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Abstract

Patterns of periodic voltage spikes elicited by a neuron help define its dynamical identity.
Experimentally recorded spike trains from various neurons show qualitatively distinguish-
able features such as delayed spiking, spiking with or without frequency adaptation, and
intrinsic bursting. Moreover, the input-dependent responses of a neuron not only show dif-
ferent quantitative features, such as higher spike frequency for a stronger input current
injection, but can also exhibit qualitatively different responses, such as spiking and bursting
under different input conditions, thus forming a complex phenotype of responses. In previ-
ous work, the comprehensive knowledge base of hippocampal neuron types
Hippocampome.org systematically characterized various spike pattern phenotypes experi-
mentally identified from 120 neuron types/subtypes. In this paper, we present a complete
set of simple phenomenological models that quantitatively reproduce the diverse and com-
plex phenotypes of hippocampal neurons. In addition to point-neuron models, we created
compact multi-compartment models with up to four compartments, which will allow spatial
segregation of synaptic integration in network simulations. Electrotonic compartmentaliza-
tion observed in our compact multi-compartment models is qualitatively consistent with
experimental observations. The models were created using an automated pipeline based
on evolutionary algorithms. This work maps 120 neuron types/subtypes in the rodent hippo-
campus to a low-dimensional model space and adds another dimension to the knowledge
accumulated in Hippocampome.org. Computationally efficient representations of intrinsic
dynamics, along with other pieces of knowledge available in Hippocampome.org, provide a
biologically realistic platform to explore the large-scale interactions of various neuron types
at the mesoscopic level.

Author summary

The neurons in the hippocampus show enormous diversity in their intrinsic activity pat-
terns. A comprehensive characterization of various intrinsic types using a neuronal
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modeling system is necessary to simulate biologically realistic networks of brain regions.
Morphologically detailed neuronal modeling frameworks often limit the scalability of
such network simulations due to the specification of hundreds of equations governing
each neuron’s intrinsic dynamics. In this work, we have accomplished a comprehensive
mapping of experimentally identified intrinsic dynamics in a simple class of models with
only two governing equations. We have created over a hundred point-neuron models that
reflect the intrinsic differences among the hippocampal neuron types both qualitatively
and quantitatively. In addition, we compactly extended our point-neurons to include up
to four compartments, which will allow anatomically finer-grained connections among
the neurons in a network. Our point-neuron and compact model representations, freely
available in Hippocampome.org, allow researchers to investigate dynamical interactions
among various intrinsic types and emergent integrative properties using scalable, yet bio-
logically realistic network simulations.

Introduction

Complex interactions among a myriad of neurons make it challenging to study the functions
of brain regions. Although each neuron is different, their landmark features such as the den-
dritic structure and patterns of somatic voltage spikes help define types of neurons, and such
grouping allows for a tractable description and investigation of complex network interactions.
For instance, large-scale network models of brain regions can include precisely defined neuro-
nal types to create a biologically realistic platform for hypothesis testing. While neurons differ
in their morphological, biochemical and electrophysiological features, precisely what features
are useful and relevant for neuronal grouping is a topic of great interest [1].

A few studies have created large-scale network models of brain regions [2-5]. The major
methodological difference among these studies is the level of biological details captured in the
individual components of the network and there is often a tradeoff between such biological
details and the scale of the network. For example, a microcircuit model of the rat somatosen-
sory cortex [4] simulated ~31,000 neurons with ~37 million synapses, where each neuron was
a biophysically detailed description of one of 207 morpho-electrical types identified experi-
mentally. On the other hand, a large-scale description of thalamocortical systems [2], which
used simplified phenomenological neuron models [6], simulated a network of a much larger
scale (one million neurons and half a billion synapses), but it only included 22 abstract types
among the neurons. Network modeling efforts more specific to the hippocampus include a
full-scale model of the CA1 circuit [7] (~338,000 biophysically detailed neuron models of nine
types), a large-scale model of the dentate gyrus [8] (~52,000 biophysically detailed neuron
models of four types) and a large-scale model of CA1 [9] (~10,000 phenomenological models
of two types).

An advantage of biophysically detailed neuron models is that they can include experimen-
tally known distributions of ion channels during model generation. For example, A-type
potassium and hyperpolarization-activated currents were distributed non-uniformly (increas-
ing densities with distance from soma) in the CA1 pyramidal models in [7,10] based on experi-
mental observations. However, hundreds of compartments, each specifying the dynamics of
several types of currents require prohibitively large supercomputer resources, if one wants to
simulate a large-scale network of biophysically detailed neuron models [4,7]. Increasing the
complexity of the model also increases the number of free parameters that cannot be measured
experimentally and need to be estimated. On the other hand, highly abstract
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phenomenological models such as [6] specify only two equations, and they significantly reduce
the computational cost of simulating large-scale networks [2,9,11]. However, the parameters
that govern such models are not directly biologically interpretable and optimizing their param-
eters to reproduce quantitatively accurate intrinsic dynamics of neuron types can be difficult
[12,13]. In current work, with a vision of creating a real-scale network model of the rodent hip-
pocampus that nevertheless captures biological details at the mesoscopic level, we have created
phenomenological models of 120 hippocampal neuron types and subtypes using their intrinsic
dynamics identified experimentally. Recently, a database of simple models for hundreds of
neurons of various transgenic types in the mouse primary visual cortex was created with a sim-
ilar vision [14].

A large-scale literature mining effort created Hippocampome.org [15], a comprehensive
knowledgebase of neuron types in the rodent hippocampal formation (dentate gyrus, CA3,
CA2, CAl, subiculum, and entorhinal cortex). This resource provides information on mor-
phology, electrophysiology, and molecular marker profiles of more than 100 neuron types,
where the type of a neuron is primarily determined based on the locations of its axon, den-
drites and soma across 26 parcels of the hippocampus. A numerical protocol [16] was devel-
oped to identify the classes of published somatic spike patterns of morphologically identified
neuron types. Analysis of a total of 247 traces, which were linked to 90 morphological types,
revealed several spike pattern phenotypes, and further divided 22 morphological types into 52
electrophysiological subtypes for a total of 120 neuron types/subtypes. The subtypes of a neu-
ron type, while sharing the same morphological identity, differ in their spike pattern pheno-
types. Features of experimentally recorded spike patterns were extracted for a neuron type and
a systematic characterization of spike pattern features revealed nine unique families of intrinsic
dynamics, such as delayed spiking, non-adapting spiking, simple adapting spiking, and persis-
tent stuttering among hippocampal neurons. Furthermore, many neuron types exhibit differ-
ent classes of spike patterns for different input currents, resulting in complex spike pattern
phenotypes.

In this article, we present a comprehensive set of point neuron models that quantitatively
reproduce various spike pattern phenotypes of hippocampal neurons. We also created multi-
compartment models that are compact extensions of point neurons in order to allow spatial
context for synaptic integration in a network. In addition, our compact multi-compartment
(compact-MC) models exhibit electrotonic properties consistent with experimental observa-
tions. We also report novel insights into the relationships between abstract model parameters
and various biological properties, which were revealed in our correlation analysis. The models
were created using an automated modeling framework [13], and they further enhance the
existing accumulated knowledge in Hippocampome.org, where they are freely available to
download. By identifying several possibilities for a quantitative phenotype in phenomenologi-
cal space, current work comprehensively maps hippocampal neuron types to low-dimensional
model subspaces, which can be used as sampling regions for biologically realistic large-scale
network simulations of hippocampal circuits.

Methods

The class of a spike pattern is identified based on various transient and/or steady-state ele-
ments present in the pattern. Transient elements are Delay (D), if the first spike latency (fsl) is
sufficiently long; Adapting Spiking (ASP), if the inter-spike intervals (ISIs) increase over time
showing a spike frequency adaptation (sfa); Rapidly Adapting Spiking (RASP), if a strong sfa is
only present in the first two or three ISIs, Transient Stuttering (TSTUT), if a quiescent period
follows a cluster of high frequency spikes; and Transient Slow-Wave Bursting (TSWB), if a
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slow after-hyperpolarizing potential follows a cluster of high frequency spikes. Steady-state ele-
ments are Silence (SLN), if the post-spike silence (pss) (quiescence following the last spike) is
sufficiently long; Non-Adapting Spiking (NASP), if no frequency adaptation is identified in a
non-interrupted spiking; Persistent Stuttering (PSTUT), if at least one sufficiently long quies-
cent period separates two clusters of high frequency spikes; and Persistent Slow-Wave Bursting
(PSWB) if a slow after-hyperpolarizing potential is present in an otherwise PSTUT pattern.
Thus, the key features are fs], sfa, pss and the number of ISIs (nISIs) for a spiking pattern, and
burst widths (bw), post-burst intervals (pbi), number of bursts (n_bursts) and nISIs within a
burst (b-nISIs) for a stuttering/bursting pattern.

A spike pattern can consist of one or more elements, and we use a dot (*.’) notation to sepa-
rate them. A . in a spike pattern indicates that the preceding element is a transient (e.g. “ASP”
is a transient element in the pattern “ASP.SLN”), and if the pattern ends with a . (e.g. “ASP.”
or “RASP.ASP.”), it serves to mean that this is an incomplete pattern, where the duration of
current injection was too short to elicit one of the steady state responses. S1 Text and [16] pro-
vide more details on the criteria for various spike pattern classes.

The temporal features described above identify the class of a single spike pattern, and all
classes of patterns exhibited by a neuron under different input currents collectively define the
spike pattern phenotype of that neuron. Thus, our approach emphasizes the temporal patterns
in the periodic voltage spikes rather than the shape of the spike or subthreshold dynamics to
define the intrinsic dynamics. Note that a minimum of two spikes are required to identify a
class, hence, single-spike traces are not assigned a class label in this scheme. However, such sin-
gle-spike traces are still included as constraints to help capture the excitability (rheobase) in
the models more precisely.

We used the Izhikevich model (IM) [6,17] to reproduce spike pattern phenotypes. This
model is governed by the state variables membrane voltage (V) and membrane recovery vari-
able (U):

C~%:k~(V7V,)~(V7V,)7U+I (1)

dU
S=a-{b-(v-v)-U} 2)

if V=V,,thenV =1V

min?

U=U+d

Where V, and V, are the resting and threshold voltages respectively; V. is the spike cutoff
value, V,,,;, is the post-spike reset value for the voltage and C is the cell capacitance. The
parameters K, a, b and d affect the model’s intrinsic dynamics both qualitatively (e.g. the type
of bifurcation revealed by fast-spiking and non-fast-spiking behaviors) and quantitatively (e.g.
rheobase and magnitude of sfa). Compact-MC models with up to four compartments were
modeled using an asymmetric coupling mechanism for the interaction currents in proximal
(Iprox) and distal (I;;) compartments (e.g. soma and dendrite, respectively) as described in
[13]:

I =G-P- (mex - Vdist) (3)

prox

Idz‘sr:G'(l_P)'(Vdm_V ) (4)

prox

where G is the coupling strength and P denotes the degree of coupling asymmetry, which
determines the influence of a compartment on the overall model dynamics [18]. It should be
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noted that each compartment specifies its own set of parameters, except V, for Eqs (1) and (2).
As reported before [13], most of our compact-MC models specify a much weaker coupling
toward the soma than away from it, making the somatic compartment dominate the overall
model intrinsic dynamics.

