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Abstract

Many psychophysiologists have noted the striking similarities between the antecedent conditions for the P3 component
of the event-related potential and the orienting response: both are typically elicited by salient, unexpected, novel, task-
relevant, and other motivationally significant stimuli. Although the close coupling of the P3 and orienting response has
been well documented, the neural basis and functional role of this relationship is still poorly understood. Here we
propose that the simultaneous occurrence of the P3 and autonomic components of the orienting response reflects the
co-activation of the locus coeruleus-norepinephrine system and the peripheral sympathetic nervous system by their
common major afferent: the rostral ventrolateral medulla, a key sympathoexcitatory region. A comparison of the
functional significance of the locus coeruleus-norepinephrine system and the peripheral sympathetic nervous system
suggests that the P3 and orienting response reflect complementary cognitive and physical contributions to the mo-
bilization for action following motivationally significant stimuli.
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Reticular formation

In the past decade, the use of functional neuroimaging techniques
has greatly aided our understanding of the cortical and subcor-
tical brain structures involved in regulating the autonomic ner-
vous system, and in representing bodily states (Berntson, Sarter,
& Cacioppo, 2003; Critchley, 2005). It has long been known that
the interplay between the central and autonomic nervous system
is not just important for homeostatic regulation, but also an
essential component of active, stimulus-driven behavior. As an
important example, motivationally significant stimuli! are typ-
ically followed by a phasic response of the autonomic nervous
system, often referred to as the orienting response, along with a
transient change in brain activity known as the P3 or P300.
However, although the close coupling between these two phe-
nomena has been well documented, the functional role and neu-
ral basis of this relationship is still poorly understood. Here, we
propose an hypothesis that attempts to explain this relationship.
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"By motivationally significant stimuli, we mean stimuli that are either
relevant to the current task or that have the potential to be associated with
some form of utility (positive or negative).

The orienting response is a collection of physiological changes
that are elicited by the occurrence of motivationally significant
events (Lynn, 1966; Pavlov, 1927; Sokolov, 1963). These
changes include a temporary dilation of the pupils, a rise in skin
conductance, a momentary change in heart rate, and a range of
other short-lived changes in organ activity. Although the ori-
enting response should probably be regarded as a convenient
grouping of physiological changes rather than as a unitary con-
struct (e.g., Barry, 1979, 2009; Kahneman, 1973), these changes
generally occur together, typically accompanied by a shift of
attention toward the eliciting event. While the precise functional
significance of the orienting response has been a topic of much
debate, there appears to be consensus that it serves to potentiate
information processing and to prepare or facilitate a rapid be-
havioral response to the eliciting stimulus (even if such action is
not always undertaken; e.g., Donchin, Heffley, Hillyard, Love-
less, Maltzman, et al., 1984; Lynn, 1966).

An important question that occupied many psychophysiol-
ogists in the late 1970s and early 1980s concerned the neural
correlates of the orienting response. In particular, they debated
whether the electrophysiological P3 should be seen as the central
nervous system counterpart to the autonomic components of the
orienting response, and how explanations of the functions of
these phenomena might be integrated within one theoretical
framework (Donchin et al., 1984; Friedman, 1978; Kimmel, Van
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Olst, & Orlebeke, 1979). It was clear to most researchers that the
P3 and orienting response have very similar antecedent condi-
tions (Ritter, Vaughan, & Costa, 1968). These antecedent con-
ditions indicate that both phenomena reflect more closely the
motivational significance of eliciting stimuli (as determined by
their inherent value, task instructions, recent experience, and
other factors) than their physical characteristics per se. To illus-
trate, both the P3 (Sutton, Tueting, Zubin, & John, 1967) and the
orienting response (Sokolov, 1963) can be elicited by the absence
of a stimulus when that absence delivers information to the sub-
ject. These and other similarities as well as some apparent dis-
crepancies fuelled discussion about the functional relationship
between the P3 and the orienting response.

However, we believe it is fair to say that no satisfactory in-
tegrative theoretical framework emerged from these years of
discussion, and in the second half of the 1980s interest in the link
between P3 and the orienting response quickly diminished. There
seem to be at least three reasons for this course of events. First, a
fair amount of initial confusion, which impeded theoretical
progress, was caused by the fact that the paradigms used to study
the P3 generally differed from those traditionally employed to
study the autonomic components of the orienting response. Spe-
cifically, the former studies tended to focus on the P3 to task-
relevant stimuli (which shows very little habituation over the
course of an experiment), whereas the latter studies focused on
the orienting response to task-irrelevant stimuli in passive ob-
servers (which habituates rapidly). Fortunately, several research-
ers noted the artifactual nature of the ensuing discrepancies in
results, and this issue of debate was resolved (for a more detailed
summary, see Donchin et al., 1984).

A second challenge for the development of an integrative
theoretical framework concerned the gap between prevalent
conceptions of the functional role of the orienting response and
the most influential theory of the P3: the context-updating hy-
pothesis (Donchin & Coles, 1988). As noted above, a common
and natural interpretation of the orienting response is that it
serves to prepare or facilitate rapid action in response to the
eliciting stimulus. This action-oriented view stands in marked
contrast with the context-updating hypothesis, which posits a
strategic role for the process underlying the P3: updating of a
cognitive schema of the environment. Although, according to
these interpretations, the orienting response (action preparation)
and the P3 (context updating) may be triggered by very similar
antecedent conditions, and hence could be considered correlates
of each other, their action-based vs. memory-based contributions
to goal-directed behavior are of a distinct nature (Donchin,
1981).

Finally, evidence from intracranial recordings (in humans and
animals) and functional imaging suggested the involvement of
multiple, and diverse brain areas in generating the P3 (reviewed
in Soltani & Knight, 2000), and it proved difficult to integrate
this evidence in a comprehensive account of the neural basis of
the P3. Therefore, researchers were lacking a neurobiological
framework with which to correlate the at the time sparse
knowledge of the brain areas involved in eliciting the orienting
response.

Thus, for a long time, the available knowledge and theoretical
conceptions of the P3 made it hard to understand the link be-
tween this component and the orienting response. However, re-
cent research has led to a new, detailed theory of the neural basis
and functional significance of the P3 (Nieuwenhuis, Aston-
Jones, & Cohen, 2005). As we will argue, this theory sheds new
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light on the relationship between the P3 and the orienting re-
sponse, suggesting a close correspondence between the two
phenomena at both the neurobiological and functional levels.

The remainder of this article is organized as follows. We first
review the empirical evidence for a close link between the P3 and
the orienting response, focusing in particular on the similarity in
antecedent conditions. The scope of this review is modest, in
particular in the sense that it does not cover many of the subtleties
of the orienting response, which are discussed in detail elsewhere
(e.g., Sokolov, Spinks, Nddtdnen, & Lyytinen, 2002). Further-
more, we limit our discussion to two of the autonomic compo-
nents of the orienting response that have received the most
attention in the context of the P3: the skin conductance response
(SCR) and the pupil dilation response (PDR). The SCR is en-
tirely driven by changes in the sympathetic nervous system (SNS)
whereas the PDR is subserved by closely coupled SNS and
parasympathetic inputs. Although phasic heart rate changes
have also been a popular measure of the autonomic orienting
response to motivationally significant stimuli (for excellent re-
views, see Graham & Clifton, 1966; Simons, 1988), they mainly
reflect parasympathetic (or vagal) inhibitory influences, which
are strongly modulated by respiratory behavior and baroreflex
activation (e.g., Berntson, Cacioppo, & Quigley, 1993). Because
these influences complicate interpretation, phasic heart rate
changes will not be discussed in our review.

