
trast, rats receiving bright/noisy water showed strong evidence of
a light/clicker-shock association (Garcia and Koelling, 1966).
The same results were obtained in experiments that mini-
mized instrumental confounds associated with voluntary
drinking (Domjan and Wilson, 1972). Sights and sounds are
more relevant to external threats than are tastes. Therefore,
conditioning with shock outcome is more readily obtained
with procedures using external cues. Similarly, belongingness
(Hamm et al., 1989) and relatively validity (Le Pelley et al,
2014) effects are observed in people. Not all stimuli are equally
effective in supporting cue-shock associations.

Pavlovian fear conditioning as behavioral outcome
Pavlovian fear conditioning as behavioral outcome refers to a
subject’s measurable response to a shock-paired cue. From the
experimenter’s viewpoint, the difference between procedure and
behavioral outcome could not be starker. An experimenter is
controlling the event-event relationships with procedure but is
observing the subject’s response to those events with behavioral
outcome.

It was recognized early in the neuroscience of fear that a
shock-paired cue elicits a collection of overt behaviors and auto-
nomic responses in rats (Davis, 1992). This includes the ability to



McDannald e Pavlovian Fear Conditioning

elicit or alter: freezing (Blanchard and Blanchard, 1969; Bolles
and Collier, 1976), suppression of reward seeking (Estes and
Skinner, 1941), heart rate (Kapp et al., 1979), body temperature
(Godsil et al., 2000), blood pressure (LeDoux et al., 1988), defeca-
tion (Seligman et al, 1971; Mikulka et al., 1972), micturition
(Antoniadis and McDonald, 1999), piloerection (Moore, 1956),
and hyperventilation (Kappauf and Schlosberg, 1937). A shock-
paired cue can also elicit jumping (Chu et al., 2022), running/
locomotion/darting (Bolles and Collier, 1976; Gruene et al,
2015; Totty et al,, 2021; Chu et al., 2022; Mitchell et al., 2022),
and rearing (Holland, 1979; Chu et al,, 2022). Most of these
observations predate the neuroscientific study of Pavlovian fear
conditioning,

The diversity of behavioral outcomes observed to a shock-
paired cue may not be obvious to students new to the neuro-
science of fear because freezing dominates. A PubMed literature
search for fear and each of the 13 behavioral outcomes listed
above, spanning the last 10 years, returned more results for freez-
ing (630) than for the other 12 behaviors combined (298; Fig. 2).
Freezing as a behavioral outcome of Pavlovian fear conditioning
is so ubiquitous, it is easy to think fear and “freezing” are inter-
changeable terms.

Experimenter decisions about procedure influence
behavioral outcome

Freezing is not the inevitable behavioral outcome of a Pavlovian
fear conditioning procedure. Decisions made by experimenters
influence the behaviors demonstrated to a shock-paired cue.
Freezing is ubiquitous because neuroscientists make procedural
decisions that bias behavior toward freezing. Two of the earliest
experiments to quantify behavior during a Pavlovian fear condition-
ing procedure illustrate this point. Both studies varied experimental
factors and measured freezing as well as an opposing behavior: ac-
tivity (Bolles and Collier, 1976) or rearing (Holland, 1979).

Bolles and Collier (1976) performed one of the first experi-
ments on the ability of shock-predictive cues to direct behavior.
A long box and a short box were used as “cues.” During condi-
tioning, half of the rats received foot shock in the long box, and
half in the short box. Half of the rats in each group were tested in
the long box, and half in the short box. The most-cited finding is
that rats trained and tested in the short box freeze, accounting
for ~64% of observed behavior. Less cited is that rats trained
and tested in the long box freeze (~37% of behavior) and
increase activity (~40% of behavior). Even more, rats trained in
the short box and tested in the long box exclusively increase ac-
tivity (~71% of behavior). Bolles and Collier (1976) concluded
that the geometry of the long box seemed to “invite” running,
outcompeting freezing.

