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RESEARCH SUMMARY, WITH REFERENCES TO PUBLICATIONS AND PREPRINTS:

The main body of my research is on the dynamics of structured networks of neurons and neural populations.
The goal is to uncover mechanisms that enable these networks to encode, propagate, and make decisions about
sensory inputs. This requires building collaborations with cognitive neuroscientists (as in my work on modeling
decision tasks), with electrophysiologists (as in my studies of firing dynamics in the brainstem), and with
psychiatrists and neurologists (as in my current work on models for the timing behavior of Parkinsonian patients).

Achieving this goal also requires generalizing mechanisms uncovered in these and other studies to develop
the mathematical theory of spiking neural networks, a challenge which fascinates me and one on which I’ve worked
with several different groups of applied mathematicians. The goal is a theoretical framework which describes and
connects the neural dynamics occurring on different spatial and temporal scales, ranging from single neurons and
small circuits to populations. At the finest scale, we describe how precise patterns of spike times emerge in
structured networks. Examples are my work on spike ordering and network architecture, on optimal control of spike
times, and on repeatable vs. chaotic dynamics in stochastically forced networks. At the gradually coarser scales, we
study the statistics of spike times averaged over large groups of neurons. Examples here are my work on the
response properties of neural oscillator populations, and studies of spike-to-spike correlations in neural populations.

1. Neural mechanisms for optimal decisions:

My work with Philip Holmes, Jonathan Cohen, Jeff Moehlis, Mark Gilzenrat, Rafal Bogacz, Gary Aston-
Jones and collaborators (at Princeton and U. Penn) on the dynamics of simple decision tasks starts with models of
neural “integrators.” Each integrator represents, via a firing rate, the activity of a population of neurons that is
selectively responsive to one of the possible stimuli in the decision task. We first develop a reduced model of the
stochastic firing rate dynamics of neural integrators in a two-alternative decision task, via projecting solutions onto
the slow manifolds along which they concentrate. This reduced description is useful in developing intuition and
analytical estimates for the reaction times and error rates that the model predicts [Stoch. Dyn., 2001]. These
predictions compare favorably with behavioral data from human subjects (in one case elucidating complex
dependencies of task speed and accuracy on stimulus histories [Cog. Aff- Beh. Neurosci., 2002]), and make surprising
predictions regarding effects of parameters (e.g., that reaction times, modeled as crossing times of firing rate
thresholds, become longer but less variable as a “feedback” term changes). Moreover, the resulting models of drift-
diffusion processes crossing thresholds can implement statistically optimal algorithms for decision making [CSMBB
Tech. Rpt. #04-01, 2004; Int. J. Bifn Chaos, 2005; Psych. Rev., 2006]. This connection between network dynamics
and optimal signal processing provides a benchmark for parameterizing and interpreting neural models of decisions.
Furthermore, the hypothesis that neural networks in the brain indeed implement these optimal algorithms makes
strong predictions for both firing patterns of neural groups and statistical patterns of behavioral performance, some of
which were later validated in psychophysics experiments conducted by Rafal Bogacz [Trans. IEICE, 2005; Psych.
Rev., 2006], in which participants are instructed to maximize their rates of decision-based reward.

Optimal decision algorithms require time dependent modulation of the sensitivity (gain) of neural integrators as task-
relevant stimuli occur. An emerging hypothesis is that the brainstem area locus coeruleus (LC) is responsible for this
modulation, via its release of the neurotransmitter norepinephrine to the cortex. Thus motivated, we analyze spiking
models of LC neurons, exploring the role of baseline frequency and stimulus duration in shaping the firing dynamics
of the LC population (and hence the dynamics of norepinephrine release). The results suggest a new mechanism
which may contribute to the transition between LC firing patterns associated with different levels of cognitive
performance, and also provide an explanation for differences in LC firing patterns observed across cognitive tasks [.J.
Comp. Neurosci., 2004]. We then compare experimental LC firing patterns with the statistically optimal firing
patterns that are predicted by reduced neural integrator models with optimized gain schedules. We use these
optimized models to assess the benefits of LC-driven gain modulation via the behavioral metric of reward rate [Inz. J.
Bifn. Chaos, 2005, and preprint], and find that features of the optimal and experimentally observed LC dynamics do
agree qualitatively, supporting a role for the LC in dynamically facilitating decisions -- for example, by
implementing filters matched to the time course of incoming sensory information.