Following this brief review, we will summarize the theory of
the P3 recently proposed by Nieuwenhuis, Aston-Jones, and
Cohen (2005). According to this theory, the P3 reflects the
response of the neuromodulatory locus coeruleus—norepineph-
rine system to the outcome of stimulus evaluation and perceptual
decision making. Furthermore, the theory holds that the ob-
served properties of the P3 reflect an important information
processing function of the locus coeruleus—norepinephrine
system, which is to potentiate the response to motivationally
significant events. In the final sections of the article, we suggest
how this theory and knowledge about the anatomy of the locus
coeruleus—norepinephrine system can be used to leverage our
understanding of the neurobiological and functional relationship
between the P3 and the orienting response.

Similarities Between the P3 and Autonomic Components of the
Orienting Response

An extensive review of the P3, SCR, and PDR is beyond the
scope of this paper, and can be found elsewhere (e.g., Janisse,
1977; Nieuwenhuis, Aston-Jones, & Cohen, 2005; Pritchard,
1981; Roth, 1983). Our goal here is merely to illustrate the point
that the P3 shares many properties with phasic sympathetic
responses reflected in the SCR and the PDR.

The P3

The P3 is a broad, positive, large-amplitude potential with a
parieto-central scalp distribution, and a typical peak latency be-
tween 300 and 400 ms following presentation of stimuli in any
sensory modality (Sutton, Braren, Zubin, & John, 1965). An
important factor affecting the amplitude of the P3 is the subjec-
tive probability of the eliciting stimulus (Donchin & Coles, 1988).
The effect of stimulus probability on P3 amplitude has been
thoroughly documented using the oddball task. In this task, low-
frequency target stimuli (“oddballs’’) are embedded in a train of
non-target stimuli (“’standards’’), and the subject’s task is either
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to actively respond to each target stimulus, or to passively attend
to the stimulus sequence. Using this task, it has been found that
the amplitude of the P3 associated with targets and non-target
stimuli is inversely related to their probability of occurrence
(Duncan-Johnson and Donchin, 1977). The effect of target
probability is mediated, at least in part, by differences in target-
to-target interval (Croft, Gonsalvez, Gabriel, & Barry, 2003).
Furthermore, the amplitude of the P3 to the oddball stimulus is
proportional to the degree of deviation from the standards (e.g.,
in terms of tone pitch; Ford, Roth, & Kopell, 1976).

Although both targets (i.e., stimuli requiring a response) and
non-target stimuli can elicit a P3, when equated for frequency of
occurrence, targets typically elicit somewhat higher P3 ampli-
tudes than nontarget stimuli (e.g., Duncan-Johnson & Donchin,
1977). This indicates that P3 amplitude is also sensitive to the
motivational significance of the eliciting stimulus. In laboratory
contexts, such as the oddball task, stimuli often derive their mo-
tivational significance from a set of, in some sense, arbitrary task
instructions. However, the P3 is also sensitive to stimuli with
more intrinsic significance. For example, emotionally valent
stimuli, whether experienced as positive or negative, are associ-
ated with larger P3s than emotionally neutral stimuli (Johnston,
Miller, & Burleson, 1986; Yeung & Sanfey, 2004). Moreover, the
P3 can be elicited by the absence of a stimulus when that absence
delivers important information to the subject (Sutton et al.,
1967), which further illustrates that the P3 is sensitive to the
significance rather than physical properties of a stimulus.

The effects of subjective probability and motivational signifi-
cance on P3 amplitude are modulated by a third variable, the
amount of attention paid to the stimulus (Johnson, 1993). Spe-
cifically, the same stimuli that would under normal circumstances
elicit a robust P3, elicit no P3 or a P3 of much smaller amplitude
when they are deliberately ignored or when subjects’ attention is
occupied by another, secondary task (Duncan-Johnson & Don-
chin, 1977). A P3 will be observed only if an initially unattended
stimulus has sufficient intensity to capture attention and intrude
into consciousness (Ritter et al., 1968). Indeed, the only physical
property that systematically affects the P3 is stimulus intensity,
which is positively correlated with P3 amplitude (Covington &
Polich, 1996; Roth, Dorato, & Kopell, 1984).

Highly deviant or salient task-irrelevant stimuli, such as in-
frequently presented loud sounds, can be regarded as a specific
class of motivationally significant, attention-capturing stimuli.
The P3 elicited by this class of stimuli (often labeled P3a) has a
number of properties that distinguish it from the typical P3 (or
P3b) associated with task-relevant stimuli (Friedman, Cycowicz,
& Gaeta, 2001; Simons, Graham, Miles, & Chen, 2001; Spencer,
Dien, & Donchin, 2001): (i) its scalp distribution has a prominent
fronto-central focus; (ii) it peaks 60—-80 ms earlier than the P3b;
and (iii) its amplitude shows rapid habituation as the novelty or
salience of task-irrelevant stimuli decreases with repeated pre-
sentations (Courchesne, Hillyard, & Galambos, 1975; Roth,
1973; see Rushby & Barry, 2007 for more stringent habituation
criteria), although the evidence for such habituation at long in-
terstimulus intervals (>30 s in traditional orienting response
studies) is mixed (e.g., Rushby & Barry, 2009; Rust, 1977; Simons,
Rockstroh, Elbert, Fiorito, Lutzenberger, & Birbaumer, 1987).

Various lines of evidence indicate that the P3 is intimately
related to task performance. For example, under the attention-
demanding circumstances presented by signal-detection tasks, P3
amplitude varies directly with detection and recognition perfor-
mance on signal-present trials (e.g., Hillyard, Squires, Bauer, &

Lindsay, 1971). More specifically, stimuli that elicit a large P3
have a higher chance of being accurately discriminated. Similar
findings have been obtained with the attentional blink paradigm
(cf. Nieuwenhuis, Gilzenrat, Holmes, & Cohen, 2005). Further-
more, in speeded two-choice reaction time tasks, P3 latency and
reaction time generally covary across trials (Makeig, Delorme,
Westerfield, Jung, Townsend, et al., 2004; Pfefferbaum, Ford,
Roth, & Kopell, 1980; Ritter, Simson, & Vaughan, 1972) with
the peak of the P3 generally occurring around the time of the
response. They also covary across task conditions when these
affect the duration of stimulus encoding or the decision process
(for a review and some exceptions, see Verleger, 1997). Finally,
P3 amplitude and reaction time are negatively correlated across
trials in the oddball task (Holm, Ranta-aho, Sallinen, Karjalai-
nen, & Miiller, 2006; Li, Keil, & Principe, 2009; Suwazono,
Shibasaki, Nishida, Nakamura, Honda, et al., 1994). Together,
these results are consistent with the notion that the P3 process
serves to facilitate behavioral responses (Nieuwenhuis, Aston-
Jones, & Cohen, 2005). The P3 process may also facilitate in-
ternal “‘responses” such as the encoding of information into
long-term memory. For example, P3 amplitude to a stimulus is
predictive of later recall of that stimulus (Karis, Fabiani, &
Donchin, 1984).

To summarize, the process underlying the P3 is driven by the
motivational significance and frequency of task-relevant stimuli
while being relatively insensitive to their physical attributes. In
addition, a P3 with a slightly earlier timing and a more frontal
scalp distribution occurs to task-irrelevant stimuli that are salient
by virtue of novelty or intensity. Finally, the P3 is closely asso-
ciated with the speed and accuracy of responding.