Our modeling framework uses evolutionary algorithms (EA) and employs a feature-based
error function. By incorporating spike pattern features (fsl, sfa etc.) and qualitative class criteria
(delay factor, number of piecewise linear fit parameters of ISIs etc.) in the error landscape [16],
our approach enforces a fine level of granularity in the key quantitative features of various
spike-pattern classes, as described in our previous work [13]. The error function was defined as:

error = Z(Wf x log (1 + |exp; — model|)) (%)

fes

where S: {fsl, pss, sfa, nISIs} for a spiking class, and S: {fsl, pss, bw, pbi, n_bursts, b_nlISIs} for a
bursting/stuttering class. Wris the feature weight and it was calculated for each feature by com-
paring the target class with the model spike pattern class during the EA search. The dynamical
scaling of errors for the key features using this scheme helped adjust the balance between explo-
ration and exploitation as the population began to converge within the subregion of the target
class [13]. Using this scheme, we previously identified subregions for single-behavior neuron
types, which show the same class of spike patterns regardless of the input current strength.
However, as mentioned before, many neuron types exhibit different classes of patterns under
different input currents. We noticed for many such complex phenotypes, the EA with randomly
initialized population using broad parameter ranges showed a bias towards a single class rather
than reproducing all the classes of a phenotype. To reduce this bias in our current work, the EA
population was initialized using the subregions of all desired spike pattern classes, which were
identified (in independent EA runs) for single-behavior types [13]. It should be noted, however,
that during the EA search, the parameters of the IM could vary beyond these subregions (using
an unbounded mutation operator). Furthermore, we used a higher population size (240 as
opposed to 120 as for single-behavior types). The operators of the EA (mutation, crossover etc.)
were configured by taking into account the features of error landscape created by the IM param-
eters [19]. In order for a model found by the EA to be accepted, the classes of its spike patterns
must match those of experimental traces. There is, however, one exception: without additional
dendritic dynamics, the IM failed to reproduce the RASP.ASP. class of patterns, which show a
strong and rapid adaptation (in the first 2 or 3 ISIs) followed by a very weak yet sustained adap-
tation. Therefore, single-compartment models of seven neuron types, which experimentally
showed this complex transient pattern, were accepted with RASP.NASP patterns instead (see
Results).

Compact-MC models were additionally constrained to exhibit appropriate relative excit-
abilities and input resistances between soma and dendrites, and sub- and supra-threshold sig-
nal propagation properties, as described in our previous work [13]. The following errors were
calculated for each dendritic compartment:

0, I, > I ”
" | log (1+ (I, — 1)), I < I

soma soma

error.

0’ Vgeeﬁd Z V;do?fnu ( )
] 7
log (1+ (Vi — Vggd))» Vgee{«d <vy

soma soma

error, ., =
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0,R=1 )
error, =
“ llog(1+(1-R), R<1

0, 0.1 < EPSP < 0.9
log (1 + (0.1 — EPSP)), EPSP < 0.1 (9)
log (1 + (EPSP — 0.9)), EPSP > 0.9

error,,,, =

where I is the minimum depolarizing current required to elicit a spike and V¥ is the ampli-
tude of steady-state voltage deflection from the resting voltage for a hyperpolarizing input cur-
rent in decoupled compartments. R is the spike propagation rate, defined as the ratio between
the number of spikes observed at the destination compartment and the number of spikes initi-
ated at the source compartment. Several AMPA synapses (50-200) were stimulated to initiate a
spike at a dendritic compartment and R was calculated for the adjacent compartment for for-
ward-spike propagation. Finally, a single AMPA synapse was stimulated at a dendritic compart-
ment and the amplitude of the excitatory post synaptic potential (EPSP) was measured at the
somatic compartment. A range of (0.1, 0.9) mV was enforced for the EPSP amplitude. All synap-
ses used a value of 10 for the weight, unless explicitly mentioned otherwise. For the comparison
against biophysically detailed models, we used the CA1 Pyramidal multi-compartment model
[20] obtained from ModelDB [21] (accession number: 116084), which was simulated using the
NEURON simulation environment [22], and the simulated data from [23] for DG Granule neu-
ron type. For the analysis of attenuation of back-propagating spikes, the amplitude of a spike in
the IM is measured as the difference between the maximum of V and the reset V,,,;,,. In this arti-
cle, the goodness-of-fit is reported as the ratio between simulated and experimentally recorded
values (for spike pattern features) and the ratio between somatic- and dendritic-compartments
(for excitability and input resistance) for intuitive understanding. Optimization and simulation
scripts are publicly available at https://github.com/Hippocampome-Org/Time.

Pairwise correlations were performed to explore the relationships between IM parameters
and various pieces of knowledge (PoK) that have been accumulated in Hippocampome.org.
All firing pattern classes and electrophysiological properties and the 20 most cited biomarkers
were considered, which resulted in a total of 198 correlations. To analyze statistical co-occur-
rence with existing categorical knowledge, continuous IM parameters were converted into cat-
egorical variables appropriately by marking positive and negative or by labelling top- and
bottom- one-third ranges respectively as high and low. Correlations between the categorical
variables were evaluated using Barnard’s exact test for 2x2 contingency tables. This test pro-
vides the greatest statistical power when row and column totals are free to vary [24]. Threshold
for statistical significance and false discovery rate for multiple comparisons were convention-
ally set to 0.05 and 0.25, respectively.

Results
Single-compartment models of diverse intrinsic spike pattern phenotypes

The intrinsic dynamics of a neuron is typically identified in experiments by injecting step
input currents of various magnitudes. A neuron’s responses to these inputs typically fall into
one of two phenotype super-families: (1) a spiking phenotype, where the neuron only exhibits
continuous spike pattern classes such as ASP.SLN, NASP, and D.NASP for different input cur-
rents (Fig 1A-1D), and (2) a stuttering/bursting phenotype, where the neuron exhibits an
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Fig 1. Exemplar models of continuous spiking phenotypes. Each panel displays experimentally recorded voltage traces in the top-left and their
morphological identity and magnitudes of somatic current injections in the bottom-left. Traces were digitized by Hippocampome.org. Morphological
abbreviations: SO—stratum oriens, SP—stratum pyramidale, SR—stratum radiatum, SM—stratum moleculare, SG—stratum granulosum, H-hilus. Model
responses for similar input currents (+0.01nA from experimental input) are given in the top-right and the goodness-of-fit is given (only) for key features in
the bottom-right (52 Table reports goodness-of-fit for all features). The traces are highlighted in different colors to visually compare experimental and model
responses, and to identify the input current and key features for each trace. Calibration bars denote 200ms and 20mV in all panels. (A) Simple phenotype of a
dentate gyrus (DG) Total Molecular Layer neuron that elicits ASP. patterns under three different input currents [25]. The digitally reconstructed
morphology was reproduced from NeuroMorpho.Org [26]. (B) Simple phenotype of a CA1 Basket neuron that elicits patterns of class NASP for +0.15nA and
+0.31nA [27]. Note that sfa in the red trace is not statistically significant to qualify this pattern as ASP. (C) The phenotype of a CA1 Trilaminar neuron shows
different classes of patterns for +0.025nA and +0.05#A [27]. In addition, this neuron elicits rebound spikes (RBS) for a hyperpolarizing input of -0.1nA. (D)
The phenotype of a medial-entorhinal cortex (MEC) neuron shows different classes of patterns for +0.2nA and an unknown input (denoted by *’) just above

its rheobase [28]. All experimental traces are whole-cell patch clamp recordings.

https://doi.org/10.1371/journal.pcbi.1007462.9001

interrupted spike pattern class such as TSWB.SLN, TSTUT.NASP, and PSTUT for at least one
input current (Fig 2A-2D). A spiking or stuttering phenotype could be formed by various
combinations of spike pattern classes, and models for four exemplar cases in each of these two
phenotype super-families are reported in this article (visit Hippocampome.org for a compre-
hensive list of phenotypes and their models).

In the simplest case, a neuron exhibits spike patterns of the same class regardless of the
input current strength. For example, the three spike patterns recorded under different input
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Fig 2. Exemplar models of stuttering/bursting phenotypes. (A) Complex phenotype of a Bistratified neuron in CA1. This neuron elicits a stuttering
pattern for +0.4nA (red) and a spiking pattern for +0.6nA (grey) [29]. The digitally reconstructed morphology [30] was reproduced from NeuroMorpho.
Org [26]. (B) The voltage trace recorded from an entorhinal layer-5 neuron shows both (transient) bursting and (steady state) spiking features for +0.4nA
[31]. (C) A DG granule neuron transiently bursts for both +0.2nA and +0.4nA with quantitative difference [32]. The digitally reconstructed morphology
was reproduced from NeuroMorpho.Org [26,33]. (D) A dentate gyrus neuron that transiently bursts just above its rheobase (red) elicits a spiking pattern
with a strong sfa (grey) for a higher input current [34]. “ indicates the unknown magnitude of the input current near rheobase. All voltage traces were
digitized by Hippocampome.org. Experimental spike amplitudes are truncated. Calibration bars denote 200ms and 20mV in all panels. Goodness-of-fit is
given only for key features (see S3 Table for all features). The experimental traces in panels A, B and D are intracellular recordings and the trace in panel

C is a whole-cell patch clamp recording.

https://doi.org/10.1371/journal.pchi.1007462.9002

currents from a DG Total Molecular Layer neuron were identified as ASP. (Fig 1A), and the
two patterns recorded from a CA1 Basket neuron were identified as NASP. (Fig 1B). Such sim-
ple-behavior neurons typically show different quantitative features among different patterns of
the same class. In the former example, the three ASP. traces were experimentally recorded
under +0.075nA (red), +0.100nA (black), and +0.200nA (grey) [25]. The ISI counts (nISIs) are
5,9, and 19, and sfa magnitudes are 0.142, 0.114, and 0.056 respectively for the red, black and
grey traces. The model of this neuron type was constrained to quantitatively reproduce the
spike pattern features for similar input currents: nISIs of 5, 9 and 19, and sfa magnitudes of

8/27
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0.142, 0.082, and 0.032 respectively for +0.073nA, +0.102nA and +0.205nA. S1 Fig illustrates
examples of models reproducing frequency responses of neurons for a range of input currents.

Additionally, a neuron can show more complex behaviors by eliciting patterns of different
classes under different input currents (Fig 1C and 1D). Both CA1 Trilaminar and MEC LV-VI
Pyramidal-Polymorphic neurons include ASP. in their phenotypes (grey traces), but they
show different dynamics close to their respective rheobases. Whereas the former quickly fires a
few spikes before going into a silence mode (ASP.SLN), the latter shows delayed-spiking (D.
NASP). The model quantitatively reproduces the characterizing features of these different clas-
ses (see pss for ASP.SLN and fsl for D.NASP). Also, note that the model reproduces the
rebound-spiking behavior for a hyperpolarizing input current, a known feature of CA1 Trila-
minar neurons [27].

Another level of complexity in spike pattern phenotypes is when the intrinsic dynamics
show sharply distinguishable spike-pattern classes, which differ across super-families, under
different input conditions. For example, a CA1 Bistratified neuron stutters (PSTUT) for
+0.4nA, and spikes for +0.6nA (ASP.) (Fig 2A). A few neuron types and subtypes in the hippo-
campus exhibit such a complex phenotype, where PSTUT is typically observed just above the
rheobase of a neuron (e.g. CA1 Neurogliaform [35] and DG Total Molecular Layer subtype
[25]). Our simple models capture the characterizing features of both PSTUT and ASP. (Fig
2A) under the right input conditions. It is worth mentioning that all PSTUT neurons are
inhibitory neurons and the CA1 region has a proportionately larger number of these pheno-
types [16,36]. In many cases, however, the characteristic features of interrupted spiking can be
only transiently present (Fig 2B). Here, a single pattern presents features of both bursting and
spiking, where a relatively longer interval separates a few high frequency spikes (burst) from a
train of regular spikes. In another set of examples, Granule and Hilar Ectopic Granule cells in
the dentate gyrus (DG) show only transient bursting just above their respective rheobases (Fig
2C and 2D). However, for an increased input current, Granule cells still maintained the same
TSWB.SLN pattern with quantitative differences such as increased number of spikes, whereas
Hilar Ectopic Granule cells transitioned to ASP. These constrained representations of two dif-
ferent DG neurons fall under the same family of non-persistent bursting, but they are opti-
mized to capture the finer quantitative differences in the input-dependent responses between
these two neuron types. Thus, our simple models do not only qualitatively capture the rich
diversity of dynamical classes defined systematically, but they are also quantitatively con-
strained representations of experimentally recorded patterns from hippocampal neuron types.

