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Neural mechanisms of speech processing: time warp invariance
by adaptive integration time

R. Giitig!? and H. Sompolinsky' 3
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3Center for Brain Science, Harvard University, Cambridge, USA.

In speech processing, perceptually relevant temporal cues can require resolution of spectral transitions with
millisecond precision. However, dynamic variations in speaking rate on a scale of hundreds of milliseconds
introduce time warp of spoken syllables, ranging from two fold compression to two fold dilation. Although
the auditory systems of adult humans, pre-articulate infants and also non-human primates have been shown
to readily normalize temporal cues underlying phonetic category boundaries for speaking rate effects[1],
the neural mechanisms subserving this time warp invariance have remained mysterious. In addition to
time warp robustness, the neural hardware must also support processing of temporal features over different
relative scales, e.g. slow formant transitions vs. fast voice on- and offset times.

To resolve these computational challenges by means of a biologically plausible spiking neuronal network,
we studied a neural model of spike-based learning of auditory discrimination tasks, extending our recent
tempotron model [2]. In our present model, synaptic inputs are modeled as conductances rather than current
pulses, such that the time scale of the resulting voltage dynamics is governed by the total synaptic conduc-
tance. As a result, the statistics of inputs as well as the synaptic learning rule, interact with the time scale of
neural information processing by changing the effective integration time constant of the cell. For instance,
by balancing excitatory and inhibitory synaptic conductances a neuron can adjust its effective integration
time scale to match the temporal extent of its acoustic target feature. Moreover, since in a high conductance
state the effective membrane time constant of a neuron scales inversely with its total conductance, the mem-
brane voltage exhibits a high degree of time warp invariance. Warping of input spike trains which increases
the total conductance, such as time compression, or decrease it when time is stretched, are canceled by the
corresponding change in the membrane integration time.

We have applied our model to speech recognition problems. Using a simple model of the auditory periphery,
sound signals were converted into spike patterns by thresholding their power-spectral densities, and fed
into small populations of conductance-based LIF neurons. Surprisingly, using our tempotron learning, as
few as 15 neurons were sufficient to achieve perfect word recognition on the TI46 [3] digit recognition
task, outperforming complex state-of-the-art hidden-markov-model word recognition systems (e.g. Spinx
4). Analysis of the spectro-temporal receptive fields of the trained neurons revealed the neural target features
solving the digit recognition task. Our results demonstrate the powerful role of synaptic conductances in
spike-timing based neural processing.
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Olfactory processing in a tiny microcircuit

Rachel 1. Wilson

Harvard Medical School

Each first-order olfactory receptor neuron (ORN) expresses just a single odorant receptor gene, which
confers upon it a particular odor response profile. All the ORNSs that express the same odorant receptor
gene project their axons the same compartment of neuropil (“glomerulus”) in the brain. Each second-
order neuron receives direct ORN input from a single glomerulus. An odorant typically activates multiple
types of ORNs, and thus olfactory information is represented as a distributed population code. Glomeruli
are linked by local interneurons, but the function of inter-glomerular connections is unclear. Because the
vertebrate olfactory system contains ~1000 glomeruli, each with a unique response profile, and with no
simple spatial relationship between glomeruli, the logic of this system has been difficult to unravel.

My lab has been investigating olfactory processing in a more tractable system, the Drosophila antennal
lobe. The basic organization of the fly antennal lobe is similar to that of the vertebrate olfactory lobe, but
numerically this system is much simpler, with only ~50 glomeruli. Moreover, genetic tools allow us to
label first- and second-order neurons corresponding to identified glomeruli. Extracellular and intracellular
recordings from these neurons allow us to monitor their odor responses in vivo. We also use genetic tools
and pharmacology to probe functional interactions between neurons in this circuit.