2. Neural mechanisms for the representation of elapsed time:
With John Rinzel at NYU as well as Chara Malapani and other members of the Temporal Cognition

Laboratory at Columbia University, | am studying neural integrator models for the firing rates of neural populations
involved in the estimation of seconds-scale time intervals. We apply these highly idealized models to behavioral data



from Parkinsonian subjects both on (control condition) and off L-dopa therapy, and find that modifying the feedback
and net input parameters between on and off L-dopa states reproduces several non-intuitive features of Parkinsonian
timing data [Brain Res., 2006]. In particular, we suggest that unbalanced feedback in the firing rate dynamics is a
mechanism for the Parkinsonian timing deficits of “migration” (overestimation of short and underestimation of long
time intervals) and the “violated scalar property” (anomalous scaling of errors in time estimates). Ongoing work
extends this idealized modeling framework to describe timing behavior of patients on and off Deep Brain Stimulation
[preprint]. Nevertheless, many unanswered questions remain, and Malapani and collaborators are conducting a
series of experiments that will test several of the model’s predictions and will lead to its refinement. We are also
collaborating with Matthew Matell and Cindy Gooch (Villanova) to analyze multiunit neuronal data from the cortices
of rats performing timing tasks, using principle component and discriminant analyses to identify features in the spike
trains that predict timed behavior. These analyses will also better constrain our models of the firing rate dynamics
that underlie interval timing tasks.

3. Correlations in neural populations:

In developing models of neural populations, a primary challenge is to correctly include correlation among the
firing times of the constituent cells. A mechanistic understanding is still lacking of how these correlations develop,
and, critically, of how their strength depends both on the population’s operating range (that is, the rate and regularity
of spiking) and on the membrane dynamics with which spikes are generated. With Jaime de la Rocha, Brent Doiron
and Alex Reyes (NYU), and Kresimir Josic (U. Houston), we address these questions using linear response theory,
numerical simulations, and in vitro experiments [preprints]. To our surprise, our theory predicts, and cortical slice
experiments verify, that correlations increase dramatically with firing rate over ranges of up to approximately 20-30
Hz. This fundamental connection between rate and correlation holds regardless of the level of regularity in single-
cell spiking, a counterintuitive result we establish using low-noise asymptotics for integrate-and-fire neuron models.
Furthermore, the co-dependence of rate and correlation seems universal among many neuron models, a fact we
explain using a simple statistical theory based on the thresholding process that underlies spike generation. Finally,
we demonstrate that the relationship between rate and correlation enables enhanced information transfer across a
feed-forward network of neurons, in particular increasing the accuracy with which similar signals can be
discriminated. We quantify this accuracy by calculating Fisher information, and the resulting expressions isolate the
contribution of rate-dependent correlations to neural encoding.

4. How network architecture determines spiking dynamics:

The simplest architecture with which cells can be connected, and the starting point for many theoretical
studies of the synchronized and phase-locked behavior that results, is all-to-all or “global” coupling. Our work with
globally coupled networks of phase oscillators (which serve as simplified models of some neurons) summarizes and
adds to established results by describing how the form of their coupling determines the existence and stability of
phase-locked states in which subgroups of oscillators are synchronized [in Perspectives and Probs. in Nonlin. Sci.,
2003]. Work with Josic and Marty Golubitsky (U. Houston) goes beyond the global coupling assumption, treating
networks with more general coupling architectures and therefore building on the recent theory of coupled cell
systems developed by Golubitsky, lan Stewart, and colleagues. Our emphasis is on the new features of network
dynamics that arise in this context from additionally assuming a phase or integrate-and-fire (i.e., one dimensional)
description of the individual cells. Results to this point focus on the different classes of synchronized, partially
synchronized, and spatio-temporally symmetric (i.e., phase-shifted) solutions that are forced to exist by the coupling
architecture. We also investigate how the existence of some types of these solutions restricts the admissible winding
numbers that subsets of cells can display over arbitrary intervals of time, thereby limiting the possible network
spiking patterns (be they periodic or irregular). This has the interesting consequence that the order of certain
temporal sequences of spikes must repeat, until an external input reorders the cells [J. Nonlinear Science, 2006].

