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Phasic activation of locus coeruleus (LC)-norepinephrine (NE)
neurons is associated with focused attention and behavioral
responses to salient stimuli. We used cell-type–specific optoge-
netics and single-unit neurophysiology to identify how LC activity
influences neural encoding of sensory information. We found that
phasic, but not tonic, LC-NE photoactivation generated a distinct
event-related potential (ERP) across cortical regions. Salient sen-
sory stimuli (which innately trigger phasic LC activity) produced
strong excitatory cortical responses during this ERP window. Ap-
plication of weaker, nonsalient stimuli produced limited re-
sponses, but these responses were elevated to salient stimulus
levels when they were temporally locked with phasic LC photo-
activation. These results demonstrate that phasic LC activity
enhances cortical encoding of salient stimuli by facilitating long-
latency signals within target regions in response to stimulus
intensity/salience. The LC-driven salience signal identified here
provides a measure of phasic LC activity that can be used to in-
vestigate the LC’s role in attentional processing across species.
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The noradrenergic nucleus locus coeruleus (LC) projects
throughout the central nervous system and is the near-

exclusive source of norepinephrine (NE) in cortical areas. The
LC sends strong projections to primary sensory regions (1, 2) and
has long been posited to have an important role in modulating
sensory encoding. LC neurons fire in two distinct modes: tonic,
characterized by irregular but continuous baseline activity (one
to six spikes per second), and phasic, during which cells fire short
(<300 ms) bursts of higher frequency activity (10–15 spikes per
second), which can occur spontaneously but are also associated
with salient stimuli and decisions (3–5). LC activity switches
between these modes across behavioral states (as reviewed in
refs. 5–7). Predominantly high tonic LC activity occurs with ex-
ploratory behavior and high distractibility associated with de-
creased task utility or stress (5). In contrast, phasic LC activity
occurs during focused task performance and high utility, when
levels of tonic LC activity are moderate. Phasic LC activity can
be internally triggered by decision completion when a subject is
performing a cognitive task, facilitating adaptive behavioral
responses (3). Phasic LC can also be externally triggered by
unexpected, intense, or otherwise salient stimuli that drive
context-appropriate adaptive behavioral responses (e.g., alerting,
orienting) (4, 8). Internally or externally generated phasic LC
activity is thought to facilitate behavioral responses by increasing
gain in target neurons at precise, task-relevant times, thus driving
target circuits toward action thresholds. However, questions re-
main regarding the dynamics of LC-NE regulation of cortical
attention and sensory processing. To address these, we investi-
gated how LC firing modes impact cortical processing of external
stimuli, so as to clarify the causal relationship between LC and
cortical gain.
LC-NE influence over cortical sensory processing has been

widely investigated. Ionotophoretically applied NE suppresses
spontaneous activity and increases sensitivity of cortical neurons

to subthreshold inputs, although some studies have reported
signal enhancement with no change in baseline activity (9–11).
Reductions in sensory thresholds or increases in evoked re-
sponsiveness after exogenous NE occur across multiple sensory
modalities (10, 12–14). Electrical activation of brainstem sites in
and around LC before sensory events can modulate a range of
sensory-evoked responses, but results have not been consistent
(15–18). There is a consistent temporal relationship between
task-relevant sensory events and sensory-evoked phasic LC ac-
tivity, the consequences of which have not been thoroughly in-
vestigated. Salient somatosensory or auditory stimuli trigger
rapid phasic LC responses with an ∼20-ms offset, whereas salient
visual cues trigger phasic LC responses ∼50–60 ms after the
stimulus (4, 19–21). Exogenous NE application or electrical LC
stimulation has limited ability to recapitulate this temporally
precise response specifically in LC-NE neurons. Direct NE ap-
plication loses specific temporal and synaptic dynamics of innate
phasic LC activity. Electrical stimulation is unable to ensure cell-
type specificity, can generate recording artifacts that occlude
responses, and is frequently employed with extended high-
frequency “phasic” stimulation trains that do not reflect nor-
mal phasic activity in vivo. Some studies have used naturalistic
phasic stimulation patterns to investigate LC impact on sensory
processing (18), but none have reproduced the temporal dy-
namics of stimulus-evoked phasic LC activity.
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To clarify the relationship between LC activity and modulation
of cortical encoding of sensory information, we characterized the
impact of sensory-locked phasic LC activation on global cortical
potentials and local activity within the primary somatosensory
cortex (S1) of anesthetized rats. We compared cortical changes
driven by sensory-locked phasic LC activation with changes
driven by tonic LC activation using optogenetics to recapitulate
the innate temporal relationship between somatosensory stimuli
and LC activity. We show that selective LC activation shortly
following somatosensory stimuli potentiates evoked cortical
neuronal responses, and recruits a unique population of “LC-
gated” cortical neurons to sensory encoding. We further dem-
onstrate that phasic LC-NE photoactivation generates a cortical
event-related potential (ERP) that includes N100- and P300-like
components, features often used in human ERP studies to in-
dicate stimulus-evoked attention. Using activation patterns that
mimic observed LC discharges in vivo, we were able to elicit
these changes without altering global arousal. Our data reveal
that LC activation modulates cortical encoding of stimulus
intensity-like features in a temporally specific manner, and pro-
vides a mechanism by which phasic LC activity mediates adaptive
gain in cortical targets engaged in context-appropriate neural
processing. These results demonstrate a particular role for phasic
LC-NE bursts in attentional regulation, separable from the role
of LC in arousal, via their influences on both sensory cortical
neuronal processing as well as global cortical ERP activation.
Thus, in addition to providing insight into LC-NE regulation of
cortical circuit function, these findings are relevant for our un-
derstanding of the neuromodulatory control of ERP signatures
of attention, which are findings of interest in both animal and
human cognitive research.

