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Abstract

Over the past decade, many important insights to brain function have been obtained through clever
application of detailed compartmental model neurons. New computing capabilities brought
opportunities to study large networks of model neurons. Certain applications for these models,
such as extracellular electrical stimulation, demand a very high degree of biological realism. While
dendrites and somatic morphology may be obtained from explicit reconstructions, this approach is
less useful for axonal structures, which are more difficult to characterize across a neuronal
population. The purpose of this paper is to extend neuronal morphology generative models to
highly branched axon terminal arbors as well as to present a clear use-case for such models in the
study of cortical tissue response to externally applied electric fields. The results of this work are
(i)presentation and quantitative/qualitative description of generated fibers and (ii) an extracellular
electrical stimulation strength-duration study.

INTRODUCTION

The unique, but well described, geometry of the hippocampus is a strong determinant of
spatial and temporal patterns of activity. To reliably reproduce these activation patterns many
computational studies require the use of morphologically detailed implementations of
neurons, including axons. This need is particularly evident when modeling tissue response to
extracellular stimulation, where explicit morphologies aid the prediction of activation
thresholds under various conditions [1-3]. Prominent methods involve deliberate
arrangement of biologically realistic neuronal structures in virtual space to reconstruct
elements of the tissue system being studied [4,5]. This critical step ensures fiber excitability
is appropriately modulated due to location and orientation within electromagnetic fields.
However most of the biological realism in these studies is reserved for dendritic arbors
rather than axonal. This disparity becomes especially conspicuous when modeling highly
branched fibers of cortical tissue rather than relatively straight and long peripheral nerves.
Deliberate arrangement of neuronal structures is also important for accurate prediction of
endogenous electric fields and tissue-tissue interactions, including: (i) local field potentials
(LFPs) and (ii) the region- specific impact of ephaptic coupling, etc. Having explicitly
modeled neuronal structures enforces the realism of conduction delays between connected
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populations of neurons. This realism may be necessary to study emergent network activity
such as co-oscillatory activity in hippocampal networks [6,7].

Minimum spanning trees, constructed via greedy algorithms, are an efficient approach to
reconstructing trees using points extracted from images [8,9]. By using images, a great deal
of biological realism is forced onto the resulting graph, validating the approach. However,
when growing a minimum spanning tree from points sampled at random from a volmne
representing a terminal field, the result is less than biological, owing to the extreme path
lengths that often result. One demonstrated approach to moderating this outcome is to
balance the minimization of membrane against path length [10-13]. However, optimizing
this balance is intractable because these objective functions are in direct conflict causing
solutions to be inefficient, inaccurate, or both [14-18]. Another unaddressed challenge to
using this general approach is the maintaining of appropriate morphometries, such as
bifurcation angle, branch extension angle, etc. Use of a balancing factor can indirectly assert
a modicum of control over these but prominent models do not allow explicit morphometric
thresholds to be set. This represents a significant limitation of these prior efforts: arbor
features such as bifurcation angles, branch extension angles, and inter-bifurcation length
have a clear impact on brandling patterns and, therefore, spatiotemporal patterns of activity.

This paper presents a new graph-based algorithm that rectifies these limitations. To
demonstrate the utility of this model for examination of cortical stimulation, this paper also
presents a study of the impact of arbor topography and morphometry on activation
thresholds and, by extension, spatiotemporal patterns of activity in the hippocampus. The
results of this work comprise (i) a description of the generative algorithm proposed, (ii)
presentation and qualitative description of generated fibers, and (iii) an extracellular
electrical stimulation strength-duration study.

[I. MetHobs

While it may one day become important to recalibrate models for more exacting
morphometrics gathered by experimentalists, the approach presented in this paper focuses on
accurately capturing the emergent spatial features of spiny stellate entorhinal cortical axons
in sprague dawley rats, where it is important that (i) fibers are constrained within the
septotemporal axis to approximately 1-1.5mm, (ii) laminar organization along the transverse
axis is inviolate, with medial and lateral entorhinal cortical axons confined to the middle and
outer thirds of the dentate molecular layer, respectively , and (iii) axons synapse with a
pronounced en passant connective schema, where most pre-synaptic boutons are non-
terminal [19-21]. The method whereby this is accomplished is best described as greedy and
graph-based: nodes and edges are connected to minimize wiring costs while satisfying
criteria comprising spatial and morphometric constraints.

A. Determination of Carrier-Points

Many emergent features of spatial graph/tree generative models are determined by the
number and spatial distribution of nodes or carrier-points, therefore the selection of carrier
points is a critical step in successful generation of biologically appropriate axonal trees.
Previous work has been done to elucidate the number and distribution of the points which
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form the bulk of carrier-points for entorhinal cortical axons within the dentate perforant path
[22-24]. In short, the number of spines in the outer and middle third of hippocampal granule
cell dendritic arbors, the number/density of granule cells, and the number/density of
entorhinal cortical cells contributing to the perforant path provides the arithmetic for
deducing the number of synapses made in each axon terminal field. Coupled with data on
the septal-temporal domain of these axons, carrier-points can be distributed throughout the
volume of a plausible hypothetical terminal field.

