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Abstract—Nonlinear kernel models are developed and
estimated for the spike train transformation from hippocampal 
CA3 region to CA1 region. The physiologically plausible model
structure consists of nonlinear feedforward kernels that model
synaptic transmission and dendritic integration, a linear
feedback kernel that models spike-triggered after potential, a 
threshold, an adder, and a noise term that assesses the system
uncertainties. Model parameters are estimated using
maximum-likelihood method. Model goodness-of-fit is
evaluated using correlation measures and time-rescaling
theorem. First order, linear model is shown to be insufficient.
Second and third order nonlinear models can successfully
predict the output spike distribution.

I. INTRODUCTION

NE of the key components of hippocampus prosthesis
project is the modeling of spatio-temporal pattern

transformation [1], namely, predicting spike trains in the
downstream region, e.g., CA1, based on spike trains in the
upstream region, e.g., CA3. This model would potentially
allow us to bypass the brain region damaged by diseases or 
injuries, and thus restore its cognitive functions. This paper
describes a modified Volterra kernel approach for such task.

First, the modeling problem is formulated as the
identification of a multiple-input-multiple-output (MIMO) 
system that could be broken down into a series of multiple-
input-single-output (MISO) systems.  Each MISO system is
then modeled with a physiologically plausible structure that

is able to differentiate and capture feedforward and feedback 
linear/nonlinear dynamics of the system (Fig. 1). Previous 
studies showed that a spike-triggered feedback component
allows modeling of a variety of spiking behaviors omitted by
purely feedforward models [2, 3]. Furthermore, to assess the
spiking uncertainty and include contributions of unobserved 
inputs, a Gaussian noise term is added to the model.
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Fig. 1.  General model structure.

II. METHODOLOGY

A. Experimental Procedures 
Spike trains are recorded from rats performing delayed-

nonmatching-to-sample (DNMS) task [4]. On each side of
the brain, an array of 16 electrodes (microwires) is
surgically implanted into hippocampus, with 8 in CA3
region and 8 in CA1 region. Each electrode can record up to
4 cells. Spike and behavioral responses are digitized and
timestamped with a 25 μs resolution.

B. Data Preprocessing 
Spike trains are selected based on their firing rates and 

perievent histograms. Neurons with (a) mean firing rate in
the range of 0.5 to 15 Hz and (b) identifiable perievent
histograms are kept for further analysis. Low (<0.5 Hz) and
high (>15 Hz) rate recordings are rejected since they could
be either artifacts or mixtures. To reduce data length, bin
size is increased to 2 ms, which is still shorter than the
neuron’s refractory period. Finally, perievent (-2s to 2s) 
spike trains are extracted for each behavioral event and then
concatenated. This procedure greatly reduces data length
and allows future study of the relations between external
events and spike train transformations.

C. Model Configuration
The general model structure consists of nonlinear
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feedforward kernels K, a linear feedback kernel H, a
threshold, an adder, and a Gaussian white noise with
standard deviation  (Fig. 1). K models the nonlinear
dynamics of synaptic transformation and dendritic
integration. H models the spike-triggered “after-potential”.
A spike is generated when the hidden variable w crosses 
threshold. The noise term models the intrinsic noise of the
neuron, and more importantly, unobserved input signals.

The model can be expressed by the following equations:
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where x are input spike trains, y is output spike train, n is a 
Gaussian white noise with standard deviation , u is 
“synaptic potential”, a is “after-potential”, w is 
“subthreshold membrane potential”. k are feedforward 
kernels. h is feedback kernel. 

D. Parameter Estimation
Model parameters are estimated using maximum-

likelihood method. The likelihood function could be 
expressed as:
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t is actual output spike train. Model parameters k, h, and 
are estimated by maximizing the likelihood function L,
given x and t. Laguerre expansion technique is used to
decrease the number of parameters to be estimated [5-7]. 
Three Laguerre basis functions are used in most of the
models.

E. Model Validation and Prediction
Model goodness-of-fit is assessed using Kolmogorov-

Smirnov (KS) test based on the time-rescaling theorem [8].
More specifically, the time axis of output spike train (t) is 
rescaled using firing probability predicted by the kernel
model. If the model agrees with the experimental data, the
inter-spike intervals (ISI) are transformed into independent
uniform random variables on the interval (0, 1), which could
be easily evaluated with a KS plot.

Furthermore, the similarity between predicted output y
and recorded output t is evaluated using Pearson correlation
measures (r) after convolving them with Gaussian kernels
with varying standard deviation g.

