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Principles of Flexible Computation in Neural Circuits 

Neural circuits perform computations that enable animals to integrate sensory inputs to 
carry out a range of complex behaviors. However, the fact that the brain is unlike any 
human-built computer confounds our understanding of how it works. There is a need to 
connect our rapidly developing knowledge of neural circuit architecture and biophysical 
mechanisms to the algorithms of the brain. My work is focused on understanding the 
fundamental computations produced by neural circuits of all kinds in terms of their biological 
implementation. My approach centers on constructing computational models of neural circuits 
that are closely informed by insights from experimental work in neurophysiology, molecular 
biology, pharmacology, and cognitive neuroscience. 

The retina, a computationally sophisticated circuit, is a superb system for understanding 
flexible circuit computations because much is already known about its physiology and 
connectivity. It processes a high-definition stream of visual information by compressing  it into 1

a format that the brain uses to reconstruct the world around it. However, we lack a complete 
understanding of how the circuit components work 
together to compress inputs while preserving the 
integrity of the visual stimuli in different visual 
environments. I propose a research program that seeks 
to discover the solutions that the retina, and neural 
circuits generally, use to adaptively reformat inputs and 
encode information. The first years of my independent 
research program will address the following themes: 

1. The role of circuit architecture in the efficient 
encoding of natural inputs. 

2. The intersection of circuit architecture and neural 
adaptation in the efficient encoding of noisy inputs. 

3. Development of an “Adaptation Rule” for neuron response properties to maintain 
optimal information given changing stimulus conditions. 

My long-term vision is to integrate principles of information processing in neural circuits at all 
levels, and at multiple scales - from sensory receptors to perception and behavior. This research 
will contribute to our understanding of how neural circuits assemble, adapt, and learn so as to 
integrate and process inputs to produce flexible behaviors. 
 
My background: how local circuit elements contribute to global output 

My training exposed me to many different neural circuit models at different scales. The 
research I propose draws from all corners of my interdisciplinary training and research 
experience. As a graduate student in Eve Marder’s lab, I studied the dynamics of 
neuromodulation in a biophysically realistic model of the stomatogastric ganglion (STG) circuit 
of the crab. I constructed a conductance-based model to simulate the ionic currents that are 

1 Figure 1: Retina circuit diagram showing how convergent circuit structure leads to a compressed channel capacity 
through the optic nerve. 

1 



Research Statement 
Gabrielle J. Gutierrez, PhD 

responsible for generating the intrinsic oscillatory activity in the circuit. I determined that 
modulation of a local circuit element could affect the circuit-wide output pattern in a 
state-dependent manner (Gutierrez et al., 2013; Gutierrez and Marder, 2014). I also found a 
possible role for gap junction plasticity in gating the effects of neuromodulators on circuit 
pattern switching (Gutierrez and Marder, 2013). These results furthered our understanding of 
how subtle variations in the state of a neural circuit could dramatically change the output 
properties of that circuit. 
 

 
Figure 2: Diagram of STG circuit model that I developed (left) and “parameterscape” of model activity (right) showing 

how modulation of the synaptic conductances influences the oscillatory patterns of the model circuit. 
 

Conductance-based models, such as the ones I used in that study, combine known 
biophysical components in order to determine the kinds of circuit activities and behaviors they 
make possible. I became interested in examining this relationship from the opposite perspective 
by considering models that start with a known behavior and arrive at a possible solution for the 
circuit implementation. I explored such normative models in Sophie Deneve’s lab during my first 
postdoc. By building on her spiking predictive coding framework (Boerlin et al., 2013), I found 
that spike-frequency adaptation in individual neurons is a natural consequence of imposing a 
metabolic constraint on the entire population of neurons while insisting on population-wide 
accuracy (Gutierrez and Denève, 2019).  

 

 
Figure 3: I derived a network model from an objective (here, to minimize the error in the stimulus encoding). 
Spike-frequency adaptation emerged as a natural consequence of the efficiency constraints we imposed. 
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Previous work has shown how local circuit mechanisms, such as spike-frequency 
adaptation, can play a role in the efficient code of an individual neuron. My research 
demonstrates that these local mechanisms can be coordinated at the population level to serve a 
global objective. My results also offer a solution to the competing demands faced by neural 
circuits for accurate coding and the efficient use of resources. Furthermore, our model replicates 
a well-known perceptual phenomenon, the tilt illusion, and predicts that a stimulus will be more 
precisely decoded from a population of neurons than from a single neuron in visual cortex. 
These theoretical predictions prompt the design of biological experiments to test the extent to 
which stimulus information is encoded in a distributed manner across a neural population. 
 