Multi-compartment models as compact extensions of point-neuron models

The point-neurons with only two state variables, which were presented in the last section,
would tremendously reduce the computational cost of simulating large-scale networks of hip-
pocampal circuits relative to morphologically detailed Hodgkin-Huxley type models. How-
ever, since they lack spatial dimension, they do not differentiate synaptic inputs from different
layers, unlike their biological counterparts. For example, hippocampal pyramidal neurons
receive entorhinal projections on the apical dendrites in stratum lacunosum moleculare
(SLM), and intra-hippocampal connections in stratum radiatum (SR), thereby compartmen-
talizing synaptic integration of distinct laminar inputs. While it is not possible to spatially seg-
regate synaptic integration in a network of point-neurons, it is of interest to see the effects of
such segregated synaptic integration mechanisms in a network. Hippocampome.org (version
1.4) identifies 87 neuron types with their dendrites invading at least two layers. Therefore, for
these neuron types, in addition to point neuron models, we created compact-MC models with

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1007462 October 28, 2019 9/27


http://Hippocampome.org
https://doi.org/10.1371/journal.pcbi.1007462

O PLOS

COMPUTATIONAL

BIOLOGY

Simple models of diverse intrinsic dynamics

up to four compartments. Here, each compartment corresponds to a hippocampal layer, allow-
ing layer-level connectivity specifications at the neuron type level.

One example for each of the four out of five possible multi-compartment layouts are illus-
trated here, and the fifth layout is discussed in detail in Section 3.3. The somatic compartment
of a compact-MC model quantitatively reproduces the spike patterns experimentally recorded
from the soma of the respective neuron type for similar input currents (Figs 3 and 4A). The
number and layout of the coupled compartments is determined by the layers of dendritic inva-
sion and known/possible soma locations of real neurons as illustrated by various examples in
Fig 3. The dendritic compartments in a compact-MC model are less excitable and have higher
input resistances than the somatic compartment (S2B Fig) [37,38].

Furthermore, forward-coupling (from dendrite to soma) between compartments is just
strong enough to evoke a somatic excitatory postsynaptic potential (EPSP) with an amplitude
in the range [0.1, 0.9] mV for a single synaptic stimulation at a dendritic compartment and to
achieve a forward-spike propagation (from dendrite to soma) ratio in the range [0.5, 1.0] (S2C
and S2D Fig). Forward- and backward-coupling strengths are defined by G-P and G-(1-P)
respectively (see Eqs 3 — 4). As mentioned in Methods, the backward-coupling (from soma to
dendrite) is much stronger than the forward-coupling in most of our compact-MC models,
consistent with the electrotonic profiles reported for various neuron types [41-43]. Such an
asymmetric design for coupling enables the somatic compartment to dominantly define the
model’s overall intrinsic dynamics, while still preserving forward propagation properties for
sub- and supra-threshold signals from dendrites. Thus, our multi-compartment models are
compact extensions of point neuron models, which allow spatial contexts for synaptic
integration.

Although the major motivation for creating compact-MC models is to allow synaptic segre-
gation in a network model, we also investigated if additional dendritic mechanisms imple-
mented in our compact-MC models could help achieve a better fitting of somatic spike
patterns than their point-neuron counterparts. Therefore, we performed pairwise comparisons
between the somatic spike pattern features of single-compartment and compact-MC models.
In general, implementing additional dendritic mechanisms in the models only improved the
accuracy of bursting features (Fig 4B). Interestingly, fs and pss errors were higher in the mod-
els due to the addition of dendritic compartments. However, it should be noted that each addi-
tional compartment not only adds two state variables, which require more computations for
numerical simulation, but also adds ten open parameters (including coupling parameters)
making it a more-challenging optimization task. Although our single-compartment models
were able to reproduce quantitatively comparable experimental bursting/stuttering patterns
(Fig 2) (see [13] for two exceptions), compact-MC models significantly improved the accuracy
of bw, a key feature of bursting/stuttering patterns (Fig 4B).

Furthermore, while the single-compartment models quantitatively captured various classes
of adapting spike pattern phenotype such as ASP., ASP.SLN, ASP.NASP and RASP.NASP,
they failed to reproduce RASP.ASP. patterns. These patterns exhibit a strong and rapid adapta-
tion in the first few ISIs, which is then followed by a very weak and sustained adaptation. Inter-
estingly, we found that such a combination was not possible in the IM (red circles in Fig 4B),
unless additional dendritic compartments were included. Two different time constants
(parameter ‘a’) for the adaptation variable (state variable U) were required for the somatic and
dendritic compartments, respectively, in order to capture such complex transients in the
soma. In our single-compartment models, RASP.ASP. is represented by RASP.NASP, since
the adaptation followed by RASP. is usually very weak. See S4 Fig for an example.
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Fig 3. Multi-compartment models compactly extend point neurons to allow layer-level spatial context. (A)
Experimentally recorded somatic voltage traces (left) are given for four different morphological types (right). Dendritic
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invasion (darker) of layers and relative soma location determine the number and layout of compartments. (B) Layout
of compartments coupled asymmetrically (left) correspond to the layers of dendritic invasion shown in A. Filled circles
denote somata. Compartment responses for somatic input currents that are +0.01nA from experimental input are
shown on the right side. See Fig 4 for quantitative comparison of spike pattern features, S2 Fig for dendritic features,
and Fig 5 for another possible 4-compartment layout. The digitally reconstructed morphology of DG MOLAX [25]
was reproduced from NeuroMorpho.Org [26]. Other experimental traces were digitized by Hippocampome.org from
the following sources (from top to bottom): [39], [25], [28] and [40]. Morphological abbreviations: SMi and SMo-
inner one-third and outer two-third of stratum moleculare. Experimental spike amplitudes are truncated. Calibration
bars denote 200ms, 20mV. The experimental trace ASP.SLN is an intracellular recording and the remaining
experimental traces are whole-cell patch clamp recordings.

https://doi.org/10.1371/journal.pchi.1007462.g003

Properties of dendritic compartments in compact-MC models

In addition to the features discussed in the last section, our compact-MC models show electro-
tonic structures and interplay between different compartments that are similar to those observed
experimentally and in morphologically detailed multi-compartment (morpho-MC) models. To
illustrate this, here we present a 4-compartment model of CA1 Pyramidal neurons and discuss
the spike propagation and voltage attenuation properties of apical compartments. First of all, the
somatic compartment quantitatively captures frequency adaptation (Fig 5B), a characterizing fea-
ture of experimentally recorded spike patterns from CA1 Pyramidal neurons (Fig 5A [44] and
Fig 5C—top). Secondly, the dendritic compartments (SR, SLM and SO) are less excitable and
have higher input resistances than the somatic compartment (Fig 5C—bottom).
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Fig 4. Accuracy of compact multi-compartment models in reproducing spike pattern features. (A) The goodness-
of-fit is given (only) for key features for each of the four examples from Fig 3 (see S4 Table for all features). (B) Pairwise
comparisons of accuracy between single-compartment (blue) and compact-MC (orange) models for spiking features
(top) and bursting features (bottom). While single-compartment models, in general, showed smaller errors for spiking
features, they did not satisfy statistical criteria for RASP.ASP. patterns (denoted by circles in top panel). See S4 Fig for
an example for RASP.ASP. pattern. At the same time, compact-MC models generally improved the accuracy of
bursting features (bottom) with a significant improvement in bw (p<0.005 for paired-sample ¢-test).

https://doi.org/10.1371/journal.pcbi.1007462.9004
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Fig 5. A 4-compartment model of CA1 Pyramidal neuron. (A) A whole-cell patch clamp recording from a CA1 Pyramidal neuron [44] digitized by
Hippocampome.org, and digitally reconstructed morphology of the same type [45] reproduced from NeuroMorpho.Org [26]. (B) Layout of the
compartments (left) and their responses to somatic input current of +0.151A. (C) Somatic compartment reproduces key features that are quantitatively
comparable to the experimental features (top). Minimum depolarizing input required to elicit a spike (I-rheo) and steady-state voltage deflection (V-def)
for a hyperpolarizing input are higher in dendritic compartments than the somatic compartment (bottom). (D) Attenuation of first back-propagating
spike from experimental recordings (exp.), in morphologically detailed multi-compartment model (morpho-MC) and in compact-MC model (horizontal
lines; for the spike trains in B). First-spikey and First-spike; denote amplitudes of first spikes at dendrite and soma, respectively. Vertical lines indicate the
distances of the morpho-MC sections from the soma that correspond to the attenuation profiles of proximal (SR) and distal (SLM) compartments in the
IM. (E) Attenuation of dendritic EPSPs as they propagate towards the soma. V, and V4 are amplitudes of EPSPs at soma and dendrite, respectively. Inset
shows compartment responses for a single synaptic stimulation at SR (left) and SLM (right). Calibration: 0.2mV. (F) Conditional spike propagation in
morpho-MC (left) and compact-MC (right) models of a CA1 Pyramidal neuron. *’ denote the stimulated compartment. A single spike initiated at the
distal compartment (top left traces: stimulation at 430um in SLM) failed to propagate to the soma. Additional depolarization level at the proximal
compartment (bottom left traces: stimulation at 220um in SR) facilitates propagation of spike initiated at the distal compartment (right traces) to the
soma in both models. Experimental data digitized from [46] (D) and [47](E). Multi-compartment CA1 Pyramidal model from [20] was used to obtain
morpho-MC data. Calibration: 20mV, 20ms.

https://doi.org/10.1371/journal.pcbi.1007462.9005

CA1 Pyramidal neurons exhibit strong attenuation of spike amplitudes as they propagate
from the soma to apical dendrites [46,48]. This attenuation has been attributed to the highly
dense expression of transient A-type K™ conductance in the dendrites [48,49]. We compared
the attenuation of back-propagating spikes between compact-MC and morpho-MC models
(Figs 5D and S3A). The compartments SR and SLM in the compact-MC model matched the
attenuation profiles of morpho-MC sections at ~210um and ~275um, respectively, from the
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soma. However, it should be noted that the experimental dendritic recordings distal to

~300 um showed a dichotomy of attenuation exhibiting either strong (71-87%) or weak (26—
42%) attenuation [46], and we only included data corresponding to strong attenuation for
comparison in Fig 5D.

In real neurons, integration of an EPSP is influenced by the location of the synapse, because
the voltage attenuates more from a distal dendritic location to the soma, than from a proximal
location. This is partly due to the higher input resistances of more distal dendrites with smaller
diameters. Such an attenuation profile will also hold for a uniform diameter cable with appro-
priate electrotonic asymmetry between the ends. The attenuation of EPSPs in our compact-
MC models is consistent with experimental observations and morpho-MC simulations (Figs
5E and S3B). The SR and SLM compartments in the compact-MC model matched the EPSP
attenuation profiles of morpho-MC sections at ~320pm and ~470pm from the soma, respec-
tively. It has been shown in some CA1 Pyramidal neurons that the synapses might be able to
compensate for their distance by scaling their conductances in order to sufficiently influence
somatic voltage [50,51]. In our model, compared to a synapse stimulated at SR to evoke a
somatic (SP) EPSP with an amplitude of 0.2mV, a 4-fold increase in synaptic weight was
required at SLM in order to evoke an EPSP with the same amplitude at SP (Fig 5E inset).

