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This article introduces the method of single-neuron recording in 
humans to marketing and consumer researchers. First, the authors 
provide a general description of this methodology, discuss its 
advantages and disadvantages, and describe findings from previous 
single-neuron human research. Second, they discuss the relevance of 
this method for marketing and consumer behavior and, more specifically, 
how it can be used to gain insights into the areas of categorization, 
sensory discrimination, reactions to novel versus familiar stimuli, and 
recall of experiences. Third, they present a study designed to illustrate 
how single-neuron studies are conducted and how data from them are 
processed and analyzed. This study examines people’s ability to up- 
regulate (i.e., enhance) the emotion of fear, which has implications for 
designing effective fear appeals. The study shows that the firing rates of 
neurons previously shown to respond selectively to fearful content 
increased with emotion enhancement instructions, but only for a video 
that did not automatically evoke substantial fear. The authors discuss 
how the findings help illustrate which conclusions can and cannot be 
drawn from single-neuron research.
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Neuroscience has become an increasingly popular 
method for studying questions of interest to marketers and

*Moran Cerf is Donald P. Jacobs Professor of Business and Neuro
science, Kellogg School of Management, Northwestern University (e-mail: 
m-cerf@kellogg.northwestem.edu). Eric Greenleaf is Professor of Market
ing (e-mail: egreenle@stem.nyu.edu), Tom Meyvis is Professor of Market
ing and Peter Drucker Faculty Fellow (e-mail: tmeyvis@stern.nyu.edu), 
and Vicki G. Morwitz is Harvey Golub Professor of Business Leadership 
and Professor of Marketing (e-mail: vmorwitz@stern.nyu.edu), Stern 
School of Business, New York University. The article benefited from dis
cussions with the participants at various academic conferences, including 
the 2012 Society for Consumer Psychology Conference in Florence, the 
2012 Association for Consumer Research in Vancouver, the 2012 Market
ing Science Conference in Boston, and the 2013 Consumer Neuroscience 
Satellite Symposium in Lausanne, Switzerland. The support of grant 
5R21DA24423-2 from the National Institutes of Health and National Insti
tute on Drug Abuse is gratefully acknowledged.

consumer researchers. Examining people’s brain activity 
while they perform consumer behavior tasks has deepened 
understanding of how people perceive and process informa
tion, experience emotions, and make decisions. Techniques 
such as functional magnetic resonance imaging (fMRI) and 
electroencephalogram (EEG), originally developed for 
medical diagnostic purposes, have created insights that can
not be obtained through other consumer research methods. 
However, by their very nature, these techniques test a fairly 
large part of the brain at any one time. Such aggregation is 
not a problem insofar as different neural regions play spe
cialized parts in human thought and perception. For exam
ple, studies using these methods have identified the special
ized functions of different neural regions for each of the five 
senses, as well as for integrating information, making deci
sions, and experiencing emotions (see, e.g., Driver and
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Noesselt 2008; Kassam et al. 2013; Phan et al. 2002; Prab- 
hakaran et al. 2000; Sanfey et al. 2003).

However, the basic building blocks of the brain are neu
rons. Neurons in the same part of the brain and even adja
cent to each other can have very different functions and 
respond to different stimuli (Cerf and MacKay 2011). Thus, 
much can be learned, in terms of how the human brain func
tions, by studying the activity of individual neurons. Yet 
even a single voxel in an fMRI study typically contains sev
eral thousand neurons (Grill-Spector and Malach 2001), and 
the differences in brain activation observable using fMRI or 
EEG are due to the collective activity of many thousands or 
even millions of neurons.

While considerable research has examined the activity of 
individual neurons, most of this work has studied nonhuman 
animals, such as rats or monkeys (Shadlen and Kiani 2013), 
though this research has provided many insights applicable 
to human behavior and economic decision making (Glim- 
cher and Fehr 2014; Levy and Glimcher 2012). More 
recently, researchers have begun studying the activities of 
single neurons in humans. Certain surgical treatments for 
patients with epilepsy require placing electrodes, either as 
probes fairly deep in the brain or as a grid on the surface of 
the cortex (Fried et al. 2014). Thin microwires, placed in the 
hollow center of these probes, often contact neurons and 
give reliable readings of individual neurons for a relatively 
extended period. Though understandably absent in the mar
keting literature, single-neuron research in humans has pro
vided insights of interest to marketers and consumer 
researchers.

The purposes of this article are to introduce to the mar
keting audience single-neuron research in humans and the 
potential applications of that research to issues in marketing 
and consumer behavior and to provide instructive examples 
of how single-neuron research is carried out and how data 
from individual neurons are analyzed and conclusions 
reached. We first review some prior findings from single
neuron research in humans and briefly describe the single
neuron methodology in humans. Then, we discuss how this 
method can be used to examine several relevant questions in 
marketing and consumer research. Next, we present a 
single-neuron study to illustrate the procedure of single
neuron research, as well as its promise and challenges. This 
study examines people’s ability to enhance feelings of fear 
when watching videos, a communication medium often 
used for fear appeals. We find that though people do have 
this ability, in the study they could do so only when watch
ing a video that did not automatically evoke a substantial 
level of fear. We discuss the advantages and limitations of 
our study to illustrate the advantages and limitations of 
single-neuron research compared with other observational 
methods in neuroscience.

SINGLE-NEURON RESEARCH IN HUMANS: 
METHODOLOGY AND MOTIVATION

Brain Activity at the Single-Neuron Level
Firing neurons create tiny electrical impulses, which they 

communicate to other neurons using connections called 
“synapses.” This network is considered the building block 
of all neural activity and thought. Neural firings take place 
quite rapidly —a single firing sequence, which creates a

spike in the neuron’s voltage, typically takes only a couple 
of milliseconds. Most neurons have a distinctive firing sig
nature, shown in Figure 1, starting with a rest voltage that 
quickly increases to a peak and then decreases, creating a 
firing spike. Changes in a neuron’s activity are usually 
reflected by a significant increase or decrease in the fre
quency of firing spikes, with different neurons becoming 
more or less active in response to certain types of stimuli or 
cognitive activity. Examples include neurons that increase 
their firing frequency in response to stimuli related to a spe
cific person (Cerf et al. 2010), to familiar versus novel stim
uli (Rutishauser, Mamelak, and Schuman 2006), or to 
objects (Fried et al. 2002).

The Single-Neuron Methodology in Humans
Initially, single-neuron work was done exclusively with 

nonhuman animals. However, advances in surgical treat
ments for epilepsy patients whose seizures could not be 
managed by pharmacological means created an opportunity 
to observe single-neuron activity in humans. Epileptic 
seizures, which are massive and uncontrollable firings of 
neurons, usually originate in a particular region of the brain 
for a given patient. Physicians found that surgically remov
ing the area of origin could stop many patients’ seizures, 
permanently curing them of epilepsy.

To identify the exact neural region where seizures origi
nate, neurosurgeons implant thin, hollow electrodes or 
probes (typically 1 to 12), about a millimeter in diameter 
and up to several inches long, into several areas surrounding 
the suspected site of seizure origin. The implant sites are 
determined only by clinical criteria. Probes are often 
implanted in the medial-temporal lobe, frontal areas, or 
motor cortices and less often, or not at all, implanted in 
other areas. In general, the implant sites are associated with 
neural functions such as memory consolidation or retrieval 
(hippocampus, entorhinal cortex), fear and social behavior 
encoding (amygdala), high-level perception (all), naviga
tion (parahippocampal cortex), analysis and perception of 
specific concepts (right amygdala and parahippocampal cor
tex), high-level cognitive control and regulation (orbitofrontal 
cortex), motor planning (supplementary motor area), and 
general planning and volition as well as error correction

Figure 1
ILLUSTRATIVE FIRING SPIKE FOR A HUMAN NEURON TAKEN 

FROM OUR DATA

3ms

Notes: Typical firing spike: A trace of a single spike from a neuron in the 
right amygdala of patient 1.



532 JOURNAL OF MARKETING RESEARCH, AUGUST 2015

(cingulate). Many studies have suggested that various other 
functions are identified in these areas (Jenison et al. 2011; 
Plassmann, Rams0y, and Milosavljevic 2012; for a review 
on human electrophysiology, see Mukamel and Fried 
2012).

