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Abstract: For most neurons, the information the neuron passes on is contained
within the times of sending out electrical pulses - so-called action potentials. It
is still not fully understood how to read this ,neural code“. The efficient coding
hypothesis proposes that due to evolutionary pressures sensory systems evolved
to transmit and process information in the most efficient way possible. However,
the notion of efficiency seems to be different in different sensory systems. Cortical
neurons keep their firing rates low to minimize metabolic expenses. So do insect
olfactory receptor neurons (ORNS; the first layer of the olfactory system). Neurons
in the insect antennal lobe (the second layer of the olfactory system), on the
other hand fully use the space of possible firing rates to encode the maximum
information about the odor. In my thesis, I studied how can single cortical neurons
and their populations transmit and process information, while keeping metabolic
expenses low, and also how the insect olfactory system encodes information about
odors encountered in the air.

In the part of my thesis about metabolically efficient information transmission I fo-
cused mainly on the role of inhibitory neurons in efficient information transmission.
Through mathematical analysis and Monte Carlo simulations of spiking neuronal
models, I show how can the input from pre-synaptic inhibitory neurons decrease
the trial-to-trial variability of the post-synaptic neuron, and by generalizing these
results to a recurrent neural network I illustrated how the trial-to-trial variability
can decrease with a stimulus-onset, phenomenon known as neural variability
quenching. However, an information-theoretical analysis showed that the input
from inhibitory neurons in the form of inhibitory feedback with a stimulus onset
will only yield significant improvements in metabolically efficient information
transmission if the information is being transmitted by a population of recurrently
connected neurons, rather than a single neuron.

To understand the general principles governing neural coding, I next focused on the
neural activity of the insect olfactory system. I analyzed the local field potentials
(LFPs) and firing activity of insect ORNs stimulated with a novel odor-delivery
device, capable of temporally precise stimulus delivery. These novel recordings
showed that moth ORNs are much more capable of encoding the stimulus duration
than previously thought. The properties of moth ORNs were revealed to be very
similar to the properties of the majority of Drosophila ORNs, which allows the
unification of the research on those species. Using the recordings of the LFPs 1
constructed a minimal model of the moth ORN, which reliably describes the firing
activity while using only several interpretable parameters.

A simple and transferable model, that can describe the firing activity of the ORNs
is essential for building an integrative model of the insect olfactory system. Such
a model could be used to study the information-metabolic efficiency of the whole
system and analyze if under certain conditions the high firing rates in the antennal
lobe actually aid the information-metabolic efficiency. Therefore, the results of
my thesis are a step forward to understanding the general principles governing
the neural code.

Keywords: Neuron, coding, olfaction
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Abstrakt: U vétsiny neuronu je informace, kterou neuron predava, obsazena
v casech vysilani elektrickych impulzu - tzv. akénich potencialu. Dosud neni
zcela jasné, jak tento “neuronovy kéd” éist. Hypotéza efektivniho kédovani
predpoklada, ze v dusledku evoluénich tlaku se smyslové systémy vyvinuly tak,
aby prenasely a zpracovavaly informace co nejefektivnéjsim zpusobem. Zda se
vsak, ze pojem efektivity se v ruznych smyslovych systémech lisi. Kortikalni
neurony udrzuji nizkou frekvenci vysilani akénich potentialu, aby minimalizovaly
metabolické néklady. Podobné to délaji i hmyzi ¢ichové receptorové neurony (ORN,
prvni vrstva ¢ichového systému). Neurony v hmyzim tykadlovém laloku (druha
vrstva ¢ichového systému) naopak plné vyuzivaji prostor moznych frekvenci, aby
zakoédovaly maximum informaci o pachu. Ve své diplomové praci jsem se zabyval
tim, jak mohou jednotlivé korové neurony a jejich populace prenaset a zpracovavat
informace pri zachovani nizkych metabolickych nakladu a také tim, jak hmyzi
cichovy systém kdéduje informace o pasich, které se vyskytuji ve vzduchu.

V ¢asti své prace vénujici se metabolicky efektivnimu prenosu informace jsem se
zameéril predevsim na roli inhibi¢nich neuronu v efektivnim prenosu informace.
Pomoci matematické analyzy a simulaci Monte Carlo modelt spikujicich neuront
jsem ukéazal, jak muze vstup z pre-synaptickych inhibi¢nich neuronu snizit vari-
abilitu post-synaptického neuronu pies jednotlivé pokusy, a zobecnénim téchto
vysledkl na rekurentni neuronovou sit jsem ilustroval, jak muze variabilita pies
pokusy klesat s nastupem podnétu, coz je jev znamy jako zhaseni neuronové
variability. Informacné-teoreticka analyza vsak ukazala, ze vstup z inhibi¢nich
neuronu v podobé inhibiéni zpétné vazby s nastupem podnétu prinese vyznamné
zlepseni metabolicky tic¢inného prenosu informace pouze tehdy, pokud je informace
prenasena populaci rekurentné propojenych neuront, nikoliv jedinym neuronem.

Abych pochopil obecné principy, kterymi se tidi nervové kédovani, zaméril jsem se
na nervovou aktivitu ¢ichového systému hmyzu. Analyzoval jsem lokalni polni po-
tencidly (LFP) a aktivitu spikovani hmyzich ORN stimulovanych novym zafizenim
pro dorucovani pachu, které je schopné casové presné dorucit podnét. Tyto
nové zaznamy ukazaly, ze ORN mury jsou mnohem schopnéjsi kédovat délku
trvani podnétu, nez se dosud predpokladalo. Ukazalo se, ze vlastnosti ORN mury
jsou velmi podobné vlastnostem vétsiny ORN octomilky, coz umoziuje sjednotit
vyzkum na téchto druzich. Na zdakladé zdznamu LFP jsem zkonstruoval minimalni
model ORN mury, ktery spolehlivé popisuje jeji aktivitu, pficemz vyuziva pouze
nekolik interpretovatelnych parametru.

Jednoduchy a prenositelny model, ktery dokaze popsat aktivitu ORN, je nezbytny
pro vytvoreni integrativniho modelu ¢ichového systému hmyzu. Takovy model
by mohl byt vyuzit ke studiu informac¢ni metabolické 1i¢innosti celého systému
a k analyze, zda za ur¢itych podminek vysoka frekvence akénich potencidlu v
anténnim laloku skuteéné napomaha informacéné-metabolické uc¢innosti. Vysledky
mé prace jsou tedy krokem vpred k pochopeni obecnych principu tidicich nervovy
kéd.

Klicova slove: Neuron, kdédovani, ¢ich
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Résumé: Pour la plupart des neurones, I'information qu’ils transmettent est
contenue dans le décours temporel d’émission de leurs impulsions électriques, ap-
pelées potentiels d’action. On ne sait pas encore bien décrypter ce ”code neuronal”.
L’hypothese du codage efficace propose que, sous 'effet de la pression évolutive,
les systemes sensoriels ont évolué pour transmettre et traiter 'information de la
maniere la plus efficace possible. Toutefois, la notion d’efficacité semble varier selon
les systemes sensoriels. Les neurones corticaux maintiennent une faible fréquence
d’émission de potentiels d’action pour minimiser les dépenses métaboliques. Il en va
de méme pour les neurones récepteurs olfactifs des insectes (NRO, premiere couche
du systeme olfactif). Les neurones du lobe antennaire des insectes (deuxieme
couche du systeme olfactif), en revanche, utilisent pleinement la gamme possible
d’activité d’émission de potentiels d’action pour optimiser le codage olfactif. Dans
ma these, j’ai étudié comment des neurones corticaux uniques et leurs populations
Y

peuvent transmettre et traiter des informations, tout en maintenant des dépenses
métaboliques faibles, et aussi comment le systeme olfactif des insectes encode les
informations sur les odeurs détectées dans l'air.