Results
Phasic Optogenetic Stimulation Mimics LC-NE Neuron Responses
Observed After Salient Stimuli. To establish physiologically rele-
vant, cell-type–specific control of LC-NE neurons in vivo, we
expressed channelrhodopsin-2 (ChR2) or mCherry control con-
structs in LC-NE neurons of outbred Long–Evans rats using the
synthetic promoter PRSx8 (22–24). Electrophysiologically
guided vector delivery led to stable, robust expression restricted
within LC-NE and subcoerulear NE neurons (Fig. 1 A–C). We
quantified the specificity of LC-NE expression in a subset of
subjects after physiological recording studies. We confirmed that
PRSx8-driven transgene expression was highly restricted to ty-
rosine hydroxylase-positive NE neurons within the LC region
(ChR2: 98 ± 1.0%, mCherry: 98 ± 0.6%; total: n = 7 animals, n =
10 vector injections, n = 1,430 neurons).
We used single-unit in vivo electrophysiology in isoflurane-

anesthetized rats to validate our ability to drive activity of
LC-NE neurons within the physiological range (Fig. 1D). LC
neurons in rats with PRSx8-ChR2 vector injections (n = 22 cells,
n = 8 animals) responded to pulses (10–20 ms) of 473-nm light
with short-latency single-action potentials that could be
entrained tonically (single 10-ms pulses, 0.5–10 Hz; Fig. 1E) or
with phasic bursts of light pulses (three to four pulses at 12 Hz;
Fig. 1F). We found that phasic photoactivation of LC neurons
was followed by a transient inhibition, similar to LC activity
evoked by sensory stimuli. The median evoked response mag-
nitude [RMag = (evoked count post stimulus − baseline activity)/
number of trials] for phasic LC photoactivation was 0.50, and the
average inhibition duration after phasic photoactivation was
982 ± 200 ms. These values were not different from those evoked
by high-intensity (10 mA) hind-paw stimulation (laser vs. hind-
paw stimulation: P = 0.474, Mann–Whitney U test; n = 15 cells).
These results confirm that PRSx8-ChR2 in LC-NE neurons can
be used to drive tonic and phasic photoactivation across physi-
ologically relevant frequencies and that photoactivation re-
sponses faithfully reproduce innate activity patterns.

Optogenetic LC Activation Frequency Defines Cortical Arousal
Threshold. Manipulation of LC-NE function can globally change
cortical state (25). Changes in EEG indices of arousal have been
demonstrated after sustained or high-frequency optogenetic or
chemogenetic activation of LC-NE neurons even under iso-
flurane anesthesia (23, 26). We sought to determine whether all
physiological LC manipulations fundamentally alter cortical
arousal. We measured changes in the ratio of δ to θ EEG power
during LC activation relative to baseline before photoactivation.
In concordance with previous studies, optogenetic activation of
LC-NE neurons at 5 Hz or more increased cortical measures of
arousal by decreasing δ dominance in the EEG (Fig. 1G). In-
creases in cortical arousal during tonic LC photoactivation were
dependent upon the frequency of LC stimulation (P = 0.002, one-
way ANOVA; n = 5–6 animals per frequency). Low-frequency
LC activation (<5 Hz) did not change arousal under anesthesia,
identifying a threshold within which to probe LC influence on
cortical function without global changes in cortical state.

Phasic, Not Tonic, LC Activation Evokes Cortical P300-Like ERP
Responses. Using photoactivation parameters that do not alter
EEG indices as used above, we compared changes in cortical
signaling triggered by different patterns of LC activity: either
tonic (3 Hz) or bursts of phasic LC activity (12 Hz, three pulses,
0.5 burst per second) in anesthetized rats (Fig. 2 A and B). These
LC activity patterns are similar to those reported from LC
neurons during distractibility or mild stress (tonic) or after pre-
sentation of salient sensory stimuli (phasic) in awake or anes-
thetized animals (3, 4, 27). This sought to determine whether
these LC activity patterns can generate a global cortical response
distinct from driving arousal.
As expected, based on the arousal threshold identified above,

these phasic and tonic LC patterns did not change cortical arousal
during stimulation sustained throughout 100-s epochs [one-way
repeated measures (RM) ANOVA: F(1.744, 19.17) = 0.5439, P = 0.57;
Fig. 2C]. We examined ERPs from surface-to-depth electrodes in
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Fig. 1. Selective optogenetic control of LC-NE neurons at subarousal levels.
LC neurons identified with TH staining (A, green) were transduced to se-
lectively express ChR2-mCherry (B, magenta) at high levels (C, merge). (Scale
bar: 100 μm.) (D) Schematic of glass pipette optrode and PFC EEG recording
configurations. (E) Pulses of blue light elicited reliable short-latency single-
action potentials from LC neurons in vivo (Inset, LC unit waveform) at 1 Hz
up to 15 Hz. (F) Short trains of 15-Hz phasic light pulses evoked phasic ex-
citation of LC neurons, followed by a postactivation inhibition pattern
comparable to innate phasic LC responses to salient stimuli. (G) Increases in
tonic LC stimulation dose-dependently increased arousal, as seen by a re-
duction in δ-dominant EEG recordings at frequencies >5 Hz. **P < 0.01
relative to baseline arousal.
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medial prefrontal cortex (mPFC) to determine if tonic or phasic LC
activation could modulate cortical networks in the absence of
changes in overall arousal. Phasic, but not tonic, LC photoactivation
generated a distinct cortical ERP in mPFC (Fig. 2D). When aver-
aged across 50 trials (2-s interval), phasic LC-evoked ERPs had a
negative peak at ∼130 ms after laser onset, similar to the
N100 associated with sensory detection, and a second positive peak
at ∼330 ms, in line with the time window for a P300-like ERP,
typically elicited upon recognition of salient stimuli (28, 29). In
contrast, despite twice the number of pulses per unit time, tonic 3-
Hz LC activation did not change mPFC EEG signals when aver-
aged across 50 activation trials (2-s interval, inclusive of six pulses)
locked to the beginning of tonic firing (to parallel averaging for
phasic analysis) or when averaged across 300 trials locked to each
tonic laser pulse (sliding window analysis). The generation of ERPs
similar to N100 and P300 after phasic, but not tonic, LC activation
illustrates a major selective feature in cortical responses to phasic
LC activity.
In addition to global modulation as measured in ERP activity,

we investigated LC-driven changes in S1. This area has a well-
defined physiological response to external stimuli and receives
prominent LC inputs. Local field potentials (LFPs) recorded
from electrode arrays in S1 (Fig. 2E) during LC activation

showed N100- and P300-like responses to phasic, but not tonic,
LC activation, similar to the phasic LC ERP in PFC described
above. Surprisingly, on the same electrodes, LC-driven LFPs in
S1 cortex did not trigger temporally locked action potentials in
postsynaptic S1 units after tonic or phasic LC activation
(Fig. 2F).
These data show that low levels of tonic LC activity do not

elicit temporally specific changes in cortical function, whereas
phasic LC bursting can produce N100- and P300-like ERPs and
LFPs without driving arousal indices. Across multiple cortical
regions, phasic LC activity is sufficient to generate cortical po-
tentials similar to those associated with stimulus detection.