The Skin Conductance Response

The eccrine sweat glands are innervated by efferent neurons from
the sympathetic axis of the autonomic nervous system. The pri-
mary function of most eccrine sweat glands is thermoregulation,
but the eccrine glands located on the palms and soles of the feet
may be more concerned with grasping behavior than with evap-
orative cooling (Edelberg, 1972). Furthermore, it has been sug-
gested that these glands are more responsive to emotional stimuli
than to thermal stimuli (Dawson, Schell, & Filion, 2000). Tran-
sient changes in SNS activity are reflected in measurable changes
in skin conductance at the surface, where the activity modulates
the conductance of an applied current to the skin. The SCR to
external stimuli consists of a rise in conductance beginning more
than 1 s following stimulation, a peak around 1 s following onset,
and a slow recovery to baseline. This pattern can be readily
measured on single trials.

The antecedent conditions for the SCR have been thoroughly
investigated. In this research, subjects are typically passive ob-
servers, and the intervals between consecutive stimuli are rela-
tively long so that the SCR to one stimulus has time to evolve
before the next stimulus appears. No study has systematically
examined the relationship between stimulus probability and SCR
amplitude, presumably because of the large number of (long-
duration) trials required. However, one robust finding is that
unexpected stimulus change is sufficient to produce a reliable
SCR (Siddle, O’Gorman, & Wood, 1979). For example, in the
study of Siddle, Remington, and Churchill (1984) subjects
watched a sequence of 41 stimuli, spaced at random intervals, all
longer than 20 s. Half of the subjects saw 40 letter stimuli (H and
F), followed by a shape stimulus (diamond or triangle). The
other half of the subjects saw 40 shape stimuli followed by a



letter. The data indicated a substantially increased SCR on the
change trial compared to the two preceding non-change trials,
and this increase was independent of the identity of the change
stimulus (letter or shape). Other studies have found that the size
of the SCR is proportional to the degree of (e.g., physical
or semantic) mismatch between the standards and the oddball
(e.g., Siddle & Heron, 1976).

Motivational significance (e.g., task relevance) is also an im-
portant determinant of SCR amplitude (Bernstein, 1979; Maltz-
man, 1979a, b). Instructing the subject to perform a voluntary
response to a stimulus generally increases the corresponding SCR
compared to when the stimulus is not associated with any task
(Bernstein & Taylor, 1979; Siddle et al., 1979). Bernstein, Taylor,
and Weinstein (1975) reported enhanced SCRs when subjects
were required to respond to a designated class of auditory stim-
ulus in a sequence of tones, compared to when they were asked to
merely listen to the sequence. In addition, when subjects were
instructed to respond only when the target was presented to one
of their ears, the target-evoked SCR was larger for targets pre-
sented to the task-relevant compared to the task-irrelevant ear.
Enhanced SCRs have also been observed in response to condi-
tioned stimuli that indicate a high probability or intensity of
physical punishment (Ohman, Bjorkstrand, & Ellstrom, 1973),
and to other stimuli with learned significance, such as one’s own
name (Siddle et al., 1979). Finally, the unexpected omission of an
unconditioned stimulus can elicit a SCR, again illustrating that it
is the meaning rather than the physical properties of an event that
elicits the orienting response.

Like P3 amplitude, SCR amplitude increases monotonically
with stimulus intensity (Barry, 1975; Jackson, 1974; Turpin &
Siddle, 1979). This eftect appears independently of whether sub-
jects are passively observing or actively responding to the stimuli
(Roth et al., 1984). The initial SCR to salient, task-irrelevant
stimuli (often referred to as involuntary orienting response;
Maltzman, 1979a) habituates with repeated stimulus presenta-
tions (Barry, Feldman, Gordon, Cocker, & Rennie, 1993),
with the rate of habituation being slower for more salient stimuli
(Raskin, Kotses, & Bever, 1969). In contrast, the SCR to
task-relevant stimuli (the voluntary orienting response) usually
shows little or no habituation (e.g., Van Olst, Heemstra, & Ten
Kortenaar, 1979). The amplitude of the SCR response upon ini-
tial presentation of a stimulus is directly related with the prob-
ability of long-term recall of that stimulus (Kleinsmith &
Kaplan, 1964; Maltzman, Kantor, & Langdon, 1966), mirror-
ing the relationship between P3 amplitude and recall.

Although the antecedent conditions for the P3 and SCR are
highly similar across different experiments, the few studies that
directly compared these measures within the same experiment
offer mixed results. Such direct comparisons have been uncom-
mon because they are limited by methodological factors. The low
signal-to-noise ratio of event-related potentials (ERPs) demands
that they are averaged across many trials. ERPs are rapid (<1 s)
and interstimulus intervals are usually short to allow for many
repeated trials. In contrast, the SCR does not require averaging
and is typically investigated using long interstimulus intervals
(>10 s) to allow for its protracted time course, thus limiting the
total number of trials that can be obtained.

Verbaten (1983) measured the P3 and SCR to repeated pre-
sentations of schematic pictures while requiring the subjects to
either passively watch stimuli or memorize them. Regardless
of the instruction, the amplitude of the frontocentral P3 and
the SCR showed a significant decrease over multiple stimulus

S. Nieuwenhuis et al.

presentations, whereas the posterior P3 did not. Two other stud-
ies, both using an active auditory oddball task, compared the P3
across trials with and without a SCR (Bahramali, Gordon, Lim,
Li, Lagopoulos et al., 1997; Halgren & Marinkovic, 1995). In
both studies, the P3 was reliably larger for SCR-present than
for SCR-absent trials, but only at frontocentral electrodes; at
posterior electrodes the P3 showed very little difference between
these trial groups. Lyytinen, Blomberg, and Niétédnen (1992)
have reported similar results with a passive auditory oddball
task. Roth, Blowers, Doyle, and Kopell (1982) obtained single-
trial estimates of P3 amplitude (after low-pass filtering) and SCR
amplitude using a passive auditory oddball paradigm, and found
no significant correlation between these measures. However, as
we will discuss below, this null result might be attributable to
extraneous sources of variance inherent to both signals. Finally,
two recent studies have compared habituation of the SCR and P3
to repetitive task-irrelevant stimuli in a typical orienting response
paradigm with long interstimulus intervals of 8 s (Rushby, Barry,
& Doherty, 2005) and 2 min (Rushby & Barry, 2009). In Rushby
et al. (2005), SCR amplitude and P3 amplitude both showed
clear habituation, response recovery (to a change stimulus) and
enhanced responding (or dishabituation) to a re-presentation of
the original stimulus. In Rushby and Barry (2009), SCR ampli-
tude showed habituation over the first few trials of the stimulus
train while the P3 showed a nonsignificant decreasing trend
across all 12 presented tones. In both studies, principal compo-
nent analysis was used to investigate habituation of subcompo-
nents of the P3. The 3 extracted phasic subcomponents of the P3
in each study differed widely in terms of their correlation with the
SCR across trials. Poor correlations were found between the
SCR and a subcomponent corresponding with the P3a (both
studies); moderate correlations between SCR and a subcompo-
nent corresponding with the P3b (Rushby et al., 2005); and high
correlations between the SCR and a relatively late, frontally dis-
tributed subcomponent that the authors labeled “novelty P3”
(both studies).