The probes can also be used to detect impulses from indi
vidual neurons. During probe implantation, microelec
trodes, which are very thin wires, can be inserted through 
the probes and allowed to slightly branch out into the brain 
at the probes’ ends. The impedance of the wire makes it 
ideal for recording immediately adjacent neurons, while 
avoiding picking up noise from neurons outside the imme
diate area, due to large signal decay with distance. Several 
microwires are usually inserted into each probe; for exam
ple, we used eight microwires per probe, creating eight 
recording channels. The signals detected from neurons vary 
across microwires, and they include detecting a signal from 
a single neuron, detecting signals from several neurons, and 
not detecting any individual neuron activity (for a discus
sion, see Fried et al. 2014). The proportion of microwires 
that detect neurons varies but tends to average around 10% 
to 20% (Waydo et al. 2006). When a microwire detects sig
nals from more than one neuron, researchers can use a tech
nique called “spike sorting” (discussed subsequently) to 
separate signals from the individual neurons.

After the electrodes are implanted, patients remain in the 
hospital for one to three weeks while neurosurgeons wait 
for them to have seizures. During this time, doctors monitor 
the impulses from the probes, and the patients are recorded 
on video. The electrodes are connected to a computer that 
collects the data from the electrodes at a high sampling rate 
(typically 28-30 Khz), which is fast enough to accurately 
capture and characterize the spiking activity of neurons. 
Additional metrics are also recorded, such as heart activity, 
respiration, and skeletal muscle activity, and sometimes 
other measures, such as microdialysis, are used.

The patients are connected to the recording equipment, 
and though they must stay in the hospital room, they have 
some mobility and can often sit at a desk in front of a lap
top. During their stay, patients are offered the opportunity to 
participate in research studies. The topics that can be stud
ied depend on where in the brain the electrodes are 
implanted and from which brain regions neurons are mea
sured. Given the brain regions where electrodes are usually 
implanted, these studies often focus on cognitive functions 
such as memory and perception, navigation in virtual space, 
issues related to motor planning, control or mirroring activi
ties, and issues related to emotions and control. The study 
we describe herein falls in the last category. Patients typi
cally participate in multiple studies, conducted by different 
researchers, in a single day. These studies tend to be spaced 
a few hours apart to give the patient time to rest between 
studies.

Surgeons cannot control which neurons a particular 
microwire will contact or, indeed, if it will contact any at 
all. Thus, while neurons in particular areas of the brain are 
more likely to be activated for certain cognitive functions 
than for others, there is no way to ensure that signals from a 
neuron with a particular function will be measured. Fortu
nately, there is substantial redundancy in neural functioning, 
which increases the odds of identifying responsive neurons

even using a limited set of stimuli. Research has estimated 
that between one million and five million neurons respond 
to even fairly specific stimuli, concepts, or cognitive tasks 
(Waydo et al. 2006). Given the uncertainty about which 
neurons will be monitored in any given study, researchers 
must design their studies on location, working with each 
participant, using a sequential method. In a first phase, par
ticipants are exposed to multiple stimuli or asked to perform 
a series of tasks. Researchers must then determine which 
stimuli or tasks the neurons being monitored have 
responded to and then, in a second phase, focus on these 
particular stimuli and tasks with that participant. For exam
ple, marketing researchers could present a large set of 
brands to participants, after which they could conduct a 
study with the particular brands to which some of the neu
rons responded.

Note that though we focus on the method involving 
micro wires, alternative methods, such as electrocorticogra- 
phy and intracranical EEG, use electrodes placed on the sur
face of an exposed brain to record activity from the cortex 
alone. The recorded activity is typically field voltage rather 
than the activity of individual neurons, but it still benefits 
from direct access to the brain of a human subject.

Comparison of the Single-Neuron Approach with Other 
Methods

One purpose of this article is to help researchers identify 
questions that single-neuron analysis is well suited to 
address, either by itself or in combination with other meth
ods, on the basis of its advantages and disadvantages com
pared with other research methods. Along with other neuro
science methods, such as fMRI and EEG, single-neuron 
research has some potential advantages over more conven
tional market research methods. For example, unlike self- 
reports and surveys, neuroscience methods can record 
activities that participants may not be aware of, may not be 
able to report accurately, or might distort with possible 
demand effects, social desirability biases, or response 
styles. Neuroscience methods can also measure the activa
tion of concepts during a task rather than by queries after a 
task, and they can often do so at a more fine-grained level 
(i.e., detecting differences between related concepts in both 
activation strength and onset). Moreover, unlike other psy
chophysical measures (e.g., facial expressions, blood pres
sure, skin conductance), neuroscience methods can detect 
subtle emotional responses (that may not result in observ
able changes in facial expressions or blood pressure) as well 
as cognitive processes that do not have a strong emotional 
or motivational component.

Single-neuron analysis also has some advantages over 
other neuroscience methods. It has a finer spatial resolution, 
at the level of a single neuron. In comparison, fMRI’s reso
lution is a voxel containing anywhere from approximately 
600,000 to 16 million neurons, while EEG typically has a 
much coarser spatial resolution of hundreds of millions of 
neurons. This higher spatial resolution enables researchers 
to measure the activation of highly specific categories, con
cepts, and emotions that may not be separable with these 
other neuroscience methods. This ability is particularly 
important because adjacent neurons often handle different 
tasks (Cerf et al. 2010). Single-neuron analysis also has a
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finer temporal resolution (as fast as 20 microseconds in cur
rent acquisition systems) than fMRI scans (currently in the 
range of 1.5-3 seconds). An important implication of this 
high temporal resolution is that psychological mechanisms, 
some of which occur in a matter of milliseconds, can be 
observed in real time, allowing researchers to observe their 
temporal order. That is, single-neuron analysis can measure 
not only the neural consequences of cognitive processes but 
also the cognitive processes themselves, such as the recon
struction of past experiences, the formation of associations, 
and the learning of relationships.

However, the single-neuron method requires substan
tially more financial and human resources than other meth
ods, including EEG and fMRI. Moreover, while EEG and 
fMRI enable researchers to monitor activity in the entire 
brain, the single-neuron method is limited to only a small 
set of neurons, and the areas implanted are limited and 
determined by clinical criteria for epilepsy neurosurgery. 
The population of participants is currently restricted to 
epilepsy patients, and the success of an individual study is 
highly dependent on exogenously determined or random 
factors, such as the location of the probes in the brain, 
whether any individual neurons are contacted, and whether 
these neurons are selectively activated by any of the stimuli 
of interest. Thus, single-neuron analysis makes best use of 
its advantages in market research when researchers want to 
examine neural functioning, through firing rates, for fairly 
specific psychological and behavioral constructs and have 
research questions that require high temporal and/or spatial 
resolution.

EXISTING SINGLE-NEURON RESEARCH IN HUMANS
WITH IMPLICATIONS FOR MARKETING RESEARCH
Much of the single-neuron research in humans has 

focused on basic neural processes of interest to the greater 
neuroscience community, such as memory, perception, 
navigation, or neural coding. Understandably, this research 
has not focused on the usefulness of these findings to 
applied fields such as marketing. However, some of the 
findings do have relevance for marketing and consumer 
behavior. We next describe a selection of these findings, 
summarized in Table 1, to illustrate the potential of single
neuron research in humans for marketing research.

Categorization

Consumers’ perceptions and decisions often depend on 
how they categorize products, brands, and people (Loken 
2006). Categorization processes influence whether a prod
uct is regarded as addressing a need, whether a brand is 
included in the consideration set, and whether an employee 
is perceived as a serviceperson or a salesperson. Moreover, 
brands themselves can serve as categories, with brand atti
tudes transferring to brand extensions depending on 
whether these extensions are categorized as part of the 
brand (Boush and Loken 1991). Although consumers can 
often verbalize well-established category associations, these 
associations are more challenging to measure when they are 
unconscious, spontaneous, or fleeting. In these circum
stances, single-neuron research could be informative given 
that single neurons react to activation of specific categories. 
For example, neurons in the hippocampus, entorhinal cor-

Table 1
POTENTIAL APPLICATIONS OF SINGLE-NEURON RESEARCH TO MARKETING

Topic

Categorization

Sensory discrimination

Reactions to novel versus 
familiar stimuli

Recalling experiences

Regulation of thoughts

Examples o f Single-Neuron Research Studying This Topic

•Neurons responding to specific categories (Kreiman, 
Koch, and Fried 2000)

•Neurons responding to specific instances of a category 
(Quian Quiroga et al. 2005)

•Subconscious neural discrimination between tones and 
between natural versus artificial sounds (Bitterman et al. 
2008)