B. Growing an Axon from Carrier-Points

While much of the challenge of generating functional axons lies with the selection of
suitable carrier-points, encouraging biological realism requires additional non-trivial steps to
constrain branching features of generated topologies. Fig. 2 diagrams the proper
preprocessing and successful execution of the algorithm used to generate the trees used in
the analyses presented in later sections of this manuscript.

Following development and testing of this algorithm, a function was added to automatically
export generated neural simulation environments. Later in this paper, extracellular electrical
stimulation studies performed with the generated morphologies are presented to demonstrate
the maturity of this pipeline.

C. Strength-Duration Relationship in Response to Extracellular Electrical Stimuli

To understand how fiber geometry in the hippocampus gives rise to patterns of activity,
fibers were simulated in response to a range of extracellular current source-arbor distances
and stimulus amplitudes. Monopole point-source anodal stimuli were used in all of the
stimulation experiments presented in this article. Tonic (step-function) current was applied
extracellularly, 250um from the nearest neuronal compartment. Stimulation was delivered
over a range of current amplitudes (current controlled stimulation from an ideal source)
designed to cover, at a minimum, rheobase to twice rheobase in 50 equal increments.

Volmne resistivity was set based on 1kHz pulse-frequency, according to experimental data
[25]. Volmne conductor capacitance was ignored due to the very low frequency (long unitary
pulses) of stimulation being studied [26].

Entorhinal cortical axons in the perforant path are very small and unmyelinated with
diameters reported by [19] (~0.1um) and [27] (~0.7um), corresponding to stem and bouton
sizes, respectively. Images of spiny stellate fibers from [19] show the continuous fibers with
‘periodic varicosities’, or non-terminal synaptic boutons on the en passant fibers. A series of
fibers were generated and instantiated in the simulation enviromnent, NEURON (Yale) [28].
Using Hodgkin-Huxley membrane biophysics under /n vivo temperature conditions and d-
lambda rules to determine appropriate space constants for compartmentalization of the
fibers, a strength-duration curve was generated.
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[Il. ResuLts

Results comprise the presentation of fibers grown using the novel algorithm, a strength-
duration curve, and an analysis of entorhinal cortical fiber temporal distribution in response
to extracellular stimulation at different amplitudes.

The fibers presented in Fig. 3 capture the principle features of entorhinal cortical layer Il
spiny stellate axons found in the perforant path of the rat dentate gyms. The fibers exhibit (i)
distinct laminar organization in the middle and outer thirds of the dendritic region of the
dentate, (ii) complete coverage of the entire transverse arc of the dentate, (iii) few terminal
branchlets (i.e. en passant), and (iv) primary bifurcation at/near the dentate crest.

Fiber activity presented in Fig. 4 yields a plausible pattern of fiber recruitment in response to
increasing current densities near the membrane of the fiber sourcing from stimulation
applied 250um away. Due to anodal stimulation, the nearest compartment was always the
first site of action potential initiation. The time of AP propagation to any particular
compartment in the complex fiber could be shortened by as much as 5ms at 2x rheobase
relative to rheobase. 2x rheobase was 139pA. Because time-to-first AP in response to very
long pulses is measured along the horizontal axis rather than pulse-width, accurate
clironaxie estimation is not reported here.

V. Discussion

Access to computational power has grown dramatically in the past decade, creating
opportunities for neural models of greater complexity. Biologically realistic neural modeling
lias outpaced experimental studies in many areas of inquiry. These models provide a testbed
for new hypotheses and an established approach to obtaining preliminary data that justify
follow-on in vitro or in vivo studies. One such area of opportunity for this type of modeling
is extracellular electrical stimulation and recording. Our incomplete understanding of the
interface between devices and neural tissue creates a need for sound approaches to
generating functional neuronal models, including their axons, that can be refined as the
quantity and quality of experimental data improves. The modeling approach presented in this
paper demonstrates this utility.

V. ConcLusion

In conclusion, this study represents a step forward for detailed computational modeling of
complex neuronal systems. Where previous and noteworthy models were either focused on
peripheral axons, where less complex arbors can be considered, or used sophisticated
methods to generate dendritic trees but neglected axons altogether, the model presented
herein demonstrates an approach to constructing functional axonal morphologies that can be
used to study diverse applications, including extracellular electrical stimulation of the cortex.
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Fig. 1.
Adding biological realism to axon models for the study of extracellular electrical stimulation

allows more accurate analysis of neural network activity.
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Fig. 2.
The basic approach to growing morphometrically realistic fibers from a set of carrier points.
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Figure 3.
Example graph models (red, LEC; teal, MEC) of entorhinal cortical axon terminal fields,

generated by the proposed algorithm. These axons have features expected in /n situ fibers,
namely: en passage terminal topography, laminar architecture (i.e. MEC/LEC are spatially
segregated within the dentate molecular layer), and fibers proceed to the ends of each supra/
infrapyramidal blade of the dentate gyrus.
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Figure 4.
(A) Strength-duration curve for 0.7 um diameter fibers at electrode-fiber distance of 250um

and very long duration current-controlled pulses. Each data point represents the time to first
action potential for a given pulse amplitude. (B) Kernel density estimates for compartmental
action potential delays in arbor of 0.7um fiber diameter.
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