Current research: data compression in the retina 

As a postdoc with Eric Shea-Brown and Fred Rieke, my research has moved into the 
realm of sensory circuits where there is more control over the circuit inputs - facilitating the 
development of neural computation theories. The retina receives a massive stream of visual 
input. Before sending that information through the bottleneck of the optic nerve, the retina 
compresses it. The channel capacity from the photoreceptors to the ganglion cells is reduced by 
a factor of 1000 (Zhaoping, 2006). This reduction is mainly due to the convergent architecture 
of the circuit (there are on the order of 100 million photoreceptors, but only around 1 million 
ganglion cells) and to the different response properties between photoreceptors and ganglion 
cells (Sterling and Laughlin, 2015). The encoding of images in the ganglion cell is often 
modeled as a linear sum of nonlinear subunits - spatially arranged neural units that 
approximate the population of bipolar cell inputs to the ganglion cell. It was unknown whether 
subunit coding contributes to an efficient encoding of the stimulus. In other words, we didn’t 
know how the convergence of nonlinearly transformed signals would impact the amount of 
information the ganglion cells could encode.  
 

 
Figure 4: Compressive circuit configurations (left) with linear or nonlinear subunits (response entropy beneath each). 
Geometrical depiction of contrast encoding (right) in these two circuits showing that different contrast levels can be 

distinguished by the nonlinear subunits circuit but not by the linear subunits circuit. 
 

I created cascade-type computational models of the converging and diverging motifs 
found in the retina and I used information theoretic analyses to quantify the information 
transmitted through different configurations of these motifs. Using inputs with random 
structure, I computed the information entropy at different points in the model circuit to estimate 
how the circuit components and architectures impacted the transmission of stimulus 
information. Despite the fact that the nonlinear transformation loses information at the level of 
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the subunit due to its selectivity, I found that, as a whole, the circuit with nonlinear subunits 
encodes more information than the circuit with lossless linear subunits. In addition, the circuit 
with nonlinear subunits encodes basic stimulus features, such as mean luminance and local 
contrast, whereas the circuit with linear subunits is only able to encode mean luminance 
(Gutierrez et al., bioRxiv). These findings indicate that converging and diverging motifs of 
nonlinear neurons facilitate a unique synergy between selectivity and information preservation - 
a principle that is bound to be relevant for other sensory circuits and cortical networks. 

These results informed our basic understanding of the compression and information 
preserving capabilities of the retina circuitry. However, compression was considered only for 
artificial stimuli under idealized noiseless conditions. Information theoretic analyses are highly 
dependent on the input statistics, so it is important to explore the role of circuit architecture in 
maximizing the information inherent in natural images which have a signature statistical 
structure. I will also explore the role of adaptation in maintaining an efficient encoding of the 
stimulus in different environments with distinct noise profiles. 
 
Future Research 
Does an asymmetrical retina circuit serve the efficient encoding of natural images? 

This question is a natural follow-up to my current work and also establishes a critical 
direction as more of the retina’s structure is built into the model, piece by piece, to develop and 
enrich our theoretical understanding of how neural circuits are constructed to trade off 
efficiency and accuracy. Asymmetries between ON and OFF pathways of the retina have been 
observed with respect to their receptive field sizes, their response kinetics, and the linearity of 
their responses (Chichilnisky and Kalmar, 2002; Ratliff et al., 2010). ON ganglion cells have 
responses that are consistent with linear subunits while OFF cells are consistent with nonlinear 
subunits (Turner and Rieke, 2016; Chichilnisky and Kalmar, 2002). It has also been observed 
that natural images have asymmetrical luminance distributions; however, it is not known if 
asymmetries in the linearity of ON/OFF responses serve an efficient encoding of natural images. 
To make predictions about the theoretical advantages of these ON/OFF asymmetries, I will test 
the information retention of my model circuits using natural image stimuli while varying the 
symmetry in the ON/OFF nonlinear response functions. 