Dans la partie de ma these consacrée a la transmission métabolique efficace de
I'information, j’ai principalement analysé la contribution des neurones inhibiteurs.
En généralisant ces résultats a un réseau de neurones récurrents, j’ai illustré
comment la variabilité d’un essai a ’autre peut diminuer avec ’apparition d’un
stimulus, un phénomene connu sous le nom de "neural variability quenching’
(atténuation de la variabilité neuronale). Toutefois, une analyse théorique de
I'information a montré que ’apport des neurones inhibiteurs sous la forme d’une
rétroaction inhibitrice lors de ’apparition d’un stimulus n’améliore significative-
ment la transmission métabolique efficace de I'information que si cette information
est transmise par une population de neurones connectés de maniere récurrente,
plutot que par un seul neurone.

Y

Pour comprendre les principes généraux régissant le codage neuronal, je me
suis ensuite focalisé sur ’activité neuronale du systeme olfactif des insectes. J’ai
analysé les potentiels de champ locaux (LFP) et 'activité d’émission de potentiels
d’action de NRO d’insectes stimulés avec un nouveau dispositif capable de délivrer
des stimuli temporellement précis. L’utilisation de ce stimulateur a permis de
démontrer que les NRO des papillons de nuit encodent mieux la durée du stimulus
que ce qui était admis jusqu’a présent. Les propriétés des NRO de papillon de nuit
se sont révélées tres similaires a celles de la majorité des NRO de drosophile, ce
qui permet d’unifier les recherches sur ces especes. En utilisant les enregistrements
des LFP, j’ai construit un modele minimal du NRO du papillon de nuit qui décrit
de maniere fiable 'activité d’émission de potentiels d’action tout en utilisant
seulement quelques parametres interprétables.

Un modele simple et transférable, capable de décrire la réponse des NRO, est
essentiel pour construire un modele intégratif du systeme olfactif des insectes.
Un tel modele pourra étre utilisé pour étudier 'efficacité métabolique du codage
de I'information par ’ensemble du systeme olfactif et analyser si, dans certaines
conditions, les taux d’excitation élevés des neurones du lobe antennaire favorisent
réellement cette efficacité. Les résultats de ma these constituent donc un pas en
avant vers la compréhension des principes généraux régissant le code neuronal.

Mots clés: Neuron, codage, olfaction
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1. Introduction

Neurons are cells that process and transmit information. They contain an excess of
negatively charged ions compared to their surroundings, which makes the neuronal
membrane polarized. An external signal (received, e.g., from other neurons or
from a sensory stimulus) then opens ion channels in the neuronal membrane,
allowing an exchange of ions between the neuron and its surroundings. Thus the
external signal translates into a graded change of the neuron’s membrane potential.
If certain conditions are met (the membrane potential has to reach a threshold
value), the neuron produces its own electrical signal, called an action potential (or
a spike), which then propagates through the neuron’s axon and can, e.g., excite
or inhibit other neurons it connects to by synapses. For most neurons, an action
potential is the only way for a neuron to communicate information further (Dayan
and Abbott, 2005).

The shape of the action potentials typically does not differ much for a single
neuron (Fig. 1A,B). Moreover, their duration (commonly 1 ms to 4 ms) is relatively
short compared to other timescales of the system. Therefore, to analyze the
information that the neuron is sending further on, it is sufficient to limit ourselves
to the timings of individual action potentials - the communicated information has
to be encoded in the neuron’s “spike train”: a sequence of times when an action
potential was sent, or “fired”, (Fig. 1C).

It is unknown how the information should be “read out” from the spike trains,
and this clearly depends on the system. However, a classical hypothesis is the rate
coding hypothesis, dating back to the early experiments of Adrian and Zotterman
(Adrian, 1926; Adrian and Zotterman, 1926a,b; Adrian, 1954), who showed that
the number of action potentials from sensory nerves innervating a muscle increased
with the force the muscle was delivering. It was then observed in most sensory
systems that the number of spikes increases with the stimulus intensity (Kandel
et al., 2013).

A B

1mV|

1s

1mV|—

1ms

Figure 1: The neural code. A: Extracellular recording of the membrane
potential of the olfactory receptor neuron of the noctuid moth Agrotis ipsilon.
The electrical pulses (apparent as vertical lines) are the action potentials. B: All
action potentials from A plotted over each other. The shape of the action
potential does not vary significantly. C: The spike train. Since the shape of the
action potential does not carry any information, the neuronal output can be
reduced to a sequence of times when the action potential was fired.
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Figure 2: Variability of neural response. The spiking activity of a single
ORN of Agrotis ipsilon. The ORN was presented with the same stimulus many
times (A, ON/OFF delivery of pheromone). The neuron’s response is different in
each trial (B, raster plots, each row represents a trial, each line represents a
spike). The precise timing of spikes is not maintained over the trials, but the time
course of the activity can be captured by a time-dependent firing rate (C,
estimated with kernel density estimation, as described in the Section 2.2.3, Eq.
2.9, bw = 10ms). The shaded area represents a 95% confidence interval of the
mean firing rate, estimated by bootstrapping.

According to the rate coding hypothesis, the information is encoded in the
mean firing rate of the neuron, with the mean firing rate of a neuron defined as the
number of spikes fired by the neuron, averaged over some time window, specified
by the experimenter. Therefore, within this time window, all information possibly
contained in the precise timing of the spikes is not considered (Stein et al., 2005).
In contrast to the rate code, a cell is considered to use temporal code if the precise
pattern of spike firing contains essential information about the stimulus (Dayan
and Abbott, 2005).

The great benefit of rate code is its robustness towards noise. Efficient infor-
mation transmission with temporal code requires precise timing of spikes over
multiple trials of presentation of the same stimulus. Although some neurons might
exhibit such behavior for certain stimuli (Mainen and Sejnowski, 1995), neurons
typically exhibit a significant trial-to-trial variability, and their behavior is better
described by an average firing rate. Fig. 2 shows the response of an ORN to
a repeated presentation of an identical stimulus. The precise timings of spikes
are not maintained over subsequent trials, but a time-dependent firing rate can
describe the activity.

Understanding how the information about the stimulus is encoded is essential
for understanding the evolutionary pressures on the neural system. The efficient
coding hypothesis asserts that neurons, under strong evolutionary pressure, are

4



adapted to process the information from their natural surroundings efficiently
(Barlow, 1961). A popular approach to evaluating the efficiency of information
processing is using Shannon’s information theory (Shannon, 1948). Recordings
from the retina of the blow fly showed that the stimulus-response relationship of
the neurons (stimulus: contrast of the visual scene, response: firing rate) is such
that the entropy of the response is maximized by a stimulus distribution which is
very close to the contrast distribution observed in its natural environment. Similar
entropy maximization principle has been observed in the Drosophila antennal lobe,
the secondary layer of olfactory signal processing in insects (Bhandawat et al.,
2007; Abbott and Luo, 2007; Kadakia and Emonet, 2019).