Contemporary to Bolles and Collier (1976), Holland (1979)
was demonstrating that appetitive Pavlovian cue-elicited behav-
iors can be CS-driven or US-driven. For example, a visual cue
paired with food will elicit rearing (standing up on hind legs, CS-
driven) and will also elicit food cup behavior (going to the site of
food delivery, US-driven) (Holland, 1977). Holland (1979) asked
whether shock intensity can bias the competition between CS-
driven and US-driven behaviors. For the most pertinent finding,
four separate groups of rats had a visual cue paired with unique
foot shock intensities, ranging from low to high (in mA): 0.1,
0.25, 0.35, or 0.5. Rearing (CS-driven behavior) and freezing (US-
driven behavior) to the shock-paired, visual cue were measured
over six sessions. The lowest foot shock intensity supported nei-
ther light-elicited rearing nor freezing. The highest foot shock in-
tensity supported only freezing (~83% of cue-elicited behavior).
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Figure 2.  PubMed search for behavioral outcomes in neuroscience-publishing journals in the
last decade. A PubMed search was performed on July 14, 2023 for 13 behavioral outcomes
(listed on x axis). The search terms were the behavioral outcome (any field) and fear (title/
abstract). The search was restricted to the last 10 years and to 27 behavioral-neuroscience pub-
lishing journals: Behavioral Neuroscience, Behavioural Brain Research, Biological Psychiatry, Cell,
Cell Reports, Communications Biology, Current Biology, elife, eNeuro, European Journal of
Neuroscience, Frontiers in Behavioral Neuroscience, Journal of Neuroscience, Learning & Memory,
Molecular Psychiatry, Nature, Nature Communications, Nature Neuroscience, Neurobiology of
Learning and Memory, Neuron, Neurapharmacology, Neuropsychopharmacology, Neuroscience,
Physiology & Behavior, Psychopharmacology, Science, Science Advances, and Translational
Psychiatry. The number of search results is reported for each behavioral outcome (y axis). The
specific number of results is indicated for behavioral outcomes retuming <<100.

An intermediate foot shock intensity supported freezing (~21%
of behavior) but a greater amount of rearing (~29%). Rearing to
a shock-paired visual cue is masked by freezing at high shock
intensities. As for why rearing is observed, there are several possi-
bilities. Rearing may reflect vigilance (Dielenberg et al., 2001), a
component of an escape response (Cain and LeDoux, 2007),
attention for purposes of learning, or attention for purposes of
acting (Gallagher and Holland, 1994).

Flash forward to the present. Neuroscientists commonly use a
short (cubical) box, auditory cue, and intense foot shock. These
procedural choices bias cue-elicited behavior toward freezing.
One can imagine an alternate universe in which common proce-
dural choices include a long box, visual cue, and intermediate
foot shock intensity. These procedural choices would bias behav-
ior toward running and rearing. In this alternate universe, neuro-
scientists may think of fear and running as interchangeable
terms. Neither the common choices made in our universe nor
the alternate universe are wrong. Instead, common procedural
choices invite narrow thinking that equates fear to a small subset
of behaviors elicited by a shock-paired cue.

Pavlovian fear conditioning as process
Pavlovian fear conditioning as process refers to a change within
the subject as the result of cue-shock pairings. A process can also
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be thought of as an acquired cue property. Of the three concepts,
process is the most difficult to study because it cannot be con-
trolled by the experimenter, nor can it be directly observed. The
existence of a process must be inferred. If a neutral cue cannot
elicit freezing, then after shock pairings will elicit robust freezing,
I infer something has changed within the subject. This internal
change can persist for a long time. Rats given cue-shock pairings,
then tested over a year later, show marked cue-elicited freezing
(Gale et al.,, 2004). If processes only served to elicit behavior,
then distinguishing process from behavioral outcome might not
be meaningful. Pavlovian fear conditioning as process is mean-
ingful because a shock-paired cue can engage latent processes.
Latent processes are not obvious during cue-elicited respond-
ing but are revealed by testing the cue in a new setting or by
postconditioning manipulations. Further, a shock-paired cue
can engage a variety of processes, imbuing the cue with a vari-
ety of properties.

Second-order conditioning can reveal the ability of a shock-
paired cue to support new learning. In this procedure, subjects
are first given pairings of light and foot shock (light — shock,
called first-order conditioning). When responding to the light is
tested, subjects will suppress reward seeking (McDannald, 2010)
and freeze (Holland, 1979). Neither suppression of reward seek-
ing nor freezing requires the shock-paired light to engage a pro-
cess to support new learning (similar to foot shock in first-order
conditioning). To test for the existence of such a process, a sec-
ond-order relationship is arranged in which a novel tone is
paired with light (tone — light). Critically, no foot shock is pre-
sented during second-order pairings. This means that any
responding to the tone must be because of some association
between that stimulus and either a representation of its past asso-
ciate (i.e., the shock) and/or the light-elicited responses (e.g.,
freezing, running, or other). A final test reveals the tone has
acquired the ability to suppress reward seeking (Davenport,
1966; Kamil, 1968; Rizley and Rescorla, 1972) and elicit freezing
(Nader and LeDoux, 1999; McDannald and Galarce, 2011),
behaviors similar to those elicited by the first-order light. Testing
the light in a new setting revealed its ability to support learning,
similar in some ways to the learning supported by foot shock.

