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In Brief

Spontaneous and sensory-evoked brain

activity varies with behavior, but the

contributions of arousal state and motor

activity to these changes remain unclear.

Vinck et al. identify separate roles of

arousal and locomotion in regulating

sensory processing in visual cortex.
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SUMMARY

Spontaneous and sensory-evoked cortical activity is
highly state-dependent, yet relatively little is known
about transitions between distinct waking states.
Patterns of activity in mouse V1 differ dramatically
between quiescence and locomotion, but this differ-
ence could be explained by either motor feedback or
a change in arousal levels. We recorded single cells
and local field potentials from area V1 in mice
head-fixed on a running wheel and monitored pupil
diameter to assay arousal. Using naturally occurring
and induced state transitions, we dissociated
arousal and locomotion effects in V1. Arousal sup-
pressed spontaneous firing and strongly altered the
temporal patterning of population activity. Moreover,
heightened arousal increased the signal-to-noise ra-
tio of visual responses and reduced noise correla-
tions. In contrast, increased firing in anticipation of
and duringmovement was attributable to locomotion
effects. Our findings suggest complementary roles of
arousal and locomotion in promoting functional flex-
ibility in cortical circuits.

INTRODUCTION

Patterns of cortical activity differ dramatically across behavioral

states, such as sleeping, anesthesia, and waking (Berger, 1929;

Haider et al., 2013; Steriade et al., 1993; Steriade et al., 2001).

Likewise, neural responses to sensory inputs depend strongly

on ongoing patterns of internally generated activity (Civillico

and Contreras, 2012; Hasenstaub et al., 2007; Livingstone and

Hubel, 1981). The generation of multiple activity patterns associ-

ated with sleep and anesthesia states has been examined in

great detail (Berger, 1929; Contreras et al., 1996; Destexhe

et al., 1999; McCormick and Bal, 1997; Steriade et al., 1993,

2001). However, relatively little is known about transitions be-

tween distinct waking states, such as quiescence, arousal, and

focused attention.

Recent studies in rodents have contrasted inactive versus

active behavioral states, in particular quiescent versus whisk-

ing (Crochet and Petersen, 2006; Gentet et al., 2010; Zagha

et al., 2013) or running (Bennett et al., 2013; Fu et al., 2014;

Keller et al., 2012; Niell and Stryker, 2010; Polack et al.,

2013; Reimer et al., 2014; Saleem et al., 2013; Schneider

et al., 2014; Zhou et al., 2014), and found profound differences

in cortical activity patterns that resemble the effects of focused

spatial attention in primates (Cohen and Maunsell, 2009; Fries

et al., 2001; Harris and Thiele, 2011; McAdams and Maunsell,

1999; Mitchell et al., 2009). In mouse primary visual cortex

(V1), locomotion is accompanied by altered firing rates, a

reduction in low-frequency fluctuations in the membrane po-

tential and local field potential (LFP), and an increase in LFP

gamma-band oscillations (Keller et al., 2012; Niell and Stryker,

2010; Polack et al., 2013; Reimer et al., 2014; Saleem et al.,

2013). Enhanced firing rates during locomotion are particularly

prominent in inhibitory interneurons (Bennett et al., 2013; Fu

et al., 2014; Niell and Stryker, 2010; Polack et al., 2013; Reimer

et al., 2014). Locomotion is also associated with an increase in

the gain of visual responses (Bennett et al., 2013; Niell and

Stryker, 2010; Polack et al., 2013; Reimer et al., 2014).

Because the most commonly studied active states involve a

substantial motor component, it remains unclear whether the

associated changes in cortical activity patterns are specific to

motor output or more generally attributable to changes in global

arousal. Recordings during manipulations of the visual environ-

ment suggest that much of the change in firing rates during loco-

motion is consistent with multimodal processing of visual and

motor signals (Keller et al., 2012; Saleem et al., 2013). The inte-

gration of locomotor and visual signals in V1 may thus represent

elements of predictive coding or play a role in spatial navigation.

However, locomotion-associated changes in cortical activity

have been replicated by noradrenergic and cholinergic manipu-

lations in the absence of motor output (Fu et al., 2014; Lee et al.,

2014; Polack et al., 2013). Changes in V1 activity during locomo-

tion may therefore result from recruitment of neuromodulatory

systems that regulate global arousal levels.

Wakefulness comprises states of low and high arousal, but

the relationship between changes in arousal and cortical activity

remains poorly understood. The functional impact of motor

feedback signals to sensory cortex is likewise only beginning

to be explored (Guo et al., 2014; Lee et al., 2013; Schneider

et al., 2014; Zagha et al., 2013). Here we used behavioral state

monitoring and manipulation to dissociate the roles of locomo-

tion and arousal in regulating neural activity in mouse V1. We
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