The entropy of the output distribution corresponds to the maximum amount
of information that can be encoded in the output (Shannon, 1948). However, due
to the noise in the system, this is not necessarily equivalent to the maximum
amount of information that the system can transmit. It is, therefore, essential to
understand the trial-to-trial variability of the system. A number of studies, there-
fore, analyzed both theoretically and experimentally the trial-to-trial variability in
various neurons and neuronal models, showing that the trial-to-trial variability can
be in a large portion of neurons described by a Poisson-like activity with a Fano
factor close to one (Tuckwell, 1988; Gur et al., 1997; Geisler and Albrecht, 1997;
Shadlen and Newsome, 1998; Brunel, 2000). Interestingly, experimental studies
also showed that the trial-to-trial variability may decrease after the stimulus
onset (Monier et al., 2003; Churchland et al., 2010), a phenomenon which we
studied theoretically (Barta and Kostal (2021), Attachment I the attached report
Attachment IT).

Taking the trial-to-trial variability into account, the entropy maximization
principle can be substituted by the mutual information maximization principle
(Stein, 1967; Borst and Theunissen, 1999; Ikeda and Manton, 2009; McDonnell
et al., 2011). However, neither entropy maximization of the output distribution nor
mutual information maximization principle is observed in the in-vivo recordings
of cortical neurons. Instead, their post-synaptic firing rates concentrate mainly at
lower values (Treves et al., 1999).

This points towards a balance between information transmission and energy
consumption (de Polavieja, 2002, 2004; Balasubramanian et al., 2001; Levy and
Baxter, 1996). Neurons need a significant amount of energy to process and transmit
information. It is estimated that in children, the brain accounts for up to 50%
of the resting body’s total oxygen consumption (Sokoloff, 1996). Given that the
brain’s energy budget is limited (Attwell and Laughlin, 2001), it is likely that
neurons have to balance between transmitting as much information as possible
and being economical.

Based on the observation in cortical neurons, suggesting that the cortex
maximizes transmitted information with constraints on the metabolic expenses, a
number of studies investigated the maximization of information-per-cost in single
neurons (Kostal and Kobayashi, 2015; Suksompong and Berger, 2010; Sengupta
et al., 2013; Xing et al., 2015; Sungkar et al., 2016, 2017). Sengupta et al. (2013)
showed that the balance between excitatory and inhibitory synaptic currents
observed in in-vivo recordings of the cortex (Destexhe et al., 2003; Paré et al.,
1998) maximizes the information-per-cost in neurons using temporal code. This
study, however, only considered a constant intensity input and did not analyze the



effects of the external stimulus and the effect of its randomness on the trial-to-trial
variability of the neuron and how the external stimulus is encoded.

In (Barta and Kostal (2019), Attachment III), we modeled information transmis-
sion by single neurons, with spontaneous activity generated by the background
input with balanced excitatory and inhibitory synaptic currents as in (Sengupta
et al., 2013), but receiving an additional stimulus signal on top of this background
input and studied the effect of different model parameters on the mutual infor-
mation between the stimulus and the response with metabolic constraints. The
stimulus increased both the excitatory and inhibitory input to the neurons, as
observed in in-vivo recordings after stimulus presentation (Monier et al., 2003).
Among other parameters, we studied how the stimulus-associated inhibition affects
metabolically efficient information transmission by the neurons and found that com-
pared to other parameters, such as spontaneous activity, the stimulus-associated
inhibition has only a minor effect.

The inhibitory input is, however, likely to be much more important in neural
networks. The information about the stimulus is in some cases expected to be
carried by the averaged firing rate of the population instead of the firing rate of a
single neuron, which decreases the trial-to-trial variability of the response (Shadlen
and Newsome, 1998). The magnitude of the decrease of the trial-to-trial variability
is however affected by correlations between the neurons. Neural correlations are
typically classified as signal correlations and noise correlations (Averbeck et al.,
2006). While signal correlations are related to the encoded stimulus and are
important for discriminating between different stimuli, noise correlations are a
shared trial-to-trial variability among the neurons, which is detrimental to the
information transmission by the averaged population activity (Abbott and Dayan,
1999).

In recurrent neural networks, the inhibition associated with the external sti-
mulus emerges due to the recurrent connectivity of the network. This inhibitory
feedback then decreases the noise correlations (Renart et al., 2010; Tetzlaff et al.,
2012; Bernacchia and Wang, 2013) and thus improves the information transmis-
sion capabilities of the network. In (Barta and Kostal, 2019) we showed that the
inhibition associated with the stimulus increases the cost of the neural activity.
This raises the question, of whether the decreased noise correlations offer sufficient
improvement in information transmission to justify the increased metabolic expen-
ses. To better understand this balance, we analyzed the trade-off in a population
consisting of recurrently connected excitatory and inhibitory neurons, representing
a small area in the sensory cortex (Barta and Kostal (2023), Attachment IV).

Studying the amount of transferred information about the external stimulus
and the associated metabolic expenses only makes sense if we understand what
information about the stimulus is actually being transmitted. In (Barta and Kostal,
2019) and (Barta and Kostal, 2023) we assumed that the system is encoding
the intensity of the stimulus, such as contrast intensity in a visual scene, sound
intensity or the intensity of mechanical simulation and we assumed that the
information is carried by the number of fired action potentials. However, the
stimulus might be encoded in a more complex manner, e.g., in the time course
of the response. A popular method of estimating the transmitted information is
then attempting to decode the stimulus from the response and calculating the
mutual information between the decoded stimulus and the real stimulus and thus



obtaining the lower bound on the mutual information (Borst and Theunissen,
1999; Geffen et al., 2009). However, we still need to make assumptions about
which parts of the stimulus are being encoded and what is their importance.

For insects using the olfactory signal for navigation, encoding the temporal
structure of the signal becomes crucial (Baker et al., 2018; Murlis et al., 1992;
Mafra-Neto and Cardé, 1994; Martinez et al., 2013; Cardé, 2021). However, it is
not yet fully understood which temporal features are encoded by the olfactory
system and how is the olfactory system adapted to encode these features. Moreover,
different insect species encode the olfactory signal differently, which could be the
result of different environments and behavioral strategies of the different species.

Among insects, male moths are considered to be the most efficient navigators.
They are able to locate a conspecific female emitting a pheromone plume over
hundreds of meters (Cardé and Charlton, 1984; Elkinton et al., 1987; Shorey, 1976;
Wall and Perry, 1987) and their olfactory system is expected to be highly tuned
for this task and understanding how they respond to different stimuli will help us
understand what features in the olfactory signal are important for odor-guided
navigation in turbulent environments. However, studying the response dynamics
of moth ORNSs to pheromone stimulation is complicated due to difficulties with
the precise delivery of odor molecules with low volatility, such as pheromones
(Gorur-Shandilya et al., 2019). We built a new odor delivery device that solved
the previously encountered issues and studied the responses of male moth ORNs
to pheromone stimulation (Barta et al. (2022), Attachment V and Attachment
VI).