LC Photoactivation Reveals and Enhances Sensory-Evoked Cortical
Signals. To determine how the cortical consequences of LC ac-
tivity might alter sensory stimulus encoding, we applied a weak
electrical stimulus (1 mA, 0.5 ms at 0.5 Hz) s.c. to the contra-
lateral hind paw during S1 recording and LC photoactivation.
Short-latency (5–50 ms) S1 excitation in response to tactile or
electrical limb stimulation is well characterized in both awake
and anesthetized subjects (30, 31). We recorded extracellular
activity from multiple sites in deep cortical layers of S1 hind-paw
regions (n = 18 recording sites from seven animals; Fig. 3A).
Recorded neurons displayed canonical excitatory short-latency
sensory activity, indicating sensory detection (>2 SD Z score,
10-ms bins), and these regions were densely innervated by ChR2-
positive terminals from LC (Fig. 3B). The weak foot stimulus
used to evoke sensory responses in S1 did not alter LC neuron
firing (LC RMag = 0.04 ± 0.01, n = 22 cells). During blocks of
foot stimulation (0.5 Hz), 473-nm light directed at LC was used
to exogenously drive tonic (3 Hz) or phasic (2 Hz, three pulses,
0.5 bursts per second) LC activity as described above; neither of
these stimulation patterns altered arousal (Fig. 3C). We identi-
fied 135 well-isolated S1 units present throughout all stimulation
epochs [baseline (no stim), stim + no LC, stim + phasic LC, and
stim + tonic LC] that also demonstrated short-latency responses
(<50 ms) to paw stimulation to at least one condition either with
or without LC photoactivation.
LC photoactivation significantly altered the short-latency re-

sponse characteristics of S1 stimulus encoding (Fig. 3). Most S1
units (n = 78, 58%) were responsive to paw stimulation in the
absence of LC photoactivation, eliciting a transient excitatory
response. Similar to previous reports of NE-mediated effects
(32), LC photoactivation enhanced these short-latency re-
sponses; we term these “LC-modulated” neurons (Fig. 3D).
Response onset in LC-modulated neurons (median = 12–14 ms)
was not altered by photoactivation [Kruskal–Wallis test, H(2) =
2.149, P = 0.34]. However, the response magnitude significantly
increased during photoactivation, specifically after phasic LC
photoactivation [H(2) = 11.05, P = 0.011]. This enhancement in
short-latency responses from LC-modulated neurons developed
across trials of phasic LC photoactivation.
The remaining 57 of 135 S1 neurons (42%) did not show any

significant short-latency responses to the 1-mA foot stimulation
in the absence of LC photoactivation. However, when blocks of
hind-paw stimulation were paired with phasic or tonic LC pho-
toactivation, these neurons demonstrated short-latency stimulus-
evoked responses, with the majority of units responding under
both LC activation conditions [χ2(6) = 81.52, P < 0.0001]. We
called these LC-gated neurons because their sensory response
was gated by LC activation (Fig. 3D). Within LC-gated neurons,
short-latency magnitudes did not differ between blocks of phasic
vs. tonic LC photoactivation (Mann–Whitney U test tonic-gated
vs. phasic-gated: P = 0.66). However, responses during tonic LC
stimulation had a more rapid onset (11 ms) than those during
phasic LC activation (16 ms; Mann–Whitney U test tonic-gated
vs. phasic-gated: P = 0.03).
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Fig. 2. Phasic LC drives responses across cortical target regions. (A) Sche-
matic showing location of prefrontal EEG electrodes for recording ERPs and
S1 electrodes for recording LFPs during blocks of tonic or phasic optogenetic
LC stimulation. (B) Excerpts of laser pulse trains used for LC photoactivation:
tonic (3-Hz continuous, cyan blue) or phasic (three-pulse 12 Hz every 0.5 Hz,
dark blue). (Scale bar: 1 s.) (C) Graph showing no change in δ dominance of
EEG recording over 100 s for either phasic or tonic LC photoactivation. (D)
Average PFC ERP signal across 100 s of continuous LC photoactivation (n = 16
recordings, n = 6 animals, 50 trials, 2 s per trial) from 100 to 400 ms after
laser pulse onset (expansion of boxed region in Inset). (Inset) Extended
cortical ERP at −0.2 s through +0.5 s post-LC stimulation with line at laser
onset. Phasic-LC ERPs (dark blue lines) show both N100-like (130-ms latency)
and P300-like (330-ms latency) components. (E) Averaged LFP signal from S1
cortex from 100 to 400 ms after laser pulse onset during 100 s of continuous
LC photoactivation showing N100-like and P300-like responses after phasic
(dark blue lines) LC bursting (n = 18 recordings, n = 7 animals) (Inset, ex-
tended LFP at −0.2 s through +0.5 s post-LC stimulation with line at laser
onset). (F) Neither tonic (cyan blue) nor phasic (dark blue) LC activation
alone caused temporally specific changes in S1 single-unit activity (SUA; n =
135 units, 18 recordings from seven animals) (Inset) S1 SUA at −0.2 through
+0.5 s with line at laser onset.
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Subsequent analysis showed that LC-gated neurons could be
dissociated from LC-modulated neurons by lower basal firing
properties (without LC photoactivation), indicating that they
represent a distinct subpopulation within S1 (U = 1,770, n1 = 57,