The Pupil Dilation Response
The stimulus-evoked PDR reflects contributions of the SNS and
parasympathetic nervous system, which act in a relatively
straightforward, reciprocal manner, with SNS activation closely
coupled to parasympathetic inhibition (Beatty & Lucero-Wag-
oner, 2000). The SNS enlarges the pupil by direct stimulation of
the dilator muscles. The contribution of the parasympathetic
pathway is mediated by central inhibition of the Edinger—West-
phal complex, resulting in relaxation of the sphincter muscles and
hence dilation. The PDR has a typical onset latency between
200-500 ms after the stimulus, peaks about 1 s later, and ter-
minates rapidly upon completion of stimulus processing. This
phasic, stimulus-evoked activity can be distinguished from the
more protracted pupil effects of mental processing load, which
will not be considered here (for review, see Beatty, 1982).
Though considerably smaller in size, the literature on the an-
tecedent conditions for the PDR is generally consistent with the
P3 and SCR literatures summarized above. Like the P3 and
SCR, the PDR is highly sensitive to stimulus probability. For
example, Qiyuan and colleagues systematically manipulated
stimulus probability in an active auditory oddball task and found
that the magnitude of the PDR to both targets and non-target
stimuli was inversely proportional to their probability (Qiyuan,
Richer, Wagoner, & Beatty, 1985). The unexpected absence of a
stimulus also evoked a reliable PDR. Friedman, Hakerem,
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Sutton, and Fleiss (1973) recorded both pupil diameter and the
electroencephalogram (EEG) in a passive auditory oddball task
in which the relative probability of the two stimulus categories
was systematically varied across conditions. Subjects were either
told (certain condition) or were asked to guess (uncertain con-
dition) which stimulus would occur on a given trial. Both the
PDR and the P3 increased in amplitude as the probability of the
eliciting stimulus decreased, but only in the uncertain condition.
Steinhauer and Hakerem (1992) report a similar inverse relation
between stimulus probability and the amplitudes of the P3 and
PDR, both when subjects were counting auditory oddballs, and
when they were responding to both stimulus categories (see also
Steinhauer & Zubin, 1982).

Regarding the effects of task relevance and stimulus value on
the PDR, the available evidence is limited. Peavler (1974) mea-
sured the pupillary response while subjects were listening to a
string of digits. Significant dilation occurred only when subjects
were told they would later be tested for recall, and not when no
task was associated with the stimuli. However, it should be noted
that the reported pattern (monotonic increase in pupil dilation
with each presented digit) was not phasic in nature but instead
resembled the tonic dilation effects associated with mental pro-
cessing load (Beatty, 1982). Van Olst et al. (1979) found larger
PDRs to targets than to non-target stimuli in an active auditory
oddball task, even though the two stimulus categories were
equiprobable (but see Qiyuan et al., 1985). Pleasant stimuli, such
as erotic pictures, and stressors typically cause large pupil
dilation (Bradley, Miccoli, Escrig, & Lang, 2008, Janisse, 1977),
suggesting an important influence of stimulus value.

The evidence concerning the effect of stimulus intensity on the
PDR is also sparse. One study has reported that PDR amplitude
increases with the intensity of auditory noise (80—100 dB; An-
tikainen & Niemi, 1983). In another study, it was found that
stimulus intensity (60, 75, or 100 dB) did not affect PDR
amplitude. However, it is worth noting that in this study each
level of intensity was presented to a different group of subjects,
precluding context-sensitive scaling of pupil responses (Stelmack
& Siddle, 1982). Finally, several studies have reported reliable
habituation of the PDR across multiple presentations of task-
irrelevant stimuli (Antikainen & Niemi, 1983; Maher & Furedy,
1979; Stelmack & Siddle, 1982).

The relationship between PDR amplitude and performance
accuracy mirrors that observed for P3 amplitude and accuracy.
That is, under data-limited conditions, larger pupil dilations are
generally associated with better performance. Like for the P3, the
main evidence comes from studies using the signal-detection
paradigm. Hakerem and Sutton (1966) required subjects to de-
tect near-threshold stimuli in a visual signal-detection task. These
stimuli elicited a PDR only on trials in which the stimulus was
correctly reported as seen. Beatty and Wagoner (1976, unpub-
lished data; cited in Janisse, 1977) found similar results using an
auditory signal-detection task: On signal-present trials, larger
PDRs were associated with significantly more correct decisions
and with higher confidence that the decisions made were correct.

Discussion

The above review reveals a striking resemblance between the
conditions that evoke the P3 and those associated with two
exemplary components of the orienting response, the SCR and
the PDR. All three measures are preferentially sensitive to nov-
elty, motivational significance (e.g., task relevance), and other
salient stimulus characteristics that are potentially important for

survival and goal-directed behavior. In addition, all three mea-
sures show evidence of habituation with repeated presentation of
task-irrelevant stimuli. The occurrence of a P3, SCR, or PDR is
also associated with better task performance. As described
above, similar observations by other authors, mainly in the 1970s
and 1980s, led to the question of how exactly the P3 might be
related to autonomic components of the orienting response. In
the next section, we discuss a recently proposed theory of the P3
that suggests a straightforward account of this relationship.

Before we turn to this theory, two issues are worth noting.
First, the data reviewed above suggest that the SCR is more
strongly correlated with P3 activity at frontocentral electrodes
than with posterior P3 activity. The possible significance of this
finding will be considered in the section “Summary and Discus-
sion.”” Second, the few studies that have co-registered the P3 and
autonomic nervous system measures have reported small or ab-
sent correlations between these phenomena. Although such find-
ings may appear at odds with the remarkable similarities in the
antecedents for these responses, it should be kept in mind that the
between-subject correlations between the P3 and autonomic ner-
vous system measures will be affected by their differential sus-
ceptibility to several types of variables (cf. Steinhauer &
Hakerem, 1992). Such variables include, for example, exoge-
nous influences like ambient lighting conditions and tempera-
ture, recent smoking behavior and time of last meal that may
affect autonomic nervous system measures differently than the
P3 (e.g., Polich & Kok, 1995). Studies that examined within-
subject, cross-trial correlations between the P3 and autonomic
nervous system responses have struggled with the vast differences
in the time scales on which these responses can be assessed.
Attempts to overcome these methodological challenges are direly
needed.

Link Between the P3 and the Locus Coeruleus-Norepinephrine
(LC-NE) System

Recent research has suggested that the neuromodulatory brain-
stem nucleus locus coeruleus (LC) is critical for the regulation of
cognitive performance (Aston-Jones & Cohen, 2005; Nieuwen-
huis & Jepma, in press; Robbins, 1997; Sara, 2009; Yu & Dayan,
2005). The LC exhibits a strong phasic increase in activity during
the processing of motivationally relevant stimuli, leading to the
release of the neuromodulatory neurotransmitter norepinephrine
(NE) in widespread cortical projection areas. This LC-mediated
noradrenergic innervation increases the responsivity (or gain) of
efferent target neurons (for a review, see Berridge & Waterhouse,
2003). It has been shown that, when applied in a temporally
strategic manner (e.g., when driven by the identification and
evaluation of motivationally relevant stimuli), increases in gain
produce an increase in the signal-to-noise ratio of subsequent
processing and a concomitant improvement in the efficiency and
reliability of behavioral responses (e.g., Servan-Schreiber, Printz,
& Cohen, 1990). Accordingly, it has been found that LC phasic
activation reliably precedes and is temporally linked to behav-
ioral responses to attended stimuli (Aston-Jones, Rajkowski,
Kubiak, & Alexinsky, 1994; Bouret & Sara, 2004; Clayton,
Rajkowski, Cohen, & Aston-Jones, 2004).