Previous studies showed that the ORNs respond phasi-tonically to a stimulus,
with an intense response to stimulus onset and a gradual adaptation to a steady
state activity (Fig. 3). The ORNs, therefore, seem to put more emphasis on
encoding the stimulus onset, which correlates with the observed behavior of moths.
Upon odor encounter, moths start an upwind flight (Mafra-Neto and Cardé, 1994).
Similarly, moths are observed to cease the upwind flight and start a movement
called zig-zag casting after losing the odor plume. We could therefore expect that
similar emphasis is put on detecting the stimulus offset. Some Drosophila ORNs
have been known to encode the stimulus offset by a transient inhibition following
the stimulus offset (Kim et al., 2011, 2015; Nagel and Wilson, 2011; Martelli et al.,
2013) (Fig. 3). However, moth ORNs were typically observed to show little change
in their firing activity after the stimulus offset and the duration of their responses
long exceeded the duration of the stimulus (Kaissling et al., 1989; Jarriault et al.,
2010; Grémiaux et al., 2012; Rospars et al., 2014) (Fig. 3) and the detection of the
stimulus offset was assumed to take place in the antennal lobe (AL), the second
olfactory signal processing layer in the insect olfactory signal. The duration of the
response of the AL neurons, however, still exceeded the duration of the stimulus
(Jarriault et al., 2009, 2010). With our new odor delivery device, we were able to
show that the responses of moth ORNs actually closely resemble the responses of
Drosophila ORNs by encoding the stimulus offset by a transient inhibition (Barta
et al., 2022).

To understand how a neuron integrates the stimulus and what features it
extracts, linear-nonlinear models are often employed (Geffen et al., 2009; Nagel
and Wilson, 2011; Martelli et al., 2013; Jacob et al., 2017). These robust models
consisting of a linear kernel and a static nonlinearity provide insight into the
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Figure 3: Stimulus offset detection by Drosophila and moths.
[lustration of time-dependent firing rates in a response to a 500 ms stimulus. The
onset is detected by a rapid rise of the firing rate, which then gradually decays to
a steady state. While immediate termination of spike firing activity and a
transient inhibition typically marks the end of stimulus in Drosophila ORNs, the
response of moth ORNs to pheromone is long-lasting. Here the offset for the
moth response is modeled as an exponential decay with a time constant 384 ms,
as in (Tuckman et al., 2021b,a).

temporal integration of the stimulus and can predict well the firing rate of a neuron.
However, classical approaches to fitting these models have drawbacks, such as
high-frequency oscillations of the linear kernel and acausality of the linear kernel
that complicate the interpretability of the model. We proposed a new method of
fitting the linear kernel which circumvents these issues and successfully applied
it to identify the time scales of integration and adaptation of the moth ORNs
(Barta et al., 2022).

Although temporal code is assumed to play a role in odor identification (Wehr
and Laurent, 1996; Laurent, 1997, 2002; Stopfer et al., 2003; Wilson and Laurent,
2005; Wilson et al., 2017; Kadakia and Emonet, 2019), studies focusing on the
encoding of the temporal information focus on the time-dependent firing rate in
relation to the stimulus and the spike firing patterns of the activity are ignored
or are modeled as inhomogeneous Poisson processes (Lee et al., 2023; Rapp and
Nawrot, 2020; Betkiewicz et al., 2020; Tuckman et al., 2021b,a). However, we
observed that this assumption is typically not satisfied in the ORN activity,
proposed a statistical model for its description, and discussed the possible origin
of the firing pattern and the effects on downstream neurons in the antennal lobe
(Attachment VI).

In the following chapters, I first provide a brief theoretical introduction to
insect olfaction, mathematical models of neural activity, and methods used in this
work. The chapter provides a general overview, more detailed information about
the used methods is provided in the attached manuscripts and reports. In the
Chapter 3 I provide a short summary of the main results and a discussion of each



attached work.
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2. Theory and methods

2.1 Insect olfactory system

Olfaction is essential for insects to locate food sources, mating partners, and
oviposition sites. The high efficiency of the insect olfactory system, paired with
its relative simplicity, compared, e.g., to the sensory systems in mammals, makes
it ideal for studying the principles of efficient neural coding.

In my thesis, I focus on early information processing, i.e., on the ORNs,
stimulated directly by the odor molecules in the air and on the antennal lobe
(AL), the primary olfactory brain area in insects, consisting of projection neurons
(PNs), local neurons (LNs), and ORN terminals (the AL is the equivalent of the
olfactory bulb in vertebrates).

2.1.1 Olfactory receptor neurons

ORNs can be divided into functional types based on what odor receptor they
express. The expressed type of odor receptor defines to which odor molecules the
neuron responds. Some odor receptors are broadly tuned (responding to many
different odors), and some are narrowly tuned (responding only to one or few
different odor molecules) (de Fouchier et al., 2017). Typically, receptors sensitive
to social odors (e.g., pheromones) are narrowly tuned. Narrowly tuned moth ORNs
responding to a sex pheromone are the main focus of the olfaction-focused part of
the thesis.

The dendrite and soma of the ORN are located inside a sensillum, a porous,
hair-like structure on the insect antenna (Fig. 4A). The sensillum contains three
auxiliary cells, tightly wrapping the soma and effectively separating the ORN
into two parts with different extracellular ionic environments - the outer dendrite
is bathing the sensillar lymph, and the inner dendrite, soma, and axon in the
hemolymph (Jacquin-Joly and Lucas, 2005; Kaissling, 2014; Chertemps, 2017).

When the odor molecules enter the sensillar lymph and bind to their cognate
odor receptors on the dendrite, receptor ion channels open, and the dendrite
becomes depolarized. Knowledge of the transduction process, from odor molecules
entering the sensillar lymph to receptor channels opening (and eventually closing),
is essential for modeling the response of the ORN to an odor encounter. Classically,
the transduction process can be described by a set of chemical kinetic equations
(Kaissling, 2001, 2004):

Lax 5 L (2.1)
ko1 ko2
nL+ R+— R, — R} (2.2)
k1 ko
k_3 ka4
L—l—Nk#NL—HD—i-N (2.3)
3

Here L,; represents the number of odor molecules (ligands) in the air surrounding
the sensillum, L is the number of molecules that enter the sensillum, R is the
number of free receptors, n is the number of molecules required to activate the
receptor, Ry, the number of bound receptors and R; number of activated receptors.
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Figure 4: Insect olfactory system. A: The ORN is located in a hair-like
structure called the sensillum. The pores in the cuticle allow the entry of odor
molecules into the sensillar lymph, where they can bind to the receptors on the
dendrite of the ORN. One sensillum can contain more than one ORN. The
neuron’s soma is surrounded by three auxiliary cells (thecogen, trichogen, and
tormogen) that delimit the sensillar compartment and control its ionic
composition. The electrodes illustrate their placement during single sensillar
recording (SSR). Note that the placement of the recording is different for tip SSR.
B: ORNs on the antenna express different odor receptors (color-coded in black,
green, and blue). All ORNs expressing the same type of receptor converge into
the same glomerulus in the antennal lobe (AL), where their axons connect to the
dendrites of projection neurons (PNs) and local neurons (LNs). LNs provide
lateral connections between the glomeruli and inhibit the PNs. The axons of the
PNs project to higher brain centers of the insect.