These studies will be funded by phase II of my NIH K award. Beyond determining the 
coding efficiency of the asymmetrical ON/OFF architecture in the retina, the value in these 
studies will be to produce a general framework for customizing convergent circuits for specific 
input statistics. Future studies could generalize to other neural circuits with a similarly 
convergent feedforward architecture. 
 
What is the role of signal noise in the efficient coding strategy of the retina? 

The subunit structure of the retina can benefit spatial encoding by converging or pooling 
signals, resulting in noise cancellation; however, ganglion cells pool signals after they have 
already undergone a nonlinear transformation at the level of the bipolar cells. Furthermore, the 
noise between neighboring subunits contains correlations, complicating the advantages of 
pooling. By building on the circuit models I have created, I will determine how noise interacts 
with the forms of compression that are inherent to the circuitry of the retina. Both noise and 
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non-invertible nonlinear transformations result in a loss of information about the input, and 
both potentially reduce correlations, however, noise expands the signal entropy while 
non-invertible nonlinearities typically compress it. I will investigate the possible tradeoffs 
between noise and nonlinear compression that neural circuits may exploit to maximize their 
coding efficiency.  

The second part of these studies will address circuit adaptation to noise. In the retina, 
bipolar cells adapt their nonlinear response functions in different lighting conditions (Grimes et 
al., 2014). I will use my models to test the hypothesis that this adaptation optimizes signal 
transmission in different noise environments by quantifying and comparing the amount of 
information the circuit can transmit in different environments with and without adapting 
responses. I will also incorporate normative approaches to find optimal subunit nonlinearities 
for different signal-to-noise conditions. 
 
Adaptation rule for maximizing information 

Given the observations of adapting nonlinear responses in different conditions and for 
different input statistics, I will build on my theoretical work to develop a new paradigm of 
computational coding that is inspired by approaches in machine learning. I will develop an 
“adaptation rule” that predicts how neural circuits might use dynamic biophysical mechanisms 
to optimize for coding efficiency. This would be analogous to the derivation of a synaptic 
learning rule; however, instead of updating the weighted linear connections between neurons 
in the model, my adaptation rule will update the properties of the nonlinear functions that shape 
neural responses. Conventional modeling approaches in neuroscience and machine learning 
often treat the nonlinear response properties of neurons as a static characteristic; however, 
there is considerable biological evidence for time-dependent (Wark et al., 2009) and 
stimulus-dependent (Grimes et al., 2014) nonlinearities that adapt the response properties of 
neurons. The dynamics of these nonlinearities must be considered if we are to develop more 
accurate models of circuit function and neural coding. The major challenges here will be limiting 
the number of free parameters and tuning the optimization so that local minima are avoided 
since there is no guarantee that the problem will be convex.  

Machine-learning has benefited from insights in neuroscience - improvements to these 
algorithms are often inspired by the brain. The popular learning rule paradigm was inspired by 
the spike-timing dependent plasticity (STDP) that takes place in biological neural circuits. There 
are certainly more insights to be garnered from the brain and one untapped mechanism is 
neural adaptation. 
 
The interdisciplinary research program of the Gutierrez lab 

My varied research experiences have empowered me with a broad, interdisciplinary 
perspective into neural processing as well as expertise in a range of models and systems. 
Importantly, they have inspired me to integrate biological relevance within an abstract 
normative framework. Typically, computational models of neural circuits are either biophysically 
detailed or phenomenologically detailed. The research program I propose combines these 
perspectives. My goal is to understand how biological circuit elements contribute to the overall 
coding strategies in neural circuits. 
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The Gutierrez lab will actively seek collaborations within and across institutions and 
departments to expand the proposed themes to include experiments in biological preparations 
and computer science applications. Each theme lays the foundation for a grant proposal. I am 
the recipient of a K award from NINDS in which I was funded to study the role of asymmetrical 
circuit structure in efficient coding during my first faculty years. In parallel, I will apply for 
funding for the remaining themes from private and foundation grants (McKnight and Google) as 
well as public institutes (NIH and NSF). The BRAIN initiative at the NIH currently offers many 
relevant funding mechanisms which I intend to tap into.  
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