•Novelty and familiarity neurons, predicting stimuli as 
novel versus familiar (Rutishauser, Mamelak, and 
Schuman 2006)

•Neurons responding to both encoding and recall of film 
clips (Gelbard-Sagiv et al. 2008)

•Neural reactions to the enhancement and suppression of 
thoughts regarding objects and to the delivery of 
feedback (Cerf et al. 2010)

Potential Applications to Marketing

•Product categorization 
•Consideration set formation 
•Brand confusion 
•Brand associations 
•Brand extensions

•Product changes
•Conscious versus unconscious awareness of product 
differences (consumer segmentation)

•Novelty versus familiarity effects on fluency and 
preference

•Measuring fluency effects of repeated exposure 
•Understanding the different ways of creating fluency 
•Remembering versus knowing (feeling familiar with) a 
consumer event

•Customer satisfaction 
•Recall of message content
•Reconstruction of consumption experiences (e.g., peak-end 
effects)

•Construction of preferences

•Emotion enhancement, such as fear appeals (example study 
in this article)

•Emotion suppression 
•Self-control 
•Consumer goal pursuit
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tex, and amygdala changed their firing rate when research 
participants viewed photos of objects in particular cate
gories, such as food items, famous people, and animals 
(Kreiman, Koch, and Fried 2000). Kreiman, Koch, and 
Fried (2000) found neurons that fired for more than one 
category, neurons that showed reduced firing rates when 
stimuli in a category were presented, and neurons that 
increased firing rates when these stimuli were removed 
from sight.

Later work has identified neurons with even more selec
tive categorization (Quian Quiroga et al. 2005). These neu
rons increased their activity in response to particular 
instances of a category, such as specific people, landmark 
buildings, or animals. Moreover, they responded across dif
ferent representation modes of the same concept, such as a 
photo of the actress Halle Berry, a photo of her playing a 
role in the movie Catwoman, and her spelled name. These 
responses also could identify when a participant confused 
different, but similar, stimuli as being the same, such as the 
Sydney Opera House and the Baha'i Temple in New Delhi. 
In a branding context, this implies that single-neuron studies 
have the potential to detect brand confusion as well as the 
extent to which different brand representations (e.g., logos), 
brand associations (e.g., celebrity endorsers), and brand 
extensions activate the core brand concept.

Subsequent research has also found hierarchical ordering 
in the processing of information, by measuring the response 
latencies of neurons from various sites in the brain (Mor- 
mann et al. 2008). These latencies could convey valuable 
information insofar as they are indicators of additional pro
cessing. For example, slower activation of a neuron that 
responds to a specific brand could be a measure of the per
sonal importance of that brand (e.g., its relationship to the 
self). Note that this is quite different from the meaning of 
response latencies that consumer researchers are accus
tomed to, in which slower responses in brand recognition 
tasks are taken to reflect weaker memory traces rather than 
additional processing (Herr, Farquhar, and Fazio 1996). 
Also note that the fine temporal resolution of single-neuron 
analysis allows for the study of the formation of category 
(and brand) associations, not just the outcomes of this 
process.

Sensory Discrimination
Consumers’ preference for one product over another 

often depends on perceiving differences between them 
using the senses of sight, touch, taste, smell, or hearing 
(Krishna 2012). Examples include the brightness of a com
puter monitor, the softness of washed clothes, and the taste 
and smell of wine. Firms attempting to identify worthwhile 
product improvements over competing products or their 
own existing products often need to determine whether con
sumers can discriminate between different versions. Single
neuron research has found that neural sensory discrimina
tion can sometimes exceed conscious sensory discrimination, 
implying that some product improvements may affect sen
sory perception outside conscious awareness.

For example, neurons identified in the auditory cortex 
responded selectively to particular sound frequencies, with 
selectivity bands varying between one-sixth and one- 
eighteenth of an octave (Bitterman et al. 2008). The narrow

est of these bandwidths indicate neural sensory discrimina
tion that exceeds the discrimination that most humans dis
play in hearing tests. In addition, different neurons respond 
to “natural” sounds, as represented by the acoustic instru
ments, versus artificially generated sounds. Further research 
could explore whether subconscious sensory discrimination 
at the neural level can affect overall product evaluations and 
how this impact may differ from what happens when dis
crimination operates at a conscious level.

Reactions to Novel Versus Familiar Stimuli
Feelings of novelty and familiarity can have powerful 

influences on consumers’ decisions. On the one hand, con
sumers pursue novelty to obtain variety or stimulation (e.g., 
Kim and Drolet 2003; Raju 1980). On the other hand, they 
tend to evaluate more familiar products and brand logos 
more favorably because of increased processing fluency 
(Janiszewski and Meyvis 2001; Shapiro 1999). However, 
whereas it is rather straightforward to assess how differ
ences in prior exposure influence consumer evaluations, it is 
more challenging to measure the feelings of novelty or flu
ency that are assumed to mediate these effects. Furthermore, 
it is not clear whether novelty and familiarity effects are 
opposite sides of the same mechanism or possibly orthogo
nal processes. Single-neuron research can be used to track 
these underlying mechanisms, and it has already provided 
some surprising insights into the lasting effects of one-time 
exposures.

The firing rates of neurons in the hippocampus and 
amygdala increased selectively in response to visual images 
that either were being viewed for the first time (novelty neu
rons) or had been viewed previously (familiarity neurons) 
(Rutishauser, Mamelak, and Schuman 2006). These novelty 
and familiarity neurons were often very close to each other 
in the brain, sometimes in close proximity to the same 
microwire probe. This research also found that the firing 
rates of these neurons on subsequent exposures did not 
change between 30 minutes and 24 hours after the first 
exposure. This temporal stability in firing rates suggests that 
the encoding of the familiarity neurons represents a form of 
long-term memory for stimuli, rather than a short-term 
priming or habituation effect.

Rutishauser, Mamelak, and Schuman (2006) also devel
oped a classification model to predict whether a stimulus 
was novel or familiar, based solely on the firing rate of a 
single neuron. Predictive accuracy was 67%, which was 
well above chance. The model’s accuracy increased to 93% 
when firing rates were aggregated across six simultaneously 
recorded neurons that had been assigned to the same type 
(novelty or familiarity). Finally, participants’ neuronal cod
ing of an image as novel versus familiar was accurate even 
when they performed no better than chance when verbally 
recalling which screen quadrant that image appeared in 
when they first viewed it. The authors propose that this 
result indicates that successful recollection of an episode in 
memory—in this case, recollection of the circumstances of 
the first exposure to an image—is not necessary to prompt a 
familiarity response in neurons. Further research could 
explore whether these neural familiarity responses can 
improve predictions of judgments and behaviors over pre
dictions based solely on explicit recollections.
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Moreover, the study of familiarity neurons could poten
tially aid in further specifying conceptual models of phe
nomena that interest marketers and consumer researchers. 
One such issue is the distinction between instances when 
consumers consciously “remember” a specific episode (e.g., 
a product in an advertisement) and instances when they only 
“know” that something is familiar (e.g., they know that they 
have seen a product before but do not remember where). 
Single-neuron research could contribute to the ongoing 
debate (Wixted 2007) about whether these two types of 
judgments rely on qualitatively different mechanisms (e.g., 
different familiarity neurons responding for remembering 
versus knowing) or, instead, are a function of quantitative 
differences in memory strength (e.g., the same familiarity 
neurons firing at greater rates for remembering versus 
knowing). Another conceptual area that could benefit from 
studying familiarity neurons is the nature of processing flu
ency. Research suggests that different types of fluency (con
ceptual, perceptual, and linguistic fluency) all act through 
the same underlying process because their effects on judg
ments are highly similar (Alter and Oppenheimer 2009). If 
familiarity neurons respond similarly to different fluency 
manipulations, this would provide direct evidence of this 
unifying theory. For example, because priming consumers 
with the word “frog” can increase their choice of a wine 
with a frog on the label by enhancing its perceptual fluency 
(Labroo, Dhar, and Schwarz 2008), researchers could exam
ine whether this verbal prime increases the firing of famili
arity neurons on viewing the label or works though another 
mechanism instead.