R7 is the number that specifies the number of open ionic channels, therefore, the
conductance between the dendrite and the sensillar lymph. The last equation
then describes the degradation of the ligands. N is the number of degrading
enzymes, N the number of bound enzymes and P the number of inactivated
ligands. k, describe the reaction rates. The Eqgs. (2.1-2.3) are a simplification
of a more complicated process, yet they can be used to build an ORN model
with a good predicting power (Levakova et al., 2019). The transduction process
can also be simplified by leaving out some intermediate steps or generalized by
including the spontaneous opening of the receptor channels (Nagel and Wilson,
2011; Gorur-Shandilya et al., 2017):

kl [Lair} k:2

k-_l RL k;_2 RL? (24)
k k[Lair}

R== R —= PR (2.5)
k_s k_4

Here the ligand dependence was moved into reaction rates that depend on the
ligand concentration in the air [L,;], R* represents receptors activated without
any ligand, responsible for the spontaneous activity.
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2.1.2 Antennal lobe

The axons of ORNs expressing the same receptor type converge into the same
glomerulus in the AL, where they connect by synapses onto the dendrites of
the PNs and LNs (Kay and Stopfer, 2006; Wilson, 2013). PNs excite other PNs
and LNs within the glomerulus (Fig. 4B). The convergence of the ORNs ensures
a rapid response of the PNs to the odorant and reduction of the trial-to-trial
variability exhibited by individual ORNs when exposed to the same stimulus over
multiple trials (Rospars et al., 2014).

The LNs provide a lateral connection to other glomeruli in the AL. The lateral
input to PNs is generally inhibitory. Therefore the LNs are responsible for odor-
evoked inhibition. The lateral inhibition acts both presynaptically at the ORN
axon terminal (thus mediating a gain control in the synapse (Olsen and Wilson,
2008)) and synaptically, directly hyperpolarizing the PNs (Wilson and Laurent,
2005). The lateral inhibition is responsible, e.g., for narrowing the tuning of PNs
or for shaping their response profile by intensifying their response to the onset of
the stimulus (Olsen et al., 2010).

2.2 Experimental methods and data analysis

2.2.1 Single sensillum recordings

Each sensillum contains one or multiple ORN dendrites. By extracellularly recor-
ding from a single sensillum, it is possible to record the activity of these ORNSs.
The activity of these ORNs can be discriminated by their spike amplitude and
shape. In the trichoid sensilla of Agrotis ipsilon, containing neurons sensitive to
the main compound of their sex pheromone, (Z)-7-dodecenyl acetate (Z7-12:Ac),
typically only one amplitude of action potentials is observed (see Appendix A for
cases with two different spike amplitudes). After recording the electrical signal
from the sensillum, the spiking activity needs to be extracted from the electrical
signal. Single sensillum recordings (SSR) and extraction of spiking activity were
performed by Christelle Monsempes and Elodie Demondion. In this section, I
provide a brief description of the process.

Two electrodes, a recording electrode and a reference electrode are placed into
the insect antenna. The recording electrode is placed into the sensillar lymph,
while the reference electrode is inserted into an adjacent antennal segment (Fig.
4A). The reference electrode is placed close to the sensillum to avoid contamination
of the signal by the activity of ORNs in the neighboring sensilla.

To extract the action potentials, the activity is high-pass filtered (10 Hz) and
thresholded (Fig. 5A). From the events that cross the threshold, electrical artifacts
and random threshold crossings are separated from the action potentials using
principal component analysis in the Spike2 software.

2.2.2 Local field potential and spiking activity

The following methods and electrodes can be used for SSR:

1. Tungsten electrode,
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Figure 5: Signal analysis and firing rate estimation.A: Recording with a
glass electrode can be low-pass filtered to obtain the LFP or high-pass filtered to
isolate the firing activity. The high-pass filtered activity can be thresholded
(dashed line) to obtain the spike train. Note that the vertical line at the
beginning and end of the stimulus is an artifact, a signal from the electrovalve
controlling the stimulus. B: The estimated firing rate. Replacing each spike with
a normal distribution results in an estimate of time-dependent firing rate.

2. Glass electrode with a silver wire inserted in the base of the sensillum,

3. Glass electrode with a silver wire placed over the sensillum with a tip cut
off (tip recording).

Due to the sharpness of the electrode, recordings with the tungsten electrode
are the least invasive and it is possible to obtain long and stable recordings.
However, the signal tends to drift away from its baseline due to polarization of the
electrode and therefore the signal has to be high-pass filtered during the recording
and we can only obtain the high frequency signal, i.e., the action potentials and
their shapes and amplitudes.

Recordings with glass electrodes do not need to be high-pass filtered during the
recording, and therefore we can also obtain the low-frequency response, referred to
as the local field potential (LFP). During stimulation, positive current flows from
the sensillar lymph into the neuron, and we observe a decrease in the potential in
the sensillar lymph. To obtain the LFP from the glass electrode recordings, we
low-pass filtered the recordings with a 2-pole Butterworth filter (Fig. 5A). The
LFP is often used as a proxy for the current flow between the dendrite and the
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sensillar lymph (Wilson, 2013; Gorur-Shandilya et al., 2017). We showed that
in the moth ORNs, the relationship between the current I; and LFP can be
approximately expressed as (Barta et al., 2022):

LFP(t) = (Ia* g)(t) (2.6)
0 for t <0,
g(t) = 5 . B (2.7)
- exp(—t/mrp) for t > 0, with 7pp = 10 ms,

where [ is a scaling constant.

The recordings with the glass electrode are more invasive than the recordings
with the tungsten electrode, and we observed that after some time of recording,
the properties of the ORNs were often modified. This happened considerably
sooner with the tip recording technique, therefore, all recordings of the LFP were
done with the glass electrode inserted in the base of the sensilla.

2.2.3 Firing rate estimation

The time-dependent firing rate v(t) of a neuron is defined as:

) — tim PN+ AD)

2.8
At—0+ At ’ ( )

where N (t,t+ At) is the number of action potentials observed in the time window
t to t + At and E signifies the mean value across independent trials. To estimate
the firing rate from a single trial, we used the kernel density estimation method
with a Gaussian kernel (Fig. 5B):

p(t) = N(te, bw(t)?), (2.9)

{tx}

where the sum goes over all spike times #;, N'(i, 0?) is the normal distribution
with mean p and variance o and bw is the (possibly time-dependent) bandwidth
of the kernel.

2.2.4 Trial-to-trial variability quantification

When comparing the trial-to-trial variability of two neurons (or the same neuron in
different conditions) with the same mean activity E[N (¢, t+At)], where N (¢, t+At)
is the number of observed action potentials in a time window (¢,t + At), we
can directly compare the variance of the number of observed action potentials
Var[N(t,t + At)]. However, sometimes it is beneficial to scale the variance relative
to the mean number of action potentials and obtain the Fano factor:

_ Var[N(t,t + At)]

M= SNt A

(2.10)

The Fano factor of a Poisson process is equal to one, therefore, calculating the
Fano factor lets us compare the trial-to-trial variability to a Poisson process.
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Figure 6: Linear filters and response profiles. The top row shows different
linear filters and the bottom row the firing responses obtain with the filter
convolved with a rectangular stimulus and passed through a static nonlinearity.
The shaded area illustrates the positive and negative parts of the linear filter.