Conditioned punishment reveals the ability of a shock-paired
cue to serve as an instrumental punisher. In a standard punish-
ment procedure, two actions are available. Both actions lead to
reward, but one action also leads to foot shock. Subjects reduce
responding to the action leading to foot shock, biasing responding
to the action leading to only reward. In conditioned punishment,
subjects first receive tone-shock pairings. Next, subjects are placed
in a new setting in which two actions are available. Both actions
lead to reward, but one action also leads to the tone. No foot
shocks are presented during these sessions. Demonstrating condi-
tioned punishment, subjects will reduce responding to the action
leading to the shock-paired tone (Hake and Azrin, 1965). Testing
the tone in a new, operant setting revealed its ability to support
punishment.

A shock-paired cue can contain information about intensity
(Rescorla, 1974) and number (Dickinson et al., 1976). This infor-
mation can only be revealed through postconditioning manipu-
lations. Revealing intensity information, Rescorla (1974) gave
rats pairing of a tone followed by an intermediate foot shock in-
tensity. Next, half of the rats received an inflated foot shock (lon-
ger and more intense). Control rats received the same foot shock
as during conditioning. During a test session in which the tone
was presented alone, rats receiving the inflated shock increased
tone responding relative to controls (Rescorla, 1974). Thus,
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during initial tone-shock pairings, rats had formed an intensity
prediction. When intensity was subsequently increased, rats were
able to integrate new intensity information with the original pre-
diction to increase tone responding.

Revealing number information, Dickinson et al. (1976) had
control rats undergo a blocking procedure in which a tone was
first paired with foot shock (tone — shock). Next, a tone/light
compound was paired with the same foot shock (tone/light —
shock), a procedure that normally “blocks” conditioning to the
added light (Kamin, 1969). An experimental group also received
initial tone-shock pairings, but during the compound phase
received additional foot shocks (tone/light — shock — shock).
Increasing the number of shocks resulted in “unblocking”: learn-
ing to the added light (Dickinson et al., 1976). Although theoreti-
cal accounts vary (Pearce and Hall, 1980), one explanation is that
a prediction of foot shock number was formed during initial
tone-shock pairings. Violating this number prediction during
the blocking phase permitted new learning to the added light
(Rescorla and Wagner, 1972).

A shock-paired cue will enhance avoidance. Avoidance is an
instrumental procedure in which a foot shock will be delivered
unless the subject performs a response to prevent it. Avoidance
is unsignaled when there is no explicit cue instructing when the
response must be performed. Rescorla and LoLordo (1965) first
trained subjects to jump over a barrier to prevent foot shock
delivery. After avoidance responding was established, subjects
separately received pairings of tone and foot shock. The critical
test came when subjects were returned to the avoidance setting
and the tone presented. Tone presentation increased barrier
jumping behavior, enhancing avoidance (Rescorla and LoLordo,
1965). A shock-paired cue can also act as a surrogate for a signal
instructing avoidance (Overmier and Leaf, 1965). The ability of a
shock-paired cue to enhance avoidance is even more striking
considering that presenting the same cue in a neutral setting can
elicit freezing (McCue et al., 2014).

A shock-paired cue will potentiate startle (Brown et al., 1951;
Davis et al.,, 1993). In a basic demonstration, a light is paired
with foot shock. Rather than testing overt behavioral responding
to the light, the critical test comes when the light is precisely illu-
minated before a startle stimulus. Startle is enhanced by the light,
compared with presentations of the startle stimulus alone and
numerous control conditions (Davis et al., 1989). Pairing
with shock imbued the light with a new property, the ability
to enhance startle.