With Lai-Sang Young and Kevin Lin at NYU, | investigate another general role of architecture: how the
presence of feedback affects the reliability of spike trains in response to inputs. The reliability of an isolated neuron
or neural model is a celebrated fact: if the same signal (an aperiodic current trace) is presented many times, after a
short transient the neuron will typically display the same spiking response, regardless of its initial state. But what
happens if this neuron is embedded in a network? The answer is not known but is fundamental for neural
processing. We take a first step by adding a second cell “downstream” to that receiving the input, with either purely
feedforward or both feedforward and feedback connections to the first. While the two-cell feedforward network still
responds reliably (as the second neuron can be seen as an isolated cell receiving its inputs from the first), we find that
the feedback network can be either robustly reliable or unreliable, each over broad parameter ranges. Based on



geometrical reasoning and computations of Lyapunov exponents, we identify an unexpected role for oscillations in
driving the transition between reliable and unreliable responses [preprint].

5. Characterizing the response of neuron models to simple stimuli:

Different conductance-based models of individual neurons produce widely varying dynamics and involve a
daunting number of parameters. One way to make progress in understanding these dynamics is to develop qualitative
characteristics that describe the response of general categories of such models to stereotyped inputs. Work with Jeff
Moehlis and Philip Holmes contributes by developing and extending phase reductions that show how both type of,
and distance from, four typical transitions (bifurcations) to periodic firing determine a neuron’s phase response
curve, and hence the timing of its spikes in response to coupling currents and external inputs [Neural Comp., 2004].
We then show how these phase reductions lead to general conclusions about the responses of neural populations to
simple stepped stimuli. Our results include scaling relationships between the amplitude of a neuron’s phase response
curve and its baseline frequency, and an explanation of how this scaling is inherited in the amplitude of stimulus-
evoked transients in population firing rates. We also find the counterintuitive effect that populations of neural
oscillators with some classes of phase response curves (i.e. near certain bifurcations) respond more strongly to the
offset of a stepped, positive stimulus than its onset.

In collaborative work with Herschel Rabitz, Xiao-Jiang Feng and colleagues (Princeton), we are pursuing a
complementary, simulation-driven approach. Specifically, we are exploring how nonlinear, global parametric
analysis, based on random sampling and Monte-Carlo integration, can determine both the sensitivity and
cooperativity of parameters in conductance-based neuron models. Via tracking control, we also use these High
Dimensional Model Representation [HDMR] methods to address the inverse question of how parameters determine
the input currents required to produce a specified target “output” pattern of neuronal spikes.

6. Optimal control of spike patterns and timing:

With Rabitz and Feng, we take a computational approach to the novel question of whether optimal control
methods will eventually identify distinct current waveforms that can serve as alternatives to the present high-
frequency patterns used in Deep Brain Stimulation (DBS) therapies for Parkinson’s disease. Specifically, we use
global numerical optimization (running on a parallel cluster) to identify effective DBS inputs within a biophysically
based model of subthalamopallidal neurons in the Parkinsonian state. Our algorithm seeks DBS waveforms that
optimally alleviate the attendant pathological synchrony and rhythmic bursting in this model. Compared with
simulations of the standard class of DBS inputs, the waveforms identified by our algorithm achieve comparable
effects with a fraction of the current strength, and also operate by vastly different mechanisms (the standard inputs
directly entrain cells while the optimal inputs more subtly perturb and desynchronize spike times) [J.
Neuroengineering, 2007; J. Comp. Neurosci., 2007].

A second collaborative project focuses on optimal control at the level of single cells. Here, we identify the
minimum-strength current waveforms that perturb the time at which a single spike will occur. Interestingly, if the
strength of an input current is measured by its square integral, these optimal currents have the same form and a
related scaling to that of the neuron’s phase response curve (cf. Sect. 5) [J. Comp. Nonlin. Dyn., 2006]. These results
connect the nonlinear dynamics of single neurons with a simple aspect of their signal processing.

7. Expository writing:

With Steve Coombes (at U. of Nottingham), Kresimir Josic, and Brent Doiron, we argue that mathematical
neuroscience needs a new confluence of theoretical approaches to neural signal processing, single-cell dynamics, and
networks of coupled dynamical systems [Proc. Royal Soc., 2006]. As motivating examples, we review work
showing how critical features of synaptic and spiking dynamics combine with network architecture to determine
mechanistic “blueprints” for neural integrators and certain sensory networks. Doiron and | are also working with
Marty Golubitsky to develop a website on ‘Hodgkin and Huxley and the Mathematics of the Spike’ as part of
SIAM’s online “WhyDoMath” initiative. The goal here is to show how mathematical thinking has played, and will
continue to play, an integral role in neuroscience research. Finally, recently co-authored articles in the peer-reviewed
Scholarpedia (online) provide accessible overviews of several underlying topics in dynamical systems.





