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Abstract

Diverse ion channels and their dynamics endow single neurons with complex biophysical properties. These properties
determine the heterogeneity of cell types that make up the brain, as constituents of neural circuits tuned to perform highly
specific computations. How do biophysical properties of single neurons impact network function? We study a set of
biophysical properties that emerge in cortical neurons during the first week of development, eventually allowing these
neurons to adaptively scale the gain of their response to the amplitude of the fluctuations they encounter. During the same
time period, these same neurons participate in large-scale waves of spontaneously generated electrical activity. We
investigate the potential role of experimentally observed changes in intrinsic neuronal properties in determining the ability
of cortical networks to propagate waves of activity. We show that such changes can strongly affect the ability of multi-
layered feedforward networks to represent and transmit information on multiple timescales. With properties modeled on
those observed at early stages of development, neurons are relatively insensitive to rapid fluctuations and tend to fire
synchronously in response to wave-like events of large amplitude. Following developmental changes in voltage-dependent
conductances, these same neurons become efficient encoders of fast input fluctuations over few layers, but lose the ability
to transmit slower, population-wide input variations across many layers. Depending on the neurons’ intrinsic properties,
noise plays different roles in modulating neuronal input-output curves, which can dramatically impact network
transmission. The developmental change in intrinsic properties supports a transformation of a networks function from the
propagation of network-wide information to one in which computations are scaled to local activity. This work underscores
the significance of simple changes in conductance parameters in governing how neurons represent and propagate
information, and suggests a role for background synaptic noise in switching the mode of information transmission.
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Introduction

Gain scaling refers to the ability of neurons to scale the gain of
their responses when stimulated with currents of different
amplitudes. A common property of neural systems, gain scaling
adjusts the system’s response to the size of the input relative to the
input’s standard deviation [1]. This form of adaptation maximizes
information transmission for different input distributions [1-3].
Though this property is typically observed with respect to the
coding of external stimuli by neural circuits [1,3-7], Mease et al.
[8] have recently shown that single neurons during early
development of mouse cortex automatically adjust the dynamic
range of coding to the scale of input stimuli through a modulation
of the slope of their effective input-output relationship. In contrast
to previous work, perfect gain scaling in the input-output relation
occurs for certain values of ionic conductances and does not
require any explicit adaptive processes that adjust the gain through
spike-driven negative feedback, such as slow sodium inactivation
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[4,9,10] and slow afterhyperpolarization (AHP) currents [10,11].
However, these experiments found that gain scaling is not a static
property during development. At birth, or PO (postnatal day 0),
cortical neurons show limited gain scaling; in contrast, at P8,
neurons showed pronounced gain-scaling abilities [8]. Here, we
examined how the emergence of the gain-scaling property in single
cortical neurons during the first week of development might affect
signal transmission over multiple timescales across the cortical
network.

Along with the emergence of gain scaling during the first week
of neural development, single neurons in the developing cortex
participate in large-scale spontaneously generated activity which
travels across different regions in the form of waves [12-14].
Pacemaker neurons located in the ventrolateral (piriform) cortex
initiate spontaneous waves that continue to propagate dorsally
across the neocortex [13]. Experimentally, much attention has
been focused on synaptic interactions in initiating and propagating
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Author Summary

Differences in ion channel composition endow different
neuronal types with distinct computational properties.
Understanding how these biophysical differences affect
network-level computation is an important frontier. We
focus on a set of biophysical properties, experimentally
observed in developing cortical neurons, that allow these
neurons to efficiently encode their inputs despite time-
varying changes in the statistical context. Large-scale
propagating waves are autonomously generated by the
developing brain even before the onset of sensory
experience. Using multi-layered feedforward networks,
we examine how changes in intrinsic properties can lead
to changes in the network’s ability to represent and
transmit information on multiple timescales. We demon-
strate that measured changes in the computational
properties of immature single neurons enable the prop-
agation of slow-varying wave-like inputs. In contrast,
neurons with more mature properties are more sensitive
to fast fluctuations, which modulate the slow-varying
information. While slow events are transmitted with high
fidelity in initial network layers, noise degrades transmis-
sion in downstream network layers. Our results show how
short-term adaptation and modulation of the neurons’
input-output firing curves by background synaptic noise
determine the ability of neural networks to transmit
information on multiple timescales.

activity, with a particular emphasis on the role of GABAergic
circuits, which are depolarizing in early development [15,16].
While multiple network properties play an important role in the
generation of spontaneous waves, here we ask how the intrinsic
computational properties of cortical neurons, in particular gain
scaling, can affect the generation and propagation of spontaneous
activity. Changes in intrinsic properties may play a role in wave
propagation during development, and the eventual disappearance
of this activity as sensory circuits become mature.

A simple model for propagating activity, like that observed
during spontanecous waves, is a feedforward network in which
activity is carried from one population, or layer, of neurons to the
next without affecting previous layers [17]. We compare the
behavior of networks composed of conductance-based neurons
with either immature (nongain-scaling) or mature (gain-scaling)
computational properties [8]. These networks exhibit different
information processing properties with respect to both fast and
slow timescales of the input. We determine how rapid mnput
fluctuations are encoded in the precise spike timing of the output
by the use of linear-nonlinear models [18,19], and use noise-
modulated frequency-current relationships to predict the trans-
mission of slow variations in the input [20,21].

We find that networks built from neuron types with different
gain-scaling ability propagate information in strikingly different
ways. Networks of gain-scaling (GS) neurons convey a large
amount of fast-varying information from neuron to neuron, and
transmit slow-varying information at the population level, but only
across a few layers in the network; over multiple layers the slow-
varying information disappears. In contrast, nongain-scaling
(NGS) neurons are worse at processing fast-varying information
at the single neuron level; however, subsequent network layers
transmit slow-varying signals faithfully, reproducing wave-like
behavior. We qualitatively explain these results in terms of the
differences in the noise-modulated frequency-current curves of the
neuron types through a mean field approach: this approach allows
us to characterize how the mean firing rate of a neuronal
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population in a given layer depends on the firing rate of the
neuronal population in the previous layer through the mean
synaptic currents exchanged between the two layers. Our results
suggest that the experimentally observed changes in intrinsic
properties may contribute to the transition from spontaneous wave
propagation in developing cortex to sensitivity to local input
fluctuations in more mature networks, priming cortical networks to
become capable of processing functionally relevant stimuli.

Results

Single cortical neurons acquire the ability to scale the gain of
their responses in the first week of development, as shown in
cortical slice experiments [8]. Here, we described gain scaling by
characterizing a single neuron’s response to white noise using
linear/monlinear (LN) models (see below). Before becoming
efficient encoders of fast stimulus fluctuations, the neurons
participate in network-wide activity events that propagate along
stereotypical directions, known as spontaneous cortical waves
[13,22]. Although many parameters regulate these waves in the
developing cortex, we sought to understand the effect of gain
scaling in single neurons on the ability of cortical networks to
propagate information about inputs over long timescales, as occur
during waves, and over short timescales, as occur when waves
disappear and single neurons become efficient gain scalers. More
broadly, we use waves in developing cortex as an example of a
broader issue: how do changes in intrinsic properties of
biophysically realistic model neurons affect how a network of
such neurons processes and transmits information?

We have shown that in cortical neurons in brain slices,
developmental increases in the maximal sodium (Gn,) to
potassium (Gg) conductance ratio can explain the parallel
transition from nongain-scaling to gain scaling behavior [8].
Furthermore, the gain scaling ability can be controlled by
pharmacological manipulation of the maximal Gn, to Gk ratio
[8]. The gain scaling property can also be captured by changing
this ratio in single conductance-based model neurons [8].
Therefore, we first examined networks consisting of two types of
neurons: where the ratio of GN, to Gg was set to either 0.6
(representing immature, nongain-scaling neurons) or 1.5 (repre-
senting mature, gain-scaling neurons).

Two computational regimes at different temporal
resolution

We first characterized neuronal responses of conductance-based
model neurons using methods previously applied to experimentally
recorded neurons driven with white noise. The neuron’s gain
scaling ability is defined by a rescaling of the input/output
function of a linear/nonlinear (LN) model by the stimulus
standard deviation [8]. Using a white noise input current, we
extracted LN models describing the response properties of the two
neuron types to rapid fluctuations, while fixing the mean (DC) of
the input current. The LN model [18,19,23] predicts the
instantaneous time-varying firing rate of a single neuron by first
identifying a relevant feature of the input, and after linearly
filtering the input stimulus with this feature, a nonlinear input-
output curve that relates the magnitude of that feature in the input
(the filtered stimulus) to the probability of firing. We computed the
spike-triggered average (STA) as the relevant feature of the input
[18,24], and then constructed the nonlinear response function as
the probability of firing given the stimulus linearly filtered by the
STA.

Repeating this procedure for noise stimuli with a range of
standard deviations (¢) produces a family of curves for both neuron
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types (Figure 1A). While the linear feature is relatively constant as
a function of the magnitude of the rapid fluctuations, o, the
nonlinear input-output curves change, similar to experimental
observations in single neurons in cortical slices [8]. When the input
is normalized by o, the mature neurons have a common input-
output curve with respect to the normalized stimulus (Figure 1B,
red) [8] over a wide range of input DC. In contrast, the input-
output curves of smmature neurons have a different slope when
compared in units of the normalized stimulus (Figure 1B, blue).
Gain scaling has previously been shown to support a high rate of
information transmission about stimulus fluctuations in the face of
changing stimulus amplitude [1]. Indeed, these GS neurons have
higher output entropy, and therefore transmit more information,
than NGS neurons (Figure 1E). The output entropy is approxi-
mately constant regardless of ¢ for a range of mean (DC) inputs —
this is a hallmark of their gain-scaling ability. The changing shape
of the input-output curve for the NGS neurons results in an
increasing output entropy as a function of ¢ (Figure 1E). With the
addition of DC, the output entropy of the NGS neurons’ firing
eventually approaches that of the GS neurons; this is accompanied
with a simultaneous decrease in the distance between rest and
threshold membrane potential of the NGS neurons as shown
previously [8]. Thus, GS neurons are better at encoding fast
fluctuations, a property which might enable efficient local
computation independent of the background signal amplitude in
more mature circuits after waves disappear.