n2 = 78, P = 0.043). In addition to lower basal activity, LC-gated
S1 neurons produced smaller short-latency evoked responses
than LC-modulated neurons under each photoactivation con-
dition [H(3) = 4.81, P < 0.0051; Dunn’s multiple comparison
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Fig. 3. LC-NE photoactivation potentiates S1-evoked responses and reveals LC-gated population. (A) Recordings were made from deep layers of S1 cortex; sites were
at least 50 μm apart (n = 18 sites, n = 7 animals). FL, forelimb; HL, hindlimb. (B) Immunohistological detection of LC-ChR2 fibers and terminals within deep layers of
S1 cortex. (C) Average δ/θ EEG ratio (a proxy for arousal) remained stable across hind-paw stimulation epochs, including during LC photoactivation. (D) S1 neurons
were divided into two distinct populations based on their sensory responsiveness in the absence (LC-modulated neurons, green; n = 78 units) or presence (LC-gated
neurons, purple; n = 57 units) of LC photoactivation. (E) Sensory response characteristics to low-intensity foot stimulation (Footstim) in the absence of LC photo-
activation (no laser). (i) Response ± 95% confidence interval (CI) for LC-modulated neurons (green) averaged across 50 trials and locked to Footstim at time 0. (ii)
Response ± 95% CI for LC-gated neurons (purple) averaged across 50 trials and locked to Footstim at time 0. (iii) Distributions of short-latency responses (5–50 ms),
ranked by Z score on the x axis for both LC-modulated (green) and LC-gated neurons (purple), indicating the proportion of neurons participating in the short-latency
response. All units significantly responded (>2 SD) within at least one condition but not necessarily in all conditions. (iv) Intensity distributions similar to (iii) showing
the proportion of neurons participating in long-latency responses (130–350 ms), ranked by Z score on the x axis for LC-modulated (green) and LC-gated neurons
(purple). The bracketed region with gray boxes throughout highlights the window within which long-latency responses were evaluated. (F) Sensory response
characteristics to low-intensity Footstim with phasic LC photoactivation. Activity plots for LC-modulated (i) and LC-gated (ii) units during phasic photoactivation are
shown as described for E. Intensity distributions for short-latency (iii) and long-latency (iv) response participation during phasic photoactivation blocks are shown as
described in E. (G) Sensory response characteristics to low-intensity Footstim with tonic LC photoactivation. Activity plots for LC-modulated (i) and LC-gated (ii)
units during phasic photoactivation are shown as described for E. Intensity distributions for short-latency (iii) and long-latency (iv) response participation during
phasic photoactivation blocks are shown as described in E. (H) Average short-latency magnitudes, normalized as a percentage of LC-modulated neurons with no
laser. (I) Average long-latency magnitudes, normalized as a percentage of LC-modulated neurons with no laser. (J) Trial-by-trial responses in LC-modulated
neurons. The magnitude of short-latency responses in LC-modulated neurons accumulated steadily across trials. Phasic LC photoactivation (dark blue) potentiated
responses more than tonic photoactivation (cyan blue) relative to no laser (gray). (K) Trial-by-trial responses for LC-gated neurons. Phasic photoactivation (dark
blue) augmented the long-latency response in LC-gated neurons within individual trials and consistently accumulated across trials relative to tonic photoactivation
(cyan blue) and no laser (gray).
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test (MCT) tonic-gated vs. tonic-modulated: P = 0.030,
phasic-gated vs. phasic-modulated: P = 0.007]. These results
show that LC-NE activity elicits widespread neuronal changes in
S1 sensory encoding by increasing the proportion of S1 neurons
that encode sensory stimuli through the recruitment of LC-gated
neurons, as well as by triggering changes in latencies and mag-
nitudes of sensory stimulus-evoked responses.

Phasic, but Not Tonic, LC Activation Enhances Long-Latency Sensory
Salience Responses in Cortex. In addition to the canonical sensory
responses described above (<50-ms latency), a small number of
reports noted long-latency or E2 (∼100-ms+) excitations in S1
after somatosensory stimuli (30). Long-latency sensory responses
can be altered by arousal states or drugs of abuse and have been
hypothesized to encode subjective information about stimuli,
although the driving force behind these long-latency responses
remains unknown (30, 33). To better understand the role of long-
latency responses in somatosensory encoding, we investigated
the impact of LC activity on this window.
We identified a potent influence of phasic LC photoactivation

on long-latency excitation in S1 neurons (10-ms bins: Z > 1.96),
130–350 ms after the sensory stimulus within our extracellular
recordings (Fig. 3). Photoactivation of LC neurons increased the
magnitudes of long-latency responses across conditions [H(5) =
34.02, P < 0.0001; also SI Appendix, Table S1]. Phasic (12 Hz,
three-pulse burst), but not tonic (3 Hz), LC activation increased
long-latency response magnitudes in both LC-modulated and
LC-gated neurons (Dunn’s MCT: P < 0.01). During phasic LC
photoactivation, the majority of long-latency responding came
from LC-gated neurons and not LC-modulated neurons (Dunn’s
MCT: P < 0.05). Furthermore, enhancement of long-latency
responses in LC-gated neurons occurred within a single trial of
sensory-locked LC photoactivation, demonstrating that phasic
LC activity can rapidly alter signaling related to a sensory stim-
ulus (Fig. 3K). These results show that sensory-locked phasic LC
photoactivation acutely enhances long-latency encoding of sen-
sory information, particularly through LC-gated S1 neurons.

Phasic LC-Mediated S1 Response Enhancements Replicate Intensity
Encoding. LC-NE neurons are phasically activated by both sa-
lient sensory stimuli (4) and decisions to initiate behavioral re-
sponses (3). To determine if the LC-mediated enhancement of
S1 responses to low-intensity hind-paw stimulation mimics changes
generated by innate stimulus intensity/salience, we compared
responses in the same population of S1 neurons reported above
using LC photoactivation with responses to a stronger hind-
paw stimulus (3 mA, 0.5 ms) that evokes sensory-locked phasic
LC activity.
LC-modulated and LC-gated S1 neurons were tested on high-

intensity hind-paw stimulation without LC photoactivation. We
found that the higher hind-paw stimulus intensity changed both
short-latency and long-latency S1 neural responses (Fig. 4 and SI
Appendix, Table S1). The onset of short-latency responses in LC-
modulated neurons (13 ms) was shorter than in LC-gated neu-
rons (16.5 ms) during high-intensity hind-paw stimulation; this
differential latency between S1 populations was similar to that
seen after low-intensity hind-paw stimulation with time-locked
phasic (12 Hz, three-pulse burst) LC photoactivation [12 ms in
LC-modulated vs. 16 ms in LC-gated during low-intensity phasic
LC photoactivation: H(5) = 9.29, P = 0.037; Dunn’s MCT: P =
0.0425; also SI Appendix, Table S1]. High-intensity hind-paw
stimulation also increased short-latency response magnitudes in
LC-modulated neurons, again similar to phasic LC photo-
activation with low-intensity sensory stimulation [RM one-way:
F(2.44, 188.2) = 3.18, P = 0.034; Holm–Sidak MCT: P = 0.018]. In
LC-gated neurons, high-intensity hind-paw stimulation revealed
short-latency response magnitudes similar to those seen with
low-intensity paw stimulation accompanied by phasic or tonic LC

activation [H(2) = 5.84, P = 0.054]. Higher stimulus intensity also
increased long-latency response magnitudes in both LC-
modulated and LC-gated neurons compared with low-intensity
sensory stimulation alone [H(7) = 38.61, P < 0.0001]; these en-
hanced response magnitudes were comparable to those seen with
phasic LC activation during low-intensity paw stimulation.
In sum, increases in hind-paw stimulus intensity enhanced S1

stimulus encoding in a similar manner as phasic (but not tonic)
LC photoactivation. Specifically, phasic LC photoactivation po-
tentiated short-latency responses in LC-modulated S1 neurons
and recruited an LC-gated S1 population that produced large
long-latency responses. Thus, intensity/salience-related changes
in S1 neurons can be driven by sensory-locked phasic LC activity.
These changes in S1 responses after time-locked phasic LC ac-
tivation (stimulus-generated or photoactivated) enhance relevant
stimulus encoding, which may assist in coordination of attention
and behavioral responses across networks.