A shock-paired cue can engage dissociable behaviors and
processes

In theory, a shock-paired cue could engage a single process that
is responsible for the total properties acquired, and the complete
spectrum of behaviors elicited. If this were the case, then brain
manipulations that disrupt one process/behavioral outcome
should disrupt all processes and behavioral outcomes. In support
of a single process, LeDoux et al. (1990) gave rats sham or neuro-
toxic lesions of the lateral amygdala, gave tone-shock pairings,
and measured multiple behavioral outcomes. During test,
sham rats froze, increased arterial blood pressure, and sup-
pressed drinking during the shock-paired tone. Neurotoxic
lesions of the lateral amygdala diminished all three behavioral
outcomes (LeDoux et al., 1990). Similarly, H. J. Lee et al.
(2001) found that pairing a tone with shock, then antagoniz-
ing NMDA receptors during an extinction test, reduced cue-
elicited freezing, ultra-sonic vocalizations, and defecation.
Both results support the interpretation that a single, BLA-
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dependent process is responsible for a suite of cue-elicited
behaviors.

Deviating from procedures commonly used by neuroscient-
ists can reveal dissociable behaviors and processes. Petrovich et
al. (2009) gave rats sham or neurotoxic lesions of the BLA.
Following recovery, rats were food-restricted, then given alter-
nating sessions in appetitive and aversive contexts. In the appeti-
tive context, rats freely ate food. In the aversive context, half of
the rats in each surgical group had tone paired with shock. The
remaining half of each group had tone and shock unpaired.
Testing took place in the appetitive context where food was freely
available, and tones were intermittently played. Time spent freez-
ing and grams of food eaten were measured. Sham paired rats
froze and suppressed eating during tone presentation, while
Sham unpaired rats did not freeze and readily ate. Basolateral
paired rats failed to freeze during tone presentation but neverthe-
less suppressed eating (Petrovich et al., 2009).

There are several possible interpretations for these results.
Fear could be a single process engaged at different levels, with
high fear eliciting freezing and suppressing eating, but low fear
only suppressing eating. I favor the interpretation that the shock-
paired tone engaged two processes: a basolateral-dependent pro-
cess for freezing and a basolateral-independent process for sup-
pression of eating. Indeed, high fear could be the result of
engaging several processes at once, but low fear the result of
engaging a single process.

McDannald and Galarce (2011) gave rats sham or neuro-
toxic lesions of the BLA. A visual CS™ was paired with foot
shock, while a visual CS™ was unpaired. Pairings took place
over a baseline of rewarded lever pressing. The experimen-
tal design permitted conditioned freezing and conditioned
suppression (reductions in rewarded lever pressing during
cue presentation) to be concurrently measured. Sham rats
acquired CS™ freezing and suppression, and showed dis-
criminative CS™/CS™ freezing and suppression. BLA lesions
impaired CS"* freezing and abolished discriminative CS™/
CS™ freezing. However, these same lesioned rats acquired
CS™ suppression, and demonstrated discriminative CS*/CS”
suppression (McDannald and Galarce, 2011). The results
could reflect different levels of fear differentially affecting
freezing and suppression of reward seeking (as for Petrovich
et al., 2009). However, the results are consistent with the
interpretation that the shock-paired visual cue engaged two
processes. A basolateral-dependent process engaged freezing,
and a more basolateral-independent process suppressed reward
seeking. The results of McDannald and Galarce (2011) are con-
sistent with prior work showing a dissociable contribution of
the BLA to conditioned freezing and conditioned suppression
with extended training (J. L. Lee et al., 2005), and intact condi-
tioned suppression in rats with BLA lesions undergoing a dual
conditioned suppression/conditioned punishment procedure
(Killcross et al., 1997).

Studies that measure multiple behavior outcomes, or assess an
additional acquired cue property, often find dissociable contribu-
tions of a brain region. Lateral hypothalamus lesions that diminish
a conditioned arterial pressure response leave conditioned freezing
intact (Iwata et al., 1986; LeDoux et al., 1988). Periaqueductal gray
lesions that abolish conditioned freezing leave a conditioned arte-
rial pressure response intact (LeDoux et al., 1988). Ventrolateral
periaqueductal gray lesions (Amorapanth et al., 1999; McDannald,
2010) or central amygdala lesions (McDannald, 2010) that abolish
conditioned freezing leave conditioned suppression intact. BLA
lesions that disrupt the acquisition of freezing leave US-inflation
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intact (Rabinak and Maren, 2008; Rabinak et al., 2009). Medial
amygdala lesions that abolish cue-potentiated avoidance leave
cued freezing intact (McCue et al., 2014).

