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            Abstract
Push–pull is a canonical computation of excitatory cortical circuits. By contrast, we identify a pull–push inhibitory circuit in frontal cortex that originates in vasoactive intestinal polypeptide (VIP)-expressing interneurons. During arousal, VIP cells rapidly and directly inhibit pyramidal neurons; VIP cells also indirectly excite these pyramidal neurons via parallel disinhibition. Thus, arousal exerts a feedback pull–push influence on excitatory neurons—an inversion of the canonical push–pull of feedforward input.
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                    Figure 1: A stable subset of excitatory neurons is inhibited during arousal.[image: ]


Figure 2: Covariation of coefficients between VIP and Pyr cells across mice.[image: ]


Figure 3: VIP cells act as a pull–push circuit in vivo.[image: ]
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Supplementary Figure 1 Overview of experimental setup.
(a) Schematic representation of the approach to viral infection and in vivo imaging. (b)Top: diagram of the genetic cross used to generate mice in which all inhibitory neurons expressed tdTomato. Middle left: cropped image showing GCaMP6 and tdTomato expression in FrA. Bottom left: z-scored time series GCaMP6s responses for 50 excitatory neurons imaged over 10 minutes. Middle right: example traces from 3 excitatory neurons and 2 inhibitory neurons. Traces are z-scored. Excitatory neurons show fast, large amplitude responses, whereas inhibitory neurons show slower, smaller amplitude responses. Bottom right: z-scored traces of ball motion (gray) and pupil diameter (black) imaged over 10 minutes. Note that as locomotion increases, so does pupil diameter.


Supplementary Figure 2 Responses of excitatory neurons expressing GCaMP6-fast.
(a) Ordinate: plot of the correlation coefficients between excitatory response and locomotion. Abscissa: plot of the correlation coefficients between those same neurons and pupil diameter. All neurons recorded are plotted. Note that the activities of many excitatory neurons are suppressed by locomotion and increased pupil diameter. n=3248 neurons, 11 mice, 22 fields of view. (b) Histograms plotting excitatory correlation coefficients to running (top) and pupil diameter (bottom). A Gaussian distribution was fitted to each histogram (black dashed line). Gray lines in both show the cumulative distributions. Note that the coefficients are normally distributed, with roughly half of responses showing negative coefficients. (c) Example traces from 5 excitatory neurons whose activities are negatively (red, left), positively (green, middle), or un-correlated (blue, right) with locomotion/pupil diameter. Cells were taken from the pool of neurons shown in the colored circles in panel a.


Supplementary Figure 3 GCAMP6-slow responses of VIP and SOM interneurons.
Top 4 panels: SOM cell responses.
(a) z-scored time series GCaMP6s responses in 41 SOM cells imaged over 7 minutes. The black trace at the top plots represents the z-scored running speed. (b) Plot of correlation coefficients between GCaMP6s response and running speed (ordinate) and pupil diameter (abscissa). Responses of 2 individual SOM cells are shown in the green and red traces. n=417 neurons, 7 mice, 12 fields of view. (c) Histograms of correlation coefficients between neural response and pupil diameter (left) and running speed (right). Both plots are fitted with a Gaussian (black dashed lines), and the cumulative distributions are plotted (gray lines). Note that SOM cells are strongly left-shifted in their responses with the clear majority negatively correlated with arousal.
Bottom 4 panels: VIP cell responses.
(d) z-scored time series GCaMP6s responses in 44 VIP cells imaged over 6 minutes. Again, the black trace at the top plots is the z-scored running speed. (e-f) Same plots as in panels b-c, but for VIP cells. Note the opposite response of VIP cells to arousal. n=875 neurons, 7 mice, 16 fields of view. (g) The Gaussian distributions plotted in panels c and f are over-plotted to show more clearly the opposite responsiveness of the SOM (red) and VIP (blue) cells during heightened arousal.
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