Furthermore, the distal compartments in our 3- and 4-compartment models rarely initiated
a spike that successfully propagated to the soma, and additional depolarization levels at the
proximal compartment facilitated forward-propagation of spikes from distal compartments.
Such an interplay between proximal and distal compartments in a compact-MC model is qual-
itatively comparable to that of a morpho-MC model (Fig 5F). This is also consistent with the
experimental observation that the activation of CA1 neurons by perforant path alone, which
projects to SLM, is limited, but modest activation of Schaffer-collateral synapses in SR facili-
tates forward propagation of distal spikes [20]. It has thus been suggested that Schaffer-collat-
eral evoked EPSPs “gate” perforant path spikes in CA1 Pyramidal neurons, underscoring the
functional interaction between these different dendritic domains [37]. Such compartmentali-
zation might be crucial to appropriately capture the integration of distinct laminar inputs and
it is therefore notable that our compact-MC models with “active” dendritic compartments
qualitatively reproduce such observations. Although voltage attenuation profiles could be
modeled in IMs with passive dendritic compartments that are appropriately coupled, captur-
ing the interplay between compartments such as gating as demonstrated here requires that the
distal dendrites are optimized to initiate a spike.

Finally, spatially segregating the temporal integration of presynaptic spikes might enhance
the range of responses of the postsynaptic neuron. We illustrate this using a simple example,
where we compared the responses of single- (point neuron) and 2-compartment models of a
CA1 Perforant Path-Associated neuron (from Fig 3) for arbitrary excitatory and inhibitory
presynaptic spike trains (Fig 6). Following a spike-triplet, while the point neuron elicited a sin-
gle spike, the 2-compartment counterpart exhibited different responses (2 or 0 spikes) depend-
ing on the location of integration of distinct spike trains. To what extent these differences
influence the emergent network properties remains to be answered, but our models allow one
to explore such questions.

Online repository of models: An enhancement to Hippocampome.org

A comprehensive list of models of 68 types and 52 subtypes of neurons is freely available at
Hippocampome.org. Mapping the intrinsic dynamics of each neuron type in a low-dimensional
model space enhances the existing information accumulated in this rich knowledge base of
hippocampal neuron types.
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Fig 6. An example of segregated synaptic integration in a 2-compartment model. (A) A schematic illustration of a biological neuron with its soma
and dendrites in different layers L1 and L2. This neuron receives two distinct presynaptic spike trains in L1 and L2. (B) A simplified point-neuron
model integrates both the excitatory and inhibitory presynaptic spikes at the same point. (C) A 2-compartment model (see Fig 3) can integrate
distinct inputs in different compartments. The model behaves differently (left vs. right) depending on the location of integration of distinct inputs.
Excitatory weight = 8.0 and Inhibitory weight = 1.5 for B and C, respectively. Dendritic synapses scale 4x (see Fig 5E inset for details).

https://doi.org/10.1371/journal.pcbi.1007462.9006

All the single-compartment and compact-MC model parameters are presented in a matrix
on the main page for easy browsing (Fig 7A). Within a Neuron page, models for all subtypes
(if any) of the given morphological type are available for download. This page includes both
the experimentally recorded voltage traces and simulated ones for all models (Fig 7B). Simu-
lated spike patterns are also annotated with their class labels. Each type/subtype presents three
downloadable files (Fig 7C): a Fit-file including both the experimental and simulated values for
spike pattern features such as fsl and sfa for each available pattern in a JSON format; an XPP
[52] script for single-compartment models; and a csv input file that includes both single-com-
partment and compact-MC models for CARLsim [11], a high performance GPU-based simu-
lator. The Help section of Hippocampome.org provides links to explanatory pages on model
definition, fitting, and simulation, including instructions to run the scripts and feature descrip-
tions, under “Simulation of Firing patterns”. This section also provides a link to download all
single-compartment model descriptions in simulator-independent NeuroML format [53].
Furthermore, neuron pages include an online simulator, which allows the simulation of sin-
gle-compartment dynamics for custom input.

Relationship between model parameters and biological features

A limitation of many phenomenological models such as the IM used here is the lack of biologi-
cal interpretability of their parameters. One advantage of our approach of densely covering the
diversity among neuron types is to allow one to explore relationships between the mathemati-
cal parameters of the IM and various known biological features. Our analysis revealed interest-
ing trends and correlations in this regard.

In general, the parameters of the IM collectively determine its spike pattern phenotype.
However, the parameter ‘b’, which determines if the model is an integrator (b<0) or a resona-
tor (b>0), sufficiently distinguishes two families of phenotypes. Most of the models that show
delayed spiking near their depolarizing rheobases were found in the negative regions of ‘b,
whereas models that show rebound spiking for hyperpolarized input currents were sharply
restricted to the positive regions (Fig 8A). These results are consistent with the fact that ‘6>0’
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Fig 7. Hippocampome.org provides a comprehensive list of models and ready-to-run scripts. (A) Single- and multi-compartment
model parameters for all neuron types are presented in a matrix form on the main page. Each row is linked to a Neuron page. (B) The
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(C) The Neuron page provides the user with three downloadable files for each subtype: a Fit-file that lists both experimental and simulated
features for each pattern, an XPP script to simulate single-compartment models, and a CARLsim input file for single- and multi-

compartment models.

https://doi.org/10.1371/journal.pchi.1007462.g007

is a necessary condition for rebound spiking [17], and we find that most delayed spikers are
integrators with the exception of the ones found in the narrow range 0<b<20. Thus, rebound
(Fig 1C) and delayed (Fig 1D) spiking are, in general, instances of two qualitatively distinct

types of intrinsic dynamics.
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Next, we studied how much the parameter ‘b’ quantitatively influences the respective fea-
tures in delayed and rebound spiking types. We used delay factors for the former and mea-
sured rebound rheobases for the latter. Increasing ‘b’ makes the model more rebound excitable
until ‘b’ reached a value of +50, beyond which there was no noticeable effect (Fig 8B). Further-
more, there was no clear trend in the relationship between ‘b’ and delay factors. Thus, while ‘b’
alone can define a sharp qualitative change in the intrinsic dynamics, its interaction with other
parameters, such as ‘a,” determine precise quantitative features. In addition, pairwise correla-
tions revealed several interesting trends between model parameters and electrophysiological
or molecular properties of neuron types (Box 1) (also see Fig 8C for the data distributions and
further analyses).

Box 1. Categorical correlations between model parameters and
electrophysiological and molecular properties in hippocampal
neurons

1. None of the neuron types that show PSTUT has a low value for k’ (p<0.01,
n = 43). In contrast, none of the neuron types that show ASP.NASP has a high
value for %’ (p<0.05, n = 43). Moreover, no neuron type with high input resistance
(R;y,) has a high value for %’ (p<0.001, n = 15) (also see Fig 8C).

2. None of the 23 neuron types except CA3 Lucidum ORAX has narrow spikes and
a low value for ‘@’ (p<0.05). Moreover, clearly positive expressions of somatostatin
(SOM) tend to co-occur with high values of ‘@’ (p<0.05, n = 18).

3. Neuron types with wide spikes tend to have negative values for ‘b’ (p<0.001,
n = 31) (also see Fig 8C).

4. Low values of resting voltage (V) tend to co-occur with high values of ‘d’
(p<0.05, n = 21). In contrast, no neuron type with positive expression of serotonin
(5HT-3) has a high value for ‘d’ (p<0.05, n = 14).The p values and sample sizes (n)
pertain to Barnard’s exact test for 2 x 2 contingency tables (see ‘Methods’).

Parvalbumin (PV)-positive and somatostatin (SOM)-positive interneurons have been
shown to elicit narrow spikes of high frequency, with no or weak spike frequency adaptation
[54]. Lower (and higher) values of ‘@’ result in slower (and faster) recovery of adaptation vari-
able ‘U’ [6], resulting in ASP. (and NASP) behaviors as we reported previously [13]. Consistent
with the above facts, high values of ‘a’ co-occurred with positive expressions of PV (Fig 8C)
and SOM (Box 1), and low values of ‘a,” with one exception, never co-occurred with narrow
spikes (Box 1).

Negative values of ‘b’ correspond to a saddle-node bifurcation, which is necessary for the
neuron to elicit low-frequency spikes [17]. Our analysis linked negative values of ‘b’ with wide
spikes, a well-known property of regular (non-fast) spiking neurons. It should be noted that
our modeling approach only enforces the temporal features of the overall spike patterns, such
as sfa, and not the characteristics of individual spikes, yet makes expected links between the
model parameters and spike width in the original (experimental) traces.
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Fig 8. Relationship between model parameters and biological features. (A) Distribution of parameter ‘b’ for the models that show rebound spiking
(red), delayed spiking (blue), and neither (grey). Rebound spiking types were sharply restricted to the positive region of ‘b.” In contrast, delayed spiking
types were mostly found in the negative region (two-sample t-test). (B) Mean and SEM of delay factors and rebound rheobases of the models from the
blue and red histogram bins respectively from A. Delay factor is the ratio between fsl and average of the first two ISIs. Rebound rheobase is the minimum
magnitude hyperpolarizing current required to elicit rebound spikes. (C) Neuron types with positive expression of Parvalbumin (PV) have higher values
for parameter ‘@’ than the types with negative expression of PV (one-tailed Wilcoxon Rank-Sum test; p<0.0005 in Anderson-Darling normality test)
(top-left). Neuron types with negative values for ‘b’ have wider spikes compared to the types with positive values for ‘b’ (one-tailed Student t-test) (top-
right). Input resistance (R;,) of a neuron type is negatively correlated with the parameter ‘k’ (‘r,” denotes Spearman’s Rank-Order correlation coefficient,
n = 67. An exponential fit was added for illustration only, and not used to measure correlation) (bottom). (D) Separation of spike pattern phenotypes in

the space of first two principal components. x” denotes the best model for each type. Vectors denote the principal component coefficients of the
respective parameters.

https://doi.org/10.1371/journal.pchi.1007462.9008
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Cortical interneurons expressing serotonin receptor 3 (5HT-3) have been shown to elicit
spike patterns with sustained sfa [55]. The parameter ‘d is the magnitude of offset for the state
variable ‘U’ during a spike reset, and high values of ‘d’ prevent the model from exhibiting sus-
tained sfa. As mentioned before, low values of ‘@’ can result in sustained sfa (ASP.) behavior.
However, the model would quickly reach the steady-state when a low value of ‘a’ is combined
with a high value of ‘d,” typically resulting in a RASP.NASP pattern. Consistently, high values
of ‘d’ never co-occurred with expressions of 5HT-3.

Parameter ‘K’ scales the difference between the membrane potential state variable (V) and
threshold voltage (V;) (see eqn-1). Near resting equilibrium (V,), higher values of ‘K’ will
require higher values of depolarizing ‘I’ to compensate for the scaling effect to initiate a spike.
Thus, ‘K affects the excitability in the IM (S5 Fig), and higher values of ‘k’ result in lower excit-
ability. It is known that neurons with higher rheobase (lower excitability) have lower input
resistances (see for instance [56]). Consistent with these facts, high input resistances were
never found with high values of k.’

Another interesting correlation is that the PSTUT phenotypes were never found for low val-
ues of ‘k’ (also see S5 Fig). Our analysis revealed that the number of periodic loops in the limit
cycle attractor changes from infinite-period (aperiodic/chaotic) to single-period, as the value
of ‘K’ is decreased in PSTUT phenotypes (not shown in figure). Such higher-periodic attractor
loops are necessary to capture the criteria for bursting/stuttering phenotypes in the IM. This
suggests a mathematically interesting relationship between ‘K’ and the maximum intrinsic peri-
odicity in the model. However, the in-depth study required to fully uncover this relationship is
beyond the scope of this study. Nevertheless, these correlations are also consistent with our
previous finding that PSTUT neurons never have high input resistances [16] (see S6 Fig for a
graphical summary of all the correlations).