Recalling Experiences
Whether and how consumers recall past experiences has 

a critical impact on their judgments and decisions. Cus
tomers’ satisfaction is mostly determined by their recollec
tion of the consumption experience. Similarly, television 
commercials will only influence consumers at the point of 
purchase if consumers can explicitly or implicitly recall ele
ments from the commercial. However, recalling experiences 
is far from straightforward. Rather than being fully recalled, 
experiences are often reconstructed from key elements, such 
as the peak and end of a television commercial (Baumgart
ner, Sujan, and Padgett 1997). Moreover, the recall of expe
riences is often influenced by the encoding context, leading 
to recommendations to coordinate advertising and product 
packaging (Garretson and Burton 2005). Single-neuron 
research has confirmed this link between encoding and 
retrieval and opens up the possibility of analyzing the time 
course of experience reconstruction from memory.

Gelbard-Sagiv et al. (2008) show that neurons in the hip
pocampus and entorhinal cortex increased their firing rates 
both when participants first viewed short film clips and when 
they later freely recalled those clips. Thus, these neurons 
provide a link between memory formation and recall (Fried 
et al. 2014). The firing rates increased well before the verbal 
report of recall started (approximately 1.5 seconds earlier), 
suggesting that the feeling of knowing may precede actual 
awareness of knowing. Increased activity remained even 
after verbal reporting of the recall ended, and took approxi
mately 10 seconds to return to the baseline level of activity. 
Some neurons responded to more than one video clip—the

average was 1.4 clips per responsive neuron—such as 
responding to episodes of both The Simpsons and Seinfeld, 
implying that such clips may be related on the basis of an 
abstract association rule (e.g., both are comedies).

These findings also suggest a future research direction. If 
it is possible to identify neurons that are activated during the 
encoding of specific parts of the experience (e.g., corre
sponding to the peak, trough, or end moments of the experi
ence), it should also be possible to monitor the activity in 
these neurons during recall. This pattern of activity could 
then be used to examine how consumers use specific ele
ments to reconstruct their past consumption experiences, 
such as which parts of the experience they (implicitly) recall 
and in what order. Note that this approach could also be 
used to examine preference construction, similarly capital
izing on the high temporal resolution of single-neuron 
research. Researchers could measure the order in which 
consumers access different parts of information while delib
erating on a choice and then connect the timing and extent 
of activation of these elements with consumers’ decision 
outcomes.

Finally, another area in which single-neuron research 
could open up new avenues for consumer research is that of 
conscious regulation of thoughts and emotions. It is in this 
area that we detail an example of single-neuron research to 
illustrate the procedure, including not only its possibilities 
and potential but also its limitations.

ILLUSTRATIVE EXAMPLE: UP-REGULATION OF FEAR 
Background

Marketers often try to motivate consumers to suppress or 
enhance thoughts and responses. For example, a conserva
tion group might show people an image of a thriving rain 
forest and ask them to imagine how they would feel if the 
life and diversity of the rain forest disappeared. Or a public 
health organization might try to persuade people to resist 
thoughts about consuming tasty but unhealthful foods by 
focusing on less tasty but more healthful alternatives. Con
sumers also might want to control their responses to prod
ucts and services even without motivation from marketers, 
such as enhancing (or reducing) their fear while watching a 
scary movie or riding on a roller coaster or controlling their 
sadness while listening to moody pop songs. In other cases, 
consumers might believe that controlling their responses 
could help them exert self-control by resisting momentary 
temptations, such as suppressing excitement about dessert 
options and instead focusing on the negative consequences 
of weight gain, enhancing their fear of deteriorating health 
if they want to quit smoking, and focusing on the car attri
butes of safety and mileage rather than getting carried away 
by the car’s power and styling.

To illustrate how single-neuron research is conducted and 
how data are analyzed, we examine whether people can 
willfully up-regulate (i.e., enhance) their level of fear in 
response to visual stimuli and whether we can observe that 
process at the level of single-neuron activity. We use reac
tions to videos —stimuli that are not often used in single
neuron research—because they are commonly used in mar
keting communications depicting fear appeals. We also 
compare people’s ability to enhance fear across two stimuli. 
One stimulus tends to automatically evoke substantial fear
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(a video of a spider) and one does not automatically evoke 
much fear but has the potential to do so upon elaboration (a 
video of A1 Gore discussing the consequences of climate 
change).

This investigation adds to prior consumer research on the 
persuasive effects of communication campaigns designed to 
arouse fear (Keller and Block 1996). Such fear appeals typi
cally describe the negative consequences of what will hap
pen if some message is not heeded (Witte 1992). Organiza
tions that use fear appeals hope that when people view the 
messages, they will elaborate on them, causing increased 
feelings of fear and, in turn, motivating changes in behavior. 
Although high levels of fear can sometimes lead to defen
sive processing, which can limit persuasion, Keller and 
Block (1996) find that for communications that inherently 
have low levels of fear, increasing elaboration of the mes
sage leads to increased effectiveness. Thus, a relevant ques
tion is whether people who view a fear communication can 
regulate their fear in an upward direction when processing 
the message and, if so, whether this ability varies depending 
on the nature of the fear-inducing stimuli.

Most prior research on the regulation of emotions has 
focused on how people reduce negative emotions, a process 
known as “down-regulation” (Goldin et al. 2008). In this 
area, research has distinguished between behavioral regula
tion, in which the feelings are still present but action based 
on those feelings is limited, and more cognitive approaches, 
in which the feelings themselves are reduced (Gross 2002). 
Moreover, people tend to employ different strategies to 
reduce their feelings. One strategy is to purposely avoid 
paying attention to emotional stimuli to limit their impact. 
Another, alternative approach is to use higher-order cogni
tive processes to reinterpret, or reappraise, the meaning of a 
stimulus as a way to change the emotional response to it 
(Ochsner and Gross 2005). Although imaging research has 
begun examining regions of the brain involved in emotion 
regulation, limited data and differences across studies hin
der current ability to fully understand what brain systems 
are involved in emotion regulation (Ochsner and Gross 
2005). Some neural research has examined how people 
down-regulate the specific emotion of fear (for a review, see 
Hartley and Phelps 2010). That research has examined the 
different ways people can down-regulate fear; however, 
while the brain regions associated with fear regulation are 
beginning to be uncovered, many of the insights come from 
studies with nonhuman animals.

In comparison with down-regulation, less attention has 
been given to the “up-regulation” of emotions, including 
people’s ability to voluntarily increase their actual feelings, 
the processes involved, and their neural bases. As a notable 
exception, Ochsner et al. (2004) use fMRI to investigate 
both up- and down-regulation of negative emotions when 
viewing aversive images. Specifically, they examined which 
neural regions were involved for up- versus down- 
regulation and for different regulatory strategies. However, 
prior research has not examined up-regulation of specific 
emotions, as opposed to negative emotions in general, 
because standard neural methods usually cannot reliably 
identify these. By contrast, the single-neuron approach, 
which can identify neurons that respond to very specific 
neural tasks, has the potential to identify neural activity

associated with specific emotions. Thus, up-regulation, or 
enhancement, of fear is the focus of our empirical illustra
tion of single-neuron research because the issue of fear in 
communications is of interest to marketers and consumer 
researchers and because it is a question that other neural 
methods, such as fMRI, are less able to examine.

Fear appeals in marketing communications emphasize a 
wide variety of outcomes. One way these outcomes vary is 
in their tendency to automatically create fear in the absence 
of elaboration. Whereas some outcomes create substantial 
fear without the need for elaboration (e.g., severe bodily 
injury due to drunk driving), others tend to naturally elicit 
relatively little fear but could potentially do so upon elabo
ration (e.g., high blood pressure resulting from an unhealth- 
ful diet). In the latter case, marketers may want to know 
whether motivating consumers to voluntarily enhance their 
fear for this outcome, which does not naturally evoke much 
fear, could be effective. Therefore, in the example study 
presented here, we use two videos that vary in whether they 
automatically evoke substantial fear.

Single-Neuron Research for Studying Fear Regulation
Single-neuron research offers a unique opportunity to 

study consumers’ actual ability to control their thoughts 
and emotions. Like other neuroscience methods, it avoids 
the potential demand effect issues of self-reports. In addi
tion, the single-neuron method can detect the immediate 
activation of specific thoughts and emotions in response to 
a stimulus, with a temporal resolution of less than one ten- 
thousandth of a second.