According to a recent theory, the scalp-recorded P3 is the
electrophysiological correlate of LC-induced phasic enhance-
ment of neural responsivity (gain) in the neocortex (Nieuwen-
huis, Aston-Jones, & Cohen, 2005); this theory follows from
carlier theoretical and experimental work (Desmedt & Debecker,



1979; Pineda, Foote, & Neville, 1989). Strong evidence for sub-
cortical involvement in P3 generation has come from a study
showing largely intact P3 components to unilaterally presented
visual stimuli over the unstimulated hemisphere of a split-brain
patient (Kutas, Hillyard, Volpe, & Gazzaniga, 1990). Given that
in split-brain patients interhemispheric transfer of information is
not possible at the cortical level, this finding indicates that critical
input and/or output signals of the P3 process must have passed
through one of the intact subcortical commissures.

Here, we briefly summarize the evidence for a specific role of
LC phasic activity in P3 generation. (For an extensive review and
a comparison with the context-updating hypothesis, see Nieu-
wenhuis, Aston-Jones, & Cohen, 2005.) First, the distribution
and timing of intracranial and scalp-recorded P3 activity are
consistent with the anatomical and physiological properties of
the LC-NE system. For example, the diffuse P3 scalp distribu-
tion and observation of P3 activity in multiple intracranial struc-
tures (Soltani & Knight, 2000) are consistent with the widespread
projections from the LC to cortical and subcortical areas. Fur-
thermore, P3 onset latency in simple two-alternative forced
choice tasks is consistent with the latency of LC phasic activity
(~150-200 ms), if one takes into account the relatively slow
conduction velocity of LC fibers (Aston-Jones, Foote, & Segal,
1985). Additionally, the relatively early timing of P3 activity in
frontal (P3a) and subcortical areas (e.g., thalamus; Klostermann,
Wahl, Marzinzik, Schneider, Kupsch, & Curio, 2006) is consistent
with the trajectory of LC fibers, which first reach these areas and
only then veer backwards to innervate posterior cortical areas
(Morrison, Molliver, Grzanna, & Coyle, 1981), where the P3b is
generated. Because the neuromodulatory effect of NE—presumed
to be reflected in the P3—is to enhance processing in target areas,
brain areas that are most engaged by a given task should show the
greatest increases in activity. This may explain why the relative
contribution of the P3a and P3b to the overall P3 scalp topography
depends on the antecedent conditions. For example, the large P3a
to novel stimuli, leading to a more anterior focus of the P3 scalp
distribution, may reflect the greater contribution of prefrontal
structures to novelty processing (Soltani & Knight, 2000), an effect
that is enhanced by LC-NE engagement.

Second, the antecedent conditions for the P3, discussed
above, are highly similar to those for the LC phasic response (for
review, see Aston-Jones, Rajkowski, & Cohen, 2000). The LC
phasic response is preferentially elicited by motivationally sig-
nificant stimuli, including stimuli that are novel or unexpected,
conditioned stimuli that require a response (e.g., in an oddball
task), unconditioned auditory startle stimuli, appetive and aver-
sive stimuli. The LC phasic response after task-irrelevant audi-
tory stimuli varies directly with the intensity of those stimuli
(Grant, Aston-Jones, & Redmond, 1988). Like the P3, the LC
phasic response is relatively insensitive to the physical attributes
of stimuli, and habituates as the salience of task-irrelevant stimuli
decreases with repeated presentations (Sara, Vankov, & Herve,
1994). However, LC responses do not exhibit habituation for
highly salient or task-relevant stimulus events (Aston-Jones &
Bloom, 1981; Aston-Jones, Rajkowski, et al., 1994). The parallel
between the P3 and the LC phasic response is further supported
by a study that simultaneously recorded the two phenomena, and
found that their changes in amplitude in response to experimental
manipulations followed a very similar time course (Aston-Jones,
Chiang, & Alexinsky, 1991).

Third, several studies have reported direct evidence for an LC
generator of the P3. These include psychopharmacological
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studies, which have shown that P3 amplitude is modulated in a
systematic fashion by noradrenergic agents such as clonidine
(Swick, Pineda, & Foote, 1994), and entirely abolished following
drug-induced norepinephrine depletion (Glover, Ghilardi,
Bodis-Wollner, & Onoftj, 1988). Lesion studies have demon-
strated a selective decrease in P3 amplitude in monkeys sustain-
ing LC lesions (Pineda et al., 1989). Also, a recent study has
found that individual differences in the noradrenergic gene that
affects the activity of the alpha-2a receptor are a key determinant
of P3 amplitude (Liu, Kiehl, Pearlson, Perrone-Bizzozero,
Eichele, & Calhoun, 2009).

Finally, the tight link between the P3 and task performance
(i.e., speed and accuracy) is consistent with the functional role
ascribed to LC phasic activity, namely, to facilitate post-deci-
sional information processing and behavioral responding. In-
deed, LC activity itself is closely related to behavioral
performance: Larger LC responses are associated with higher
performance accuracy, and the latency of LC phasic responses is
positively correlated with the overt reaction times (Aston-Jones,
Rajkowski, et al., 1994; Aston-Jones et al., 2000; Clayton et al.,
2004)—a pattern similar to that for the P3. We note that the
potentiating influence of the LC-NE system on behavioral re-
sponding is likely to be modest in typical laboratory tasks, which
use simple stimuli and discrete button-press responses. These
tasks are performed so quickly that the noradrenergic modula-
tion of the relevant cortical areas (as reflected in the P3) may
sometimes occur too late to facilitate the response. It is plausible
that the facilitatory influence of the LC-NE system is more
prominent in real-life situations, which are characterized by
multimodal, crowded sensory environments and a range of po-
tential, often time-consuming response options.

In sum, there is converging evidence from multiple research
disciplines that indicates a crucial role for the LC-NE system in
generating the P3. As we will discuss below, the tight relationship
between the LC-NE system, the P3, and the orienting response is
further supported by several findings that suggest a strong tem-
poral correlation between LC-NE activity and SNS activity.

Correlation between LC-NE activity and SNS activity

The types of stimuli that are most effective for eliciting LC phasic
responses are those that stop ongoing behavior and elicit a be-
havioral orienting response (Aston-Jones & Bloom, 1981; As-
ton-Jones, Valentino, Van Bockstaele, & Meyerson, 1994). This
observation is supported by several studies that have measured
correlations between autonomic nervous system changes and LC
activity across various time scales. For example, Elam and col-
leagues found that noxious and non-noxious sensory stimuli
produced parallel changes in LC-NE unit activity and peripheral
sympathetic nerve discharge in rats (Elam, Svensson, & Thoren,
1986). Abercrombie and Jacobs (1987) found that changes in
LC-NE activity induced by chronically presented stressful stimuli
were closely correlated with changes in heart rate in cats. Studies
examining LC activity after physiological manipulations that
cause autonomic activation found that the two were frequently
correlated, with higher LC activity for hypoglycemia, hypoten-
sion, hypervolemia, ambient heating, and pyrogen-induced fever
(Morilak, Fornal, & Jacobs, 1987a, 1987b, 1987c). Further-
more, Reiner (1986) reported parallel changes in activity of LC
neurons and peripheral sympathetic tone across the stages of the
sleep-wake cycle in behaving cats.
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Finally, neurophysiological recordings in the monkey have
indicated that tonic changes in pupil diameter closely track the
time course of LC activity, and show the same relationship to
behavioral performance as tonic LC activity (Aston-Jones &
Cohen, 2005; Rajkowski, Kubiak, & Aston-Jones, 1993). Some
of these findings have recently been corroborated in a series of
human pupillometry experiments (Gilzenrat, Nieuwenhuis,
Jepma, & Cohen, 2010; Jepma & Nieuwenhuis, submitted). In
these experiments, it was found that the magnitudes of baseline
pupil diameter and task-evoked pupil dilations were inversely
correlated, corresponding to the reciprocal relationship observed
between LC tonic and phasic modes (Aston-Jones et al., 2000;
Usher, Cohen, Servan-Schreiber, Rajkowski, & Aston-Jones,
1999). Furthermore, these measures of pupil diameter were sen-
sitive to experimental manipulations of task utility, and predic-
tive of behavioral indices of task (dis)engagement and
exploratory behaviors in a manner consistent with predictions
of the adaptive gain theory of LC function (Aston-Jones & Co-
hen, 2005).