The response of a neuron to slow input variations may be
described in terms of its firing rate as a function of the mean input
I through a frequency-current (f—I) curve. This description
averages over the details of the rapid fluctuations. The shape of
this f~I curve can be modulated by the standard deviation () of
the background noise [20,21]. Here, the "background noise” is a
rapidly-varying input that is not considered to convey specific
stimulus information but rather, provides a statistical context that
modulates the signaled information assumed to be contained in the
slow-varying mean input. Thus, a neuron’s slow-varying responses
can be characterized in terms of a family of f—I curves
parameterized by o.

Comparing the f—I curves for the two neuron types using the
same conductance-based models reveals substantial differences in
their firing thresholds and also in their modulability by o
(Figure 1C,D). NGS neurons have a relatively high threshold at
low ¢, and the f—I curves are significantly modulated by the
addition of noise, i.e. with increasing ¢ (Figure 1C). In contrast,
the f—I curves of GS neurons have lower thresholds, and show
minimal modulation with the level of noise (Figure 1D). This
behavior is reflected in the information that each neuron type
transmits about firing rate for a range of ¢ (Figure 1F). This
information quantification determines how well a distribution of
mput DC can be distinguished at the level of the neuron’s output
firing rate while averaging out the fast fluctuations. The
information would be low for neurons whose output firing rates
are indistinguishable for a range of DC inputs, and high for
neurons whose output firing rates unambiguously differ for
different DC inputs. The two neuron types convey similar
information for large o where the f—I curves are almost invariant
to noise magnitude. For GS neurons, most information is
conveyed about the input rate at low ¢ where the f—I curve
encodes the largest range of firing rates (0 to 30 Hz). The
information encoded by NGS neurons is non-monotonic: at low o
these neurons transmit less information because of their high
thresholds, compressing the range of inputs being encoded.
Information transmission is maximized at ¢ for which the f—I
curve approaches linearity, simultaneously maximizing the range
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of inputs and outputs encoded by the neuron. For both neuron
types, the general trend of decreasing information as ¢ increases is
the result of compressing the range of outputs (10 to 30 Hz).

These two descriptions characterize the different processing
abilities of the two neuron types. GS neurons with their o-
invariant input-output relations of the LN model are better suited
to efficiently encode fast current fluctuations because information
transmission is independent of ¢. However, NGS neurons with
their o-modulatable f—I curves are better at representing a range
of mean inputs, as illustrated by their ability to preserve the range
of input currents in the range of output firing rates.

The ratio of Gn, and Gk is sufficient for modulating a
neuron’s intrinsic computation

To characterize the spectrum of intrinsic properties that might
arise as a result of different maximal conductances, GNa and Gk,
we determined the f—I curves for a range of maximal
conductances in the conductance-based model neurons (Figure 2).
Mease et al. [8] previously classified neurons as spontaneously
active, excitable or silent, and based on the neurons’ LN models
determined gain-scaling ability as a function of the individual Gy,
and Gk for excitable neurons. Models with low Gna/Ggk had
nonlinear input-output relations that did not scale completely with
o, while models with high G,/ Gk had almost identical nonlinear
input-output relations for all ¢ [8]. Therefore, gain scaling ability
increased with increasing ratio, independent of each individual
conductance.

We examined the modulability of f~I curves by ¢ in excitable
model neurons while independently varying Gn, and Gg
(Figure 2). Like gain scaling, the modulability by ¢ also depended
only on the ratio Gna/ Gk, rather than either conductance alone,
with larger modulability observed for smaller ratios. To further
explore the implications of such modulability by ¢, we computed
the mutual information that each model neuron transmits about
mean inputs for a range of ¢ (Figure 2). Neurons with Gn,/Gg > 1
behaved like GS neurons in Figure 1T, while neurons with
GNa/ Gk <1 behaved like NGS neurons.

These results suggest that the ability of single neurons to
represent a distribution of mean input currents by their
distribution of output firing rates can be captured only by
changing the ratio of Gn, and Gg. Therefore, we focused on
studying two neuron types with Gna/Gx in the two extremes of
the conductance range of excitable neurons: GS neurons with

GNa/ Gk =1.5 and NGS neurons with Gna/Gk =0.6.

Population responses of the two neuron types

Upon characterizing single neuron responses of the two neuron
types to fast-varying information via the LN models and to slow-
varying information via the f—I curves, we compared their
population responses to stimuli with fast and slow timescales. A
population of uncoupled neurons of each type was stimulated with
a common slow ramp of input current, and superimposed fast-
varying noise inputs, generated independently for each neuron
(Figure 3A). The population of NGS neurons fired synchronously
with respect to the ramp input and only during the peak of the
ramp (Figure 3B), while the GS neurons were more sensitive to the
background noise and fired asynchronously during the ramp
(Figure 3C) with a firing rate that was continuously modulated by
the ramp input. This suggests that the sensitivity to noise
fluctuations of the GS neurons at the single neuron level allows
them to better encode slower variations in the common signal at
the population level [25-27], in contrast to the NGS population
which only responds to events of large amplitude independent of
the background noise.
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Figure 1. LN models and f-I curves for gain-scaling (GS) and nongain-scaling (NGS) neurons. A. The nonlinearities in the LN model
framework for a GS (red) (Gk = 1000 pS/um? and Gna = 1500 pS/um?) and a NGS (blue) (Gx = 1000 pS/um? and Gy, = 600 pS/um?) neuron simulated
as conductance-based model neurons (Eq. 2). The nonlinearities were computed using Bayes' rule: T((s) = P(spikels)/r = P(s|spike)/ P(s), where r is
the neuron’s mean firing rate and s is the linearly filtered stimulus (see also Eq. 7 in Methods). B. The same nonlinearities as A, in stimulus units scaled
by ¢ (magnitude of stimulus fluctuations). The nonlinearities overlap for GS neurons over a wide range of ¢. C-D. The f-I curves for a NGS (C) and a
GS neuron (D) for different values of ¢. E. The output entropy as a function of the mean (DC) and ¢ (amplitude of fast fluctuations). F. Information

about the output firing rate of the neurons as a function of a.
doi:10.1371/journal.pcbi.1003962.g001

During cortical development, wave-like activity on longer
timescales occurs in the midst of fast-varying random synaptic
fluctuations [13,14,28,29]. Therefore, we compared the popula-
tion responses of GS and NGS neurons to a slow-varying input
(500 ms correlation time constant) common to all neurons with
fast-varying background noise input (1 ms correlation time
constant) independent for all neurons (Figure 3D). The distinction
between the two neuron types is evident in the mean population
responses (peristimulus time histogram, i.e. PSTH). The NGS
population only captured the stimulus peaks (Figure 3E) while the
GS population faithfully captured the temporal fluctuations of the
common signal, aided by each neuron’s temporal jitter caused by
the independent noise fluctuations (Figure 3F). Although not an
exact model of cortical wave development, this comparison
supports the hypothesis that the intrinsic properties of single
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neurons can lead to different information transmission capabilities
of cortical networks at different developmental time points, and
the transition from wave propagation to wave cessation.

Transmission of slow-varying information through the
network

The observed difference between the population responses of
the GS and NGS neurons to the slow-varying stimulus in the
presence of fast background fluctuations (Figure 3D-F) suggested
that the two neuron types differ in their ability to transmit
information at slow timescales. Therefore, we next examined how
the identified single neuron properties affect information trans-
mission across multiple layers in feedforward networks. Networks
consisted of 10 layers of 2000 identical neurons of the two different
types (Figure 4A). The neurons in the first layer receive a common
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input stimulus (red) with rise time of 50 ms were presented to two separate populations of 100 independent conductance-based model neurons with
different gain-scaling properties. B,C. Voltage responses of (B) 100 NGS (Ggx =1000 pS/um? and Gy, =600 pS/um?) and (C) 100 GS neurons
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duration of 10 seconds were also presented to the two neuron populations. E,F. Population response (PSTH) of NGS (E) and GS (F) neurons to the

input in D.
doi:10.1371/journal.pcbi.1003962.g003

temporally fluctuating stimulus with a long correlation time
constant (1 s, see Methods); neurons in deeper layers receive
synaptic input from neurons in the previous layer via conductance-
based synapses. Each neuron in the network also receives a rapidly
varying independent noise input (with a correlation time constant
of 1 ms) to simulate fast-varying synaptic fluctuations. The noise
input here is a rapidly-varying input that sets the statistical context
for the slow-varying information; it does not transmit specific
stimulus information itself. The GS and NGS networks have
strikingly different spiking dynamics (Figure 4B). The GS network
responds with higher mean firing rates in each layer, as would be
expected from the f—I curves characterizing intrinsic neuronal
properties (Figure 1C,D). While the GS neurons have a baseline
firing rate even at zero input current, the NGS neurons only fire
for large input currents, with a threshold dependent on the level of
intrinsic noise; thus, the two neuron types have different firing
rates. To evaluate how the networks transmit fluctuations of the
slow-varying common input signal, independent of the overall
firing rates, we evaluated the averaged population (PSTH)
response of each layer, normalized to have a mean equal to 0
and a variance equal to 1 (Figure 4C).

The first few layers of the GS network robustly propagate the
slow-varying signal as a result of the temporally jittered response
produced by the sensitivity to fast fluctuations at the single neuron
level, consistent with the population response in Figure 3F.
However, due to the effects of these same noise fluctuations, this
population response degrades in deeper layers (Figure 4C, left, see
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also Figure S1 for Gna/Gk =1). In contrast, the NGS network is
insensitive to the fast fluctuations and thresholds the slow-varying
mput at the first layer, as in Figure 3E. Despite the presence of
fast-varying background noise, the NGS network robustly
transmits the large peaks of this stimulus to deeper layers without
distortion (Figure 4C, right).

This difference in the transmission of information through the
two network types is captured in the information between the
population response and the slow-varying stimulus in Figure 4D.
The GS network initially carries more information about the slow-
varying stimulus than the NGS network; however, this information
degrades in deeper layers when virtually all the input structure is
lost, and drops below the NGS network beyond layer four
(Figure 4D, bottom). While the information carried by the NGS
network is initially lower than the GS network (due to signal
thresholding), this information is preserved across layers and
eventually exceeds the GS information.