Single-neuron studies in humans have examined people’s 
ability to regulate their thoughts. Cerf et al. (2010) identify 
neurons in the hippocampus, amygdala, entorhinal cortex, 
and parahippocampal cortex, whose firing rates increased 
when participants viewed one of two specific visual images, 
but not for the other image. Participants then saw both 
images and were asked to enhance thinking of one (the tar
get image) and to suppress thinking of the other (the distrac- 
tor image). Participants were aided with feedback: as the 
neurons associated with a particular image became more 
active, that image became less transparent on the screen. On 
average, participants were able to succeed at this task more 
than 70% of the time. In most of these success trials, the fir
ing rates of neurons associated with the target image 
increased, and the firing rates of neurons associated with the 
distractor image decreased. Note that if some neurons 
increase in firing rates and others decrease during thought 
regulation, the result could be that total neural activity and, 
thus, demand for oxygen in a relatively small region do not 
change, so these regulation effects would be difficult to 
detect with fMRI.

Although this prior research has shown that people can 
control the firing of neurons associated with specific 
thoughts, no single-neuron research has examined how fir
ing rates change with an attempt to regulate emotions. The 
study we describe herein is an initial exploration of the up- 
regulation of fear. We specifically examine whether people 
can enhance their reaction to fearful imagery by willfully 
increasing their actual fear (rather than by adjusting their 
behavioral response or by increasing their feelings through 
selective attention and exposure). Furthermore, we do so for
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both a video that naturally evokes substantial fear and one 
that does not evoke much fear but has the potential to do so 
upon elaboration.

Methodology: Overview o f Stages and Objectives
In Stage 1 of the procedure, we recorded participants’ neu

ral activity while they viewed still images intended to evoke 
different emotions. We used these data to identify neurons 
that responded selectively to fear. Such initial tasks are com
monly used in single-neuron research to identify neurons 
that respond selectively to a particular type of stimulus. In 
Stage 2, participants were exposed to the experimental stim
uli of interest: they watched each of the two videos, with and 
without instructions to enhance their emotions.

The data analysis is typical of single-neuron research 
and relies on methods that are widely accepted in single
neuron literature. In Stage 1, we identify signals from indi
vidual neurons, which involves separating neural firing 
signals from the background signal and separating individ
ual neurons whose firings are recorded on the same 
microwire, as sometimes happens. We then establish a 
baseline firing rate for each neuron, after which we iden
tify periods when the neuron is firing at a significantly 
higher rate than baseline. Finally, we identify neurons 
whose firing rates respond selectively to the fearful images 
presented in the initial task. In Stage 2, we test within- 
subject how firing rates for those fear-responsive neurons 
differ between the experimental conditions: for each of the 
two videos and for natural viewing versus viewing with 
enhanced emotions.

Stage 1: Exposure to Emotion-Evoking Images
Eight participants took part in the study. All were patients 

who had pharmacologically intractable epilepsy and who 
had undergone neural probe implantation for clinical pur
poses, to identify the seizure foci (for detailed description of 
the implantation procedure, see Fried et al. 2014). The 
experiment consisted of two stages, during which partici
pants sat in front of a laptop computer in their hospital room 
while connected to equipment that constantly monitored 
signals from their neural probes. The laptop and the signal 
monitor were synchronized to a common clock accurate to 
within microseconds.

In Stage 1, participants viewed both still images chosen 
in advance to prompt different specific emotions, includ
ing fear, disgust, anger, sadness, surprise, and happiness, 
and neutral images. Images were chosen in two ways. 
First, a set of images, common across all participants, was 
chosen from the International Affective Picture System 
(IAPS), a collection of images designed to induce different 
emotions (Lang, Bradley, and Cuthbert 1999). Although 
the IAPS images were originally developed to prompt 
negative or positive emotions (Lang, Bradley, and Cuth
bert 1999) with varying levels of arousal, subsequent 
researchers have found that many IAPS images prompt 
one particular emotion or only two or three specific emo
tions (Mikels et al. 2005). Second, for each participant, a 
smaller set of images was chosen on the basis of initial 
interviews between that participant and one of the authors, 
in which participants were asked to name objects or expe
riences that prompted particular emotions for them. The

corresponding images were then chosen either from the 
IAPS set or, if no such image was available, from images 
found online. Prior single-neuron research has used this 
customized approach to choosing images or stimuli par
ticularly relevant to a participant (e.g., Quian Quiroga et 
al. 2005). The total number of images per participant var
ied from 30 to approximately 60, depending on the time 
available with the participant. Each participant saw each 
image four times in a session, and some participants com
pleted more than one session, depending on how long they 
stayed in the clinic before surgery. Responses from each 
participant were then rapidly analyzed to identify which, if 
any, of the individual neurons detected by the probes 
changed their activity (i.e., firing rate) compared with the 
baseline, in response to images associated with a specific 
emotion. The analysis used to identify these neurons, 
which we describe subsequently, is similar to that used in 
prior research (Cerf et al. 2010; Mormann et al. 2011).

Note that the first author conducted Stage 1 as part of an 
independent single-neuron study. It is common practice for 
single-neuron researchers to share patient-specific data, so 
that each research team can make the best use of the limited 
time available with these participants. Thus, in this study, 
the data on reactions to the still images are common across 
teams, while the data and stimuli used in Stage 2 are unique 
to our study.

Stage 2: Exposure to Video Clips
In Stage 2, participants viewed a set of video clips. 

Depending on their willingness and ability to continue, they 
viewed between four and eight video clips associated with 
different emotions. We focus on two video clips associated 
with the specific emotion of fear that all participants 
viewed. One clip was likely to automatically create substan
tial fear. It lasted for 190 seconds and depicted a large spider 
crawling toward the camera, with its features showing at a 
high level of detail. The second video clip was unlikely to 
automatically induce substantial fear but had the potential to 
do so upon elaboration. The clip came from Al Gore’s film 
An Inconvenient Truth and lasted for 310 seconds. It showed 
Gore speaking on climate change, followed by footage of 
disaster zones in Louisiana following Hurricane Katrina. 
Note that these clips differ in many ways other than the 
amount of fear they naturally evoke, including how arous
ing they are, so any inferences about observed differences in 
neural responsiveness are tentative.

We instructed participants to view the clips with one of 
two objectives in mind: (1) watch with natural feeling and 
(2) try to enhance their emotions (i.e., up-regulate). Thus, 
we used a 2 (instructions) x 2 (video clip) within-subject 
design. The order of these four experimental cells for each 
participant was determined randomly. Participants viewed 
both video clips in both conditions multiple times. The 
number of times each participant cycled through all four 
combinations varied depending on differences in partici
pants’ availability, clinical considerations, the amount of 
time they wanted to devote to studies, and the length of their 
observation period before surgery. Table 2 provides the 
number of cycles per participant.

After participants viewed the video clips, during the 
debriefing, we asked them to describe the strategies they
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Table 2
INFORMATION ABOUT PARTICIPANTS AND NEURONS

Participant Average
____________________________________________  Across

1 2 3 4 5 6 7 8 Neurons (SD)

Number of experimental 
sessions

1 2 1 1 1 1 1 1

Number of viewings of each 
video clip within each 
condition

8 5 5 5 4 4 2 3

Number of microwires 
implanted 

Electrode locations

80 96

[Ra/La] Am, [Ra/La] Am, 
[R/L] Hipp, [R/L] Hipp, 
[R/L] EC, [R/L] EC, 
[R/L] PHC, [R/L] PHC, 
[R/L] OFC [R/La] OFC

80

[Ra/L] Am, 
[R/L] Hipp, 
[R/L] EC, 
[R/L] PHC, 
[R/La] OFC

96

[Ra/L] Am, 
[R/L] Hipp, 
[R/L] EC, 
[R/L] PHC, 
[R/L] OFC

96

[R/L] Am, 
[R/L] Hipp, 
[R/L] EC, 
[R/L] PHC, 
[Ra/La] OFC

64

[Ra/L] Am, 
[R/L] Hipp, 
[R/L] EC, 
[R/L] OFC

64

[R] Am,
[R] EC, 
[R/L] Hipp, 
[R] PHC, 
[R] STG, 
[Ra/La] OFC

80

[R/La] Am, 
[R/L] Hipp, 
[R/L] EC, 
[R/L] PHC, 
[R/L] OFC

Number of neuron units 
detected

22 37 27 8 17 7 7 3

Number of fear-responsive 
neurons

8 6 8 3 3 1 2 2

Mean Firing Rates of Fear- 
Responsive Neurons (Hz) 
Baseline 1.1 .8 .2 .6 .6 3.0 2.1 .7 1.1 (.9)

Fearful images (part 1) 7.7 12.1 20.0 16.2 12.4 7.2 8.5 18.8 12.9 (5.0)

Spider: natural 7.0 9.3 17.4 15.1 10.0 5.8 5.9 15.8 10.8 (4.7)

Spider: enhanced 7.4 10.5 16.4 15.2 10.9 5.3 6.3 17.1 11.1 (4.7)

Climate change: natural 2.3 2.3 1.2 .3 .5 4.0 2.3 .9 1.7 (1.2)

Climate change: enhanced 4.1 4.8 6.8 13.3 5.0 3.1 5.3 3.0 5.7 (3.3)

aFear-responsive neuron detected in this area.
Notes: [R/L] Am = amygdala; Hipp = hippocampus; EC = entorhinal cortex; PHC = parahippocampal cortex; OFC = orbitofrontal cortex; STG = superior 

temporal gyrus

used to enhance their fear level while watching the video 
clips. We also asked them about their general attitude 
toward climate change to verify their general understanding 
of this issue.