What transformations are occurring as olfactory information passes from ORNs to second-order neurons
(called “projection neurons” or PNs)? We find that the odor responses of a PN show higher spike-count
reliability than the responses of a cognate presynaptic ORN, likely reflecting the fact that PNs pool
signals from many homotypic ORNs. We also find that weak ORN odor responses are amplified in
postsynaptic PNs, but strong ORN responses are not amplified to the same degree. This mainly reflects
synaptic and cellular nonlinearities intrinsic to each glomerulus. This transformation produces a type of
reformatting that Simon Laughlin has called “histogram equalization”, with the result that distances
between odor representations become more uniform. As a consequence, a linear discriminator classifies
odors more accurately using PN spike trains as compared to an equivalent number of ORN spike trains.

What is the function of inter-glomerular connections? We were surprised to find that inter-glomerular
input to PN dendrites is predominantly excitatory. The function of these excitatory connections is still
something of a mystery. We were then again surprised to find that the net effect of inter-glomerular input
to a glomerulus can actually be inhibitory. This is because there are inter-glomerular circuits that suppress
neurotransmitter release from ORN axon terminals. So while the net effect of inter-glomerular input to a
PN is generally excitatory, presynaptic inhibition generally dominates over postsynaptic excitation. The
odor tuning of this inter-glomerular presynaptic inhibition is roughly similar across glomeruli, and is
strongly correlated with the total ORN activity evoked by each odor. Thus, we propose that inter-
glomerular presynaptic inhibition acts as a spatially diffuse gain control signal.
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Modeling Olfactory Discrimination in Drosophila
Sean X. Luo, Richard Axel and L.F. Abbott

Department of Neuroscience, Columbia University, New York, NY

Fruit flies are capable of distinguishing many odors with a remarkable degree of specificity. Recently, a
series of experiments [1, 2, 3] has documented odor-evoked response patterns in both the first order neurons,
the olfactory receptor neurons (ORN5), and the second order neurons, the projection neurons (PNs) of the
antennal lobe. A single odorant can elicit activity in multiple ORNs and their corresponding PNs, and a
significant degree of overlap of PN activity exists for different odors. Moreover it has been shown that the
firing patterns in the third order neurons in the mushroom body is sparse [4, 5]. How is the overlapping,
combinatorial representation in the antennal lobe transformed into a sparse representation in higher olfactory
centers?

Here we show that a transformation to a sparse code can be accomplished in the olfactory system by direct
feedforward connections between the PNs and the third order neurons (3Ns). Determining the correct PN to
3N synaptic weights is equivalent to finding a linear discriminator that classifies two labeled sets of vectors,
one representing the odors to which the 3N responds, and the other the odors to which it does not respond.
Because 3Ns respond sparsely, one of these sets has only a few examplars. The capacity of such a sparse
discriminator increases exponentially as a function of the number of dimensions [6], which, in this instance,
is the number of olfactory receptors.

Model 3Ns can be constructed to respond to only one out of an experimental data set of 110 odors with
high reliability. All model 3Ns have the same threshold, and hence do not require individual fine-tuning of
intrinsic properties for specificity. Furthermore, specificity is maintained at different concentrations and with
different degrees of connectivity between PNs and 3Ns. This model thus represents a plausible mechanism
by which combinatorial codes can be read out for the purpose of sparse odor discrimination.
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High-speed depth-targetable control of genetically defined neurons
in freely moving mammals: technology development and
neuropsychiatry application

Karl Deisseroth
Depts of Bioengineering and Psychiatry, Stanford University

We have developed both microbial opsin-based genetic tools and solid-state optical approaches
to allow specific cell types, even deep within the brain, to be controlled with millisecond
precision in freely behaving mammals [1-4]. Use of a fiberoptic approach allows depth targeting
of hypothalamic cells (here, the hypocretin cells in the lateral hypothalamus), establishing for the
first time a causal relationship between frequency-dependent activity of a genetically defined
neural circuit and a specific complex mammalian behavior central to clinical conditions like
narcolepsy. The fiberoptic approach also is compatible with targeting superficial structures like
M2 motor cortex, and together with a custom commutator, optical control of locomotion in freely
moving and even rotating mammals is achieved. Finally we demonstrate integration of
millisecond-scale optical control with simultaneous millisecond-scale optical imaging, designed
to be adaptable to intact-circuit preparations. Together these neuroengineering advances raise the
prospect of determining the role of activity in specific cell types in neuropsychiatric disease.
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