Using the Killcross et al. (1997) procedure to assess condi-
tioned punishment and conditioned suppression in large cohorts
of rats (Jean-Richard-dit-Bressel et al., 2019) and healthy people
(Jean-Richard-dit-Bressel et al., 2021) reveals differing sensitivity
distributions. Rats and people show unimodal distribution of
conditioned suppression sensitivity: all subjects are sensitive.
These same subjects show a bimodal distribution of conditioned
punishment sensitivity: a subset of subjects are insensitive to
punishment. Further distinguishing the two processes, medial
orbitofrontal cortex lesions that impair conditioned punishment
leave conditioned suppression intact (Ma et al., 2020).

Although a minority of studies are designed to reveal disso-
ciative contributions of a brain region to cue-elicited behaviors
and processes, dissociations abound. As a field, we are very far
from a complete picture of the independent and overlapping
neural mechanisms underlying the total processes and behaviors
elicited by a shock-paired cue. Nevertheless, these studies work
toward that complete picture, and demonstrate that progress will
only be made by assessing neuron-type contributions to a variety
of processes and behaviors.

Implications for the neurobiology of fear

Let’s return to the Introduction scenario in which a mouse
receives pairings of tone and strong shock. While receiving pair-
ings, experimental mice have “Alpha” neuron types within a
defined brain region chemogenetically inhibited (Armbruster et
al., 2007). Control mice have Alpha neurons left intact. Presenting
the tone in a novel context elicits freezing in control mice, but not
in chemogenetically inhibited mice. The experimenters then dem-
onstrate that chemogenetic inhibition does not disrupt the behav-
ioral capacity to freeze. Historically, these results would lead to the
conclusion that Alpha neurons are necessary for Pavlovian fear
conditioning (Fig. 3A).

Viewing Pavlovian fear conditioning through separate lenses
of procedure, process, and behavioral outcome leads to a differ-
ent conclusion. By abolishing cue-elicited freezing, but leaving
intact the behavioral capacity to freeze, the results demonstrate
that Alpha neurons are critical for a shock-paired cue to engage a
process that elicits freezing. Absent additional observations or
experiments, further conclusions cannot be made. Certainly, we
cannot claim that Alpha neurons are necessary for Pavlovian fear
conditioning. Why not? Disrupting Alpha neuron firing may
leave intact cue-elicited processes that engage other behaviors,
such as suppressing reward seeking or running. Further, latent
processes engaged by the shock-paired cue may also be intact,
such as the ability to promote avoidance or to serve as a condi-
tioned punisher (Fig. 3B). A similar conclusion would be reached
if chemogenetic inhibition disrupted cue-elicited running (but
left intact the behavioral capacity to run). Mice that fail to run
during a shock-paired cue may nevertheless freeze or suppress
reward seeking, and latent processes may also be intact (Fig. 3C).

Now think about a scenario in which you pair a tone with
strong shock (as above) while chemogenetically inhibiting “Beta”
neuron types in a separate brain region. Presenting the tone in
the novel context elicits freezing in control and chemogenetically
inhibited mice, with no group differences observed. Surely, you
can conclude that Beta neurons are not necessary for Pavlovian
fear conditioning!? Again, I would argue no. The results demon-
strate that Beta neurons are not necessary for a shock-paired cue
to engage a process that elicits freezing. Despite this, Beta neurons
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Figure 3.  Interpreting effects of neuron-type manipulation with procedure, process, and behav-
ior. A, Equating procedure, process, and behavior can result in claims that Pavlovian fear conditioning
failed to occur when a neuron-type manipulation abolishes a conditioned behavior (red represents
freezing). B, Schematic of Pavlovian fear conditioning in which different procedures (black vs gray),
engage unique and overlapping processes (abstract pattems), to elicit (triangles) or inhibit (circles) a
suite of behaviors (red represents freezing; cyan represents reward seeking; green represents
running) as well as latent processes manifesting outside of the original conditioning setting. A neu-
ron-type manipulation that disrupts the process eliciting freezing may leave other processes and be-
havioral outcomes intact. , Schematic same as in B. A neuron-type manipulation that disrupts the
process eliciting running may leave other processes and behavioral outcomes intact.
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may be necessary for processes that engage other cue-elicited
behaviors or may be critical to engage latent processes observed
outside of the original conditioning setting.