Stage 1 Analysis and Results: Identification of Fear- 
Responsive Neurons

After each of the two experimental parts, we analyzed 
the data offline (i.e., outside the participant’s room). Note 
that this approach differs from some single-neuron research 
in which analyses take place in real time and the findings 
are immediately used to determine what happens next in 
the experimental session (Cerf et al. 2010). The general 
approach we used to identify neurons and neuron spikes 
follows the algorithm set out by Quian Quiroga, Nadasdy, 
and Ben-Shaul (2004) and is typical of single-neuron 
research.

Identifying signals from individual neurons. First, we 
used a high-pass filter to remove background activity from 
neurons that were too far away to produce detectable spikes. 
We identified individual spikes to separate local noise from 
spiking activity. A signal was defined as a spike candidate if

the peak signal was at least .675 standard deviations above 
the median signal coming from that particular microwire. 
Following this filtering, we removed spikes whose proper
ties either were too rapid (i.e., less than 3 milliseconds 
apart) or had too high an amplitude (greater than 50 SDs of 
the mean signal from the wire). These signals are typically 
artifacts generated by, for example, the participant’s head 
movement.

Second, we separated signals from different neurons that 
were detected on the same microwire, a process known as 
spike sorting. Prior electrophysiology studies (e.g., Wehr 
and Laurent 1996) have shown that separating spikes from 
individual neurons can be crucial to understanding the cod
ing of the brain, because the brain often aggregates infor
mation from the activity of multiple neurons that encode 
different features of stimuli or cognitive activities. Some of 
the microwires do not pick up distinct firing spikes from 
any neurons and only carry background activity. Other 
wires detect spikes from only one neuron, which can be 
readily checked by using the algorithm to ensure that the 
firing pattern is the same for each spike. These neurons are 
called “single units.” Flowever, some wires pick up two or
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more distinct firing signatures, indicating that the wire is 
physically close to multiple neurons. In these cases, the fir
ing patterns are examined with a clustering algorithm. 
Sometimes it is possible to assign each spike to a particular 
neuron, and these neurons are then also called “single 
units.” However, sometimes it is not possible to discrimi
nate among all neurons recorded on the same microwire, 
and these wires are then deemed to be recording “multiu
nits.” In human single-neuron research, these multiunits are 
typically still used for analysis rather than being discarded. 
This assignment can be done with a high degree of reliabil
ity. In what follows, the term “neuron” refers to a single- or 
a multineuron unit, as identified on a microwire. This ter
minology has been widely adopted in human single-neuron 
research.

The 656 total microwires detected 128 neuron units. 
Details for each patient, including the locations of these 
neurons, appear in Table 2. An average of 16.0 (SD = 11.9) 
distinct neurons were recorded per participant, with a range 
from 3 to 37. Note that sometimes a neuron’s signal can 
decay during the course of a study with multiple sessions, 
due to slight shifting of the microwire, a seizure, or changes 
in the tissue surrounding the microwire.

Estimating a baseline firing rate for each neuron. The 
next step was to identify a baseline firing rate for each neu
ron. Most neurons produce spikes even when they are not 
responding to particular stimuli, but rather continuing firing 
at a baseline rate. For each neuron, we defined the baseline 
rate as either its firing rate for a one-minute interval before 
the participant was exposed to any experimental stimuli or 
its average firing rate during one-half-second intervals dur
ing viewing when only a small cross appeared in the 
screen’s center. Note that these two measures tend to yield 
the same results (Cerf et al. 2010). These baseline rates 
were typically .1-3 Hz.

Identifying responsive periods for each neuron. Next, we 
searched for periods when a neuron was active, relative to 
the baseline. We deemed a neuron to have increased activity 
(also called “excitation”) during a particular time interval if 
the firing rate in that interval increased by at least 5 standard 
deviations above the baseline firing rate for that neuron, and 
we deemed it to have decreased activity (inhibition) if the 
firing rate decreased by at least 2 standard deviations, but 
only if the median number of spikes observed during the 
baseline monitoring period was at least two. These defini
tions are consistent with prior single-neuron research (e.g., 
Cerf et al. 2010; Mormann et al. 2011).

Identifying neurons that respond to fear. The next step was 
to identify neurons whose activity increased or decreased 
when a participant was observing a fear-evoking image in 
Stage 1 of the experiment. In particular, we looked for 
changed activity from 300 milliseconds until 5 seconds after 
the fearful stimulus appeared on the screen, or until the 
activity burst decayed back to baseline, because neural 
response to a visual stimulus can continue even after the 
stimulus is removed from sight (Gelbard-Sagiv et al. 2008). 
We classified neurons as responsive when, throughout the 
exposure to the fearful stimulus, their firing rate increased 
by more than 5 standard deviations above the baseline rate. 
Using this procedure, of the 128 identified neurons, we 
categorized 33 as fearful, 14 as a negative emotion other

than fear (e.g., anger, disgust, sadness), and 51 as respond
ing to a positive emotion. The remaining 30 did not respond 
to positive or negative emotions, based on the reaction to 
the I APS images. For the neurons categorized as responding 
to fear, the mean firing rate at baseline was 1.1 Hz (SD = 
.9), and the mean rate when viewing a fearful image was 
12.9 Hz (SD = 5.0; for details, see Table 2).

Note that these criteria for determining responsiveness 
are different from those typically used in imaging experi
ments, such as fMRI, which measures a blood oxygen 
level-dependent signal of neural activity in a population of 
tens of thousands or up to millions of neurons. Aside from 
relying on spatial aggregation, the blood oxygen level- 
dependent signal relies on slower hemodynamic changes, 
on the order of seconds, rather than the submillisecond sen
sitivity of the single-neuron monitoring. With these differ
ences, the electrophysiological analysis in single-neuron 
research is a more direct measure of neural activity, which 
allows for a more straightforward presentation and interpre
tation of the data. Thus, whereas in fMRI the analyst must 
apply a statistical criterion to the signal, which results in a 
significance value “heat map” of the brain, in single-neuron 
research, the analyst can typically present the raw data after 
identifying spikes. That is, the results are typically depicted 
using a visualization of the spiking event over time.

Next, we tested (1) whether these fear-responsive neu
rons were more responsive to fear than to other negative 
emotions and (2) whether these fear-responsive neurons 
responded more strongly to the fearful images than the neu
rons categorized with the other negative emotions. First, 
across all participants, all relevant neurons, and all viewings 
of the relevant I APS images, the mean firing rate for the 
fear-responsive neurons was significantly higher when par
ticipants viewed the fearful images (M = 6.4 Hz, SD = 6.2 
Hz, n = 4,312) than when they viewed images associated 
with other negative emotions (M = 3.8 Hz, SD = 3.9 Hz, n = 
736; Z = 9.64,/? < 10-21, Wilcoxon rank-sum). Second, the 
mean firing rate for neurons associated with negative emo
tions other than fear, when participants viewed fearful 
images (M = 5.1 Hz, SD = 2.7 Hz, n = 2,168), was signifi
cantly lower than the corresponding firing rate for fear- 
responsive neurons (Z = 2.06, p = .03, Wilcoxon rank-sum). 
Given this pattern of reactions, we label these neurons as 
fear-responsive, though we cannot rule out that they are 
responding to related changes, such as an increase in 
arousal.

Stage 2 Analysis and Results: Effect of Emotion 
Enhancement on Fear Responses to Video Clips

We next examined whether participants’ attempt to 
enhance their emotional responses to the video clips 
increased firing rates in their fear-responsive neurons. We 
determined mean firing rates during viewing of each clip by 
dividing the total number of spikes during viewing by the 
length of the clip in seconds.