Our modeling framework represents each neuron type as a cloud of possibilities in the
model parameter space (Fig 8D). Spike patterns produced by all the models in a cloud strictly
adhere to the criteria for the respective target qualitative class, but small errors in the quantita-
tive features were accepted to allow variabilities in the spike pattern features (not shown here;
see [13] for details on the optimization framework design that allows such variabilities and for
examples of ranges of quantitative features). This provides a sampling region for each neuron
type to create network models with intragroup neuron variabilities. Several factors affect the
size and shape of these clouds: bursting/stuttering phenotypes typically result in smaller clouds
than spiking phenotypes. Similarly, spike patterns with unknown input currents (see Fig 1D)
result in bigger clouds, since the models are searched in a broad range of input currents for
such cases. At present, these clouds are only identified for single-compartment models due to
the computational cost of exploring higher dimensional parameter spaces of multi-compart-
ment models.

Discussion

Hippocampal neurons show diverse features in their morphological, electrical and molecular
properties [57]. Hippocampome.org (v.1.4) identifies 122 types of neurons defined primarily
based on their neurite invasion patterns in the hippocampal parcels [15]. Their intrinsic spike
pattern features were extracted from relevant publications, and systematic characterization of
such features revealed diverse and complex spike pattern phenotypes among the 122 morpho-
logical types [16]. The present work described a comprehensive set of simple models that are
accurate quantitative representations of such spike pattern phenotypes. Correlation analysis
revealed novel insights into the relationship between IM parameters and various biological fea-
tures. In addition, point neuron models were compactly extended to create multi-
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compartment models with up to four compartments. Our compact-MC models, in addition to
quantitatively reproducing the somatic spike pattern phenotypes, exhibited voltage attenuation
profiles and interplay between different compartments that are consistent with experimental
observations and simulations using morpho-MC models (Figs 5 and S3).

The compact-MC models constitute a useful balance between computational efficiency and
biological interpretability, but it is also important to recognize their limitations. The distal api-
cal dendrites in CA1 Pyramidal neurons and their morpho-MC models show activity-depen-
dent attenuation of back-propagating spikes, such that the last spike in a spike train attenuates
more markedly than the first spike [46,49]. This is due to the activity-dependent changes in
the ratio of sodium to potassium current in the dendrites [58]. Our compact-MC models did
not show such activity-dependent attenuation of back-propagating spikes. The instantaneous
reset of the voltage following its peak in the IM might be a limiting factor in this context. In
addition, due to the lack of specific dendritic recordings and higher computational costs of
optimizing the compact-MC models, we only enforced a minimum set of general constraints
to create qualitatively accurate dendritic compartments. While we lack data to verify if the den-
dritic compartments in many of our models quantitatively reproduce the properties of their
biological counterparts, their somatic compartments are quantitatively accurate (Fig 3). It
should also be mentioned that we only considered coupling topologies with consecutive com-
partments for deeper layers, whereas, in real neurons, the deeper layer synapses may be on dif-
ferent branches than superficial layers. However, our compact-MC representations are useful
for studies that aim to extend a baseline network of single-compartment neurons with mini-
mum necessary dendritic properties to enable layer-level connectivity specifications.

Our single-compartment and compact-MC representations emphasize biological realism in
the context of somatic intrinsic diversity, but it is also worth discussing their biological realism
in the context of intra-neuron type variability in intrinsic dynamics. The intrinsic property of
aneuron revealed in its spike patterns is determined by the types and precise distribution of
the underlying ion channel conductances, such as sodium, potassium, and calcium. However,
it has been shown that similar dynamics can arise from a broad range of combinations of these
conductances [10,59-62]. Consistent with this notion, our modeling framework represents a
spike pattern phenotype as a cloud of possibilities in the parameter space (Fig 8D). Two closely
related considerations motivate such representation.

The first issue is the existence of intrinsic variabilities in the spike pattern features among
different neurons of the same type. For example, all the models representing the CA1 Trilami-
nar type (Fig 8D) were obtained using the features of voltage traces recorded from a single
neuron (Fig 1C). While this particular neuron elicited 22 spikes with a sfa magnitude of 0.038
for 0.05nA, a different CA1 Trilaminar neuron might show slightly different values for these
features, under the same input conditions, due to intrinsic variability. Furthermore, the
recorded intrinsic spike pattern features might be influenced by the conditions such as the
type of recording electrode and difference in animal strain, sex, or age. However, current
knowledge about the intrinsic dynamics of these neuron types is limited to the representative
traces that the researchers who studied these neuron types chose to publish. Therefore, we
allowed a small range in the spike pattern features of a model as long as these features strictly
adhere to the definitions of the respective target qualitative class. While the cloud boundaries
defining such ranges are currently arbitrary, one could easily enhance our modeling frame-
work to include more realistic ranges, when such ranges are experimentally obtained for all
neuron types.

Secondly, neurons have intrinsic plasticity and undergo homeostatic regulations to main-
tain some constancy in the network activity [61,63-66]. In cell cultures, intrinsic homeostasis
has been shown to modify non-synaptic ion channel conductances of pharmacologically
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isolated neurons. Such modifications shift the input-dependency of a neuron’s responses
based on the history of activity. For example, activity deprived neurons showed higher firing
rates than control group for the current injections of the same magnitude [66]. In another
study, chronic isolation from normal inputs switched a neuron’s response from tonic spiking
to intrinsic bursting and this transition was reversed by applying a rhythmic inhibitory drive
[63]. While these results suggest that each neuron has a working range that flexibly defines its
input-dependent responses, such ranges likely preserve the overall qualitative spike pattern
phenotypes [65]. Our EA search for a cloud of models not only included the space of intrinsic
IM parameters that define a phenotype, but also included a small range for input current (a
20pA range symmetrically encompassing experimental input current magnitude), allowing a
reasonable flexibility for its input-dependency.

Considering the issues discussed above, an approach to modeling biological circuits should
assume a flexible range for its components. While Hebbian plasticity rules can enable flexible
ranges in synaptic conductances, the rules governing a neuron’s intrinsic plasticity remain
largely unknown. Although cell-autonomous regulatory rules have been proposed [67], from a
network perspective, intrinsic homeostasis has been shown to synergistically result from multi-
ple interacting components in a circuit [68,69]. Exhaustively reductionist approaches to
modeling brain regions specify precise descriptions at the level of ion channel conductances.
While data gathered from different experimental conditions or inevitably from different ani-
mals drive such intrinsic descriptions, there is no guarantee that they specify dynamically com-
patible critical ranges necessary for a higher-level integrative property [70].

A large-scale approach to modeling a brain region, rather than being purely reductionist,
should attempt to complement the descriptions of individual components with syntactically
relevant descriptions at an integrative level. For example, temporal sequences of activity in
ensembles of hippocampal neurons are correlated with the locations of an animal during spa-
tial navigation [71-73]. Such self-organizing ensembles of neurons, in general, have been sug-
gested to form neural syntax [74]. Complex periodic structures in these ensembles, such as
theta-modulated gamma activity patterns, should be enforced in a network model as sparse
higher-level descriptions.

Future studies should aim to identify a family of models for an experimentally known net-
work-level property, within the anatomical constraints of connectivity among hippocampal
neuron types [75], using the sampling regions for those types created in this study. Then, the
identified family of models should be evaluated for their predictive power, or one could inves-
tigate how the predictive abilities increase by scaling up the network or by adding more mech-
anisms, such as synaptic plasticity and spatial context for synaptic integration. This approach
emphasizes the goal of creating the simplest model with the most predictive power iteratively.

Finally, it is important to identify recurring patterns of self-organization in biological com-
plex systems and translate such patterns into mathematical descriptions that could be enforced
using optimization techniques, such as an EA that heuristically explores the given parameter
space. If a biological complex system can indeed allow flexibility and compensation among
multi-level components, then it suggests that a certain property could emerge from multiple,
similar configurations in a network parameter space, which a metaheuristic approach [76],
such as an EA, can take advantage of. While this might be a computationally expensive task,
our simple models, with only two state variables per neuron, as opposed to hundreds in a bio-
physically detailed multi-compartment model, allow one to approach this problem much
more efficiently. Future releases of Hippocampome.org are aimed at approximating the counts
of different neuron types and mapping synaptic properties to potential connections. These
enhancements will further narrow down the space of biological possibilities to create realistic
large-scale models of hippocampal circuits.
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Supporting information

S1 Text. Identifying firing pattern phenotypes of hippocampal neuron types.
(PDF)

S1 Fig. Models reproduce frequency-response curves of different neuron types. Experimen-
tally measured mean firing frequencies of (A) CA1 Pyramidal [77], (B) DG HICAP [25] and
(C) DG Granule [78] for various input current magnitudes (+5pA), were used to constrain the
model responses. Representative experimental (black) and corresponding model (red) traces
are given in the bottom. Calibrations: 20mV, 100ms (left); 20mV, 200ms (middle); 40mV,
40ms (right).

(PDF)

S2 Fig. Multi-compartment models capture qualitative dendritic properties and sub- and
supra-threshold signal propagation. (A) Four different layouts of asymmetrically coupled
compartments from Fig 3. (B) Minimum depolarizing input required to elicit a spike (I-rheo)
and steady-state voltage deflection (V-def) for a hyperpolarizing input are higher in dendritic-
compartments than in the somatic-compartment. (C) A single synapse stimulated at a dendritic-
compartment (denoted by *’) evokes a unitary EPSP at the somatic-compartment (red traces),
with an amplitude in the range [0.1, 0.9] mV. (D) Coupling mechanism implemented in the mod-
els allows forward propagation of spikes initiated at a dendritic-compartment (denoted by *’).
(PDF)

S3 Fig. Dendritic properties of the 3-compartment DG Granule model. Stratum Granulo-
sum (SG), Stratum moleculare-inner (SMi), and Stratum moleculare-outer (SMo) denote the
somatic, proximal, and distal dendritic compartments, respectively. (A) Attenuation of first
back-propagating action potential (AP) from experimental recordings (exp.), biophysically
and morphologically detailed multi-compartment model (morpho-MC) and three-compart-
ment IM. Inset shows compartment responses for somatic current injection. (B) Attenuation
of dendritic EPSPs as they propagate towards soma. Inset shows compartment responses for a
single synaptic stimulation at SMi and SMo. Experimental and model data were digitized from
[23]. Calibrations: 25mV, 20ms (A) and 2mV (B).

(PDF)

S4 Fig. Additional compartments are necessary to capture the complex transient pattern
‘RASP.ASP.’. (A) Experimentally recorded voltage trace from a CA1 Basket CCK+ neuron
[79] digitized by Hippocampome.org. (B) 4-compartment model reproduces the pattern RASP.
ASP. (red), and the single-compartment counterpart failed to do so (blue). (C) While both ver-
sions reproduce nISIs accurately, the multi-compartment model more accurately reproduces
sfa. Sfa-1 is the rapid frequency adaptation measured in the first three ISIs (RASP.), and sfa-2
is the weak adaptation measured in the remaining 35 ISIs (ASP.) Note that sfa-2 = 0 in the sin-
gle-compartment model. Spike amplitudes are truncated.

(PDF)

S5 Fig. Parameter ‘k’ affects the excitability level in the IM. Arrows represent the CA1 Bis-
tratified model (see Fig 2). Model responses were classified by only varying the parameter ‘k’
and input current ‘T for this plot. As the value of ‘k’ is increased, higher values of depolarizing
current are required to elicit stuttering (yellow) or spiking (light green) patterns. Notice that
the stuttering behavior occurs just above the rheobase and is non-existent for ‘k’<1.75. It
should also be noted that the stuttering region could be wider in a different sub-region of the
parameter space.

(PDF)
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S6 Fig. A graphical summary of the correlations between model parameters and biological
properties of neuron types. Green and red indicate the presence and absence, respectively, of
a feature (see Box 1 and Fig 8C for details).