Progress toward revealing a complete and detailed neural ba-
sis for fear will come through linking neuron types, circuits, and
networks to the spectrum of processes engaged by a shock-paired
cue (Fig. 4). I make five recommendations for effective use of
procedure, process, and behavior in Pavlovian fear conditioning.

1. Use procedures with appropriate control cues (Rescorla,
1967). The shock-paired cue must have a positive predictive
relationship with foot shock, while a control cue should be
physically similar but not have a predictive relationship. A
truly random control may be possible in between-subjects
behavioral designs. However, care should be taken to avoid
early, incidental cue-shock pairings, which could result in a
cue-shock association forming (Benedict and Ayres, 1972).
Further, truly random controls with dense cue and shock
presentations should be avoided (Kremer, 1971). When pos-
sible, use within-subjects designs that rule out nonassociative
accounts of behavior change, such as sensitization or “psue-
doconditioning” (Kamprath and Wotjak, 2004). Unpaired
cues presented at times distant from foot shock can be used
in both within- and between-subjects designs. Although this
results in a negative predictive relationship, the burden of
proof for claiming an inhibitory association is substantial
(Rescorla, 1969).

2. Ensure behavioral relevance of the procedure. Use cues rele-
vant to the outcome being predicted (Garcia and Koelling,
1966). Scrutinize findings in head-fixed preparations which
may not reflect findings in freely moving preparations. For
example, Cho et al. (2021) directly compared dorsal raphe
dopamine neuron calcium transients during tone-shock
pairings in a fixed versus freely moving behavioral setting. In
both settings, dorsal raphe dopamine neurons show calcium
transients to foot shock presentation. However, no calcium
transients to the tone were observed in the head fixed setting
but were readily observed in the freely moving setting. Had
Cho et al. (2021) only imaged in the head fixed setting, they
would have concluded no role for these neurons in process-
ing a shock-paired cue.

3. Measure multiple behavioral outcomes (Bolles and Collier,
1976; Holland, 1979). Even better, measure opposing behav-
ioral outcomes (e.g., freezing vs running vs rearing). Multiple
measures can be simultaneously analyzed with multivariate
ANOVA. Individual measures can then be analyzed with
univariate ANOVA, using a Bonferroni-corrected p value
(Chu et al., 2022).

4. Choose procedures known to produce different behavioral
outcomes (Bolles and Collier, 1976; Holland, 1979). If
manipulating neuron Type A reduces freezing in a procedure
biased toward freezing, determine whether manipulating
neuron Type A reduces running in a procedure biased to-
ward running. The results can allow the researcher to ascribe
a more specific or general role for that neuron type in fear.

5. Assess latent processes engaged by a shock-paired cue. Do
not assume the failure of a neuron-type manipulation to
reduce freezing means the neuron type is unnecessary for
Pavlovian fear conditioning (McCue et al., 2014).

Applying these recommendations will lead to a broader and
more detailed neural basis of fear. Take a scenario in which you
use a single procedure that emphasizes freezing (Fig. 4, row 1
only) to examine roles for 10 neuron types (A-J). You find that
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Neuron type

Procedure Process / behavior A ¢ D E F G H I J
1 Freezing
2 Suppress reward seeking
3 Running
4 Rearing
5 Promote avoidance
6 Serve as punisher
A cC D E F G H | J
| | J | | | | | |
Specific General Complex

Figure 4.

Contribution to process / behavior

Using procedure to link processes and behaviors to neuron types. Hypothetical results of studies using 6 different Pavlovian fear conditioning procedures (rows 1-6) that assess 4

distinct behaviors (red represents freezing; cyan represents reward seeking; green represents running; purple represents rearing) and 2 latent processes (gray represents promote avoidance;
black represents serve as punisher). The 10 columns (A-)) represent 10 distinct neuron types nested in distinct brain regions. Each of the 60 cells (6 rows x 10 columns) represents a single
experiment in which neuron-type activity is inhibited during a specific procedure (e.g., in cell F6, neuron Type F is inhibited during a conditioned punishment procedure). Filled cells represent
that inhibiting neuron-type activity disrupts behavior or process (e.g., inhibiting activity of neuron Types A, G, |, and J disrupt cued freezing). Pattern across procedures can reveal specific (A—

