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    1 Abstract
A cornerstone of theoretical neuroscience is the circuit model: a system of equations that captures a hypothesized neural mechanism. Such models are valuable when they give rise to an experimentally observed phenomenon – whether behavioral or a pattern of neural activity – and thus can offer insights into neural computation. The operation of these circuits, like all models, critically depends on the choice of model parameters. A key step is then to identify the model parameters consistent with observed phenomena: to solve the inverse problem. In this work, we present a novel technique, emergent property inference (EPI), that brings the modern probabilistic modeling toolkit to theoretical neuroscience. When theorizing circuit models, theoreticians predominantly focus on reproducing computational properties rather than a particular dataset. Our method uses deep neural networks to learn parameter distributions with these computational properties. This methodology is introduced through a motivational example inferring conductance parameters in a circuit model of the stomatogastric ganglion. Then, with recurrent neural networks of increasing size, we show that EPI allows precise control over the behavior of inferred parameters, and that EPI scales better in parameter dimension than alternative techniques. In the remainder of this work, we present novel theoretical findings gained through the examination of complex parametric structure captured by EPI. In a model of primary visual cortex, we discovered how connectivity with multiple inhibitory subtypes shapes variability in the excitatory population. Finally, in a model of superior colliculus, we identified and characterized two distinct regimes of connectivity that facilitate switching between opposite tasks amidst interleaved trials, characterized each regime via insights afforded by EPI, and found conditions where these circuit models reproduce results from optogenetic silencing experiments. Beyond its scientific contribution, this work illustrates the variety of analyses possible once deep learning is harnessed towards solving theoretical inverse problems.

Competing Interest Statement
The authors have declared no competing interest.
Footnotes
	The revised manuscript includes a thorough methodological comparison of EPI to modern likelihood-free inference techniques, including the method SNPE of the cosubmitted manuscript which has now been published by eLife (Goncalves et al. 2020). This comparison serves to prove two important points: a.) EPI can scale to higher dimensions than alternative techniques, and b.) EPI is the only inference technique that can precisely condition on emergent properties.
We have re-approached the manner in which models of primary visual cortex and superior colliculus are analyzed with EPI. This revised manuscript focuses on producing scientific insight from the rich parametric structure captured and quantified by deep probability distributions through EPI. Not only are these novel insights obtained in a way that emphasizes the methodological capabilities of EPI, we now provide clear scientific background, motivation, and takeaways for each model
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