(PDF)

S1 Table. Abbreviations. (A) Quantitative features of firing patterns. (B) Elements of firing
patterns. (C) Other abbreviations.
(PDF)

S2 Table. Features and errors for all the traces from Fig 1.
(PDF)

$3 Table. Features and errors for all the traces from Fig 2. (A) Errors in spiking features. (B)
Errors in bursting/stuttering features.
(PDF)

$4 Table. Features and errors for all the traces from Fig 3. (A) Errors in spiking features. (B)
Errors in bursting/stuttering features.
(PDF)

Acknowledgments

We thank Abhijeet Mishra and Nikhil Koneru for helping with the implementation of portal
features, Igbal Addou for implementing real-time simulation of models on the portal, Nate
Sutton for proofreading the manuscript, and Ernest Barreto and Keivan Moradi for useful
discussions.

Author Contributions
Conceptualization: Siva Venkadesh, Giorgio A. Ascoli.

Data curation: Siva Venkadesh, Alexander O. Komendantov, Diek W. Wheeler, David J.
Hamilton.

Formal analysis: Siva Venkadesh, Alexander O. Komendantov, Diek W. Wheeler, Giorgio A.
Ascoli.

Funding acquisition: Giorgio A. Ascoli.

Investigation: Siva Venkadesh, Giorgio A. Ascoli.

Methodology: Siva Venkadesh, Alexander O. Komendantov, Giorgio A. Ascoli.
Software: Siva Venkadesh, Diek W. Wheeler, David J. Hamilton.

Supervision: Giorgio A. Ascoli.

Visualization: Siva Venkadesh.

Writing - original draft: Siva Venkadesh.

Writing - review & editing: Alexander O. Komendantov, Giorgio A. Ascoli.

References

1. Petilla Interneuron Nomenclature Group, Ascoli GA, Alonso-Nanclares L, Anderson SA, Barrionuevo G,
Benavides-Piccione R, et al. Petilla terminology: nomenclature of features of GABAergic interneurons

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1007462 October 28, 2019 23/27


http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1007462.s007
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1007462.s008
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1007462.s009
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1007462.s010
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1007462.s011
https://doi.org/10.1371/journal.pcbi.1007462

GPLOS |saisermom

Simple models of diverse intrinsic dynamics

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

of the cerebral cortex. Nat Rev Neurosci. nature.com; 2008; 9: 557—-568. https://doi.org/10.1038/
nrn2402 PMID: 18568015

Izhikevich EM, Edelman GM. Large-scale model of mammalian thalamocortical systems. Proc Natl
Acad Sci U S A. National Acad Sciences; 2008; 105: 3593—-3598.

Eliasmith C, Stewart TC, Choo X, Bekolay T, DeWolf T, Tang Y, et al. A large-scale model of the func-
tioning brain. Science. science.sciencemag.org; 2012; 338: 1202—-1205. https://doi.org/10.1126/
science.1225266 PMID: 23197532

Markram H, Muller E, Ramaswamy S, Reimann MW, Abdellah M, Sanchez CA, et al. Reconstruction
and Simulation of Neocortical Microcircuitry. Cell. Elsevier; 2015; 163: 456—492. https://doi.org/10.
1016/j.cell.2015.09.029 PMID: 26451489

Hendrickson PJ, Yu GJ, Song D, Berger TW. A Million-Plus Neuron Model of the Hippocampal Dentate
Gyrus: Critical Role for Topography in Determining Spatiotemporal Network Dynamics. IEEE Trans
Biomed Eng. ieeexplore.ieee.org; 2016; 63: 199-209. https://doi.org/10.1109/TBME.2015.2445771
PMID: 26087482

I1zhikevich EM. Simple model of spiking neurons. IEEE Trans Neural Netw. ieeexplore.ieee.org; 2003;
14: 1569-1572. https://doi.org/10.1109/TNN.2003.820440 PMID: 18244602

Bezaire MJ, Raikov |, Burk K, Vyas D, Soltesz |. Interneuronal mechanisms of hippocampal theta oscil-
lations in a full-scale model of the rodent CA1 circuit. Elife. cdn.elifesciences.org; 2016; 5. https://doi.
org/10.7554/eLife.18566 PMID: 28009257

Morgan RJ, Soltesz I. Nonrandom connectivity of the epileptic dentate gyrus predicts a major role for
neuronal hubs in seizures. Proc Natl Acad Sci U S A. National Acad Sciences; 2008; 105: 6179-6184.

Ferguson KA, Chatzikalymniou AP, Skinner FK. Combining Theory, Model, and Experiment to Explain
How Intrinsic Theta Rhythms Are Generated in an In Vitro Whole Hippocampus Preparation without
Oscillatory Inputs. eNeuro. 2017; 4. https://doi.org/10.1523/ENEURO.0131-17.2017 PMID: 28791333

Migliore R, Lupascu CA, Bologna LL, Romani A, Courcol J-D, Antonel S, et al. The physiological vari-
ability of channel density in hippocampal CA1 pyramidal cells and interneurons explored using a unified
data-driven modeling workflow. PLoS Comput Biol. 2018; 14: e1006423. https://doi.org/10.1371/
journal.pcbi.1006423 PMID: 30222740

Beyeler M, Carlson KD, Chou T-S, Dutt N, Krichmar JL. CARLsim 3: A user-friendly and highly opti-
mized library for the creation of neurobiologically detailed spiking neural networks. 2015 International
Joint Conference on Neural Networks (IJCNN). ieeexplore.ieee.org; 2015. pp. 1-8.

Rossant C, Goodman DFM, Platkiewicz J, Brette R. Automatic fitting of spiking neuron models to
electrophysiological recordings. Front Neuroinform. frontiersin.org; 2010; 4: 2. https://doi.org/10.3389/
neuro.11.002.2010 PMID: 20224819

Venkadesh S, Komendantov AO, Listopad S, Scott EO, De Jong K, Krichmar JL, Ascoli GA. Evolving
Simple Models of Diverse Intrinsic Dynamics in Hippocampal Neuron Types. Front Neuroinform. 2018;
12: 8. https://doi.org/10.3389/fninf.2018.00008 PMID: 29593519

Teeter C, lyer R, Menon V, Gouwens N, Feng D, Berg J, et al. Generalized leaky integrate-and-fire
models classify multiple neuron types. Nat Commun. nature.com; 2018; 9: 709. https://doi.org/10.1038/
s41467-017-02717-4 PMID: 29459723

Wheeler DW, White CM, Rees CL, Komendantov AO, Hamilton DJ, Ascoli GA. Hippocampome.org: a
knowledge base of neuron types in the rodent hippocampus. Elife. cdn.elifesciences.org; 2015; 4.
https://doi.org/10.7554/eLife.09960

Komendantov AO, Venkadesh S, Rees CL, Wheeler DW, Hamilton DJ, Ascoli GA. Quantitative firing
pattern phenotyping of hippocampal neuron types. Sci Rep. 2019; Forthcoming.

Izhikevich EM. Dynamical Systems in Neuroscience. MIT Press; 2007. https://doi.org/10.1523/
JNEUROSCI.3516-07.2007 PMID: 17978021

Pinsky PF, Rinzel J. Intrinsic and network rhythmogenesis in a reduced Traub model for CA3 neurons.
J Comput Neurosci. Springer; 1994; 1: 39-60. PMID: 8792224

Venkadesh S, Ascoli GA. Computational Modeling as a Means to Defining Neuronal Spike Pattern
Behaviors. In: Naldi G, Nieus T, editors. Mathematical and Theoretical Neuroscience: Cell, Network
and Data Analysis. Cham: Springer International Publishing; 2017. pp. 25—43.

Jarsky T, Roxin A, Kath WL, Spruston N. Conditional dendritic spike propagation following distal synap-
tic activation of hippocampal CA1 pyramidal neurons. Nat Neurosci. nature.com; 2005; 8: 1667—-1676.
https://doi.org/10.1038/nn1599 PMID: 16299501

McDougal RA, Morse TM, Carnevale T, Marenco L, Wang R, Migliore M, et al. Twenty years of Mod-
elDB and beyond: building essential modeling tools for the future of neuroscience. J Comput Neurosci.
2017; 42: 1-10. https://doi.org/10.1007/s10827-016-0623-7 PMID: 27629590

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1007462 October 28, 2019 24/27


https://nature.com/
https://doi.org/10.1038/nrn2402
https://doi.org/10.1038/nrn2402
http://www.ncbi.nlm.nih.gov/pubmed/18568015
https://science.sciencemag.org/
https://doi.org/10.1126/science.1225266
https://doi.org/10.1126/science.1225266
http://www.ncbi.nlm.nih.gov/pubmed/23197532
https://doi.org/10.1016/j.cell.2015.09.029
https://doi.org/10.1016/j.cell.2015.09.029
http://www.ncbi.nlm.nih.gov/pubmed/26451489
https://ieeexplore.ieee.org/
https://doi.org/10.1109/TBME.2015.2445771
http://www.ncbi.nlm.nih.gov/pubmed/26087482
https://ieeexplore.ieee.org/
https://doi.org/10.1109/TNN.2003.820440
http://www.ncbi.nlm.nih.gov/pubmed/18244602
https://cdn.elifesciences.org/
https://doi.org/10.7554/eLife.18566
https://doi.org/10.7554/eLife.18566
http://www.ncbi.nlm.nih.gov/pubmed/28009257
https://doi.org/10.1523/ENEURO.0131-17.2017
http://www.ncbi.nlm.nih.gov/pubmed/28791333
https://doi.org/10.1371/journal.pcbi.1006423
https://doi.org/10.1371/journal.pcbi.1006423
http://www.ncbi.nlm.nih.gov/pubmed/30222740
https://doi.org/10.3389/neuro.11.002.2010
https://doi.org/10.3389/neuro.11.002.2010
http://www.ncbi.nlm.nih.gov/pubmed/20224819
https://doi.org/10.3389/fninf.2018.00008
http://www.ncbi.nlm.nih.gov/pubmed/29593519
https://nature.com/
https://doi.org/10.1038/s41467-017-02717-4
https://doi.org/10.1038/s41467-017-02717-4
http://www.ncbi.nlm.nih.gov/pubmed/29459723
http://Hippocampome.org
https://doi.org/10.7554/eLife.09960
https://doi.org/10.1523/JNEUROSCI.3516-07.2007
https://doi.org/10.1523/JNEUROSCI.3516-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17978021
http://www.ncbi.nlm.nih.gov/pubmed/8792224
https://nature.com/
https://doi.org/10.1038/nn1599
http://www.ncbi.nlm.nih.gov/pubmed/16299501
https://doi.org/10.1007/s10827-016-0623-7
http://www.ncbi.nlm.nih.gov/pubmed/27629590
https://doi.org/10.1371/journal.pcbi.1007462

GPLOS |saisermom

Simple models of diverse intrinsic dynamics

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Hines ML, Carnevale NT. The NEURON simulation environment. Neural Comput. MIT Press; 1997; 9:
1179-1209. PMID: 9248061

Krueppel R, Remy S, Beck H. Dendritic integration in hippocampal dentate granule cells. Neuron. 2011;
71: 512-528. https://doi.org/10.1016/j.neuron.2011.05.043 PMID: 21835347

Lydersen S, Fagerland MW, Laake P. Recommended tests for association in 2x2 tables. Stat Med.
Wiley Online Library; 2009; 28: 1159-1175. https://doi.org/10.1002/sim.3531 PMID: 19170020

Mott DD, Turner DA, Okazaki MM, Lewis DV. Interneurons of the Dentate—Hilus Border of the Rat Den-
tate Gyrus: Morphological and Electrophysiological Heterogeneity. J Neurosci. Society for Neurosci-
ence; 1997; 17: 3990—4005. https://doi.org/10.1523/JNEUROSCI.17-11-03990.1997 PMID: 9151716