We can also estimate the trial-to-trial variability from the inter-spike intervals
(ISIs) of a steady-state spike train with a coefficient of variation:

oy = VVarln)

2.11

e (2.11)
where 7; are the interspike intervals. Then

FFy = CV?, (2.12)

where FFq is the Fano factor calculated from infinite-length time window (At —
+00).

2.3 Mathematical models of neural activity

2.3.1 Linear-nonlinear models

A common approach to predicting the firing rate from the time-dependent stimulus
s(t) are linear-nonlinear models. Linear-nonlinear models consist of a linear kernel
K and a static non-linearity f:

v(t) = F((K * 5)(1)). (2.13)

In the case of an excitatory stimulus, the kernel K can be decomposed into an
excitatory component Koy (Kexe(t) > 0 Vi) representing the integration of the
stimulus and an adaptation component Kgspa (Kspa < 0 Vt). Depending on the
kernel shape, the convolution K * s can then produce different firing rate profiles
(Fig. 6):
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e Tonic response: single-lobed kernel,
e Phasic response: bi-lobed kernel, [ K(t)dt =0,
e Phasi-tonic response: bi-lobed kernel, [ K (t)dt > 0.

Typical choices for the static nonlinearity f are the Hill function

1

V=",
1 —|— (H/I/]in)n

(2.14)

where H is the half maximum, n is the hill coefficient and 1, = K * s; or a

rectifier function
0 fort <0
v(t) = o= (2.15)
Vin(t) for ¢ > 0.

Fitting the linear-nonlinear model to neural data allows us to understand the
time scales of input integration and adaptation.

Estimation of the linear kernel

Two common approaches exist for estimating the linear kernel K (Dayan and
Abbott, 2005):

1. Estimation in the frequency domain (Wilson, 2013),

2. Estimation using the variation calculus (Geffen et al., 2009; Martelli et al.,
2013; Jacob et al., 2017).

The linear kernel should only be defined for ¢ > 0 (positive delays) so that the
model predicts the response only based on the past stimulus. A common issue
with filters estimated in the frequency domain is that unless the stimulus has
a flat power spectrum, the domain of the filter spans also to negative values of
the delay and the filter is therefore acausal. Such filters cannot be considered
biologically plausible and are difficult to interpret.

In the case of odor delivery, although it is possible to deliver a stimulus with
a flat power spectrum (up to a cut-off frequency), the LFP does not have a flat
power spectrum anymore and therefore we cannot estimate a causal LFP-to-firing
rate linear filter in the frequency domain. Therefore, in the following paragraphs I
focus on the variation calculus method.

In (Barta et al., 2022) we proposed an approach to linear filter estimation
closely related to the approach using variation calculus. Here I will first describe
the variation calculus approach and then the approach we used in (Barta et al.,
2022). Benefits of our new approach are discussed in the Section 3.5.

The goal is to estimate such linear filter K that the squared error between the
prediction (K # s)(t) and the response v(t) is minimized:

2

E= /0 T( ;OO K(t)s(t —t)dt — z/(t)) dt. (2.16)

To calculate the shape of the filter numerically, we may discretize the time, and the
problem may be solved as a least squares optimization problem. We construct a
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time shifted stimulus matrix S, Sj; = s(t—(i+7)At). With k = (ki, ..., kn)7 as the
kernel vector (time delay ranging from 0 to NAt) and v = (v((N + 1)At), v((N +
2)At),...,v(T))" as the response vector, the problem can be formulated as:

k = arg min(||r — Sk'[]). (2.17)
k/

Elastic-net regularization is often implemented to avoid overfitting on small
data sets (Zou and Hastie, 2005; Martelli et al., 2013; Jacob et al., 2017; Lever
et al., 2016):

k = arg min(|r — SK/| + AJK* + oK), (2.18)

where A and p are regularization coefficients, ||v|| = />_ |v;|? is the L2 norm and
V|1 = >_ |vi| the L1 norm of a vector.

In (Barta et al., 2022), we modified the time-shifted stimulus matrix S. Instead
of the i-th row representing a stimulus segment of length NAt, shifted by 1At,
each column can be thought of as a convolution of the past stimulus with a gamma
distribution with time constant 7 and shape parameter a:

1 -1 _—z/7
py(z; 7, 0) = Ww“ Le=a/T, (2.19)

The coefficient vector @ = (6, 4y, 070, -.-)" then contains coefficients correspon-
ding to different time constants and shapes. We used lasso regression to estimate
the coefficients for a grid of (7, «) pairs:

0 = argmin(||r — S, 0’| + ]|0']1)- (2.20)
9/

The delay-dependent kernel is then expressed as:

K(t) =) Oralpy(x;7,0) x5)(1). (2.21)

2.3.2 Spiking neural models

The linear-nonlinear model belongs to a class of models that only predict the firing
rate of a neuron. But sometimes, a model generating action potential is desirable.
Apart from exploring coding by precise spike timing, spiking models may help
us investigate the trial-to-trial variability of neural systems. Here I first describe
how the membrane potential of neurons is modeled without any spike-generating
mechanism and then discuss different ways of extending the membrane potential
model with a spike-generating mechanism.

Subthreshold membrane potential

Neurons are commonly modeled as electrical circuits (Dayan and Abbott, 2005). In
the absence of any ion-transporting proteins, the neural membrane is impermeable
to electrically charged ions and acts as a capacitor with capacitance C. Here |
only consider models where we assume that charge and ions are distributed evenly
across the neuron without any delay and thus neglect the effect of the neuron’s
morphology.
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Ion pumps are proteins that actively use energy to move ions across the
membrane, make the neuron negatively charged, and create an electrical gradient
between the inside and outside of the neuron. Certain proteins, ion channels,
let specific ions pass through the membrane. These channels allow the flow of
electrical current and can therefore be described as conductances in an electrical
circuit.

The combination of active ion transport by ion pumps and passive transport
by ion channels leads not only to an electrical gradient but also to different
concentration gradients for different ion types. An equilibrium potential exists for
each ion channel type, at which the diffusion, driving the ions across the membrane
due to the concentration gradient, is in balance with the electrical forces. An RC
circuit equation can then describe the membrane potential V:

C% =— ;gx(t)(v — Ex), (2.22)

where the sum goes over different ion channel types X, gx(t) are their (possibly
time dependent) conductances and Ex are their equilibrium potentials.

The conductance of some ion channels can be considered constant over time.
These channels are grouped as leaky channels with leak equilibrium potential E,
(typically between —80mV and —70mV) and conductance gy.

Neurons receive external input, which causes the temporary opening of different
ion channels. These channels are either excitatory (equilibrium potential Ee > V),
and their opening depolarizes the neuron, or inhibitory (equilibrium potential Ei,y)
and their opening hyperpolarizes the neuron. A simple model of a cell receiving
excitatory and inhibitory external input is then

O = gV~ Fu) + Lalt) (2.23)
[ext(t) = _gexc(t)(v - Eexc) - glnh(t)(v - Einh) (224)

Hodgkin-Huxley model

Neurons usually communicate by electrical impulses called action potentials (or
spikes). Action potentials are triggered by the depolarization of the membrane
and are shaped by a complex interplay of ion channels with membrane poten-
tial (voltage)-dependent conductances. Sodium-based action potential stem from
voltage-gated sodium channels. Calcium-based action potentials, stemming from
voltage-gated calcium channels, also occur in some neurons. However, in this
work, I focus only on sodium-based action potentials, which propagate along the
neuron’s axon and pass the signal to neurons downstream. Therefore, in this text,
action potential, or spike, refers to a sodium-based action potential.