The observed similarity in antecedent conditions and corre-
lations between autonomic nervous system and LC-NE activity
suggest that the LC-NE system in the brain is a central analogue
of the peripheral SNS (cf. Amaral & Sinnamon, 1977; Aston-
Jones et al., 1991), and that the two systems often operate in an
integrated fashion. They also lend further credence to the notion
that autonomic components of the orienting response and the P3
are intimately coupled. The critical question that motivates much
of the remainder of this article is how the parallel activation of the
SNS and the P3 (as a correlate of phasic LC-NE activity) can be
understood in anatomical terms, given existing knowledge about
the anatomy of the LC-NE system.

Anatomical Link: Parallel Activation of the LC-NE System and
Peripheral SNS by the Rostral Ventrolateral Medulla

Itis unlikely that the parallel activation of the LC-NE system and
peripheral SNS reflects a direct influence of one on the other.
Contrary to occasional claims in the literature (e.g., Szabadi &
Bradshaw, 1996), there is no reliable evidence for a direct pro-
jection from the LC to the autonomic nuclei that regulate the
pupil, sweat glands, heart, and other organs (Aston-Jones, 2004).
Instead, some of these nuclei are innervated by lower medullary
NE cell groups (e.g., Levitt & Moore, 1979). Although there is
substantial evidence that autonomic (mainly cardiovascular) re-
sponses have an influence on LC activity (Berntson, Sarter, &
Cacioppo, 1998; Morilak et al., 1987a, 1987b, 1987c; Svensson,
1987), this anatomical route is too slow to explain the rapid,
phasic LC responses to motivationally significant stimuli and the
resulting P3.

As an alternative explanation for the parallel activation of the
LC and the SNS, we propose an anatomical model that intro-
duces a third player: the nucleus paragigantocellularis (PGi), a
highly integrative nucleus in the rostral ventrolateral medulla
that plays a pivotal role in controlling both the LC and the SNS
(see Figure 1). The PGi provides one of the major excitatory in-
puts to the LC (Aston-Jones, Ennis, Pieribone, Nickell, & Ship-
ley, 1986). Furthermore, pharmacologic blockade of the PGi
blocks LC responses to somatosensory stimulation (Chiang &
Aston-Jones, 1993; Ennis & Aston-Jones, 1988), as does block-
ade of glutamate transmission in the LC, the major neurotrans-
mitter in the PGi-to-LC pathway (Ennis & Aston-Jones, 1988).
These and other studies have indicated that the PGi is a critical
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Figure 1. Anatomical model that corresponds to our hypothesis. PGi =
nucleus paragigantocellularis; LC = locus coeruleus; SNS = sympathetic
nervous system; mPFC = medial prefrontal cortex; Orb = orbitofrontal
cortex; ACC = anterior cingulate cortex; Amyg = amygdala; PBN =
parabrachial nucleus; Hypoth = hypothalamus; PAG = periaqueductal
grey; NTS =nucleus tractus solitarius; IML = intermediolateral cell
column of the spinal cord.

relay center for mediating the phasic LC responses evoked by at
least certain sensory stimuli.

Importantly, the PGi is also a key sympathoexcitatory brain
region, with strong projections that directly innervate pregangl-
ionic sympathetic neurons of the intermediolateral cell column of
the spinal cord (Guyenet, 1990; Loewy, Wallach, & McKellar,
1981). These preganglionic cells send axons to specific ganglia in
the peripheral nervous system and synapse on postganglionic
neurons, which in turn innervate various peripheral targets such
as the dilator muscle of the pupil and the sweat glands. Stim-
ulation of the PGi elicits electrodermal responses, pupil dilations,
increases in blood pressure, and other sympathetic responses
(Davison & Koss, 1975; Guyenet, 1990; Koss & Wang, 1972).
Interestingly, stimulation of PGi neurons can also increase cor-
tical arousal, as indicated by changes in the EEG power spectrum
(Wu, Stavarache, Pfaff, & Kow, 2007). The location of the PGiin
the medullary reticular formation is consistent with early pro-
posals regarding the origin of the orienting response in the ret-
icular formation (Sokolov, 1963, 1975), and with classic
experiments showing that stimulation of the reticular formation
by implanted electrodes reproduces the autonomic, behavioral,
and EEG components of the orienting response (Moruzzi &
Magoun, 1949; Scheibel, 1980). It is noteworthy, however, that
evidence indicates that neurons projecting to sympathetic pre-
ganglionic areas and to the LC are often distinct but interdig-
itated cells in the ventrolateral medulla (Huangfu, Verberne, &
Guyenet, 1992). Thus, the frequently observed parallel regula-
tion of the LC and the SNS seems to involve similar inputs to
parallel but distinct neurons innervating spinal sympathetic areas
and LC.



Anatomical studies have revealed that the PGi itself receives
inputs from a wide variety of brain areas involved in autonomic
and visceral regulation, including the periaqueductal grey, the
hypothalamus, and the insular cortex, and from multimodal as-
sociation areas including the medial prefrontal cortex (Van
Bockstacle, Aston-Jones, Ennis, Shipley, & Pieribone, 1991; Van
Bockstacele, Pieribone, & Aston-Jones, 1989). The PGi is a crit-
ical relay center for the descending sympathoexcitatory pathways
originating in the hypothalamus (Hilton & Smith, 1984). Fur-
thermore, emotional signals from the amygdala may reach the
PGi by way of the hypothalamus and periaqueductal grey. Thus,
the PGi integrates several types of autonomic and sensory in-
formation, and provides potent parallel activation of the LC and
the peripheral SNS (Aston-Jones, Valentino, et al., 1994). These
properties are consistent with the simultaneous occurrence of the
P3 and orienting response in response to a wide array of mo-
tivationally significant events.

Alternative Anatomical Routes

Our model posits that the LC provides no direct efferent inner-
vation of the nuclei subserving sympathetic tone, because the LC
does not project substantially to preganglionic autonomic nuclei.
However, experimental manipulation of the LC-NE system can
result in changes in SNS activity. An early study found that
electrical stimulation of the cat LC elicited an increase in heart
rate and blood pressure (Gurtu, Pant, Sinha, & Bhargava, 1984).
However, these effects must have been the result of activating
other structures, either structures nearby the LC such as the
periaqueductal grey, or antidromically activated afferents such as
the PGi, because chemical stimulation of the LC decreases both
blood pressure and heart rate (Murase, Takayama, & Nosaka,
1993; Sved & Felsten, 1987). These responses were eliminated by
chemical destruction of noradrenergic LC neurons using local
injection of 6-hydroxydopamine, a selective neurotoxin of cat-
echolamine neurons. Lesions induced by 6-hydroxydopamine in
the rat and cat dorsal noradrenergic bundle also resulted in the
complete abolition of auditory-evoked SCRs (Yamamoto, Arai,
& Nakayama, 1990; Yamamoto, Hoshino, Takahashi, Kaneko,
& Ozawa, 1991).