Ascoli GA, Donohue DE, Halavi M. NeuroMorpho.Org: a central resource for neuronal morphologies. J
Neurosci. Soc Neuroscience; 2007; 27: 9247-9251. https://doi.org/10.1523/JNEUROSCI.2055-07.
2007 PMID: 17728438

Tricoire L, Pelkey KA, Erkkila BE, Jeffries BW, Yuan X, McBain CJ. A blueprint for the spatiotemporal
origins of mouse hippocampal interneuron diversity. J Neurosci. Soc Neuroscience; 2011; 31: 10948—
10970. https://doi.org/10.1523/JNEUROSCI.0323-11.2011 PMID: 21795545

Canto CB, Witter MP. Cellular properties of principal neurons in the rat entorhinal cortex. Il. The medial
entorhinal cortex. Hippocampus. Wiley Online Library; 2012; 22: 1277-1299. https://doi.org/10.1002/
hipo.20993 PMID: 22161956

Pawelzik H, Hughes DI, Thomson AM. Physiological and morphological diversity of immunocytochemi-
cally defined parvalbumin-and cholecystokinin-positive interneurones in CA1 of the adult rat hippocam-
pus. J Comp Neurol. Wiley Online Library; 2002; 443: 346—-367. https://doi.org/10.1002/cne.10118
PMID: 11807843

Katona L, Lapray D, Viney TJ, Oulhaj A, Borhegyi Z, Micklem BR, et al. Sleep and movement differenti-
ates actions of two types of somatostatin-expressing GABAergic interneuron in rat hippocampus. Neu-
ron. Elsevier; 2014; 82: 872—-886. https://doi.org/10.1016/j.neuron.2014.04.007 PMID: 24794095

Hamam BN, Amaral DG, Alonso AA. Morphological and electrophysiological characteristics of layer V
neurons of the rat lateral entorhinal cortex. J Comp Neurol. Wiley Online Library; 2002; 451: 45-61.
https://doi.org/10.1002/cne.10335 PMID: 12209840

Williams PA, Larimer P, Gao Y, Strowbridge BW. Semilunar granule cells: glutamatergic neurons in the
rat dentate gyrus with axon collaterals in the inner molecular layer. J Neurosci. Soc Neuroscience;
2007; 27: 13756—-13761. https://doi.org/10.1523/JNEUROSCI.4053-07.2007 PMID: 18077687

Bausch SB, He S, Petrova Y, Wang X-M, McNamara JO. Plasticity of both excitatory and inhibitory syn-
apses is associated with seizures induced by removal of chronic blockade of activity in cultured hippo-
campus. J Neurophysiol. 2006; 96: 2151-2167. https://doi.org/10.1152/jn.00355.2006 PMID:
16790597

Pierce JP, McCloskey DP, Scharfman HE. Morphometry of hilar ectopic granule cells in the rat. J Comp
Neurol. Wiley Online Library; 2011; 519: 1196—1218. https://doi.org/10.1002/cne.22568 PMID:
21344409

Price CJ, Cauli B, Kovacs ER, Kulik A, Lambolez B, Shigemoto R, et al. Neurogliaform neurons form a
novel inhibitory network in the hippocampal CA1 area. J Neurosci. Soc Neuroscience; 2005; 25: 6775—
6786.

Klausberger T, Somogyi P. Neuronal diversity and temporal dynamics: the unity of hippocampal circuit
operations. Science. science.sciencemag.org; 2008; 321: 53-57. https://doi.org/10.1126/science.
1149381 PMID: 18599766

Spruston N. Pyramidal neurons: dendritic structure and synaptic integration. Nat Rev Neurosci. nature.
com; 2008; 9: 206—221. https://doi.org/10.1038/nrn2286 PMID: 18270515

Ledergerber D, Larkum ME. Properties of layer 6 pyramidal neuron apical dendrites. J Neurosci. Soc
Neuroscience; 2010; 30: 13031-13044. https://doi.org/10.1523/JNEUROSCI.2254-10.2010 PMID:
20881121

Vida l, Halasy K, Szinyei C, Somogyi P, Buhl EH. Unitary IPSPs evoked by interneurons at the stratum
radiatum-stratum lacunosum-moleculare border in the CA1 area of the rat hippocampus in vitro. J Phy-
siol. Wiley Online Library; 1998; 506: 755—773. https://doi.org/10.1111/j.1469-7793.1998.755bv.x
PMID: 9503336

Lubke J, Frotscher M, Spruston N. Specialized electrophysiological properties of anatomically identified
neurons in the hilar region of the rat fascia dentata. J Neurophysiol. physiology.org; 1998; 79: 1518—
1534. https://doi.org/10.1152/jn.1998.79.3.1518 PMID: 9497429

Mainen ZF, Carnevale NT, Zador AM, Claiborne BJ, Brown TH. Electrotonic architecture of hippocam-
pal CA1 pyramidal neurons based on three-dimensional reconstructions. J Neurophysiol. physiology.
org; 1996; 76: 1904—1923. https://doi.org/10.1152/jn.1996.76.3.1904 PMID: 8890303

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1007462 October 28, 2019 25/27


http://www.ncbi.nlm.nih.gov/pubmed/9248061
https://doi.org/10.1016/j.neuron.2011.05.043
http://www.ncbi.nlm.nih.gov/pubmed/21835347
https://doi.org/10.1002/sim.3531
http://www.ncbi.nlm.nih.gov/pubmed/19170020
https://doi.org/10.1523/JNEUROSCI.17-11-03990.1997
http://www.ncbi.nlm.nih.gov/pubmed/9151716
https://doi.org/10.1523/JNEUROSCI.2055-07.2007
https://doi.org/10.1523/JNEUROSCI.2055-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17728438
https://doi.org/10.1523/JNEUROSCI.0323-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21795545
https://doi.org/10.1002/hipo.20993
https://doi.org/10.1002/hipo.20993
http://www.ncbi.nlm.nih.gov/pubmed/22161956
https://doi.org/10.1002/cne.10118
http://www.ncbi.nlm.nih.gov/pubmed/11807843
https://doi.org/10.1016/j.neuron.2014.04.007
http://www.ncbi.nlm.nih.gov/pubmed/24794095
https://doi.org/10.1002/cne.10335
http://www.ncbi.nlm.nih.gov/pubmed/12209840
https://doi.org/10.1523/JNEUROSCI.4053-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/18077687
https://doi.org/10.1152/jn.00355.2006
http://www.ncbi.nlm.nih.gov/pubmed/16790597
https://doi.org/10.1002/cne.22568
http://www.ncbi.nlm.nih.gov/pubmed/21344409
https://doi.org/10.1126/science.1149381
https://doi.org/10.1126/science.1149381
http://www.ncbi.nlm.nih.gov/pubmed/18599766
https://nature.com/
https://nature.com/
https://doi.org/10.1038/nrn2286
http://www.ncbi.nlm.nih.gov/pubmed/18270515
https://doi.org/10.1523/JNEUROSCI.2254-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20881121
https://doi.org/10.1111/j.1469-7793.1998.755bv.x
http://www.ncbi.nlm.nih.gov/pubmed/9503336
https://doi.org/10.1152/jn.1998.79.3.1518
http://www.ncbi.nlm.nih.gov/pubmed/9497429
https://doi.org/10.1152/jn.1996.76.3.1904
http://www.ncbi.nlm.nih.gov/pubmed/8890303
https://doi.org/10.1371/journal.pcbi.1007462

GPLOS |saisermom

Simple models of diverse intrinsic dynamics

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Carnevale NT, Tsai KY, Claiborne BJ, Brown TH. Comparative electrotonic analysis of three classes of
rat hippocampal neurons. J Neurophysiol. physiology.org; 1997; 78: 703—720. https://doi.org/10.1152/
jn.1997.78.2.703 PMID: 9307106

Chitwood RA, Hubbard A, Jaffe DB. Passive electrotonic properties of rat hippocampal CA3 interneur-
ones. J Physiol. Wiley Online Library; 1999; 515 (Pt 3): 743-756.

Chevaleyre V, Siegelbaum SA. Strong CA2 pyramidal neuron synapses define a powerful disynaptic
cortico-hippocampal loop. Neuron. Elsevier; 2010; 66: 560-572. https://doi.org/10.1016/j.neuron.2010.
04.013 PMID: 20510860

Ishizuka N, Cowan WM, Amaral DG. A quantitative analysis of the dendritic organization of pyramidal
cells in the rat hippocampus. J Comp Neurol. Wiley Online Library; 1995; 362: 17—45. https://doi.org/10.
1002/cne.903620103 PMID: 8576427

Golding NL, Kath WL, Spruston N. Dichotomy of action-potential backpropagation in CA1 pyramidal
neuron dendrites. J Neurophysiol. physiology.org; 2001; 86: 2998-3010. https://doi.org/10.1152/jn.
2001.86.6.2998 PMID: 11731556

Golding NL, Mickus TJ, Katz Y, Kath WL, Spruston N. Factors mediating powerful voltage attenuation
along CA1 pyramidal neuron dendrites. J Physiol. Wiley Online Library; 2005; 568: 69—82. https://doi.
org/10.1113/jphysiol.2005.086793 PMID: 16002454

Hoffman DA, Magee JC, Colbert CM, Johnston D. K+ channel regulation of signal propagation in den-
drites of hippocampal pyramidal neurons. Nature. nature.com; 1997; 387: 869-875. https://doi.org/10.
1038/43119 PMID: 9202119

Hoffman DA. Role of an A-Type K Conductance in the Back-Propagation of Action Potentials in the
Dendrites of Hippocampal Pyramidal Neurons. J Comput Neurosci. 1999; 7: 5-15. PMID: 10481998

Magee JC, Cook EP. Somatic EPSP amplitude is independent of synapse location in hippocampal pyra-
midal neurons. Nat Neurosci. nature.com; 2000; 3: 895-903. https://doi.org/10.1038/78800 PMID:
10966620

Nicholson DA, Trana R, Katz Y, Kath WL, Spruston N, Geinisman Y. Distance-dependent differences in
synapse number and AMPA receptor expression in hippocampal CA1 pyramidal neurons. Neuron.
Elsevier; 2006; 50: 431-442. https://doi.org/10.1016/j.neuron.2006.03.022 PMID: 16675397

Ermentrout B. Simulating, Analyzing, and Animating Dynamical Systems: A Guide to XPPAUT for
Researchers and Students. SIAM; 2002.