LC-Associated Salience Encoding Is Temporally Specific. In the above
experiments, phasic LC photoactivation was applied 20 ms after
the hind-paw stimulus to mimic the timing of innate phasic LC
activation by salient stimuli (4, 34). As described above, the el-
evated S1 response to high-intensity paw stimulation, or to low-
intensity paw stimulation with time-locked phasic LC activation,
was most prominent in the long-latency component of the
S1 response. This long-latency response occurred during an ep-
och we define as a “salience window” (130–400 ms poststimulus).
During this salience window, long-latency S1 responses co-
occurred with coordinated ERP and LFP responses that were
all driven by phasic LC photoactivation (Fig. 4C).
To investigate the temporal specificity of the effects of phasic

LC activity on S1 salience encoding, we shifted phasic LC pho-
toactivation (12 Hz, three-pulse burst) so that it occurred 20 ms
before the low-intensity paw stimulus and recorded extracellu-
larly from the same population of S1 neurons. When phasic LC
activation preceded the sensory stimulus in this way, the poten-
tiation of short-latency responses in LC-modulated neurons
across activation blocks remained [phasic LC before paw stim-
ulus vs. phasic LC after paw stimulus area under the curve
(AUC): P = 0.98]. However, the selective increase in salience-
like long-latency responses for LC-gated neurons was markedly
reduced (phasic pre-AUC vs. phasic post-AUC: P < 0.0001; Fig.
4E). This shows that there is a tightly regulated temporal re-
lationship between phasic LC photoactivation and long-latency
intensity/salience signaling through LC-gated neurons, where the
relative timing of phasic LC activity has a strong impact on cortical
responses. Phasic LC activation produces the greatest increase in
cortical long-latency responses when it occurs immediately after
the sensory event, similar to the temporal relationship seen with
innate phasic LC responses to salient stimuli (21).

LC-Driven Intensity/Salience Encoding in S1 Is Broadly Distributed.
Short-latency somatosensory responses are tuned to specific re-
ceptive fields, and subpopulations of S1 neurons respond in a
topographically specific manner (31). As such, we targeted our
results to 135 single units that were tuned to robustly respond to
the hind paw. As described above, we found that phasic LC
photoactivation augments long-latency responses in LC-gated S1
neurons in a temporally precise manner, mimicking augmented
responses with higher intensity stimuli. However, long-latency
responses in S1 have broader receptive fields than short-
latency responses (30). The LC-NE projection network is ana-
tomically suited to broadly drive intensity/salience encoding
across multiple receptive fields. Therefore, we investigated
whether phasic LC activity could drive long-latency signals in a
wide population of S1 neurons that were not tuned specifically to
hind-paw stimulation. For this, we took advantage of our results
above showing that LC-gated neurons exhibited short-latency

Vazey et al. PNAS | vol. 115 | no. 40 | E9443

N
EU

RO
SC

IE
N
CE

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803716115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803716115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803716115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1803716115/-/DCSupplemental


responses (i.e., tuning) to paw stimulation only when LC was
coactivated. Using 140 additional extracellularly recorded S1
single units that did not show short-latency tuning to any stim-
ulation either with or without LC coactivation, we looked ex-
clusively for long-latency intensity/salience signals that appeared
with paw and LC photoactivation (tonic 3-Hz or phasic 12-Hz,
three-pulse burst). Within this population, we found 53 units
(38%) with significant (Z > 1.96) long-latency responses after
low-intensity paw stimulation only when LC was coactivated, a
similar proportion to LC-gated neurons (42%) in hind-paw–
tuned units. This result shows that phasic LC-mediated
intensity/salience encoding is distributed broadly across S1 neu-
rons (110 of 275), independent of sensory tuning.

Discussion
The Role of Phasic LC Activity in Sensory Processing. Intense or
otherwise motivationally salient (e.g., conditioned) stimuli across
many modalities evoke phasic LC activation (4). Many studies

have investigated LC or NE modulation of cortical sensory
representation, but have not reproduced the precise, innate
temporal relationship between sensory stimulus and phasic LC
activation. Our results show that phasic and tonic patterns of LC
activity profoundly, but differentially, regulate cortical encoding
of stimuli. By selectively controlling the precise timing of LC
firing and sensory stimulation, we demonstrated that LC acti-
vation rapidly enhances (LC-modulated) or reveals (LC-gated)
sensory-evoked responding in S1 neurons. We further identified
a phasic, but not tonic, LC-driven cortical salience window (130–
400 ms after paw stimulation) during which mPFC ERPs, S1
LFPs, and S1 unit responses are augmented. The augmented
responses during this window were similar for low-intensity
stimuli accompanied by phasic LC photoactivation and for
high-intensity paw stimulation that induces innate phasic LC
activation. Given that our LC stimulation profile did not cause
cortical EEG arousal, our data strongly support the proposal that
LC activation resulting from high-intensity stimuli contributes to