The observed differences in the propagation of slow-varying
mnputs between the two network types resemble changes in wave
propagation during development. While spontaneous waves cross
cortex In stereotyped activity events that simultaneously activate
large populations of neurons at birth, these waves disappear after
the first postnatal week [13,16]. We have demonstrated that
immature neurons lacking the gain-scaling ability can indeed
propagate slow-varying wave-like input of large amplitude as
population activity across many layers. As these same neurons
acquire the ability to locally scale the gain of their inputs and
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Figure 4. Information transmission through GS and NGS networks. A. Feedforward network with a slowly modulated time-varying input
(magenta) presented to all neurons in the first layer, each neuron receiving in addition an independent noisy signal (black). B. Spike rasters for GS
neurons (Gx = 1000 pS/um? and Gy, = 1500 pS/um?) show the rapid signal degradation in deeper layers, while NGS neurons (Gx = 1000 pS/um? and
Gna =600 pS/um?) exhibit reliable signal transmission of large-amplitude events. The spiking responses synchronize in deeper layers. C. PSTHs from
each layer in the two networks showing the propagation of a slow-varying input in the presence of background fast fluctuations. PSTHs were
normalized to mean 0 and variance 1 to illustrate fluctuations (in spite of different firing rates) so that the dashed lines next to each PSTH denote 0
and the scalebar 2 normalized units. D. Information about the slow stimulus fluctuations conveyed by the population mean responses shown in C.

doi:10.1371/journal.pcbi.1003962.9004

efficiently encode fast fluctuations, they lose the ability to
propagate large amplitude events at the population level,
consistent with the disappearance of waves in the second postnatal
week [13]. While many parameters regulate the propagation of
waves [14,29], our network models demonstrate that varying the
intrinsic properties of single neurons can capture substantial
differences in the ability of networks to propagate slow-varying
information. Thus, changes in single neuron properties can
contribute to both spontaneous wave generation and propagation
early in development and the waves’ disappearance later in
development.

Dynamics of signal propagation

The layer-by-layer propagation of a slow-varying signal through
the population responses of the two networks can be qualitatively
predicted using a mean field approach that bridges descriptions of
single neuron and network properties. Since network dynamics
varies on faster timescales than the correlation timescale of the
slow-varying signal, the propagation of a slow-varying signal can
be studied by considering how a range of mean inputs propagate
through each network. The intrinsic response of the neuron to a
mean (DC) current input is quantified by the f—I curve which
averages over the details of the fast background fluctuations; yet,
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the magnitude of background noise, ¢, can change the shape and
gain of this curve [20,21]. Thus, for a given neuron type, there is a
different f—I curve depending on the level of noise o, F,
(Figure 1C,D). One can approximate the mean current input to a
neuron in a given layer L>1, {Ir(#)), from the firing rate in the
previous layer Ry_; through a linear input-output relationship,
with a slope o dependent on network properties (connection
probability and synaptic strength, see Eq. 15). Given the estimated
mean input current for a given neuron in layer L, <{I;(#)), the
resulting firing rate of layer L, Ry, can then be computed by
evaluating the appropriate f—I curve, F;, which characterizes the
neuron’s intrinsic computation

R =Fo(1(1))) = Fo (xR —1). (1)

Thus, these two curves serve as an iterated map whereby an
estimate of the firing rate in the Lth layer, Ry, is converted into a
mean input current to the next layer, {I;11(¢)), which can be
further converted into Ry, propagating mean activity across
multiple layers in the network (Figures 5, 6). While for neurons in
the first layer, the selected f—I curve is the one corresponding to
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the level of intrinsic noise injected into the first layer, o, for
neurons in deeper layers, the choice of f—I curve depends not only
on the magnitude of the independent noise fluctuations injected
into each neuron, but also on the fluctuations arising from the
input from the previous layer (see Eq. 16 in Methods). The
behavior of this iterated map is shaped by its fixed points, the
points of intersection of the f—I curve F, with the input-output
line {I(#))=0oR, which organize the way in which signals are
propagated from layer to layer. The number, location and stability
of these fixed points depend on the curvature of F; and on «
(Figure 5). When the slope of F; at the fixed point is less than 1/¢,
the fixed point is stable. This implies that the entire range of initial
DC inputs (into layer 1) will tend to iterate toward the value at the
fixed point as the mean current is propagated through down-
stream layers in the network (Figure 5, left). Therefore, all
downstream layers will converge to the same population firing
rate that corresponds to the fixed point. In the interesting case that
F,; becomes tangent to the linear input-output relation, i.e. the f~I
curve has a slope equal to 1/, the map exhibits a line attractor:
there appears an entire line of stable fixed points (Figure 5,
middle). This ensures the robust propagation of many input
currents and population rates across the network. Interestingly, the
f—I curves of the GS and NGS neurons for different values of o
fall into one of the regimes illustrated in Figure 5: GS neurons with
their o-invariant f—/ curves have a single stable fixed point
(Figure 5, left), while the NGS neurons have line attractors with
exact details depending on ¢ (Figure 5, middle and right). The
mechanics of generating a line attractor have been most
extensively explored in the context of oculomotor control (where
persistent activity has been interpreted as a short-term memory of
eye position that keeps the eyes still between saccades) and decision
making in primates (where persistent neural activity has been
interpreted as the basis of working memory) [30].

Indeed, Figure 6A,B shows that the f—I curves for GS neurons
at two values of ¢, one low and one high, are very similar. The
mean field analysis predicts that all initial DC inputs applied to
layer 1 will converge to the same stable fixed point during
propagation to downstream layers. Numerical simulations corrob-
orate these predictions (Figure 6A,B, bottom). A combination of
single neuron and network properties determine the steady state
firing rate through o (Eq. 15). Activity in the GS networks can
propagate from one layer onto the next with relatively weak
synaptic strength even when the networks are sparsely connected
(5% connection probability), as a result of the low thresholds of
these neurons (Figure 1D). The specific synaptic strength in
Figure 6A,B was chosen arbitrarily so that the f—/ curve intersects
the input-output line with slope «, but choosing different synaptic
strength produces qualitatively similar network behavior (Figure
S2). The parameter o can be modulated by changing either the
connectivity probability or the synaptic strength in the network; as
long as their product is preserved, o remains constant and the
resulting network dynamics does not change (Figure S2).
Furthermore, as a result of the lack of modulability of GS f—I
curves by ¢ (Figure 1D), the network dynamics remains largely
invariant to the amplitude of background noise.

In contrast, the amplitude of background noise fluctuations, o,
has a much larger impact on the shape of NGS f—I curves
(Figure 1C) and on the resulting network dynamics (Figure 5).
When the combination of sparse connection probability and weak
synaptic strength leads to the slope 1/ being too steep (weak
connectivity in GS networks, Figure 6A,B), there may be no
point of intersection with the NGS f—I curves: all DC inputs
are mapped below threshold and activity does not propagate
to downstream layers. Keeping the same sparse connection
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Figure 5. Fixed points of the iterated map dynamics. Top: An
illustration of three f-I curves (colors) and the corresponding linear
input-output relation (black dashed) with slope 1/a derived from the
mean field. Bottom left: The dynamics has a single stable fixed point
and all input currents are attracted to it (indicated by small arrows
converging to the fixed point). This corresponds to f-I curves of GS
neurons at all values of ¢. Middle: The dynamics has a line of stable
fixed points that allow robust transmission of a large range of input
currents in the network. NGS neurons with high values of ¢ have such
dynamics. Right: The stable line of fixed points is smaller for f-I curves
that are more "thresholding,” corresponding to NGS neurons with low

ag.
doi:10.1371/journal.pcbi.1003962.g005

probability of 5% and increasing synaptic strength enables the
propagation of neuronal activity initiated in the first layer to
subsequent layers in NGS networks. For a particular value of o,
there is an entire line of stable fixed points in the network
dynamics (Figure 5, middle), so that a large range of input currents
are robustly transmitted through the network. More commonly,
however, the map has three fixed points: stable fixed points at a
high value and at zero, and an intermediate unstable fixed point
(Figure 6C,D). In this case, mean field theory predicts that DC
inputs above the unstable fixed point should flow toward the high
value, while inputs below it should iterate toward zero, causing the
network to stop firing. However, the map still behaves as though
the f—I curve and the input-output transformation are effectively
tangent to one another over a wide range of input rates (green box
in Figure 6C,D), creating an effective line of fixed points for which
a large range of DC inputs is stably propagated through the
network; this is generically true for a wide range of noise values,
although the exact region of stable propagation depends on the
value of ¢ (Figure 5, middle and right, Figure S3). The best input
signal transmission is observed when the network noise selects the
most linear f—I curve that simultaneously maximizes the range of
DC inputs and population firing rates of the neurons (Figure 5,
middle). This is approximately the noise value selected in
Figure 6C,D. We call this a stable region of propagation for the
network since a large range of mean DC inputs can be propagated
across the network layers so that the population firing rates at each
layer remain distinct. Our results resemble those of van Rossum
et al. [31] where regimes of stable signal propagation were
observed in networks of integrate-and-fire neurons by varying the
DC input and an additional background noise. The best regime
for stable signal propagation occurred for additive noise that was
large enough to ensure that the population of neurons indepen-
dently estimated the stimulus, as in our NGS networks (Figure 5,
middle and right, Figure S3).
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Figure 6. Firing rate propagation through networks of gain-scaling and nongain-scaling neurons. A,B. Top: The f-I curves (green) for
GS neurons (Gg = 1000 pS/um2 and G, = 1500 pS/umZ) at two levels of noise, =25 pA (low noise) and ¢ =50 pA (high noise). The linear input-
output relationships from the mean field (black) predict how the mean output firing rate of a given network layer can be derived from the mean
input current into the first layer with the standard deviation of the prediction shown in gray. Dashed arrows show the iterated map dynamics
transforming different mean input currents into a single output firing rate determined by the stable fixed point (green star). Bottom: The network
mean firing rates for a range of mean input currents (to layer 1) as a function of layer number, with a clear convergence to the fixed point by layer 5.
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The results from numerical simulations over 10 second-long trials are shown as full lines (mean + ¢ from 2000 neurons in each layer) and mean field
predictions are shown in dashed lines with a shaded background in the same color (for each different input) illustrating the standard deviation of the
prediction. Other network parameters: connection probability ¢ =5%, synaptic strength g, =0.016 and range of mean input currents 0-22 pA. C,D.
Same as A,B but for NGS neurons (Gx = 1000 pS/um? and Gy, =600 pS/um?) with stronger synaptic strength gyn=0.1 and range of mean input
currents 0-70 pA. The network dynamics show a region of stable firing rate propagation (green box) where the f-I curve behaves like it is tangent to
the input-output line for a large range of mean input currents (to layer 1). The size of the region increases with noise (until ¢ =50 pA). Bottom panels
show the transmission of a range of input firing rates across different layers in the network. The arrow denotes a case where the firing rate first
decreases towards 0 and then stabilizes. E,F. Same synaptic strength as C,D but for GS neurons (Gx = 1000 pS/um? and G, = 1500 pS/um?). Bottom
panels show the convergence of firing rates to a single fixed point similar to the weakly connected GS network in A,B. As for the NGS networks in C,D,
the mean field analysis predicts convergence to a slightly higher firing rate than the numerical simulations.