Cannon RC, Gleeson P, Crook S, Ganapathy G, Marin B, Piasini E, et al. LEMS: a language for
expressing complex biological models in concise and hierarchical form and its use in underpinning Neu-
roML 2. Front Neuroinform. 2014; 8: 79. https://doi.org/10.3389/fninf.2014.00079 PMID: 25309419

Jonas P, Bischofberger J, Fricker D, Miles R. Interneuron Diversity series: Fast in, fast out—temporal
and spatial signal processing in hippocampal interneurons. Trends Neurosci. Elsevier; 2004; 27: 30—-40.
https://doi.org/10.1016/j.tins.2003.10.010 PMID: 14698608

van der Velden L, van Hooft JA, Chameau P. Altered dendritic complexity affects firing properties of cor-
tical layer 2/3 pyramidal neurons in mice lacking the 5-HT3A receptor. J Neurophysiol. 2012; 108:
1521-1528. https://doi.org/10.1152/jn.00829.2011 PMID: 22696545

O’Leary T, van Rossum MCW, Wyllie DJA. Homeostasis of intrinsic excitability in hippocampal neu-
rones: dynamics and mechanism of the response to chronic depolarization: Homeostatic regulation of
intrinsic excitability. J Physiol. 2010; 588: 157—170. https://doi.org/10.1113/jphysiol.2009.181024
PMID: 19917565

Harris KD, Hochgerner H, Skene NG, Magno L, Katona L, Bengtsson Gonzales C, et al. Classes and
continua of hippocampal CA1 inhibitory neurons revealed by single-cell transcriptomics. PLoS Biol.
2018; 16: €2006387. https://doi.org/10.1371/journal.pbio.2006387 PMID: 29912866

Colbert CM, Magee JC, Hoffman DA, Johnston D. Slow recovery from inactivation of Na+ channels
underlies the activity-dependent attenuation of dendritic action potentials in hippocampal CA1 pyramidal
neurons. J Neurosci. Soc Neuroscience; 1997; 17: 6512—-6521. https://doi.org/10.1523/JNEUROSCI.
17-17-06512.1997 PMID: 9254663

Foster WR, Ungar LH, Schwaber JS. Significance of conductances in Hodgkin-Huxley models. J Neuro-
physiol. physiology.org; 1993; 70: 2502—2518. https://doi.org/10.1152/jn.1993.70.6.2502 PMID:
7509859

Schulz DJ, Goaillard J-M, Marder E. Variable channel expression in identified single and electrically
coupled neurons in different animals. Nat Neurosci. nature.com; 2006; 9: 356—362. https://doi.org/10.
1038/nn1639 PMID: 16444270

Marder E. Variability, compensation, and modulation in neurons and circuits. Proc Natl Acad Sci U S A.
National Acad Sciences; 2011; 108 Suppl 3: 15542—-15548.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1007462 October 28, 2019 26/27


https://doi.org/10.1152/jn.1997.78.2.703
https://doi.org/10.1152/jn.1997.78.2.703
http://www.ncbi.nlm.nih.gov/pubmed/9307106
https://doi.org/10.1016/j.neuron.2010.04.013
https://doi.org/10.1016/j.neuron.2010.04.013
http://www.ncbi.nlm.nih.gov/pubmed/20510860
https://doi.org/10.1002/cne.903620103
https://doi.org/10.1002/cne.903620103
http://www.ncbi.nlm.nih.gov/pubmed/8576427
https://doi.org/10.1152/jn.2001.86.6.2998
https://doi.org/10.1152/jn.2001.86.6.2998
http://www.ncbi.nlm.nih.gov/pubmed/11731556
https://doi.org/10.1113/jphysiol.2005.086793
https://doi.org/10.1113/jphysiol.2005.086793
http://www.ncbi.nlm.nih.gov/pubmed/16002454
https://nature.com/
https://doi.org/10.1038/43119
https://doi.org/10.1038/43119
http://www.ncbi.nlm.nih.gov/pubmed/9202119
http://www.ncbi.nlm.nih.gov/pubmed/10481998
https://nature.com/
https://doi.org/10.1038/78800
http://www.ncbi.nlm.nih.gov/pubmed/10966620
https://doi.org/10.1016/j.neuron.2006.03.022
http://www.ncbi.nlm.nih.gov/pubmed/16675397
https://doi.org/10.3389/fninf.2014.00079
http://www.ncbi.nlm.nih.gov/pubmed/25309419
https://doi.org/10.1016/j.tins.2003.10.010
http://www.ncbi.nlm.nih.gov/pubmed/14698608
https://doi.org/10.1152/jn.00829.2011
http://www.ncbi.nlm.nih.gov/pubmed/22696545
https://doi.org/10.1113/jphysiol.2009.181024
http://www.ncbi.nlm.nih.gov/pubmed/19917565
https://doi.org/10.1371/journal.pbio.2006387
http://www.ncbi.nlm.nih.gov/pubmed/29912866
https://doi.org/10.1523/JNEUROSCI.17-17-06512.1997
https://doi.org/10.1523/JNEUROSCI.17-17-06512.1997
http://www.ncbi.nlm.nih.gov/pubmed/9254663
https://doi.org/10.1152/jn.1993.70.6.2502
http://www.ncbi.nlm.nih.gov/pubmed/7509859
https://nature.com/
https://doi.org/10.1038/nn1639
https://doi.org/10.1038/nn1639
http://www.ncbi.nlm.nih.gov/pubmed/16444270
https://doi.org/10.1371/journal.pcbi.1007462

GPLOS |saisermom

Simple models of diverse intrinsic dynamics

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.

78.

79.

Rathour RK, Narayanan R. Homeostasis of functional maps in active dendrites emerges in the absence
of individual channelostasis. Proc Natl Acad Sci U S A. 2014; 111: E1787-96. https://doi.org/10.1073/
pnas.1316599111 PMID: 24711394

Turrigiano G, Abbott LF, Marder E. Activity-dependent changes in the intrinsic properties of cultured
neurons. Science. 1994; 264: 974-977. https://doi.org/10.1126/science.8178157 PMID: 8178157

Desai NS. Homeostatic plasticity in the CNS: synaptic and intrinsic forms. J Physiol Paris. Elsevier;
2003; 97: 391-402. https://doi.org/10.1016/j.jphysparis.2004.01.005 PMID: 15242651

Marder E, Goaillard J-M. Variability, compensation and homeostasis in neuron and network function.
Nat Rev Neurosci. nature.com; 2006; 7: 563-574. https://doi.org/10.1038/nr1949 PMID: 16791145

Desai NS, Rutherford LC, Turrigiano GG. Plasticity in the intrinsic excitability of cortical pyramidal neu-
rons. Nat Neurosci. nature.com; 1999; 2: 515-520. https://doi.org/10.1038/9165 PMID: 10448215

O’Leary T, Williams AH, Franci A, Marder E. Cell Types, Network Homeostasis, and Pathological Com-
pensation from a Biologically Plausible lon Channel Expression Model. Neuron. Elsevier; 2015; 88:
1308. https://doi.org/10.1016/j.neuron.2015.12.002 PMID: 29669236

Maffei A, Fontanini A. Network homeostasis: a matter of coordination. Curr Opin Neurobiol. Elsevier;
2009; 19: 168—173. https://doi.org/10.1016/j.conb.2009.05.012 PMID: 19540746

Lane BJ, Samarth P, Ransdell JL, Nair SS, Schulz DJ. Synergistic plasticity of intrinsic conductance
and electrical coupling restores synchrony in an intact motor network. Elife. cdn.elifesciences.org;
2016; 5. https://doi.org/10.7554/eLife.16879 PMID: 27552052

Frégnac Y. Big data and the industrialization of neuroscience: A safe roadmap for understanding the
brain? Science. science.sciencemag.org; 2017; 358: 470—-477. https://doi.org/10.1126/science.
aan8866 PMID: 29074766

O’Keefe J, Recce ML. Phase relationship between hippocampal place units and the EEG theta rhythm.
Hippocampus. Wiley Online Library; 1993; 3: 317-330. https://doi.org/10.1002/hipo.450030307 PMID:
8353611

Skaggs WE, McNaughton BL, Wilson MA, Barnes CA. Theta phase precession in hippocampal neuro-
nal populations and the compression of temporal sequences. Hippocampus. Wiley Online Library;
1996; 6: 149—172. https://doi.org/10.1002/(SICI)1098-1063(1996)6:2<149::AID-HIP06>3.0.CO;2-K
PMID: 8797016

Dragoi G, Buzsaki G. Temporal encoding of place sequences by hippocampal cell assemblies. Neuron.
Elsevier; 2006; 50: 145—-157. https://doi.org/10.1016/j.neuron.2006.02.023 PMID: 16600862

Buzséki G. Neural syntax: cell assemblies, synapsembles, and readers. Neuron. Elsevier; 2010; 68:
362-385. https://doi.org/10.1016/j.neuron.2010.09.023 PMID: 21040841

Rees CL, Wheeler DW, Hamilton DJ, White CM, Komendantov AO, Ascoli GA. Graph Theoretic and
Motif Analyses of the Hippocampal Neuron Type Potential Connectome. eNeuro. eneuro.org; 2016; 3.
https://doi.org/10.1523/ENEURO.0205-16.2016 PMID: 27896314

Yang X-S. Nature-inspired Metaheuristic Algorithms. Luniver Press; 2010.

Babiec WE, Jami SA, Guglietta R, Chen PB. Differential regulation of NMDA receptor-mediated trans-
mission by SK channels underlies dorsal-ventral differences in dynamics of Schaffer collateral synaptic
....Journal of. Soc Neuroscience; 2017; Available: http://www.jneurosci.org/content/37/7/1950?utm_
source=TrendMD&utm_medium=cpc&utm_campaign=JNeurosci_TrendMD_0

Yun SH, Gamkrelidze G, Stine WB, Sullivan PM, Pasternak JF, Ladu MJ, et al. Amyloid-beta1-42
reduces neuronal excitability in mouse dentate gyrus. Neurosci Lett. Elsevier; 2006; 403: 162—165.
https://doi.org/10.1016/j.neulet.2006.04.065 PMID: 16765515

Cope DW, Maccaferri G, Marton LF, Roberts JDB, Cobden PM, Somogyi P. Cholecystokinin-immuno-
positive basket and Schaffer collateral-associated interneurones target different domains of pyramidal
cells in the CA1 area of the rat hippocampus. Neuroscience. Elsevier; 2002; 109: 63-80. https://doi.org/
10.1016/s0306-4522(01)00440-7 PMID: 11784700

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1007462 October 28, 2019 27/27


https://doi.org/10.1073/pnas.1316599111
https://doi.org/10.1073/pnas.1316599111
http://www.ncbi.nlm.nih.gov/pubmed/24711394
https://doi.org/10.1126/science.8178157
http://www.ncbi.nlm.nih.gov/pubmed/8178157
https://doi.org/10.1016/j.jphysparis.2004.01.005
http://www.ncbi.nlm.nih.gov/pubmed/15242651
https://nature.com/
https://doi.org/10.1038/nrn1949
http://www.ncbi.nlm.nih.gov/pubmed/16791145
https://nature.com/
https://doi.org/10.1038/9165
http://www.ncbi.nlm.nih.gov/pubmed/10448215
https://doi.org/10.1016/j.neuron.2015.12.002
http://www.ncbi.nlm.nih.gov/pubmed/29669236
https://doi.org/10.1016/j.conb.2009.05.012
http://www.ncbi.nlm.nih.gov/pubmed/19540746
https://doi.org/10.7554/eLife.16879
http://www.ncbi.nlm.nih.gov/pubmed/27552052
https://doi.org/10.1126/science.aan8866
https://doi.org/10.1126/science.aan8866
http://www.ncbi.nlm.nih.gov/pubmed/29074766
https://doi.org/10.1002/hipo.450030307
http://www.ncbi.nlm.nih.gov/pubmed/8353611
https://doi.org/10.1002/(SICI)1098-1063(1996)6:2&lt;149::AID-HIPO6&gt;3.0.CO;2-K
http://www.ncbi.nlm.nih.gov/pubmed/8797016
https://doi.org/10.1016/j.neuron.2006.02.023
http://www.ncbi.nlm.nih.gov/pubmed/16600862
https://doi.org/10.1016/j.neuron.2010.09.023
http://www.ncbi.nlm.nih.gov/pubmed/21040841
https://doi.org/10.1523/ENEURO.0205-16.2016
http://www.ncbi.nlm.nih.gov/pubmed/27896314
http://www.jneurosci.org/content/37/7/1950?utm_source=TrendMD&amp;utm_medium=cpc&amp;utm_campaign=JNeurosci_TrendMD_0
http://www.jneurosci.org/content/37/7/1950?utm_source=TrendMD&amp;utm_medium=cpc&amp;utm_campaign=JNeurosci_TrendMD_0
https://doi.org/10.1016/j.neulet.2006.04.065
http://www.ncbi.nlm.nih.gov/pubmed/16765515
https://doi.org/10.1016/s0306-4522(01)00440-7
https://doi.org/10.1016/s0306-4522(01)00440-7
http://www.ncbi.nlm.nih.gov/pubmed/11784700
https://doi.org/10.1371/journal.pcbi.1007462