The interplay of the ion channels can be described by the Hodgkin-Huxley
model (Hodgkin and Huxley, 1952; Destexhe and Paré, 1999), describing the
dynamics of the voltage-gated sodium and voltage-gated potassium channels:

dVv 3 4

OE = —gL(V — EL) — gNam h(V — ENa) — ggn (V — EK) -+ [ext(t); (225)
where Iy describes the external input (e.g., as in Eq. 2.23), gna. and gk are
maximum conductances of sodium and potassium channels, respectively, Fn, and
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FEx the corresponding reversal potentials and m, h, n are voltage-dependent gating
variables (0 < x < 1 for x € {m, h,n}). The gating variables obey the kinetic

equations
dz

E:

where «,, B, are the opening and closing rates, 0 < x < 1. Equivalently

ar (V) (1 =) = Bo(V)z, (2.26)

Tw(V)d—w = —[r — zo(V)], (2.27)
dt
where 2., (V) is the steady state and 7, (V') the corresponding time constant.

A possible dependence of 7, and 2., on V is shown in Fig. 7 (Destexhe and
Paré, 1999), the mathematical form of the dependences is in the Appendix B. The
action potential is initiated when depolarization of the membrane potential triggers
further depolarization by opening the m-gates with a short time constant. The
action potential is terminated by slower inactivation of the h-gates and activation
of the n-gates, gating the hyperpolarizing potassium channels.
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Figure 7: Dependence of gating variables of the Hodgkin-Huxley model
on the membrane potential. The dependence of the time constants and
steady-state values, as in Egs. (2.27), on the membrane potential is shown for the
gating variables m, h, n.

Exponential leaky integrate-and-fire models

The Hodgkin-Huxley model can be simplified by only modeling the onset of the
action potential. During the initiation phase of the action potential, we can assume

that
dh dn

dat  dt

Further, due to 7, being very short, we can assume

0. (2.28)

m(V) = me (V). (2.29)
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In the range of membrane potentials where action potentials are initiated, we can
model gnam?(V) as an exponential function instead and obtain the exponential
leaky integrate-and-fire model (Fourcaud-Trocmé et al., 2003; Brette and Gerstner,
2005; Platkiewicz and Brette, 2010):

dV
CE = —QL(V - EL) — grkqexp (

V-V

a

) + [ext<t>7 (230)

where Vi and k, characterize the exponential function. When the membrane
potential reaches some specific value (e.g., 0mV), an action potential is recorded,
and the membrane potential is reset to a reset value V,. (e.g., V. = Ep).

Leaky integrate-and-fire models

In the limit of k£, — 0, we obtain a model where any dynamics below V7 are not
affected by the voltage-gated channels and immediately fires an action potential
upon reaching V. This model, commonly called leaky integrate-and-fire (LIF),
while very simple and in some cases analytically tractable, can account for a wide
range of properties of single neurons and their networks (Tuckwell, 1989; Dayan
and Abbott, 2005; Brunel, 2000).

Spike frequency adaptation
All the models above consisted of two essential parts:

1. Input to the neuron,

2. Spike generating mechanism.

However, neurons express a wide range of ion channels in their membrane, modi-
fying their properties. These properties can be implemented in the models above
by including the additional ion channels in the Eq. (2.22) or modifying their
properties. An important property missed by the models above is spike frequency
adaptation (SFA) (Benda and Herz, 2003; Benda, 2021). SFA is a mechanism that
makes action potential firing more difficult. The onset of SFA is delayed to the
onset of the firing response. After the stimulus onset, neurons respond with a
firing response decreasing in its intensity with time during the stimulus. SFA is a
widespread neuronal property present in different animals, different brain areas,
and different sensory systems (including ORNs, Fig. 5B). LIF models extended
with various mechanisms of SFA can be fit to precisely predict a large variety
of neural responses, including precise spike timing (Jolivet et al., 2006, 2008;
Kobayashi et al., 2009; Yamauchi et al., 2011; Teeter et al., 2018).

The mechanisms of SFA can be grouped into two categories (Benda and Herz,
2003; Gutkin and Zeldenrust, 2014):

1. Inactivation of depolarizing currents,

2. Activation of hyperpolarizing currents.
Further, the (in)activation can be either

1. Spike dependent,

2. Voltage-dependent.
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Dynamic threshold models. Inactivation of depolarizing currents typically
means that the voltage-gated sodium channels are inactivated and, therefore,
cannot activate to generate an action potential. If the inactivation occurs only at
high membrane potential values, it can be considered spike dependent. Otherwise,
the inactivation is voltage-dependent or a combination of both if the inactivation
happens faster at high membrane potential values, as observed, for example, in
Fig. 7.

Inactivation of the sodium channels leads to a dynamic threshold V7 in the
LIF model. Classically, the threshold is modeled as spike dependent, increasing
by AVr with every fired action potential and then decreasing to its original value
(Platkiewicz and Brette, 2010; Benda et al., 2010; Kobayashi et al., 2009; Yamauchi
et al., 2011; Kobayashi and Kitano, 2016; Levakova et al., 2019).

In the MAT model (Kobayashi et al., 2009), the threshold Vr decays exponen-
tially to its steady state w on several different time scales:

Vp(t) =Y H(t —t) +w, (2.31)
k

H(t) = Z o exp(—t/7;), (2.32)

where t;, are the previous spikes of the neuron, L is the number of threshold
components, a; is the increase of j-th component upon spike firing, which then
decays to zero exponentially with a time constant 7;. This model, in particular, is
very effective in precisely predicting spike firing times and spike firing patterns
(Kobayashi et al., 2009; Jahangiri and Gerling, 2011; Lee et al., 2023).

In models without a clear threshold, such as the exponential leaky integrate-
and-fire, the dynamic threshold may be implemented by modifying the inactivation
properties of the sodium channels (Fleidervish et al., 1996; Martina and Jonas,
1997; Edman et al., 1987; Benda and Herz, 2003; Benda et al., 2010). A common
extension is an additional gating variable s (governed by the Eq. 2.26) inactivating
during depolarization:

dV
C’E = —g.(V = EL) — gnam®hs(V — Exa) — gxn*(V — Ex) + Lex(t), (2.33)

where 7, (Eq. 2.27) is on the time scales of several hundred ms.

Hyperpolarizing currents. Hyperpolarizing currents lower the rate of de-
polarization by the stimulus and therefore attenuate the neuron’s spike-firing
response. These currents can be activated by depolarization of the neuron or by
processes resulting from firing an action potential, such as the influx of calcium
ions, activating hyperpolarizing potassium channels.

A common example of voltage-activated SFA through hyperpolarizing currents
is the M-current adaptation. The Hodgkin-Huxley model with M-current adap-
tation can be expressed as:

dVv
CE = _gL(V - EL) - gNamgh(V - ENa)_

—gxn*(V — Ex) — gup(V — Ex) + Ly (1),

(2.34)
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where p is another gating variable following the Eqs. (2.26-2.27). The voltage
dependence of the activation and inactivation rates is given in the Appendix B.