doi:10.1371/journal.pcbi.1003962.9006

The emergence of extended regions of stable rate propagation
implies that the NGS mean field predictions (Figure 6C,D,
bottom) are less accurate than for the GS networks where the
convergence to the stable fixed points is exact (Figure 6A,B).
However, the NGS mean field predictions show qualitative
agreement with the simulation results, in particular in the initial
network layers where the approach to the nonzero stable fixed
point is much slower than in the GS networks, i.e. occurs over a
larger number of layers. Along with the slow convergence of firing
rates toward a single population firing rate, the ability of network
noise to modulate the NGS f—I curves suggests that multiple f—J
curves can be used to predict network dynamics by combining
added and intrinsically generated noise (see Eq. 16). As a result, for
some input currents (e.g. arrow in Figure 6C) the firing rate goes
down in the first three layers where network dynamics predicts
convergence to the zero stable fixed point. The initial decrease of
firing rate is due to the disappearance of weak synaptic inputs that
cannot trigger the cells to spike. Network noise then selects a
different f—I curve that shifts the dynamics into the rate
stabilization region (Figure 6C, green box) where firing rates are
stably propagated. The onset of synchronous firing of the neuronal
population in each layer also contributes to rate stabilization.
Population firing rates in deeper layers increase to a saturating
value lower than the mean field predicted value. Similar results
have been observed experimentally [32] and in networks of
Hodgkin-Huxley neurons [33]. We find similar network dynamics
for a more weakly connected NGS network using the smallest
possible synaptic strength that allows activity to propagate through
the network (Figure S2). As for the GS networks, as long as the
product of connection probability and synaptic strength is
constant, the slope of the input-output linear relationship 1/a,
and the network dynamics remain unchanged, even if these
network parameters change individually (Figure S2).

An exception to this result is observed at very sparse
connectivity (<2%), where network behavior is more similar to
the GS networks (Figure S2, bottom right). At this sparse
connectivity, independent noise reduces the common mput across
different neurons and synchrony is less pronounced. This argues
that the emergence of synchrony plays a fundamental role in
achieving reliable propagation of a range of DC inputs (and
correspondingly population firing rates) in the NGS networks.
Although experimental measurements of the connectivity proba-
bility in developing cortical networks are lacking, calcium imaging
of single neurons demonstrates that activity across many neurons
during wave propagation is synchronous [34]. Intracellular
recordings of adult cultured cortical networks also demonstrate
that synchronous neuronal firing activity is transmitted in multiple
layers [32].

To examine network behavior for comparable connectivity
strength, we repeated the network simulations and mean field
predictions of mean DC input propagation in GS networks with
the same increased synaptic strength needed for propagation of
activity in the NGS networks. We found that the behavior was
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similar to the weakly connected GS network: Regardless of the
mnitial input current, the network output converged to a single
output firing rate by layer 5 (Figure 6E,F), making these networks
incapable of robustly propagating slow-varying signals without
distortion. As for the strongly connected NGS networks, neurons
across the different layers in these strongly connected GS networks
developed synchronous firing. This synchrony led to a small
difference (several Hz) between the final firing rate approached by
each network compared with the firing rate predicted from the
mean field analysis. Although both the strongly connected GS and
NGS networks developed synchronous firing, the behavior of the
two types of networks remained different (Figure 6).

The results in this section indicate that firing rate transmission
depends on the details of single neuron properties, including their
sensitivity to fast fluctuations as characterized by the LN models
(Figure 1A,B). Firing rate transmission also depends on the
modulability of the f—I curves by the noise amplitude o
(Figure 1C,D). Because of these differences in intrinsic computa-
tion, the GS and NGS networks show distinct patterns of
information transmission (Figure 5): firing rate convergence to a
unique fixed point, or a line of fixed points ensuring stable
propagation of firing rates which can be reliably distinguished at
the output, respectively. In the latter case, even when a line of
fixed point is not precisely realized as in Figure 5 (middle),
competition between the slow convergence of firing rates to the
mean field fixed point and the emergence of synchrony enable the
propagation of firing rates through the different network layers,
aided by the range of f—I curves sampled by network noise with
amplitude o.

Implications of single unit computational properties for
information transmission

Given the predicted signal propagation dynamics, we now
directly compute the mutual information between the mean DC
input injected into layer 1 and the population firing rates at a given
layer for each magnitude of the independent noise ¢ (Figure 7).
This measures how distinguishable network firing rate outputs at
each layer are for different initial mean inputs. The convergence of
population firing rates across layers to a single value in the GS
networks leads to a drop in information towards zero for both the
weakly (Figure 6A,B) and strongly connected GS networks
(Figure 6LE,F) as a function of layer number and for a wide range
of network noise ¢ (Figure 7A,C). NGS networks can transmit a
range of mean DC inputs without distortion (Figure 6C,D); thus,
the information between input DC and population firing rate
remains relatively constant in subsequent layers (Figure 7B). The
information slightly increases in deeper layers due to the
emergence of synchronization, which locks the network output
into a specific distribution of population firing rates. As noise
amplitude increases, the selected f—I curve becomes tangent to the
linear input-output relationship over a larger range of input firing
rates (Figure 6C,D); hence, a larger range of inputs is stably
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transmitted across network layers. Counterintuitively, this suggests
that increasing noise in the NGS networks can serve to increase
the information such networks carry about a distribution of mean
inputs.

Origins of firing rate modulability by noise magnitude

The differential ability of GS and NGS networks to reliably
propagate mean input signals is predicted by the modulability of
the f—I curves by the network noise ¢. To understand the
dynamical origins of this difference, we analytically reduced the
neuron model (Eq. 2) to a system of two first order differential
equations describing the dynamics of the membrane potential V'
and an auxiliary slower-varying potential variable U (Methods)
[35]. We analyzed the dynamics in the phase plane by plotting U
vs. V. The nullclines, curves along which the change in either U
or V' is 0, organize the flows of U and V (Figure 8); these lines
intersect at the fixed points of the neuron’s dynamics. We studied
the fixed points at different ratios of Gn, and Gk, with a particular
focus on the values discussed above (GNa/Gkx=1.5 and
GNa/Gx =0.6). These exhibit substantial differences in the type
and stability of the fixed points, as well as the emergent
bifurcations where the fixed points change stability as one varies
the mean DC input current into the neuron (Figure 8).

For a large range of DC inputs, the NGS neuron
(GNa/Gk =0.6) has a single stable fixed point (either a node or
a focus) (Figure 8A). In this case, the only perturbation that can
trigger the system to fire an action potential is a large-amplitude
noise current fluctuation. The ¢ of the current then determines the
number of action potentials that will be fired in a given trial and
strongly modulates the firing rate of the neuron. We show two
trajectories at 6 =25 pA and 50 pA and at two different DC values
of 0 and 30 pA (Figure 8A), at which the f—I curves are strongly
noise-modulated (Figure 1C). As the DC increases beyond 62 pA,
the fixed point becomes unstable and a stable limit cycle emerges
(not shown). In this case, any ¢ will move the trajectories into the
stable limit cycle and the neuron will continuously generate action
potentials, with a firing rate independent of ¢. Indeed, Figure 1C
shows that the f=I curves become less effectively modulated by o
for DC values greater than 62 pA.

As the conductance ratio Gn,/Gk increases, the range of DC
values for which the system has a single fixed point decreases

(Figure 8B). Indeed, the GS neuron (Gna/Ggk =1.5) has a stable

>

GS, weak connectivity B

NGS, strong connectivity C
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limit cycle for the majority of DC values (Figure 8C). This implies
that GS neurons are reliably driven to fire action potentials for any
¢ and their firing rate is not very sensitive to ¢. For low DC values,
the stable limit cycle coexists with a stable fixed point, so in this
case ¢ of the noise can modulate the firing rate more effectively, as
is seen in Figure 1D.

This analysis highlights the origins for the differential modula-
bility of firing rate in NGS and GS neurons. Although the model
reduction sacrifices some of the accuracy of the original model, it
retains the essential features of action potential generation: the
sudden rise of the action potential which turns on a positive inward
sodium current, and its termination by a slower decrease in
membrane potential which shuts off the sodium current and
initiates a positive outward potassium current hyperpolarizing the
cell. Although simpler neuron models (e.g. binary and integrate-
and-fire [36-38]) allow simple changes in firing thresholds, the
dynamical features inherent in the conductance-based neurons
studied here are needed to capture noise-dependent modulation.