E F

A B C D

Fig. 4. Phasic, but not tonic, LC activity generates salience-like features in S1. (A) Response ± 95% confidence interval (CI) to low-intensity hind-paw
stimulation without LC photoactivation for LC-modulated neurons (Top, green) and LC-gated neurons (Bottom, purple) averaged across 50 trials and locked
to foot stimulus (Footstim) at time 0. The bracketed region with gray boxes throughout highlights the phasic LC-mediated salience window for coordinating
responses across cortical targets within which long-latency responses were identified. (B) Response ± 95% CI to low-intensity hind-paw stimulation with time-
locked phasic LC photoactivation for LC-modulated neurons (Top, green) and LC-gated neurons (Bottom, purple) averaged across 50 trials and locked to Footstim
at time 0. (C) Response ± 95% CI to low-intensity hind-paw stimulation with time-locked tonic LC photoactivation for LC-modulated neurons (Top, green) and LC-
gated neurons (Bottom, purple) averaged across 50 trials and locked to Footstim at time 0. (D) Response ± 95% CI to high-intensity hind-paw stimulation without
LC photoactivation for LC-modulated neurons (Top, green) and LC-gated neurons (Bottom, purple) averaged across 50 trials and locked to Footstim at time 0.
Note the prominent long-latency response found in B and D with phasic LC stimulation around 200 ms after the hind-paw stimulus. (E) Comparison of the long-
latency response seen from LC-gated neurons in B after a temporal shift in phasic LC photoactivation from +20 ms to −20 ms before Footstim. The magnitude of
the long-latency response was markedly reduced by this temporal offset. ****P < 0.0001. (F) Temporal overlay of ERP response from mPFC, LFP response from S1,
and single-unit activity (SUA) response from LC-gated S1 neurons aligned to the onset of phasic LC bursting at time 0.
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long-latency sensory responses during this temporal window to
facilitate encoding of qualitative stimulus information, such as
intensity/salience. We predict that these enhanced sensory re-
sponses may result from highly intense stimuli, as demonstrated
here, or by conditioned or otherwise important stimuli during
behavior. We propose that this LC-augmented sensory response
functions to facilitate an optimal response to important stimuli,
consistent with the role of phasic LC-NE bursting in regulating
adaptive decision making (5, 6, 35, 36).
Phasic LC activation induced mPFC ERPs in the absence of

external sensory stimuli, but did not entrain cortical unit activity.
However, when time-locked to a sensory stimulus, LC-NE acti-
vation induced a saliency-like long-latency response in both an
LC-modulated population and a unique population of LC-gated
S1 neurons. Furthermore, this long-latency salience response was
present in neurons that did not exhibit short-latency responses
(“nontuned” neurons), demonstrating the broad and powerful
influence of LC-NE drive on sensory processing. Thus, phasic LC
photoactivation created “virtual salience” in S1 responses to
weak sensory stimuli. The generation of virtual salience was ex-
clusive to phasic LC activity, and was not induced by tonic LC
activity. Long-latency responses were markedly lower when
phasic LC activation preceded the paw stimulus by 20 ms (in-
stead of the physiological latency of 20 ms after paw stimulus),
confirming a temporally specific interaction between LC signal-
ing and sensory processing. These results reveal that in awake
animals, phasic LC discharges produced by salient stimuli serve
as a mechanism for the engagement of sensory attention and
facilitation of coordinated, likely multisensory, decision making
and action planning.

LC Modulates Specific Cortical Sensory Responses. We used cell-
type–specific optogenetics to drive physiological phasic and tonic
patterns of LC activity and assess the impact on cortical re-
sponses in ERPs, LFPs, and single-unit activity. Our findings in
LC-modulated neurons clarify mixed results from previous
studies using electrical stimulation of LC or ionotophoretic ap-
plication of NE in cortex (16, 18, 37, 38). In the current study, we
did not see a suppression of basal activity within the subarousal
tonic and phasic LC activation parameters used. This aligns with
a subset of prior reports that have identified LC or NE en-
hancement of signal to noise in cortical responses without sup-
pression of baseline activity with low doses of NE (11, 39–41).
The use of cell-type–specific optogenetic stimulation permitted

us to uniquely modulate LC-NE in a naturalistic manner, while
excluding nearby brainstem nuclei or fibers of passage. Although
our manipulation was selective for LC-NE neurons, it should be
noted that the downstream effects were not restricted to S1 or
somatosensory pathways. In manipulating LC-NE neurons, rather
than LC terminals within S1, we triggered multilevel modulation
across LC projection targets, including multiple points within the
somatosensory pathway, such as brainstem, thalamic relays, and
directly within S1. By using physiologically relevant activation
patterns and recording the integrated response within S1, our
results provide insight into the ways that LC cells influence en-
dogenous neural circuits in a multidimensional manner.
Short-latency responses in LC-modulated S1 neurons de-

veloped over repeated trials with either tonic or phasic LC
stimulation, and this enhancement was not sensitive to the timing
of phasic LC activation before or after the sensory stimulus. This
global influence of NE on short-latency sensory-evoked cortical
responses aligns with previous findings using electrical LC
stimulation or direct NE application (16, 18, 37, 38, 42). Our
recordings were made in deep-layer neurons in S1, and en-
hancements in short-latency responses have previously been
demonstrated in deep pyramidal neurons that are sensitive to
NE modulation of upstates (25, 43). Such modulation is driven
by α1-noradrenergic, and not β-noradrenergic, signaling (32).

In addition to regulating salience, attention, and decision
making, this system influences cortical arousal, which, in turn,
may affect cortical responses to stimuli (30). In our previous
work, we found that prolonged selective activation of LC-NE
neurons using designer receptor technology increased arousal
and emergence from isoflurane anesthesia (23). In the current
study, we exclusively used LC photoactivation frequencies that
did not induce arousal, as demonstrated by a lack of change in
low-frequency EEG power. In this way, we were able to extract
an arousal-independent role for LC in influencing cortical sen-
sory processing. Thus, these results demonstrate a segregation in
attentional vs. arousal functions for LC-NE activity, and indicate
that LC-facilitated sensory/attentional processing does not de-
pend upon LC-NE–induced changes in arousal.

LC-Driven Salience Encoding Across Cortical Targets. Our results
show an enhancement of salience-like long-latency signaling,
which was most prominent in our newly discovered LC-gated S1
neurons. We further demonstrated that nontuned LC-gated
neurons are broadly distributed, comprising ∼40% of neurons
in S1, and have distinctive characteristics both within and outside
of sensory encoding. First, these neurons exhibited sensory de-
tection only after LC activation (i.e., gating). Second, gated neu-
rons had significantly lower baseline firing than LC-modulated
neurons. Third, these neurons uniquely displayed large long-
latency responses to salient sensory stimuli within a single trial.
Fourth, these long-latency responses were sensitive to temporally
specific manipulations of LC input. NE has previously been pos-
ited to “gate” target neurons by reducing the stimulus threshold
of S1 neurons (10). Our findings indicate that LC-gated cells may
be a distinct cortical phenotype (44, 45) that plays a specific
role in encoding intensity and/or saliency information in cortex,
and are not simply high-stimulus-threshold neurons.
LC-gated neurons also coordinate temporally with long-

latency phasic LC-generated ERPs, forming a foundation for
linking single-cell sensory encoding to global brain dynamics. In
addition to our evidence for LC-mediated changes in local
encoding of intensity/salience in S1, phasic LC activation elicited
a cortical salience window that included N100- and P300-like
ERPs in PFC. These ERPs are important neural signatures of
attentional gating and sensory information encoding (28, 46, 47).
During the salience window identified by the mPFC ERP, we
saw parallel enhancement of long-latency S1 responses, essen-
tially tagging intensity-like properties to the sensory event. The
tight temporal specificity of the LC-mediated gain increases in
target neurons during the salience window provides a mecha-
nism by which LC-gated neurons may selectively facilitate
encoding of behaviorally salient stimuli (48). As proposed in
the adaptive gain theory of LC function (5), phasic activity and
the broad efferent projections of LC may employ such gain
mechanisms to facilitate execution of decisions and behavioral
responses across brain networks. Future studies are needed to
determine whether the impact of phasic LC activity on LC-
gated populations is regulated by NE directly or by peptide
corelease from LC-NE neurons, which can occur during phasic
bursting (49).