In rats, the alpha-2 adrenoceptor agonist clonidine (which
inhibits LC activity and decreases NE release) decreased the SCR
amplitude, whereas the alpha-2 adrenoceptor antagonist yohim-
bine (which increases LC activity and NE release) substantially
increased the amplitude of the SCR (Yamamoto, Ozawa, Shinba,
& Hoshino, 1994). Similarly, Saiers and Campbell (1990) re-
ported that a decrease of noradrenergic activity as a result of
clonidine injections in rats disrupted the heart rate component of
the orienting response to an auditory stimulus. In contrast,
pharmacological modulations of the dopaminergic, cholinergic,
and serotonergic systems did not affect heart rate responses.
Administration of clonidine and yohimbine have also been found
to change baseline pupil diameter (Koss, 1986; Phillips, Szabadi,
& Bradshaw, 2000). However, it is hard to determine whether the
effects of such noradrenergic agents on autonomic activity are
mediated by adrenoceptors located on LC neurons or by other
adrenoceptors, for example, located on the lower medullary NE
cell groups, which directly innervate autonomic nuclei, or even
on autonomic nuclei themselves. Furthermore, some of the re-
ported effects may be a consequence of a reduction in parasym-
pathetic tone, instead of an increase in sympathetic tone (Koss,
1986).
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As no direct anatomical connections have been documented
between the LC and autonomic nuclei, there is no straightfor-
ward way to explain the effects of LC lesions/manipulations on
SNS activity other than that they are produced via indirect
pathways. Indeed, there are a number of possible indirect path-
ways by which LC manipulation could affect the SNS. In par-
ticular, the LC has dense ascending projections to various
important higher brain centers involved in SNS control, which in
turn project directly or indirectly to autonomic nuclei that reg-
ulate peripheral SNS responses (cf. Berntson et al., 1998). An-
atomical and physiological studies suggest that these control
centers include the anterior cingulate, the insula, amygdala, and
hippocampus (Verberne & Owens, 1998). Electrical or chemical
stimulation of these LC projection areas elicits a wide range of
peripheral sympathetic responses, and lesions damaging these
areas tend to reduce or abolish these peripheral responses
(Critchley, 2002; Jordan, 1990; Knight, 1996; Verberne & Ow-
ens, 1998). Converging evidence from fMRI studies confirms
that activity in the anterior cingulate and insula is modulated by
stimulus frequency and novelty, consistent with a role for these
regions in orienting to motivationally significant stimuli (Ranga-
nath & Rainer, 2003). Finally, the hypothalamus is another ma-
jor component of the descending pathways that regulate
sympathetic and vagal neurons. However, LC projections to
the hypothalamus are quite limited (Aston-Jones, 2004), indi-
cating that other areas are the critical links in the circuit con-
necting the LC with the SNS.

Functional Significance of the P3 and the Orienting Response:
Mobilization for Action

Theoretical accounts of the function of the orienting response
generally distinguish between two components: enhancing the
perception of the eliciting event and facilitating action in response
to the stimulus. The latter component refers to the energizing
quality of the orienting response—the mobilization of somatic
and autonomic systems for dealing with the immediate conse-
quences of the triggering stimulus. As reviewed by Lynn (1966),
somatic responses include the inhibition of ongoing activity, in-
creases in general muscle tone that prepare the muscles for action,
and changes in the skeletal muscles that direct the sense organs
towards the source of the stimulus. This directional motor ac-
tivity (e.g., ocular motion, pricking of the ears in animals) likely
reflects the interaction of the spatially nonspecific orienting re-
sponse with brain systems specialized in directing spatial atten-
tion. The multifaceted autonomic response, including
cardiovascular, respiratory, hormonal, and pupillary changes,
likewise seems to prepare the body for efficient action and in-
creased energy expenditure (Lynn, 1966).

Other theorists have emphasized the importance of the ori-
enting response for enhancing sensory processing of the eliciting
stimulus (Graham, 1979; Pavlov, 1927; Sokolov, 1963). The
orienting response is associated with increased sensory receptor
sensitivity, lowering perceptual thresholds (Lynn, 1966). How-
ever, aside from this, there is little empirical support for the no-
tion that the orienting response enhances information uptake.
For example, there is little or no evidence for the argument that a
large pupil enhances perceptual sensitivity (cf. Lynn, 1966). Of
course, information uptake will be enhanced by the orienting of
body and sense organs, but these are motor changes, not changes
in the perceptual system or SNS. Some psychophysiologists have
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also questioned the use of the orienting response for enhancing
perceptual processing, given that the elicitation of the orienting
response is contingent on a perceptual analysis of the stimulus for
determining its motivational significance (e.g., Siddle & Spinks,
1979). This argument forces theorists to be explicit about their
model of information processing and the corresponding aspects
of perception that are enhanced by the orienting response. These
limitations of the sensory-intake hypothesis, along with the ap-
parent consensus that the distinction between the benefits for
perception vs. action afforded by the orienting response is largely
irrelevant from a selection-for-action perspective (Allport, 1987),
have led to the view that the primary role of the orienting
response is in the mobilization for action (e.g, Donchin et al.,
1984).

As discussed earlier, the theoretical integration of the
orienting response and P3 literatures was challenged in the
1980s by the discrepancy between the action-oriented view of the
orienting response and the reigning theory of the P3: the context-
updating hypothesis (Donchin, 1981; Donchin & Coles, 1988).
Donchin’s hypothesis was strongly inspired by Sokolov’s ideas
about the antecedent conditions for the orienting response: the
P3 was assumed to be elicited when there is a mismatch between a
subject’s representation (‘“‘neuronal model”) of the environment
(in its broadest sense) and actual experience. However, the con-
text-updating hypothesis attributed a different function to the
process manifested by the P3 process, namely, the updating of the
representation of the environment (context) to optimize decision
making in response to future stimuli. Thus, according to this
hypothesis, the P3 reflects a strategic or memory function rather
than the facilitation of responses.

Unlike the context-updating hypothesis, the recent theory
that the P3 reflects phasic activity of the LC-NE system
(Nieuwenhuis, Aston-Jones, & Cohen, 2005) suggests a shared
functional interpretation of the P3 and the orienting response.
For its assumptions about the functional significance of the P3,
the theory draws on our current understanding of the function of
LC phasic responses, which indicates that these LC responses
facilitate behavioral responses to the outcome of task-specific
decision processes (Aston-Jones & Cohen, 2005; Bouret & Sara,
2004). In addition, the broad projections of LC-NE neurons
indicate that responses in these cells may also augment other
processes important for decision execution besides motor activ-
ity, including sensory perception and memory (Hurley, Devil-
biss, & Waterhouse, 2004; Sara et al., 1994). As reviewed above,
the ensuing action-oriented view of the P3 is supported by the
tight link between the latency and amplitude of the P3 and cor-
responding task performance. Taken together, this analysis sug-
gests that the P3 and SNS components of the orienting response
can be seen as manifestations of a global sympathetic system
specialized in mobilization for action. The central nervous system
limb of this system, the LC-NE system (manifested in the P3),
facilitates the execution of cognitive decisions concerning proper
behaviors in the face of urgent stimulus demand while, at the
same time, the autonomic nervous system limb (manifested in the
orienting response) facilitates physical execution of the chosen
behaviors.