Discussion

The adult brain exhibits a diversity of cell types with a range of
biophysical properties. Organized into intricate circuits, these cell
types contribute to network computation, but the role of intrinsic
properties is unclear. Recently, we have shown that during early
development, single cortical neurons acquire the ability to
represent fast-fluctuating inputs despite variability in input
amplitudes by scaling the gain of their responses relative to the
scale of the inputs they encounter [8]. Before these intrinsic
properties shift, the developing cortex generates and propagates
spontaneous waves of large-scale activity [13,22,39,40], which
regulate developmental changes in ion channel expression,
synaptic growth and synaptic refinement processes [29,41,42].
How do experimentally observed biophysical properties affect
ongoing network dynamics at this time? Using model neurons with
conductance properties chosen to reproduce this developmental
change in gain scaling, we investigated the implications of this
change on the ability of feedforward networks to robustly transmit
slow-varying wave-like signals. The conductance-based models
that we considered are not intended as an exact biophysical model
for developing cortical neurons; rather they allow us to study the
more fundamental question of the role of single neuron

GS, strong connectivity
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Figure 7. Mutual information about the mean stimulus transmitted by GS and NGS networks. The mutual information as function of
layer number for A. weakly connected GS (Gx = 1000 pS/um? and Gy, = 1500 pS/um?), B. strongly connected NGS (Gx = 1000 pS/um? and Gy, =600
pS/um?) and C. strongly connected GS networks (Gx = 1000 pS/um? and G, = 1500 pS/um?) as shown in Figure 6 for different noise levels indicated
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doi:10.1371/journal.pcbi.1003962.9g008

computation on network behavior in a case with a well-defined
and physiologically relevant network level property.

We add to previous studies by considering first, the fidelity of
propagation of temporally varying patterns by biophysically
realistic neurons, basing our work in a biological context where
the brain naturally enters a state of wave propagation. Second, our
work highlights a role of cellular processes in large-scale network
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behavior that has rarely been studied. Our results implicate
intrinsic conductance change as a way to switch between global
synchronization and local responsiveness, rather than synaptic
plasticity, which is typically used to evoke such a global network
change [17]. Related changes in excitability that accompany the
cessation of spontaneous activity have been observed in the mouse
embryonic hindbrain, where they have been ascribed to
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hyperpolarization of resting membrane potential and increased
resting conductance of K™ channels [43]. Finally, we analyze
network information transmission on two different timescales (local
fluctuations and network-wide wave-like events) and thereby
generalize previous classification of feedforward network propa-
gation into either synchrony-based coding [32,44], and rate-based
coding [31,45].

We use two different descriptions of neuronal properties to
characterize the neuron’s ability to propagate information at these
different time- and lengthscales. The processing of fast input
fluctuations can be characterized using LN models [8,46-48].
While single neuron properties affect the linear feature [46,48,49],
here we focus on the scaling of the nonlinearity in the LN model to
stimuli of different amplitudes. Information about slowly modu-
lated input is described using noise-modulated f—I curves
[20,21,50]. This ability of developing neurons to transmit distinct
information at two different timescales is an example of a
temporally multiplexed code [3,51-53]. Here, GS neurons perform
temporal multiplexing as they simultaneously convey distinct
information about fast and slow fluctuations, reliably encoding
slowly varying stimuli, albeit only for a few network layers. The
NGS neurons also implement a multiplexed code because of their
dual role to transmit firing rates while maintaining synchrony.

The above characterizations predict the success of global
information propagation across multiple network layers [49,50].
In integrate-and-fire network models with a fixed f—I curve,
different network dynamics has been achieved by varying
connectivity probability and synaptic strength [31,45,54,55]. Here,
in addition we considered the modulation of the f—I curves by the
combined effects of injected independent noise and measured
correlated noise from network interactions, permitting a descrip-
tion of network responses dependent on the input statistics,
intrinsic  single neuron properties and network connectivity
(Figure 6). The role of o-modulated f—I curves has also been
fundamental in understanding how intrinsic neuron properties
affect correlation transfer and encoding of rate- and synchrony-
based signals in reduced networks of two neurons stimulated with
a common input signal and independent noise [48,49,52,53,56].
We expect that generalizations of these methods will enable
improved theoretical predictions for firing rate and correlation
transfer beyond mean field, by computing the effects of temporal
correlations such as we observe.

Firing rate transmission in our NGS networks co-occurs with
the development of precise spike-time synchronization over a wide
range of stimulus statistics and network connectivity (Figure 6).
This synchronization might be a feature of biologically inspired
networks because similar patterns were reported in experimentally
simulated feedforward networks i wvitro [32] and Hodgkin-
Huxley-based simulations [33], but not in networks of threshold
binary neurons [36,57], nor integrate-and-fire neurons [55].
Several manipulations to single neuron or network properties
might reduce this synchrony. These include: introducing sparse
connectivity with strong synapses [17,37], increasing independent
noise input [31,36], or embedding the feedforward into recurrent
networks with inhibition to generate asynchronous background
activity [37,38,55,58]; but these typically result in signal degrada-
tion or implausible assumptions in our models. We did not find a
regime supporting reliable asynchronous rate propagation, con-
sistent with other studies [32,33,36,44].

We identified the biophysical basis of the single-unit properties
that underlies our results. The change in gain scaling is
accompanied by a difference in the distance from rest to threshold
membrane potential [8]: GS neurons have a smaller distance to
threshold and are more likely to fire driven by noise fluctuations,
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while NGS neurons have a larger distance to threshold and must
integrate many coincident inputs to fire. Indeed, a change in
spiking threshold in simpler model neurons has been shown to
modulate the mode of signal transmission in a feedforward
network [36,59,60]. However, our mean-field and phase-plane
dynamical analyses together show that threshold is not the only
factor at work: the nature of rate propagation is intimately
connected with the bifurcation properties of the neuron model.
While we focused on two representative contrasting cases, these
properties vary systematically with the conductance ratio of the
neuron and we have mapped out the spectrum of possible
behaviors of this model.

The robustness of information propagation across network
layers is likely to have important implications for how develop-
mental information contained in wave propagation patterns is
transmitted across the cortex. We have previously shown that
cortical waves are initiated in a pacemaker circuit contained within
the piriform cortex [12-14], which is likely to provide the strong
input necessary to drive NGS neurons. The waves propagate
dorsally across the neocortex so that throughout the developmen-
tal period of wave generation, the neocortex acts as a follower
region in the sequence of wave propagation. The reliability with
which firing patterns of piriform neurons are retained as waves
propagate into the neocortex will determine the nature of
developmental information that the neocortex receives from those
waves during its development. As gain scaling develops, more
mature neurons can support efficient coding of local fluctuations
and discard information about network-wide events. Therefore,
the alteration of a single developmentally regulated conductance
parameter can shift cortical neurons from synchrony-based
encoders of slow inputs to noise-sensitive units that respond with
high fidelity to local fluctuations independent of the overall scale.
The growing sensitivity to noise of cortical neurons in the first
postnatal week might help to prevent large-scale wave activity
from dominating adult neural circuits, thus discouraging epilep-
tiform patterns of network activity. At the same time, the
emergence of gain scaling supports a transition to a state in which
cortical circuits, rather than participating in network-wide events,
can respond optimally to appropriately scaled local information,
breaking up the cortical sheet into smaller information-processing
units.

The mature cortex is also capable of generating spontaneous
activity that propagates over large distances in the absence of
sensory stimulation [61-63]. Such wave activity is postulated to be
involved in short-term memory and the consolidation of recent
transient sensory experience into long-lasting cortical modifica-
tions. For example, recent in vivo experiments proposed that
synaptic plasticity is enforced by slow waves that occur during
sleep [64, 65]. Spontaneous propagation activity patterns emerge
from the interplay of intrinsic cellular conductances and local
circuit properties [63]; our results raise the possibility that
modulation of intrinsic properties through slow Na* inactivation
or neuromodulation could have multiple short-term effects on
cortical information processing.

While we have examined the effect of gain scaling as a specific
form of adaptation emerging during development, other adapta-
tion mechanisms also likely play an important role in information
transmission in feedforward networks. For instance, spike
frequency adaptation has been shown to have effects that
accumulate across multiple layers of feed-forward networks [31].
This widely observed form of adaptation can arise from calcium-
dependent potassium conductances which generate AHPs
[21,66,67]. Indeed, we and others have found that AHP-
generating conductances can also support gain scaling behavior
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by single neurons [9,68]. Independent of AHP conductances, slow
sodium channel inactivation can also contribute to spike frequency
adaptation [69,70]. Incorporating such slow-timescale channel
dynamics will require taking into account temporal aspects of the
coding of mean (or variance) [71] that are presently ignored in our
mean-field analysis based on modulated f—I curves. These slow
dynamics may contribute to successive layers of filtering that affect
information transmission [10]. An analytical characterization of
the impact of slow neuronal dynamics on networks is likely to
require novel theoretical approaches beyond those used here.

Similarly, other factors beyond the specific changing intrinsic
neuronal properties addressed here contribute to the generation of
spontaneous cortical waves with complex spatio-temporal proper-
ties. During the same developmental time period, the cortex
undergoes substantial changes in information processing capacity
that are beyond the scope of the present study [72—74]. Activity-
dependent modification of synaptic connections driven by
developmental cues contained in spontaneous wave patterns are
likely to refine cortical networks into their mature state
[14,16,39,42,73]. Furthermore, the emergence of synaptic inhibi-
tion as GABA becomes more hyperpolarizing contributes to
diminishing the wave-like activity generated by the immature
excitatory network [14,73]. Thus, synaptic plasticity and intrinsic
neuronal properties interact to modulate the emergence, propa-
gation and the eventual disappearance of spontaneous waves in
the developing cortex, and also to endow spatially-distinct regions
at different time points with different information processing
capabilities.

Materials and Methods

Single neuronal models

We studied a modified version of a Hodgkin-Huxley style model
adapted by Mainen et al. [75] for spike initiation in neocortical
pyramidal neurons. The model consists of a leak current,
mammalian voltage-gated transient sodium and delayed-rectified
potassium currents with maximal conductances G, Gn, and Gk,
and reversal potentials Ep=—70 mV, En,=50 mV and
Ex=—-—77mV:

ar _
dr —
1)/ A— GL(V — EL) — gna h(V — Ena) — gxn(V — Ex)

C
)

where C=1 uF/cm? is the specific membrane capacitance and
1(2) is the input current with 4 denoting the area of the membrane
patch with radius of 30 um. The leak conductance was set to
GL=0.25 pS/um? such that the membrane time constant at the
resting potential was 40 ms (any values between 25 and 50 ms
were consistent with experimental data) [8]. The active conduc-
tances can be expressed via the gating variables m, h and n such
that  gn,(£)=Gna>(Dh(t) and gg(t)= Ggn(t). We used
Gx =1000 pS/um® and Gn,=1500 pS/um® for the maximal
conductances of the GS neurons, so that their ratio was
Gna/Gk =1.5; and Gg =1000 pS/um” and G, =600 pS/um?
for the maximal conductances of the NGS neurons, so that their
ratio was GNa/Gk =0.6. We also studied a larger range of
these maximal conductances in Figure 2. The gating variables
have the following kinetics: t.(V)dz/dt=z,, —z with ©.(V)=
1/(o-(V)+ B.(V)) where z can be m, n or h, and:
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oY)
(V)= 4 B ®)
1
hy (V) —— 4
(] i
. (V)
n ()= D+ B ©)

The rate coeflicients, a.(V) and f.(V) are of the form
A (V—=TVa) —Ap (V=V)

1—6Xp<—%) 1—6Xp<— V;{ZVA_.>
and the kinematic parameters are provided in Table 1.

