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Controlling Brain States
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Neurons in mouse V1 increase their response to visual stimulation during locomotion. In this issue of Neuron,
Lee et al. (2014) show that subthreshold optogenetic stimulation of a brainstem locomotion area can mimic
the effect of locomotion on sensory processing.

Sensory experience depends critically on
behavioral state. However, the neural
mechanisms that mediate state-depen-
dent changes in perception are poorly
understood. In previous work, Niell and
Stryker established a mouse model for
studying state-dependent changes in
sensory responses (Niell and Stryker,
2010). They demonstrated that, for
head-fixed mice on a spherical treadmill,
locomotion and quiet wakefulness corre-
spond to two distinct brain states in pri-
mary visual cortex (V1): during movement,
power in the LFP shifts from low to high
frequencies and visual responses are
amplified by 2-fold, similar to the physio-
logical correlates of attention in primates
(Harris and Thiele, 2011).

What circuits mediate the modulation of
cortical processing during locomotion?
Electrical stimulation of a region in the
brainstem, the mesencephalic locomotor
region (MLR), has been shown to elicit
locomotion with short latencies in several
species (Crillner, 2003). This functionally
defined nucleus has gone by several
names, including the parabrachial nu-
cleus and the pedunculopontine nucleus,
and includes both a descending motor
component and an ascending modulatory
component, which forms part of the retic-
ular activating system (Grillner et al.,
2008). Apart from its effects on locomo-
tion, stimulation of this region has been
shown to desynchronize the EEG and in-
crease alertness (Moruzzi and Magoun,
1949). However, because electrical stim-
ulation recruits local cells and axons indis-
criminately, it was unclear whether the
circuits promoting arousal and locomo-
tion were distinct. In this issue of Neuron,
Lee et al. (2014) show that optogenetic
stimulation of glutamatergic cells in the

MLR elicits locomotion. Interestingly, the
authors further demonstrate that stimula-
tion of these cells at frequencies that do
not elicit locomotion is still sufficient to
desynchronize the LFP in V1 and enhance
visual responses. These data support an
elegant model in which glutamatergic
cells in the MLR promote both arousal
and locomotion through ascending and
descending projections, respectively (Fig-
ure 1, solid lines). It should be noted, how-
ever, that whether the same MLR cells
affect both visual responses and locomo-
tion remains unclear.

Lee et al. (2014) next attempted to iden-
tify what downstream circuits couple MLR
activation to visual cortical modulation.
Recent work has demonstrated that stim-
ulation of cholinergic cells in the basal
forebrain (BF) desynchronizes the LFP
and enhances visual responses, suggest-
ing that the basal forebrain may mediate
the effects of MLR activation (Pinto
et al.,, 2013). Interestingly, Lee et al.
(2014) find that stimulating axons from
the MLR in the basal forebrain reproduces
the effects of direct MLR stimulation on
cortical activity and occludes the changes
observed during spontaneous locomo-
tion. Together, these data suggest an
MLR — BF — V1 circuit that links locomo-
tion to modulation of visual responses
(Figure 1, solid lines).

Though this circuit is parsimonious,
other subcortical circuits involving the
MLR are not ruled out by their data.
Importantly, whether release of ACh in
V1 is necessary for the effects of MLR
stimulation was not tested. Indeed, pho-
tostimulation in the BF may activate fibers
of passage and axon collaterals to other
brain nuclei. Moreover, the BF contains
not only cholinergic, but also glutamater-
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gic and GABAergic projection neurons
(Henny and Jones, 2008), and the specific
cell types activated by MLR axons were
not identified. In the future, it will be inter-
esting to test whether cholinergic antago-
nists in the cortex block the effects of
MLR stimulation.

The MLR is embedded in the reticu-
lar activating system, which contains
several interconnected nuclei including
the locus coeruleus (LC), the main source
of noradrenaline in cortex. Release of
noradrenaline during locomotion has
been shown to depolarize pyramidal cells
in V1 and probably contributes to modula-
tion of visual responses (Polack et al,
2013). Moreover, both the MLR and the
LC innervate the thalamus and may thus
affect the propagation of sensory informa-
tion to cortex. However, the contribution
of these pathways to modulation of
cortical activity during locomotion re-
mains unclear (Figure 1, dotted lines). In
particular, it would be interesting to inves-
tigate whether glutamatergic cells in the
MLR innervate neighboring cholinergic
neurons. If so, the stimulation used by
Lee et al. likely recruits cholinergic projec-
tions from the MLR to thalamus.

Despite these caveats, several studies
suggest that modulation of visual re-
sponses during locomotion may be medi-
ated by release of ACh in V1. Fu et al.
(2014) recently demonstrated that nico-
tinic activation of vasointestinal peptide-
expressing (VIP) interneurons during
locomotion may facilitate pyramidal cell
responses by selectively inhibiting so-
matostatin-expressing (SST) interneurons
(but see Polack et al., 2013). Indeed, acti-
vation of VIP cells appears necessary and
sufficient for the visual response gain in-
crease during locomotion. These results

P

G) CrossMark


mailto:shestrin@stanford.edu
http://dx.doi.org/10.1016/j.neuron.2014.07.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuron.2014.07.007&domain=pdf

Neuron

basal forebrain

visual cortex

to spinal cord

pathway proposed by Lee et al.
alternative pathways

glutamatergic synapse

cholinergic synapse

<
p»  noradrenergic synapse
[ J
?

indirect projection

Figure 1. Possible Anatomical Pathways through which the MLR May Influence Cortical Activity

are consistent with two other findings:
surround suppression, which has been
shown to be mediated in part by SST
interneurons (Adesnik et al., 2012), is
reduced (Ayaz et al., 2013) during loco-
motion, and the E/I balance for visual
responses is shifted toward excitation
(Bennett et al., 2013).

Interestingly, the effects of locomotion
on cortical activity vary across sensory
cortices. In the visual cortex, the mem-
brane potential of pyramidal neurons
is depolarized during locomotion, and
subthreshold visual responses are ampli-
fied due to larger visually evoked con-
ductances. However, in the auditory
cortex, pyramidal cells are hyperpolar-
ized, sensory responses are suppressed,
and sensory-evoked conductances are
reduced (Zhou et al., 2014). Lee et al.
(2014) provide a starting point from
which we can begin to trace the circuits
that link behavioral states and the modu-
lation of sensory processing across
cortical areas.

Lee et al. (2014) demonstrate that sub-
threshold activation of glutamatergic cells
in the MLR produces electrophysiological
correlates of arousal in sensory cortex,
raising several important questions. In

the future, it will be interesting to deter-
mine whether the activity of these cells is
ever uncoupled from locomotion during
natural behavior and whether they play a
necessary role in generating active
cortical states. Moreover, investigating
the local circuitry of the MLR will elucidate
how other cell types, including cholinergic
neurons projecting to the thalamus,
interact with the glutamatergic cells stim-
ulated in this study, and whether they also
contribute to the effects of MLR stimula-
tion. It will also be necessary to conclu-
sively establish that the BF mediates the
effects of subthreshold MLR stimulation
on cortical processing, and, if so, what
BF cell types are activated by MLR affer-
ents. It was previously demonstrated
that both stimulation of cholinergic axons
from the BF (Pinto et al., 2013) and loco-
motion (Bennett et al., 2013) enhance per-
formance on visual tasks. Ultimately, it will
be important to test how subthreshold
stimulation of the MLR affects perception
and behavior.
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