F), general (G and H), or complex (I and J) neuron-type contributions to processes and behaviors.

inhibiting activity in four neuron types disrupts freezing (A, G, I,
and J), concluding that these four neuron types alone are neces-
sary for Pavlovian fear conditioning. Now you examine the same
10 neuron types using six procedural variations that emphasize
four different behaviors (freezing, suppression of reward seeking,
running, and rearing) and two latent processes (cue-potentiated
avoidance and conditioned punishment). Your results reveal a
broader neural basis for fear: inhibiting activity in each neuron
type disrupts at least one behavior or process. Your results also
reveal a more detailed basis for fear. You observe six neuron
types contribute to a specific behavior/process (A-F), two neuron
types correspond to general changes in activity (G, decreasing;
and H, increasing), while two neuron types have complex contri-
butions to behaviors and processes (I and J). Finally, you note
that each behavior/process is characterized by a unique combina-
tion of neuron types.

Implications for the neurobiology of anxiety and stressor-
related disorders

The popularity of Pavlovian fear conditioning is due in part to its
many applications. Pavlovian fear conditioning is a good model
to study learning and memory from the molecular to the cogni-
tive level. Pavlovian fear conditioning continues to be an in-
dispensable tool in the development of formal accounts of
associative learning. One motivation to use Pavlovian fear condi-
tioning in neuroscience is to help individuals with anxiety and
stressor-related disorders. If disorders occur in part because of
dysfunction in conserved neural mechanisms for fear, then
understanding healthy neural function may allow us to amelio-
rate sources of neural dysfunction.

The Diagnostic and statistical manual of mental disorders rec-
ognizes 11 anxiety disorders and 5 trauma- and stressor-related
disorders (American Psychiatric Association, 2013). The 16 dis-
orders are similar in that they each cause clinical distress and
impair normal functioning (e.g., school, work, social). The 16
disorders differ in the objects/settings that provoke them, associ-
ated cognitive ideation, and physical symptoms. Panic disorder

is characterized by abrupt, short panic attacks that can include
physical symptoms of shaking, pounding heart, heat sensations,
and fear of “losing control.” Post-traumatic stress disorder is
characterized by symptoms that can include intense physiologi-
cal reactions to trauma-related cues, psychological distress at ex-
posure to trauma-related cues, and avoiding external reminders
of the traumatic event. Agoraphobia entails fear associated with
being in public, open, or enclosed spaces that can be so over-
whelming individuals may rarely leave home. These are a subset
of symptoms from a subset of anxiety and stressor-related disor-
ders. Even in this subset, it is clear that anxiety and stressor-
related disorders span a spectrum of symptoms.

Pavlovian fear conditioning cannot directly model anxiety
and stressor-related disorders. At best, Pavlovian fear condition-
ing allows neuroscientists to link basic processes and behaviors
to neuron types, circuits, and networks. Viewing Pavlovian fear
conditioning through the lens of procedure, process, and behav-
ioral outcome maximizes its relevance to disorders. This view
sees fear as a collection of diverse processes and behaviors. The
full diversity of processes and behaviors engaged by a shock-
paired cue better captures the heterogeneity of symptoms of anx-
iety and stressor-related disorders. Neuroscientists can make
decisions about procedure and measurement to study a wider
spectrum of behaviors and processes. We can uncover neural
mechanisms for cue-control of heart rate, body temperature,
running, jumping, and rearing, behaviors relevant to panic disor-
der. We can reveal neural mechanisms for latent cue processes,
such as the ability to promote avoidance and act as an aversive
event itself, processes relevant to post-traumatic stress disorder.
Moreover, we can determine neural mechanisms by which a
shock-paired cue inhibits necessary activities, such as eating and
reward seeking, processes common to all anxiety and stressor-
related disorders.

Studies simplifying Pavlovian fear conditioning to a single
concept — or blurring the concepts of procedure, process, and
behavior — have primarily uncovered neural mechanisms for
cue-elicited freezing. Describing a complete neural basis of fear
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will mean describing neural mechanisms for the full diversity of
processes and behaviors engaged by a shock-paired cue. This
will require neuroscientists to use a wider range of procedures
to assess the total diversity processes, and to quantify more
types of behavior. A neural basis of fear that captures the total
behaviors and processes engaged by shock-paired cue will nec-
essarily have greater relevance to the symptom spectrum of anx-
iety and stressor-related disorders.
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