The equations were numerically solved using a first-order Euler
method with an integration time step of df=0.01 ms. We used a

threshold of —20 mV to detect spikes, although our results did not
depend on the exact value of this parameter.

o (V)= and f.(V)=

Fitting linear-nonlinear models

For spike-triggered characterization we injected Gaussian noise
current, 1(¢), with mean, u=0, and standard deviation, g, to elicit
spike trains in ten 1000-second long trials. All input current traces
were realizations of the Ornstein-Uhlenbeck process [76]
expressed as:

I(t)= p+a&(1), (6)

where £(¢) has unit variance and correlation time of 1 ms to match
experimental conditions [8].

Intrinsic computation in these neuron types was previously
characterized in experiments and model neurons [8] using a one-
dimensional Linear-Nonlinear (LN) cascade model of output spike
times to the input Gaussian current stimulus with standard
deviation ¢ [23]. The first component of the LN model is a feature
which linearly filters the stimulus producing the amplitude of the
feature present in the input; the second component is a nonlinear
function which gives the instantaneous firing rate for each value of
the filtered stimulus. We take the feature to be the spike-triggered
average (STA) [18,24], and obtain the expression for the nonlinear
response function from Bayes’ law:

T'(s)= P(spikels)/r= P(s|spike)/ P(s) (7)

where r is the mean firing rates for fixed input mean and standard
deviation @, P(s) is the prior distribution which is a Gaussian with
mean zero and variance o, P(s|spike) is the spike-triggered
stimulus distribution obtained from the histogram of filtered
stimulus values when the spikes occur.

We refer to the neurons with Gn,/ Gk = 1.5 ratio equal to 1.5 as
gain-scaling, because scaling the stimulus by ¢ produces a
nonlinearity in the LN model that is independent of o, i.e.
T(s/o1)=T(s/a>) for inputs with two different standard devia-
tions g1 and 07 (mean fixed to zero in Figure 1A,B, red) [8]. The
neurons with Gna/Gk ratio equal to 0.6 are termed nongain-
scaling, because nonlinearities in the LN model vary with different
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values of the standard deviation when the stimulus is scaled by ¢
(Figure 1A,B, blue). The gain-scaling properties of single neurons
hold for all Gn,/Gx =1 [8].

Network dynamics

We considered a feedforward network architecture with L
layers, each layer consisting of N neurons (Figure 4A). We
considered networks of N =2000 neurons (the results remain the
same as long as N >1000). A common temporally fluctuating
input current was injected to all neurons in the first layer. The
common input was generated using

1Hz

Iy(n= Z cos 2rwt+4¢,,)

w=1/2T

(8)

where ¢,, is a random phase in [0,27], and T is the total length of
the stimulus. The exact properties of this stimulus (size of the
window T, the cutoff frequency of 1 Hz) were not important, as
long as the correlation timescale of this stimulus was much longer
than the correlation timescale of the fast fluctuations (1 ms)
independently injected into each neuron.

Instead of Ip(#), neurons in deeper layers (beyond the first)
received synaptic input from neurons in the previous layer via
conductance-based synapses. In contrast to current-based synap-
ses, conductance-based synapses have been shown to support the
stable propagation of synfire chains [38] and a larger range of
firing rates [37]. The synaptic input current into a neuron in layer
J in the network (which receives inputs from a subset of neurons in
the previous layers) is given by

Isyn(t) = u(t) (Eex - V(t)) (9)

where Eex =0 mV is the excitatory reversal potential and V(¥) is
the membrane potential of the neuron. The synaptic conductance
u(?) is a continuous variable which increases with the spike times of
each input #; by the excitatory postsynaptic potential (EPSP)
We used
exponentially decaying EPSPs with a time constant Tgn =35 ms.
Then we can write the synaptic conductance as

scaled by the corresponding synaptic strength g

syn*

©
k
=Y | oomte-nar (10)
keJ 0
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Table 1. Kinetic parameters of the biophysical model.
variable equation A, [1073] V, [mV] K, [mV]
m S 182 -35 9

B 124 -35 9
h %, 24 -50 5

By 9.1 -75 5

hey - —65 6.2
n %, 20 20 9

By 2 20 9
doi:10.1371/journal.pcbi.1003962.t001

where xx(f)= )", 0(t—1) is the delta spike train of the k-th
neuron in the previous layer with spikes at times # and
a(r)=1/tgne ™" /tsn when >0 is the EPSP. J denotes a random
subset of the 2000 neurons in the previous layer providing synaptic
input into the given neuron.

There were no recurrent connections among the neurons. Each
neuron in the network also received an independent noise input
with mean 0 and standard deviation ¢ that fluctuates on a
timescale significantly shorter than the timescale of the common
input to represent random synaptic input that cortical networks
experience during early development [28]. In all models, the noise
stimulus added to each neuron was independent from the mean
stimulus and correlated with a correlation time of 1 ms. Note that
for the mean field analysis (see below), simulations were performed
with a constant mean u (Figure 6), rather than the time-dependent
Iy(?) (Equation 8). The range of stimulus standard deviations ¢ was
chosen to produce firing rates larger than 3 Hz and such that
voltages were not hyperpolarized below —120 mV to match the
corresponding experiments [8].

Mean field analysis

Given an input current (#), the output firing rate can be
expressed by the o-dependent f—I curve: Ry =F,(I(f)). We
computed the f~1 curves for the GS and NGS neurons for a range
of mean inputs u and fluctuation amplitudes ¢ (Figure 1C,D) from
100 second long simulations. The mean current ranged from 0 to
120 pA in steps of 2.5 pA and the standard deviation from 5 to 150
PA in steps of 2.5 pA.

The mean field analysis was used to predict firing rate
transmission across the network (Figure 6). Given the synaptic
current into a neuron in layer j in the network (which receives
inputs from a subset of neurons in the previous layers connected
with weights of strengths gg%), the average synaptic current
received by a neuron in one layer from a subset (or all) of neurons
in the previous layer can be written as:

<Isyn(l)> = <”(t)(Eex - V(Z))> (1 1)

where the angle brackets denote average over time. In the limit
that u(¢) and V'(¢) are uncorrelated, then

ayn(0)) = Cu(0)) (Eex — V(1)) (12)
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The average synaptic conductance can be written as

oy~ ¢8RO

keJ

(13)

where R® is the average firing rate of neuron k. We let ¢ denote
the connection probability between neurons in two consecutive
layers; therefore, the subset J has approximately ey =N Xe€
neurons. We examined connectivity probability ranging between
0.5%, 5% and 10% while keeping the product of the connectivity
probability ¢ and synaptic strength g, fixed, and observed no
differences in how effectively firing rates were propagated across
different layers in the network (Figure S2). The main results use
€=5%. For the two network types, we chose synaptic strength
sufficiently strong to allow for activity to be maintained in each
network. For the NGS network we used gy, =0.1, while for the
GS network we explored in addition weaker synaptic strength of
Zoyn=0.016; although the exact values used were not too
important as long as the iterated map dynamics predicting the
mean firing rates across the network had the same structure (for
example, number of fixed points) (Figure S2). Since all synapses in
our network are identical to gy, we can approximate

> ket g(sl& =€NZeyn; similarly, all the neurons in a given layer are

identical so R® =R. Then the average synaptic current into a
neuron in a given layer can be approximated as

<Isyn([)>z€Ngsyn R(Eex7<V([)>)' (14)

From the f—I relationship, the firing rate Ry, in layer L can be
expressed as a function of the firing rate of the neurons in the
previous layer Ry (see Eq. 1) where the scaling coefficient is
given by

=N goyn (Eex — <V (1))). (15)

When computing {V(#)) we used only subthreshold voltage
fluctuations.

The input-output relationship plotted in Figure 6 (black line)
corresponds to the line of slope 1/a. We also computed the
standard deviation of the subthreshold voltage fluctuations

VA0)>—<LV(£))* and thus estimated o=+, where g,

was obtained using Equation 15 with oy instead of {V(?)).
Figure 6 text shows this as a gray boundary around the line with
slope o, which was used further to interpret the variability of
propagation of firing rates.

Furthermore, we note that when predicting the propagation of
firing rates across subsequent layers in this mean field analysis, the
f—I curve F, in Equation 1 was chosen such that ¢ was obtained
by combining the standard deviation of the independent noise
fluctuations added in each layer 6ipdep, and the standard deviation

of the synaptic current recorded in each layer o=, /aizndep + agyn,

where

oy =

Ougn =\ T2 (1)) — Ln (). (16)
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Information transmission

We first measured information transmission in the network
about slow variations in the input (Figure 4). The mutual
information of stimulus and response was computed by testing a
particular encoding model (Figure 4D). Typically, this method
assumes a model for estimating the stimulus and provides a lower
bound on the information transfer because the model does not
capture all aspects of the information [77]. We chose the stimulus
reconstruction to be a simple population average of the neuronal
response (the PSTH), so that the stimulus estimate in layer L, S§,
is given by the mean neuronal response obtained from many
repetitions of the identical slow stimulus, but different realizations
of the fast fluctuations. We computed the information in the L-th
layer using the equation for a dynamic Gaussian channel [24]

1(S(0),RL(1)) > 1(S(1),ST' (1))

1Hz

> logy(1+SNRL(w))
w=1/2T

where the signal-to-noise ratio can be written as

SNR (@) = 0222

1
NN (18)

Assuming Gaussian probability distributions, the noise is

NL(D=55(0)— S(). (19)

This quantity computes the information between stimulus and
response by taking into account how similar the response
(reconstructed stimulus) 1s to the original stimulus. Due to the
different firing rates evoked in the different networks, when
computing the information we normalized the reconstructed
stimulus (the PSTH) to have zero mean and unit variance.