Phasic LC as a Driver of P300. Elucidation of the neuronal basis of
P300 ERPs is translationally relevant, as the P300 is measured in
a wide range of cognitive and clinical studies in humans (47).
Lesions to LC or its ascending fibers in the dorsal noradrenergic
bundle diminish cortical P300 activity in both rodents and pri-
mates, which led to the proposal that LC is an important P300
mediator (28, 46, 50). Despite linking LC to P300 events, such
lesion studies are limited by lack of specificity of lesion manip-
ulations and potential compensatory responses after lesions.
No prior studies demonstrated a neural circuit sufficient for de
novo generation of cortical P300 signals, nor did they show the
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relationship between neuronal dynamics in a defined circuit
and P300. Our results provide causal evidence for phasic LC
activity as a P300 generator, thereby defining a mechanism to
support previous studies associating LC activity with P300 po-
tentials. Our results show that phasic LC-evoked ERPs (in-
cluding the P300 component) occur during encoding of salient
sensory information, forming a translational biomarker of phasic
LC activity.

Translational Implications. LC gating of cortical salience and in-
tensity may be disrupted in a number of psychiatric and neuro-
logical conditions. Faulty regulation of salience signaling through
LC dysfunction may underlie conditions characterized by per-
sistent sensory hypersensitivity, including autism spectrum dis-
orders and hyperalgesia (5, 51). Similarly, excessive attention
devoted to irrelevant stimuli, as seen in attention deficit hyper-
activity disorder, could be contributed to by LC-mediated “false
salience.” Based on the current results, such sensory hypersen-
sitivity could be induced by a change in the prevalence or dis-
tribution of gated sensory neurons in primary cortical processing
regions or by reduced thresholds for phasic LC activity, although
future studies in disease models will be needed to clarify these
mechanisms. Furthermore, these findings predict that disorders
in which LC-NE neurons are damaged or lost, such as Alzheimer’s
disease or Parkinson’s disease, could result in impairment of sensory
information processing and attentional gating, which are well-
established deficits with such disorders (52). Emphasizing the
translational relevance of the current results, phasic LC-evoked
ERP signals, as described here, could be used to investigate
symptoms associated with LC dysregulation in such disorders
while simultaneously providing a platform for cellular and
molecular work in animal models to test potential therapeutic
strategies.

Conclusions
Together, our results lead us to propose that a prominent role of
sensory-locked phasic LC activity is to regulate sensory encoding
and facilitate discrete saliency signals in cortical targets. Our
evidence provides a mechanism for LC-facilitated enhancement
of sensory attention that may underlie the role of LC in sensory-
guided decisions. The phasic LC-driven changes in evoked cor-
tical signaling exemplify the proposed adaptive gain mechanism
of LC function (5). Thus, as predicted by adaptive gain theory,
phasic LC activation, through broadly distributed, long-latency
signaling, may facilitate context-dependent behavioral responses,
including alerting and orienting toward an external signal or
executing behavioral actions once an internal decision threshold
has been reached. Both the P300 ERP and phasic LC activity
have been strongly associated with decision making (5, 46), and
our results identify a means by which salient stimuli may broadly
influence cortical circuits through phasic LC activity to engage
and optimize decision making and action execution.

Materials and Methods
Experimental Model and Subject Details. Twenty-one adult male Long–Evans
rats (weighing >300 g at time of viral vector injection; Charles River Labo-
ratories) were used for this study. Rats were housed in temperature- and
humidity-controlled conditions, with ad libitum access to food and water in
a 12-h light/dark cycle (06:00 lights off). All experimental procedures were
undertaken during the animals’ active diurnal cycle. All efforts were made to
minimize the number of animals used and their suffering. All procedures
strictly complied with Medical University of South Carolina Institutional
Animal Care and Use Committee protocols and were in accordance with the
guidelines described in the US NIH Guide for the Care and Use of Laboratory
Animals (53).

Viral Vectors. Viral vectors were custom-packaged by the University of
Pennsylvania viral vector core in vesicular stomatitis virus G protein pseu-
dotyped lentiviral vectors. The synthetic PRSx8 promoter (22) was used to

restrict expression of ChR2-mCherry to noradrenergic neurons after micro-
injection into LC (23, 24). Single-use aliquots of virus were prepared in a class
II biosafety hood and stored at −80 °C until surgery.

Surgery. All surgeries were performed under isoflurane anesthesia. Viral
vectors were delivered to LC from a glass pipette (35- to 40-μm tip) at
anteroposterior (AP) − 3.8 (behind lambda), mediolateral (ML) ± 1.3, and
6.5–7.0 dorsoventral (nose tilted down 15°). One microliter of virus per side
was delivered via brief pneumatic pulses (Picospritzer III; Parker Instruments)
over ∼5 min. Animals were given at least 1 wk of recovery time before
electrophysiology studies.