Firing rates of fear-responsive neurons during natural 
viewing. We tested whether natural viewing of the spider 
clip did indeed increase firing rates of the fear-responsive 
neurons compared with the baseline and with natural view
ing of the climate change clip. The mean firing rate for fear- 
responsive neurons during natural viewing of the spider clip
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(M = 10.8 Hz, SD = 4.7) was significantly higher than the 
baseline firing rate (M = 1.1 Hz, SD = .9; Z = 3.31, p < 
.0001, Wilcoxon rank-sum) and not significantly different 
from their mean firing rate during exposure to the fearful 
IAPS images in Stage 1 (M = 12.9 Hz, SD = 5.0; Z = -.99, 
n.s., Wilcoxon rank-sum). Furthermore, the mean firing rate 
during natural viewing of the climate change clip (M = 1.7 
Hz, SD = 1.2) was not significantly different from the base
line rate (Z = 1.00, n.s., Wilcoxon rank-sum) and was sig
nificantly lower than the mean firing rate during exposure to 
the fearful IAPS images (Z = -3.31, p < .001, Wilcoxon 
rank-sum) and during viewing of the spider clip (Z = -3.31, 
p = .01, Wilcoxon rank-sum). In summary, this analysis 
confirms our assumption that the spider clip naturally cre
ates substantial fear (similar to the fearful IAPS images) 
whereas the climate change clip does not.

Firing rates o f fear-responsive neurons during emotion 
enhancement. Next, we examined whether the firing rates of 
fear-responsive neurons increased when participants were 
instructed to enhance their emotions while viewing the clip. 
The mean firing rate during viewing of the climate change 
clip was significantly higher in the enhanced emotion con
dition (M = 5.7 Hz, SD = 3.3) than in the natural viewing 
condition (M = 1.7 Hz, SD = 1.2; Z = 3.10, p  < .001, 
Wilcoxon rank-sum). In contrast, the mean firing rate dur
ing viewing of the spider clip did not differ significantly 
between the enhanced emotion condition (11.1 Hz, SD = 
4.7) and the natural viewing condition (M = 10.8 Hz, SD = 
4.7, Z = .26, n.s., Wilcoxon rank-sum). Note that, even dur
ing enhanced viewing of the climate change clip, the mean 
firing rate was still significantly lower than that during natu
ral viewing of the spider clip (Z = -2 .57,p = .01, Wilcoxon 
rank-sum).

Figure 2 depicts an example of the impact of emotion 
enhancement for one neuron of one participant viewing the 
climate change clip. This neuron had a 1.1 Hz baseline fir
ing rate, increasing to an average of 12.0 Hz when the par
ticipant viewed fearful images in Stage 1. In Stage 2, during 
the climate change clip, the firing rates for this participant 
were 2.1 Hz during natural viewing and 5.3 Hz in the 
enhanced emotion condition.

Test for changes in firing rate over repeated viewings. We 
also examined how neural activity changed across multiple 
viewings of the same video clip. It is possible that the fearful 
nature of a clip, or the effectiveness of emotion enhancement, 
can either increase or decrease over repeated viewings. When 
testing the change in neural activity over repeated exposures 
to the same video in the natural viewing condition, we 
observed that the change in activity, though positive, was 
quite small across trials (M = .1 Hz, SD = 1.9; p = .02, 
Wilcoxon rank-sum comparing the change in the original set 
with that of 1,000 randomly shuffled sets of trials selected 
from the same data using bootstrapping). Thus, in this par
ticular context, the fear response to a video clip was influ
enced more by willful regulation than by repeated exposure.

Test fo r  changes in firing rate o f other neurons during 
enhancement. In addition, we examined whether the 
enhancement effect observed in the climate change condi
tion was specific to the fear-responsive neurons. Although 
other neurons also directionally increased their firing rate 
when participants viewed the climate change clip in the

enhanced condition (M = 3.0, SD = 3.1 Hz) rather than in 
the natural viewing condition (M = 1.7 Hz, SD = 1.2), this 
difference was only marginally significant (Z = 1.14, p -  
.08, Wilcoxon rank-sum) and was significantly smaller than 
the increase for the fear-responsive neurons (Dother = 1.3 
Hz, Dfear = 4.0 Hz; Z = 3.43,p<  .001, Wilcoxon rank-sum). 
Thus, the increase observed for the fear-responsive neurons 
was not due to a general increase in the firing rate of all neu
rons due to the instructions to enhance emotions. Still, it is 
possible that these neurons were reacting to something other 
than fear but were highly correlated with it, such as 
increased arousal.

GENERAL DISCUSSION
This article examines the potential of using single-neuron 

analysis in the human brain to study consumer behavior. 
Although this methodology is only a decade old, it has 
matured to the point at which marketers and consumer 
researchers can not only learn from extant findings but also 
begin to use this method to obtain important new insights 
into consumer behavior and decision making, which in turn 
can complement and augment insights obtained from other 
market research methods, including other neuroscience 
approaches.

We first described the general methodology of single
neuron research in humans, after which we discussed its 
potential advantages and disadvantages and provided an 
overview of existing single-neuron research and its poten
tial relevance for marketing and consumer behavior. To 
illustrate how single-neuron research is conducted, we 
described a study that examines people’s ability to volun
tarily enhance emotions, focusing on feelings of fear, and 
used that study both to illustrate how data are collected and 
analyzed in single-neuron studies and to highlight the 
issues to be considered and the decisions to be made when 
using this research method. Although the primary purpose 
of the study was to introduce to a marketing audience the 
single-neuron method, its findings offer preliminary 
insights that can help illustrate the potential of single-neu
ron research in marketing.

First, the results suggest that for a video clip that does not 
automatically induce a high level of fear, people can volun
tarily enhance the fear they experience. Seven of the eight 
participants (all but participant 6) were able to willfully 
increase the firing rate of fear-responsive neurons while 
watching the climate change clip. In other words, they were 
able to up-regulate their emotions directly without resorting 
to changes in behavior, exposure, or attention. This result 
suggests that when people are motivated to pursue a goal 
but find doing so difficult (e.g., dieting, quitting smoking, 
recycling), public service ads could help persuade them to 
voluntarily increase their experienced fear (e.g., fear of poor 
health or environmental disaster) and thus bolster their 
resolve. Second, participants were not able to increase the 
firing rate of the fear-responsive neurons in response to the 
spider clip. This suggests that people may not be able to vol
untarily increase their experienced fear in response to stimuli 
that already automatically induce substantial fear. Third, 
although emotion-enhancing participants could increase 
their fear response to the climate change clip relative to a 
natural viewing baseline, the resulting firing rates were still
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Figure 2
SINGLE-NEURON FIRING RATE DURING FEAR ENHANCEMENT
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Notes: Firing rate for one neuron of one participant viewing the climate change clip under natural viewing (M = 2.1 Hz) and under emotion enhancement 
(M = 5.3 Hz). Each vertical line in the enlarged window represents a neuron firing spike.

lower than those of the spider clip when viewed naturally, 
without enhancement. Thus, there may be limitations in 
how much people can volitionally increase fear when it is 
not automatically induced.

These kinds of insights would be difficult to obtain using 
other methods. Self-reports might be highly susceptible to 
demand effects or participants’ inability to accurately 
report levels of fear. Facial expressions may not capture 
subtle fear responses in a video-viewing context or allow 
for a similar quantification of the degree of fear. Physiolog
ical monitoring would have difficulty distinguishing fear 
from other negative emotions. Even fMRI would have dif
ficulty distinguishing neural activity related to fear from 
that related to other emotions, because many of the same 
neural regions show increased activity in response to multi
ple emotions.

Study Limitations
Some of the limitations of our study help illustrate the 

more general limitations of the single-neuron approach. We 
cannot definitively claim that it is fear, and only fear, that 
increases the firing rate in the fear-responsive neurons. For 
example, as we noted previously, it is possible that the neu
rons are responding to a phenomenon that is correlated with 
fear, such as increased arousal. This general limitation is 
shared by most neural methods that study responses to spe
cific stimuli, including fMRI or other imaging methods. At 
any given time, the brain receives and processes numerous 
stimuli and is involved in multiple tasks. However, we can 
identify parts of the brain (regions of the brain for fMRI and 
individual neurons in the current case) that consistently 
respond to certain stimuli but not to others. In our study, we 
identified neurons that consistently responded to images
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pretested to evoke fear. Moreover, having participants view 
the videos several times helped establish that the neurons 
were responding to something inherent to the video-viewing 
task and not to any unrelated momentary activity.