To quantify the information about fast fluctuations as a function
of the mean and ¢ of the input current injected into single neurons
(Figure 1E), we used the output entropy of the predicted firing rate
probability in the LN model, H[T(s)], using the nonlinear
response function expression from Equation 7.

When examining the fidelity of firing rate transfer in networks
composed of the two neuron types, we wanted a measure of how
distinguishable is a discrete set of output firing rates in each layer
given a set of input currents in the first layer (see Figure 7, note
that Figure 1F is like the data in Figure 7 layer 1). This was the
information conveyed by the network response of each layer
about a stationary mean input S=pg, in the presence of
background noise ¢ (Figure 7). We obtained the firing rate
response of strongly connected NGS and GS networks (synaptic
strength  go, =0.1) and weakly connected GS networks
(gyyn =0.016) for different layers, noise conditions and ranges of
mput. For the strongly connected NGS and GS networks, we
used a range of 28 input currents uniformly distributed between 0
and 70 pA, and for the weakly connected GS networks, the same
number of input currents uniformly distributed in the range of 0
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to 22 pA. The noise values that we examined spanned the range
of ¢ from 15 to 75 pA-which produced biologically relevant
output firing rates and subthreshold voltage fluctuations in a valid
regime > — 120 mV. The output firing rates were obtained using
2 second long bins (total length of the trial was 20,000 seconds).
Qualitative trends in the information curves were maintained for
1, 5 and 10 second long bins. Then, given the set of firing rate
responses {RiL}i’L of the neurons of the L-th layer for the
i=12,...,28 input currents, we constructed P(Rr|S) by
computing histograms of the output firing rates binned into the
same 28 bins. We computed the mutual information for each
layer

P(RL|S)

IL(RL.S)= Y | PS)P(RLIS)logy 5 S

N

(20)

where P(Rz)= "¢ P(R.|S)P(S) is the probability distribution of
the output firing rates [77]. P(S) denotes the prior probability of
input stimuli which we took to be a uniform distribution so that
each stimulus had the same probability 1/28 of occurrence.
Although the exact value of the information will depend on the
binning choice (here into 28 bins), the contrast in performance of
the GS and NGS neurons (which was our goal) was preserved for
other binning choices.

Dynamical systems analysis

To reduce the full conductance-based model (Eq. 2) that
depends on four variables, V', m, n and A, to a system of two first-
order differential equations, we followed the procedure described
by Abbott and Kepler [35] for the Hodgkin-Huxley model.
Although the neuron’s membrane potential V" is affected by the
three dynamic variables, m, h and n, these three do not directly
couple to each other but only interact through V. This property
allows us to approximate their dynamics by introducing an
auxiliary potential variable. Since the time constant that governs
the behavior for m is much smaller than the time constants for /
and n, then m will reach its asymptotic value m,, more rapidly
than other changes in the model. Therefore, we lose some
accuracy in the generation of spikes, but can write mam, (V).
Because of their longer time constants, /2 and # lag behind m and
reach their asymptotic values more slowly. This can be
implemented by introducing an auxiliary voltage variable U
and then replacing 4 and n by hy(U) and ng(U), since the
functions Ay, and n,, are well separated as a function of the
dependent variable, in this case U. To choose U, we ask for the
time dependence of U in f and the time dependence that the
slowly changing / and 7 induce into F in the full model to match
— this is achieved by equating the time derivatives of F at
constant V in the full and reduced models. Hence, we convert the
full model (Eq. 2) into the following system of first-order
differential equations:

Cd—Vz—f(V,U)—H (21)
dt
dU
o s (22)
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where

SV, U)=—GL(V —EL)—gNa(V — Ena) — gx(V — Ex)

(23)
=F(Vmhn)~F(V,my(V),h,,(U),n,(U))
and g(V,U)= % where
_OF (hy(V)=he(U)\ | OF (no(V)—ne(U)
‘E( %(7) >+%( () )a“d o
O dho(U) | Of dng(U)
" oh, dU ' on, dU

where 0F /0h and 0F /0n are evaluated at /1, (U) and ny(U).

To study the dynamics of this system in Figure 8, we plotted the
nullclines, i.e. the curves where d¥/dt=0 and dU/d¢r=0. The
points where these two curves intersect are the fixed points of the
two-dimensional dynamics. In Figure 8 we use arrows in the phase
planes to denote the flows around the nullclines.

Supporting Information

Figure S1 Information transmission through networks
with gain-scaling neurons Gy,/Gx=1.0 (Gx=1000 pS/
pm? and Gy, =1000 pS/um?). A. PSTHs from cach layer in
two networks with different connectivity: left, weak synaptic
strength g¢., =0.016; right, stronger synaptic strength gy, =0.03.
The PSTHs demonstrate that the propagation of a slow-varying
input in the presence of a background of fast fluctuations degrades
in deeper layers, similar to the gain-scaling networks in Figure 6 of
the main text, where Gna/Gx =1.5. PSTHs were normalized to
mean 0 and standard deviation 1 so that the dashed lines next to
each PSTH denote 0 and the scalebar 2 normalized units. B. Spike
rasters for the PSTHs in A. C. Information about the slow stimulus
fluctuations conveyed by the population mean responses shown in
A, compare to Figure 4D of the main text.

(EPS)

Figure S2 Firing rate transmission for different con-
nection probability and synaptic strength. Top: The f—I
curves (green) for gain-scaling network with GN,/Gkx=1.5
(Gk =1000 pS/um” and Gn,=1500 pS/um?) and nongain-
scaling networks with Gn,/Gx =0.6 (Gx =1000 pS/,um2 and
Gna =600 pS/um?) with a noise level of 6=>50 pA. The black
lines denote the linear input-output relationships (slope 1/a)
derived from the mean field which predict how the mean output
firing rate of a given network layer can be derived from the mean
input current into that layer, with the standard deviation of the
prediction shown in gray. Note that within each of the four
columns the slope of the linear prediction is identical, despite
individual changes in the connectivity probability ¢ and the
synaptic strength gg,,. Three bottom row panels show the
transmission of mean firing rates for a range of mean input
currents as a function of layer number—each row of panels
illustrates the outcome for different connection probability,
€={0.5,5,10}%, while also varying the strength of synaptic
connectivity (gqyy,) to preserve their product. Network parameters
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in each case: (weak, gain-scaling) €=0.5%, gy, =0.16; ¢=5%,
Zyn=0.016, and ¢=10%, g, =0.0016, (strong, gain-scaling)
€=0.5%, gun=0.5; €=5%, guwm=0.05 and €=10%,
Zsyn =0.005, (weak, nongain-scaling) ¢=0.5%, gy, =0.7; ¢=5%,
Zoyn="0.07, and €=10%, gy, =0.007, (strong, nongain-scaling)
€=0.5%, gyn=1.0; €¢=5%, g4, =0.1, and e=10%, g, =0.01.
Although the firing rate profiles remain identical for 10% and 5%
connectivity, as connectivity becomes sparser (€=0.5%) and
stronger, the nongain-scaling network exhibits more asynchronous
spiking and slow convergence to the fixed point of the mean field
dynamics (bottom right panel). Compare to Figure 6 of the main
text.

(EPS)

Figure 83 Firing rate transmission for a range of noise
amplitudes ¢. Top: The f—I curves for gain-scaling and
nongain-scaling networks with different Gn,/Gx and for different
levels of noise (0=15,25,35,50, and 75 pA). We considered gain-
scaling networks with Gn,/Gkx =1.5 and A. weak vs B. strong-
connectivity, C. gain-scaling networks with Gna./Gg =1.0 and
strong connectivity, and D. nongain-scaling networks with
Gna/ Gk =0.6 and strong connectivity (as weak connectivity was
mnsufficient to drive activity in these networks). The black lines
denote the linear input-output relationships derived from the
mean field, which predict how the mean output firing rate of a
given network layer can be derived from the mean input current
into that layer with the standard deviation of the prediction shown
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in gray. The remaining panels show the transmission of mean
firing rates across layers for a range of mean input currents—each
row of panels illustrates the outcome for a different level of noise a.
The results from numerical simulations over 10 second-long trials
are shown as full lines (mean =+ ¢ from 2000 neurons in each layer)
and mean field predictions are shown in dashed lines with a
shaded background in the same color (for each different input)
illustrating the standard deviation of the prediction from the
standard deviation in the linear input-output relationship in the
top panels. Other network parameters: connection probability
€=5%, synaptic strength gy, =0.016 (weakly connected) and
Zeyn =0.1 (strongly connected) and range of mean input firing rates
0-22 (for weakly connected) and 0-70 (for strongly connected).
Compare to Figure 6 of the main text.

(EPS)

Acknowledgments

We thank Michael Famulare for useful discussions, in particular suggesting
the mean field analysis to predict network output. We also thank Heather
Barnett, Andrea Barreiro, Natasha Cayco-Gajic and Eric Shea-Brown for
helpful discussions.

Author Contributions

Conceived and designed the experiments: JG RAM WJM ALF. Performed
the experiments: JG. Analyzed the data: JG. Wrote the paper: JG RAM
WJM ALF.

18. Hunter I, Korenberg M (1986) The identification of nonlinear biological
systems: Wiener and Hammerstein cascade models. Biol Cybern 55: 135-144.

19. Meister M, Berry MJ (1999) The neural code of the retina. Neuron 22: 435-450.

20. Chance FS, Abbott L, Reyes AD (2002) Gain modulation from background
synaptic input. Neuron 35: 773-82.

21. Higgs M, Slee S, Spain W (2006) Diversity of gain modulation by noise in
neocortical neurons: regulation by the slow afterhyperpolarization conductance.
J Neurosci 26: 8§787-99.

22. Corlew R, Bosma MM, Moody W] (2004) Spontancous, synchronous electrical
activity in neonatal mouse cortical neurones. ] Physiol 560: 377-390.