Electrophysiology.
LC recordings. For LC single-unit physiology, glass recording pipettes (5–12MΩ)
were filled with 2% Pontamine sky blue in 0.5 M sodium acetate. To record
optogenetically evoked LC unit activity, the recording pipette was glued to a
200-μm-diameter optic fiber recessed 300 μm behind the recording tip. After
craniotomy and dura retraction, the pipette was lowered until dorsal to LC
coordinates to begin recording. Units were identified by standard criteria,
including their characteristic wide action potentials, monophasic features in
the unfiltered waveform, tonic baseline discharge rate of ∼1.5 Hz, phasic
burst inhibition response to hind-paw pinch, and location relative to adja-
cent structures such as the mesencephalic trigeminal nucleus. LC units were
amplified and filtered (300–3,000 Hz) through a Digitimer Neurolog system
before digital conversion and recording to a microcomputer disk with Spike
2 (v5.21) via a Micro 1401 MkII interface (CED).
S1 recordings. LFPs (bandpass-filtered at 0.1–100 Hz) and single-neuron im-
pulses (bandpass filtered at 100 Hz–8 kHz) were recorded from deep layers
(V and VI) of the contralateral hind-limb region of S1 using 25-μm insulated
stainless-steel wires in a 16-channel array through a Plexon MAP/16 re-
cording system. Units were amplified, filtered, and sampled at 40 kHz
before collection by RASPUTIN software (Plexon). During S1 recording, LC-
NE neurons were photoactivated by 10-ms pulses of 473-nm light from a
200-μm-diameter optic fiber terminating 100–250 μm above the dorsal tip
of LC; light pulses were delivered either tonically (3 Hz) or phasically
(three pulses with 73-ms interpulse intervals, beginning 20 ms after
paw stimulus).
EEG recordings. Bipolar twisted surface (−) to depth (+) electrodes (250-μm-
diameter stainless steel) provided ipsilateral PFC EEG (bregma + 3.0 AP, ±1.0
ML) during LC and S1 recording. EEG signals were recorded differentially,
filtered (0.1–50 Hz) through BMA-831/C amplifiers (CWE), and digitized at
1,000 Hz through CED Spike 2. Two superficial 30-gauge needles in the
medial hind paw were used for sensory stimulation (0.5-ms pulse duration,
1-mA low-intensity pulse, 3-mA high-intensity pulse; AMPI ISO-Flex constant
current stimulus isolation unit). Throughout all recordings, body tempera-
ture was monitored via rectal probe and maintained (36.0–37.5 °C) with an
FHC thermistor-controlled heating pad.

Histology. After completion of experiments, animals were deeply anes-
thetized with 5% isoflurane and transcardially perfused with 0.9% saline and
4%paraformaldehyde before the brains were extracted. Tissue was postfixed
overnight before cryoprotection in 20% PBS-sucrose azide. Four serial sets of
40-μm-thick coronal sections were collected on a cryostat (Leica) from the LC
region and stored in PBS-sucrose azide at 4 °C until processing (160 μm be-
tween sections in each series). Transgene expression in LC was verified in all
animals by processing with fluorescent double-label immunohistochemistry.
Sections were rinsed three times for 5 min in PBS, followed by 1 h of
blocking in PBS 0.1% Triton (PBST) with 3% normal donkey serum (immu-
nobuffer). All antibodies were diluted in Immunobuffer, and tissue un-
derwent parallel incubation with mouse anti-tyrosine hydroxylase (TH;
1:1,000; Immunostar) and rabbit anti-DsRed (1:500; Clontech) overnight.
After three 5-min rinses in PBST, sections were incubated in donkey anti-
mouse Alexa Fluor 488-conjugated (Invitrogen) and donkey anti-rabbit
Alexa Fluor 594-conjugated (Invitrogen) secondary antibodies (1:500) for
3 h. For chromagen reaction of LC-ChR2 terminals in cortex, after incubation
in DsRed primary antibody, tissue was incubated with donkey anti-rabbit SP
biotin-conjugated secondary antibody (1:500; Jackson ImmunoResearch) for
2 h, followed by peroxidase substrate conjugation using an ABC Kit (Vector
Laboratories). The mCherry staining was visualized with 3,3′-diaminobenzidine.
All immunohistochemistry incubations were undertaken at room temperature
on an orbital shaker. Tissue was rinsed in PBST before mounting in 0.1 M
phostphate buffer and coverslipping with Citifluor AF1 antifade medium
for fluorescence or with DPX (distyrene, plasticizer, and xylene) mounting
medium for chromagen-stained tissue. All sections for analysis and pre-
sentation were imaged on a confocal laser-scanningmicroscope (Leica TCS SP5)
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equipped with argon, argon/krypton, and helium/neon lasers. Channels were
captured serially to avoid cross-excitation and bleedthrough.

Quantification and Statistical Analysis. Recording sites, optic fiber placements,
and vector expression were positively verified histologically for all subjects
included in the current study. Subjects not meeting appropriate placement
and expression criteria (>60% LC coverage) were not used in any analyses. LC
unit signals were sorted and analyzed using Spike 2 (v5.21). Phasic responses
in LC units were computed using peri-event histograms from 50 trials of laser
or 10-mA hind-paw stimulation. Response magnitudes in LC (RMag =
count − baseline/trials) excitation was calculated during a 40-ms epoch
poststimulation (0–40 ms laser, 20–60 ms after hind-paw stimulation) and
normalized to 40 ms preceding the stimulus.

S1 units were sorted by template matching and principle component
analysis in Offline Sorter (Plexon) and processed using custom MATLAB
(MathWorks) scripts. Only well-isolated single units that fired throughout the
entire duration of the recording session and that exhibited short-latency
excitation (<50 ms) after 1-mA stimulation of the hind paw in at least one
experimental condition (no laser, tonic or phasic stimulation) were included
in analysis. All S1 unit activity was normalized to 500 ms of presensory
stimulus baseline activity in the no-laser condition, and single-unit activity
was binned with 1-ms resolution for short-latency responses (0–50 ms after

sensory stimulus) or 10-ms resolution for long-latency responses (130–350 ms
after sensory stimulus). Excitation was defined as one or more bins with Z >
1.96 (2 SD). S1 units were classified as LC-gated if short-latency responses
were only seen with LC photoactivation and as LC-modulated if they dem-
onstrated short-latency responses at baseline. EEG epochs and spectral
densities were analyzed with NeuroExplorer (Nex Technologies) and custom
MATLAB scripts. EEG δ and θ frequency bands were used for arousal mea-
sures based on previous literature of arousal-related frequencies under an-
esthesia (23, 54). ERP responses were averaged to the 500-ms prestimulus
baseline voltage and averaged across 50 (phasic and tonic) or 300 (tonic)
trials locked to LC laser pulses.

Parametric or nonparametric statistics, AUC calculations, and graph
composition were undertaken in MATLAB and/or GraphPad Prism version
6.00 for Windows (GraphPad Software). P < 0.05 was the acceptable α level
for all analyses. Colocalization of mCherry with TH was quantified with
ImageJ (NIH). Any histological images were minimally processed for image-
wide brightness and/or contrast, and all figures were compiled in Adobe
Illustrator CS6.
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