Although we used a large sample of still images in the 
first phase to identify fear-responsive neurons, in the second 
phase, we used only one example each of the videos that 
either did or did not automatically evoke substantial fear. 
We opted for two long clips (rather than many short clips) 
because we did not know how long it would take for partici
pants’ emotion enhancement efforts to succeed when view
ing a video clip —success might require several viewings 
and might not occur until later in a viewing. As it turned out, 
participants were able to enhance emotion quickly, with 
many successes even on their first attempt, and early in that 
attempt. Given this result, it would be desirable to replicate 
our investigation with a larger sample of (shorter) video 
clips that either automatically evoke substantial fear or not.

Our finding that firing rates did not increase when partici
pants attempted to enhance their emotions while viewing 
the already fearful spider clip is potentially subject to the 
alternative explanation that the firing rates during natural 
viewing of this clip may have already been close to the neu
rons’ firing rate ceiling. In that case, it would be difficult for 
voluntary enhancement to create a large increase in firing 
rates. It is also possible that experiencing very high levels of 
fear does not further increase the firing rates of the neurons 
we identified but instead activates an entirely different set of 
neurons. Yet, although ceiling effects are certainly a con
cern, it should be noted that the firing rate of the fear neu
rons during enhanced viewing of the spider clip (M = 11.1 
Hz) is still well below the high firing rates that are routinely 
observed in other single-neuron research (on the order of 
20-30 Hz; see, e.g., Fried et al. 2014).

We also did not collect alternative measures of fear, such 
as self-reports, or compare the results with those from the 
single-neuron analysis. Because survey methods are less 
expensive, are easier to administer, and can be used with a 
much larger population of participants, it would be helpful 
to know if they would produce similar results. However, 
given the limited time available with each participant, it is 
not possible to administer a large battery of these measures 
and still have participants view the still images and videos. 
We also did not examine fear using fMRI, which, as we 
noted previously, does not have the resolution needed for 
examining specific emotions.

Our study focused only on the impact of manipulations 
on neuron firing rates and did not examine downstream 
effects of interest to marketers, such as whether the emotion 
enhancement instructions for the climate change clip also 
resulted in greater message persuasiveness. This would 
require a survey-based measure of persuasiveness or a task 
that produces a measure correlated with persuasiveness, 
unless a neural marker for persuasiveness could be identi
fied using the single-neuron method. Given the small sam
ple size of participants, the sample size of persuasiveness 
survey responses would have little statistical power. This 
limitation of having a small number of participants, as 
opposed to the much larger sample size across all neurons 
and viewings, is another limitation common to most single
neuron research.

Incidentally, it is important to note one common point of 
confusion that often arises in discussions of the results of 
single-neuron studies: the fact that the results are correla
tional and, as such, are open for interpretation as to the true 
cause of the neuronal response. Simply put, we show beyond 
statistical doubt that a cell is more likely to fire when the 
image on the screen is fearful rather than not fearful. There
fore, we label the cell a “fear neuron.” However, this is 
purely a human labeling of an existing phenomenon in the 
environment. It is possible that the cell actually codes some
thing else that could not be determined from the set of stim
uli employed in our study. We named the cell as such 
because we observed that all fear images generated enhanced 
firing. However, this desire by experimenters to label an 
effect could, at times, lead to the mistake of reducing an 
observed phenomenon to a mere description that is easy to 
work with but is not the biological code for the effect.

Other possible limitations, also common to most single
neuron studies in humans, follow from the research’s clini
cal context. All participants were being treated for pharma
cologically intractable epilepsy. Evidence has shown, 
however, that epilepsy patients’ neural functioning is similar 
to that of nonepileptics in multiple cognitive tests (Herman 
and Seidenberg 2007). In addition, in the psychiatric and IQ 
evaluations included in patients’ clinical treatment, their 
scores and answers fall within the range of nonepileptics. 
That said, there are differences in neural patterns among the 
two populations (e.g., in sleep), but these do not manifest in 
the situations in which we test our participants. Additional 
limitations of our work include the small sample size (n = 
8), the small number of fear-responsive neurons, limited 
time with each participant, and the limited number of video 
clips used (as noted previously). These limitations are also 
typical of single-neuron studies in humans: ethical stan
dards prohibit implanting probes in healthy human brains; 
the number of probes used, and thus the number of neurons 
identified, is limited to the number medically required; there 
are only a handful of hospitals in the world that conduct 
single-neuron studies on humans; and the time that a given 
researcher can have with a patient is limited.

Managerial Implications
Our findings have potentially important implications for 

marketers interested in using fear appeals in consumer com
munications, such as public service ads. In particular, our 
results suggest that designing communications to motivate 
consumers to consciously increase their fear, through overt 
instructions in the ad, would be an effective method for 
increasing experienced fear. The increased firing rates of the 
fear-responsive neurons indicate that consumers, when 
requested to enhance their emotions, can do so quite readily 
and successfully. However, our results also indicate that this 
approach may only be successful for phenomena that do 
not, on their own, automatically induce high levels of fear.

Implications for Further Research on Fear Appeals and 
Emotions

Our study directly instructed participants to enhance their 
emotions. Although this is a reasonable starting point, many 
communications that use fear appeals simply urge or nudge 
consumers to “think about” the phenomenon (e.g., a world
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with higher sea levels, less food production capacity), with 
the assumption that this increased elaboration will lead to a 
higher level of fear. Future work could use a single-neuron 
methodology to explore how the impact of these subtle 
strategies compares with that of our more direct approach.

One frequent criticism of fear appeals is that if a commu
nication creates too much fear, consumers may become 
defensive and either ignore the message or process it in a 
biased manner to reduce perceived personal risk (Liberman 
and Chaiken 1992; Sherman and Cohen 2002; Wolburg 
2006). In such cases, eliciting a more moderate level of fear 
might be more effective. It is, however, difficult to assess 
with standard research methods whether people confronted 
with extreme messages do experience reduced feelings of 
fear—or if, instead, the self-reported absence of fear reflects 
an attempt at defensive self-presentation rather than an 
actual absence of fear. Single-neuron studies could help 
investigate this issue by examining whether use of high-fear 
communications can decrease actual firing rates of fear- 
responsive neurons. Caution must be used, however, in 
exposing patients awaiting surgery to messages that create a 
very high level of fear.

Further research should examine whether communica
tions that instruct viewers to try to enhance their feelings of 
fear are more persuasive than those that do not or those that 
elicit high fear on first viewing. Although single-neuron 
research can help determine whether people can willfully 
enhance fear, more traditional behavioral methods are nec
essary to determine whether communications that instruct 
viewers to enhance fear will be effective. The small sample 
sizes of single-neuron methods and the need for within- 
subject experimental designs limit the ability of this method 
to test the effectiveness of different types of fear appeals on 
persuasion. However, to address this and other problems, 
single-neuron recordings can be used to inform the design 
of subsequent studies that use different methods, such as 
traditional behavioral experiments.

Further research might also examine which characteris
tics of the two fear stimuli used here resulted in successful 
enhancement for the climate change clip but not for the spi
der clip. We proposed that this difference could be driven by 
whether the clip automatically evokes substantial fear or, 
alternatively, could be due to ceiling effects for neural firing 
rates. Another possibility is that fear of spiders is an innate 
fear (Poulton and Menzies 2002) that may even be evolu
tionary in origin, whereas fear of climate change is not 
(Ohman and Mineka 2001), and only the latter can be 
enhanced using cognitive elaboration. For example, Phelps 
et al. (2001) discuss how people can learn to fear a dog just 
by hearing that it bit another person. Further research could 
examine whether people have a different ability to enhance 
fears that are relatively innate rather than learned. Such 
research would need to assess a larger selection of fear- 
evoking stimuli than that used in the current study.

Our study did not measure response latencies for neurons 
and thus did not use this temporal advantage of the single
neuron approach over fMRI. Additional research could 
examine how response latencies, starting at the time an 
emotion-causing image appears, differ across neurons that 
respond to different emotions. Such research might also 
examine whether intentionally enhancing emotions affects 
these latencies.

Conclusion
This article aimed to introduce to the marketing commu

nity the single-neuron methodology in humans. As of this 
writing, several research hospitals are creating or planning 
to create facilities to study single-neuron research in 
humans, and this number is expected to increase in the com
ing years. Thus, single-neuron research facilities are likely 
to become more accessible to consumer and market 
researchers. We hope that this article spurs greater discus
sion of how single-neuron studies can be used to enhance 
understanding of topics of fundamental importance to con
sumer research.
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