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Brain states dramatically influence the processing of sensory information. At
high arousal levels, such as during attention, the acuity to perceive visual stimuli is
improved. To understand the neuronal mechanisms of state-dependent perceptual
modulation, it is crucial to elucidate the state-dependent changes in sensory responses
to incoming stimuli. Several studies have compared the visual response properties in
the primary visual cortex (V1) between awake and anesthetized states. The gain of
visual responses, rather than visual response selectivity, is modulated by brain states in
the mouse V1. Orientation preference and the tuning of sharpness in V1 neurons are not
altered based on the state. Although spatial frequency (SF) is one of the fundamental
visual characteristics, the state-dependent modulation of SF tuning properties has not
been comprehensively explored. Moreover, compared with excitatory neurons, the state-
dependent changes in inhibitory neurons have been less reported.

In this study, I investigated the differences in SF tuning properties between
anesthetized and awake states in mouse V1. Using in vivo two-photon Ca2+ imaging,
individual recorded neurons in the presumed layer 2/3 were matched across imaging
sessions under awake and anesthetized conditions while identifying the neuron subtypes.
This enabled me to directly compare the visual responses recorded from the same
neurons between the two states. To evoke visual responses, full-field drifting sinusoidal
gratings with different SFs and directions were presented to the mouse. To estimate the
SF tuning property, the average stimulus-evoked responses were fitted to a two-
dimensional Gaussian model. The tuning parameters were determined based on the

fitted curves in the anesthetized and awake conditions.



I observed that in a subset of excitatory neurons, the preferred SFs were
significantly shifted to higher frequency values during the awake state. The response
gain decreased and SF selectivity was sharpened in the awake state. Inhibitory neurons
also exhibited a state-dependent shift in preferred SFs. The preferred SFs of inhibitory
neurons displayed more prominent changes than those of excitatory neurons. The
average preferred SFs in excitatory and inhibitory neurons in the same field of view
showed significant correlations under anesthesia, whereas this correlation was lost
during wakefulness. In the awake state, the responses to lower SF decreased in
excitatory neurons, whereas responses to higher frequencies were enhanced in
inhibitory neurons. As a result, both types of neurons preferred higher SFs in the awake
state than in anesthetized conditions. Taken together, the state-dependent modulations
of excitatory and inhibitory neurons, appear to occur in a different manner.

Furthermore, I examined the effect of brain states on SF preference in
somatostatin-expressing (SOM+) neurons and parvalbumin-expressing (PV+) neurons,
two major inhibitory neuron subtypes in the cerebral cortex. For both interneuron
subtypes, the preferred SFs significantly increased in the awake condition compared to
the anesthetized condition. The response gain increased in SOM+ neurons and did not
change in PV+ neurons during the awake state. SF tuning was broadened in SOM+
neurons and unchanged in PV+ neurons during wakefulness. The range of preferred SFs
in excitatory neurons overlapped with SOM+ neurons rather than with PV+ neurons,
suggesting that excitatory and SOM+ neurons respond well to common SF stimuli.
Therefore, SOM+ neurons can considerably affect the responses to the preferred SFs in
excitatory neurons.

The current study revealed that the preferred SFs were higher in the awake state
in both excitatory and inhibitory neurons. My results support the notion that visual
response properties of awake mice differ from those of anesthetized mice. Although

SOM+ and PV+ neurons exhibited preferred SF shifts to higher frequency values in the



awake state, the range of preferred SFs and state-dependent changes in response gain
and tuning sharpness differed. It has been reported that SOM+ and PV+ neurons have
distinct connectivity and play specific roles in sensory information processing.
Therefore, these interneuron subtypes can distinctly contribute to the optimization of
sensory information representation in excitatory neurons depending on the brain state.
The higher SF tuning in V1 during wakefulness may be involved in enhancing the spatial

resolution of visual perception in the awake state.
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