This theoretical integration of the orienting response and P3
suggests a highly efficient system for urgent responding: Stimuli
are analyzed by cortical (and perhaps subcortical) areas capable
of performing the precise computations that determine whether a
stimulus is task-relevant or otherwise motivationally significant
and what response should be elicited. The output of this analysis

is passed down to lower brain areas, including the rostral vent-
rolateral medulla, which in turn projects to the LC and auto-
nomic nuclei. In case a motivationally significant stimulus is
detected and a response decision is reached, the LC is activated
and produces a system-wide transient innervation of the brain
(P3) that facilitates further processing of the eliciting stimulus
and other stimuli related to the decision reached, speeding up
the deployment of attention and the execution of a behavioral
response. Simultaneously, the SNS is activated (orienting
response) to facilitate motor action in response to the stimulus.

Summary and Discussion

In this article, we have discussed the similarities between two
psychophysiological phenomena: the orienting response, a col-
lection of physiological responses in order to effectively cope with
motivationally significant events; and the ubiquitous P3, the sin-
gle most-studied component of the event-related potential. The
orienting response and P3 generally co-occur; as we have re-
viewed, both are elicited by stimuli with learned or inherent mo-
tivational significance. This has raised the question whether the
P3 should be seen as the central nervous system counterpart to
the SNS components of the orienting response (Donchin et al.,
1984; Friedman, 1978; Kimmel et al., 1979). The analysis of
anatomy and function presented here suggests that the answer to
this question is a cautious ‘yes.’

With regard to anatomy, we have discussed that there is no
direct connection between SNS nuclei and the LC, the most
probable initial generator of the P3 (Nieuwenhuis, Aston-Jones,
& Cohen, 2005). Furthermore, the sensory feedback of actual
autonomic responses to the LC is too slow to explain the rapid,
phasic LC responses to motivationally significant stimuli. In-
stead, it is likely that the tight link between P3 and orienting
response reflects common afferent projections to the LC and
sympathetic preganglionic neurons: the major source of input to
the LC is a key sympathoexcitatory region of the rostral vent-
rolateral medulla—in particular, the PGi. This highly integrative
medullary area could be responsible for the observed parallel
activation of the LC-NE system and peripheral SNS in response
to various types of motivationally significant stimuli. The LC
and its ascending projections thus carry efferent copies of the
medulla’s command signals to the peripheral SNS. This suggests
that the LC-NE system may implement one of Damasio’s (1999)
‘as-if” loops—the notion that somatic markers can reflect not
only states of the body (e.g., in the peripheral SNS) but also
representations (i.e., copies) of body states in, for example,
brainstem neuromodulatory systems. In other words, feedback
from the body is short-circuited by direct signals from brainstem
areas to regions representing body state.

With regard to function, a comparison of the functional sig-
nificance of the LC-NE system and SNS suggests that the P3 and
orienting response reflect complementary contributions to the
mobilization for action following motivationally significant stim-
uli. Phasic LC responses (giving rise to the P3) may optimize
information processing following decisions regarding appropri-
ate behavioral responses at the same time that the peripheral
sympathetic system prepares the subject physically to execute
these responses. The wide range of antecedent conditions for the
P3 and orienting response is consistent with our anatomical
model, given the integrative properties of the rostral ventrolateral
medulla. There has been a lot of debate about the common
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denominator of these antecedent conditions (e.g., Bernstein,
1979; Maltzman, 1979b; O’Gorman, 1979). We doubt whether
this is a useful debate; the brain has evolved to favor the pro-
cessing of salient, significant, unexpected, and novel stimuli
(Corbetta, Patel, & Shulman, 2008; Desimone & Duncan, 1995;
Ranganath & Rainer, 2003), and the antecedent conditions for
the P3 and orienting response merely reflect this preference.

A challenge for our anatomical model, suggested by our re-
view of the similarities between the orienting response and P3, is
that the SCR seems more strongly correlated with P3 activity at
frontocentral electrodes (P3a) than with posterior P3 activity
(P3b). A speculative explanation for this finding is that posterior
cortical areas, which are not directly connected to the LC, syn-
apse on frontal neurons that are directly connected to the LC
(Arnsten & Goldman-Rakic, 1984; Aston-Jones & Cohen, 2005;
Lee, Kim, & Waterhouse, 2005), whereas other frontal neurons
connect to the LC via the rostral ventrolateral medulla (Van
Bockstacele et al., 1989). As we have discussed, there are also a
number of possible indirect pathways by which the LC could
affect the SNS. At the level of the cortex, these pathways include
frontal areas (e.g., anterior cingulate cortex) and not posterior
areas, which may also partly account for the pattern of corre-
lation between P3a, P3b, and orienting response. Future research
should address these possibilities. Our theory of the P3 also sug-
gests another, more general, explanation for dissociations be-
tween the orienting response and subcomponents of the P3. The
theory claims that the P3 reflects the neuromodulatory effect of
NE in cortical target areas. Therefore, cortical areas that are
most engaged by a given stimulus or task should show the great-
est increases in activity, and cortical areas that are not involved
should show little or no noradrenergic modulation. The impli-
cation of this conjecture is that a putative correlation between the
orienting response and a P3 subcomponent may be confounded
by variance in the involvement of the cortical areas that directly
generate the P3 subcomponent.

However, it is implausible that these explanations can account
for all of the observed dissociations between the orienting re-
sponse and P3 subcomponents. Indeed, although our anatomical
model offers an attractive account of the similarities between
these phenomena, it is unlikely to provide a complete account of
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their relationship. For example, both the locus coeruleus and
sympathetic preganglionic neurons receive projections from a
wide range of areas other than the rostral ventrolateral medulla,
including forebrain, hypothalamic and other brainstem areas
(Aston-Jones, 2004; Berridge & Waterhouse, 2003; Sved, Cano,
& Card, 2001). To the extent that these projections are not
shared, they will result in dissociations between the orienting
response and P3.

Our analysis has several other limitations. First, although our
hypothesis about the relationship between the orienting response
and P3 is based on a multitude of data from psychophysiological
and neurophysiological literatures that have not previously been
connected in this context, the exact value of the hypothesis awaits
new empirical tests. For example, future animal studies could
simultaneously record cell activity in the PGi, the scalp P3, and
components of the orienting response, and test the prediction
that the corresponding measures should be highly correlated.
Second, our analysis is too focused to do justice to some of the
complexities of the orienting response literature, for example, the
subtle but crucial difference between the orienting response and
the defense reflex (Graham, 1979). A third limitation is that our
analysis is fully focused on the role of the LC-NE system in
generating the P3, even though other neurochemical systems al-
most certainly influence the P3 as well (Polich & Criado, 2006). A
better understanding of the complex interactions between ne-
uromodulatory systems, such as the cholinergic, dopaminergic,
and noradrenergic systems, would almost certainly further en-
hance our understanding of the current topic (Briand, Gritton,
Howe, Young, & Sarter, 2007).

These limitations notwithstanding, we believe that our anal-
ysis is a valuable step towards establishing the precise relation-
ship between the P3 and the orienting response. More broadly,
the present research illustrates the value of integrating the psy-
chophysiological and neurophysiological literature: Knowledge
of the LC-NE system played a crucial role in developing a novel
hypothesis regarding the relationship between the P3 and pe-
ripheral manifestations of the orienting response—that they re-
flect the co-activation of the LC-NE system and the peripheral
SNS by a common medullary pathway that has evolved to afford
rapid action in response to motivationally significant stimuli.
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