23. Simoncelli E (2004) Characterization of neural responses with stochastic stimuli.
In: Gazzaniga M, editor, The New Cognitive Neurosciences, MIT Press.
pp-327-338.

24. Rieke F, Warland D, de Ruyter van Stivenick R, Bialek W (1996) Spikes:
Exploring the Neural Code. Cambridge, MA: MIT Press.

25. Wiesenfeld K, Moss I (1995) Stochastic resonance and the benefits of noise:
from ice ages to cray fish and SQUIDs. Nature 373: 33-36.

26. Levin JE, Miller JP (1996) Broadband neural encoding in the cricket cercal
sensory system enchances by stochastic resonance. Nature 380: 165-168.

27. McDonnell MD, Abbott D (2009) What is stochastic resonance? definitions,
misconceptions, debates, and its relevance to biology. PLoS Comp Biol 5:
€1000348.

28. Garaschuk O, Hanse E, Konnerth A (1998) Developmental profile and synaptic
origin of early network oscillations in the CAl region of rat neonatal
hippocampus. J Physiol 507: 219-236.

29. Moody W], Bosma MM (2005) Ion channel development, spontaneous activity,
and activity-dependent development in nerve and muscle cells. Physiol Rev 85:
883-941.

30. Brody CD, Romo R, Kepecs A (2003) Basic mechanisms for graded persistent
activity: discrete attractors, continuous attractors, and dynamic representations.
Curr Opin Neurobiol 13: 204-211.

31. van Rossum MCW, Turrigiano GG, Nelson SB (2002) Fast propagation of firing
rates through layered networks of noisy neurons. J Neurosci 22: 1956-1966.

32. Reyes AD (2003) Synchrony-dependent propagation of firing rate in iteratively
constructed networks in vitro. Nat Neurosci 6: 593-599.

33. Wang S, Wang W, Liu F (2006) Propagation of firing rate in a feed-forward
neuronal network. Phys Rev Lett 96: 018103.

34. Barnett HM, Gjorgjieva J, Weir K, Comfort CE, Fairhall AL, et al. (2014)
Relationship between individual neuron and network spontancous activity in
developing mouse cortex. J Neurophysiol [epub ahead of print] doi: 10.1152/
jn.00349.2014

35. Abbott LF, Kepler T (1990) Model neurons: From Hodgkin-Huxley to Hopfield.
In: Garrido L, editor, Statistical Mechanics of Neural Networks, Springer-
Verlag, Berlin. pp.5-18.

December 2014 | Volume 10 | Issue 12 | 1003962



36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

56.

Cayco-Gajic NA, Shea-Brown E (2013) Neutral stability, rate propagation, and
critical branching in feedforward networks. Neural Comput 25: 1768-1806.
Vogels T, Abbott LI (2005) Signal propagation and logic gating in networks of
integrate-and-fire neurons. J Neurosci 25: 10786-10795.

Kumar A, Rotter S, Aertsen A (2008) Conditions for propagating synchronous
spiking and asynchronous firing rates in a cortical network model. J Neurosci 20:
5268-5280.

Garaschuk O, Linn J, Eilers J, Konnerth A (2000) Large-scale oscillatory calcium
waves in the immature cortex. Nat Neurosci 3: 452-459.

Namiki S, Noromoto H, Kobayashi C, Nakatani K, Matsuki N, et al. (2013)
Layer III neurons control synchronized waves in the immature cerebral cortex.
J Neurosci 33: 987-1001.

Blankenship AG, Feller MB (2010) Mechanisms underlying spontaneous
patterned activity in developing neural circuits. Nat Rev Neurosci 11: 18-29.
Spitzer NC (2006) Electrical activity in early neuronal development. Nature 444:
707-712.

Watari H, Tose AJ, Bosma MM (2013) Hyperpolarization of resting membrane
potential causes retraction of spontaneous C,** transients during mouse
embryonic circuit development. J Physiol 591: 973-983.

Diesmann M, Gewaltig MO, Aertsen A (1999) Stable propagation of
synchronous spiking activity in cortical neural networks. Nature 402: 529-533.
Shadlen M, Newsome W (1998) The variable discharge of cortical neurons:
implications for connectivity, computation and information coding. J Neurosci
18: 3870-3896.

Agtiera y Arcas B, Fairhall AL, Bialek W (2003) Computation in a single neuron:
Hodgkin and Huxley revisited. Neural Comput 15: 1715-1749.

Hong S, Lundstrom B, Fairhall A (2008) Intrinsic gain modulation and adaptive
neural coding. PLoS Comput Biol 4: ¢1000119.

Barreiro A, Thilo EL, Shea-Brown E (2012) A-current and type I/type II
transition determine collective spiking from common input. J Neurophysiol 108:
1631-1645.

Hong S, Ratté S, Prescott S, de Schutter E (2012) Single neuron firing properties
impact correlation-based population coding. J Neurosci 32: 1413-28.
Lundstrom B, Hong S, Higgs M, Fairhall A (2008) Two computational regimes
of a single-compartment neuron separated by a planar boundary in conductance
space. Neural Comp 20: 1239-1260.

Prescott SA, Ratté S, De Koninck Y, Sejnowski TJ (2006) Nonlinear interaction
between shunting and adaptation controls a switch between integration and
coincidence detection in pyramidal neurons. J Neurosci 26: 9084-9097.
Prescott S, de Koninck Y, Sejnowski T' (2008) Biophysical basis for three distinct
dynamical mechanisms of action potential initiation. PLoS Comput Biol 4:
¢1000198.

. Ratté¢ S, Hong S, De Schutter E, Prescott S (2013) Impact of neuronal properties

on network coding: Roles of spike initiation dynamics and robust synchrony
transfer. Neuron 78: 758-772.

. Yazdanbakhsh A, Babadi B, Rouhani S, Arabzadeh E, Abbassi A (2002) New

attractor states for synchronous activity in synfire chains with excitatory and
inhibitory coupling. Biol Cybern 86: 367-378.

. Litvak V, Sompolinsky H, Segev I, Abeles M (2003) On the transmission of rate

code in long feedforward networks with excitatory-inhibitory balance.
J Neurosci 23: 3006-3015.
de la Rocha J, Doiron B, Shea-Brown E, Josi¢ K, Reyes A (2007) Correlation

between neural spike trains increases with firing rate. Nature 448: 802-806.

PLOS Computational Biology | www.ploscompbiol.org

19

57.

58.

59.

60.

61.

62.

66.

67.

68.

69.

70.

71.

72.

73.

74.

76.

77.

Intrinsic Properties Govern Network Transmission

Nowotny T, Huerta R (2003) Explaining synchrony in feed-forward networks.
Biol Cybern 89: 237-241.

Mehring C, Hehl U, Kubo M, Diesmann M, Aertsen A (2003) Activty dynamics
and propagation of synchronous spiking in locally connected random networks.
Biol Cybern 88: 395-408.

Marsalek P, Koch C, Maunsell J (1997) On the relationship between synaptic
input and spike output jitter in individual neurons. Proc Natl Acad Sci USA 94:
735-740.

Burkitt AN, Clark GM (1999) Analysis of integrate-and-fire neurons:
synchronization of synaptic input and spike output. Neural Comput 11: 871
901.

Sanchez-Vives MV, McCormick DA (2000) Cellular and network mechanisms
of rhythmic recurrent activity in neocortex. Nat Neurosci 3: 1027-1034.
Rubino D, Robbins KA, Hatsopoulos NG (2006) Propagating waves mediate
information transfer in the motor cortex. Nat Neurosci 9: 1549-1557.

53. Luczak A, Bartho P, Marguet SL, G GB, Harris KD (2007) Sequential structure

of neocortical spontaneous activity in vivo. Proc Natl Sci 104: 347-352.
Chauvette S, Seigneur J, Timofeev I (2012) Sleep oscillations in the
thalamocortical system induce long-term neuronal plasticity. Neuron 75:
1105-1113.

. Vyazovskiy VV, Cirelli C, Pfister-Genskow M, Faraguna U, Tononi G (2008)

Molecular and electrophysiological evidence for net synaptic potentiation in
wake and depression in sleep. Nat Neurosci 11: 200-208.

Hille B (2001) Ion Channels of Excitable Membranes. Sunderland, MA: Sinauer
Associates, Inc.

Sah P, Faber ES (2002) Channels underlying neuronal calcium-activated
potassium current. Prog Neurobiol 66: 345-353.

Mease RA, Lee S, Moritz AT, Powers RK, Binder MD, et al. (2014) Context-
dependent coding in single neurons. J] Comp Neurosci DOI 10.1007/s10827-
014-0513-9.

Miles GB, Dai Y, Brownstone RM (2005) Mechanisms underlying the early
phase of spike frequency adaptation in mouse spinal motoneurones. J Physiol
566: 519-532.

Kim KJ, Rieke F (2003) Slow Na* inactivation and variance adaptation in
salamander retinal ganglion cells. J Neurosci 23: 1506-1516.

Lundstrom B, Higgs M, Spain WJ, Fairhall A (2008) Fractional differentiation
by neocortical pyramidal neurons. Nat Neurosci 11: 1335-1342.

Brockmann MD, Poéschel, Cichon N, Hanganu-Opatz IL (2011) Coupled
oscillations mediate directed interactions between prefrontal cortex and
hippocampus of the neonatal rat. Neuron 71: 332-347.

Minlebaev M, Colonnese M, Tsintsadze T, Sirota A, Khazipov R (2011) Early
gamma oscillations synchronize developing thalamus and cortex. Science 334:
226-229.

Colonnese MT, Kaminska A, Minlebaev M, Milh M, Bloem B, et al. (2010) A
conserved switch in sensory processing prepares developing neocortex for vision.
Neuron 67: 480-498.

. Mainen ZF, Joerges J, Huguenard JR, Sejnowski TJ (1995) A model of spike

initiation in neocortical pyramidal neurons. Neuron 15: 1427-1439.

Risken H (1996) The Fokker-Planck equation: materials and methods of solution
and applications. Berlin, Germany: Springer.

Borst A, Theunissen FE (1999) Information theory and neural coding. Nat
Neurosci 2: 947-957.

December 2014 | Volume 10 | Issue 12 | 1003962