III. RESULTS

First, second, and third order kernel models are built and
estimated using input-output spike trains (x and t). High
order nonlinear terms being capable of capturing high order 
nonlinear dynamics are progressively included in K. H is
fixed to be linear (first order) in all models.

A. First Order Kernel Model 
K is linear in the first order model (Fig. 2 and 3). Four 

input spike trains are included (Fig. 2 left).
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Fig. 2.  K of first order kernel model and recording sites.
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Fig. 3. First order kernel model (  = 0.32).

The KS plot shows that there is lack of fit at lower half of
quantiles (0.2-0.6), because in that range, its values lay 
outside the 95% confidence bounds (Fig. 11 right).

B. Second Order Self Kernel Model
Second order self kernel model has second order terms for 

each individual input. It is built with 3 inputs (Fig. 4). 

K

x1

x2

x3

u

k1
(1)

ks2
(1)

k1
(2)

ks2
(2)

k1
(3)

ks2
(3)

k0

CA3 CA1

x1

x2

x3

y

Fig. 4.  K of second order self kernel model and recording sites.
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Fig. 5. Second order self kernel model (  = 0.30).

C. Second Order Self and Cross kernel Model
Second order self and cross kernel model has additional 

cross terms modeling the interactions between inputs. It is
built with 2 inputs (Fig. 6 and 7). 
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Fig. 6.  K of second order self and cross kernel model and recording sites.
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Fig. 7. Second order self and cross kernel model (  = 0.30).

D. Third Order Self Kernel Model
Third order self kernel model is also built with 2 inputs

(Fig. 8).  It has additional third order terms for each input, 
but no cross terms (Fig. 8 and 9). 
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Fig. 8.  K of third order self kernel model and recording sites.

All three nonlinear models above successfully fit the data
in the whole range of quantiles (Fig. 11), i.e., their KS plots
well match the 45 degree lines and lay inside the 95%
confidence bounds in the entire range from 0 to 1. These 
results show that the transformation of input spike train x to
“membrane potential” w is nonlinear and thus nonlinear
kernel models are required.
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Fig. 9. Third order self kernel model (  = 0.30).

E. Model Prediction
The kernel models described in this paper predict output

spike trains stochastically due to their noise terms. They not
only model the output spiking probability, but also assess 
the uncertainty of spike generation. Figure 10 showed two
trials of simulation with identical input spike trains. The
simulated outputs showed similar but different patterns in
each trial. 
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Fig. 10.  Two trials of model prediction using second order self and cross
kernel model.

Consistent with KS plot results, both correlation measure
(Fig. 11 left-bottom) and likelihood results (Fig. left-top)
show that nonlinear kernel models are significantly more
accurate than the linear kernel model.
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KS plots (Right) with different model orders.

IV. DISCUSSION

Physiologically plausible models are successfully 
developed and estimated for the CA3 spike train to CA1
spike train transformations during DNMS task. Our results
show that these transformations have significant
nonlinearities that require at least second order feedforward
kernels. Second order self, second order self and cross, and 
third order kernel models give comparably good fit to the
output spike trains.

Given the same output, CA3 neurons exhibit different
forms of nonlinear dynamics represented by different kernel
shapes (Fig. 3, 5, 7, 9). An interesting follow-up study

would be systematically exploring this functional
heterogeneity and associating it with the anatomical,
physiological, and other functional properties of the
neurons, e.g., relating functional cell types to kernel shapes.

In the current model, intrinsic neuronal noise and
unobserved inputs are modeled as a Gaussian white noise.
Adding noise component has the following important
consequences: first, model predictions become stochastic. It
is more appropriate to evaluate the model goodness-of-fit 
with respect to its output statistical properties, e.g., ISI
distributions; 2) maximum-likelihood function (L) could be
formulated to estimate the model parameters. The
calculation of L involves error function, i.e., integral of
Gaussian function, and thus could not be reduced to least-
squares linear regression estimation.

The whiteness assumption to the noise could be 
inaccurate under some circumstances, e.g., when the input
spike trains are weakly correlated to the output spike train.
We conceive of using noise kernel(s) to model the correlated
noise. Further work needs to be done to address this issue.

In the current model configuration scheme, MIMO system
is modeled as a series of MISO systems. This strategy works 
well with our current input-output datasets but could become
inefficient when there are a large number of correlated
outputs. We are currently developing a canonical correlation
analytical approach to solve this problem.
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