After-hyperpolarization (AHP) currents are currents triggered by calcium influx
into the neuron during an action potential. It is, therefore, a spike-dependent
SFA. Proper modeling of AHP involves describing the calcium influx, calcium
extrusion, and calcium-dependent potassium channel activation. However, a more
straightforward approach is often implemented for LIF or exponential LIF models.
Additional potassium conductance that increases with every action potential and
decays exponentially to zero is added:

dV V -V
C_dt = —g.(V — EL) — grks exp ( 2 T) — ganp(t)(V — Ex) + Lex(t),
(2.35)
dganp JAHP
= — A o(t —t 2.36
i —— ; AnpO(t — tx), (2.36)

where Tagp is the time constant of the hyperpolarizing conductance decay, Aapp
the increase in the conductance with every action potential fired, and ¢, are the
action potentials fired by the modeled neuron.

Models of external input

Neurons connect with synapses. At the synapse, the pre-synaptic neuron (con-
necting with a synapse onto the studied, post-synaptic, neuron) releases neuro-
transmitters which are then bound by the synaptic receptors of the post-synaptic
neuron. In turn, ion channels are temporarily open. In the models above, the con-
ductances of these channels were represented by ge. and gi,, and the total currents
as Gexc(Fexe — V') for the excitatory and gy, (Eimn — V). In the following, T will
summarize different approaches to modeling the time course of the conductances
and the synaptic currents used in this work.

We assume that the release of neurotransmitters and their uptake by the
receptors is fast, and the conductances of the synaptic channels then increase
discontinuously when the pre-synaptic neuron fires an action potential. Further,
we assume that there is a large number of these receptors that are activated after
pre-synaptic action potentials, and they start closing randomly and independently,
resulting the the time course of the conductances described by:

d exc exc
foe = Bt N7 Auedlt— ), (2.37)
Texc tk€Texc
dginh Jexc
=2 N Apnd(t—ty), (2.38)
dt Tlnh ty e7;nh

where Ty, Tinn are the inverse of the closing rates, Ao and A;,y, are the con-
ductance increases and 7oy, Tinn are the pre-synaptic action potentials from
excitatory and inhibitory neurons.

This model can be further simplified, commonly with one or both of the
following assumptions:
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1. Reversal potentials Fey. and Ej,, are ignored and the differences (Eee — V')
and (Ei,, — V) are considered constant,

2. Synaptic filtering is ignored, meaning that 7, — 0% while % remains

constant (z € {exc,inh}).

If synaptic filtering is ignored, a pre-synaptic action potential evokes an
immediate discontinuous increase of the membrane potential of the post-synaptic
neuron. If reversal potentials are considered, this increase is proportional to
(Bexe — V) or (Eiyn — V), depending on whether the pre-synaptic neuron is
excitatory or inhibitory.

If only the reversal potentials are ignored, the external current I, can be
described as

]ext = Iexc + ]inh’ (239)
d]exc . ]exc
T Tt 2 Awddlt =), (2.40)
tk€7—exc
dIinh Iinh
T —— D> At — t) (2.41)
1k €Tinn

where A > 0 and A;,, < 0 are discontinuous changes in the synaptic current
upon arrival of the post-synaptic action potential.

Diffusion approximation The diffusion approximation simplifies analytical
tractability and computer simulations by expressing the input in terms of Gaussian
noise. To apply the diffusion approximation, we make the following assumptions:

1. The arrival times of pre-synaptic spikes are described by Poisson processes
with intensities Aexe and A,

2. The increments A and A, are infinitesimally small, while A\. and
Ainh — 00 and AggeAexe, AinhAinn 'émain constant.

The conductances can then be described by the Ornstein-Uhlenbeck process
(Uhlenbeck and Ornstein, 1930):

d exc exc — Mexc
Jexe __ Jexe — Mexe 4 o eeloxc(t), (2.42)
dt Toxc
d in inh — Min
‘Zth — _g h7_ Hinh + V 2Tinl'lo-inh’r]inh(t)7 (243)
inh

where vo. and vy, are white noise realizations and

Hexe = Aexc)\echexca (244)
exc)\ech2
Toe = | 2T (2.45)

representing the mean and standard deviation of the excitatory conductance,
with corresponding expressions for p,, and oj,,. Conductances modeled in this
manner reproduce well the realistic properties of the neuronal membrane potential
(Destexhe et al., 2001).
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Spiking neural networks

Neurons create complex recurrent networks. The connectivity of a group of neurons
can be described by a connectivity matrix W containing the synaptic weights.
The membrane potential of an i-th neuron in a network of N neurons, with

neurons 1,..., N being excitatory and Ney, ..., N being inhibitory, can then
be described by:

av; |

Iéxt = _géxc(‘/i - Eéxc) - gfnh(‘/l - Efnh)? (247)
dg g X

a7 + Z Z w;i6(t — ), (2.48)

N

dginn GJinh
=t > wud(t—t), (2.49)

7'.
inh j:Nexc+1 ts 67;'

where w;; is the strength of the synapse from the j-th neuron to the ¢-th neuron,
7, are the times of action potentials fired by the j-th neuron. Extending the Eq.
(2.46) with additional properties, such as SFA, is straightforward.

2.4 Metabolic cost of neural activity

The main component of the cost of neural activity is the cost to reverse the ionic
currents to maintain homeostasis, most importantly the reversal of the sodium
currents (Attwell and Laughlin, 2001). The sodium-potassium pump uses one
ATP molecule to pump 3 Na™ ions outside of the neuron and two K™ ions inside
the neuron. Therefore in order to estimate the cost of the neural activity, we need
to consider the events leading to the entry of Na™ ions and estimate the number
of Na™ ions that enter the neuron.
The main events that contribute to the influx of Na™ ions are:

e Action potentials,
e Excitatory synaptic currents,
e Na' influx through leakage channels.

Attwell and Laughlin (2001) estimated that the extrusion of Na™ ions from a
neuron costs 0.384 x 10° ATP per produced action potential. Their calculations
can be tailored to a specific neuronal model, as we have done in (Barta and Kostal,
2023).

We assume that the excitatory synaptic current is carried by Na®™ and K* ions.
For the excitatory reversal potential F.,. and total excitatory conductance geyc it
then holds (Harris et al., 2015):

9K “Ex + 9N Ena

Foee = , (2.50)
TR
Jexc = gf{xc + gl(il}g,ca (251)
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where gZ° and gy are the sodium and potassium conductances associated with

the excitatory synapses. We may calculate the Na® current as

INa(t) = gf\f:(t)(i (t) - ENa)7 (2‘52)
Eo. — Ex
INa Ena — Ex (2.53)

and the rate of Na™ ions entry as In, /e, where e is the elementary charge. Similarly,
we may estimate the influx of Na™ ions through the leakage channels with reversal
potential Fy (W = 0.342 x 109 ATP per second according to Attwell and
Laughlin (2001)).

An action potential also causes depolarization of other, post-synaptic neurons.
If the activity of a single neuron is being calculated (Barta and Kostal, 2019),
the costs associated with the subsequent excitatory synaptic currents of its post-
synaptic neurons should also be included. This cost was estimated at additional
0.328 x 10° ATP per action potential adding up to the total cost of action potential
Wepike = 0.71 X 10° ATP (Attwell and Laughlin, 2001). Note that this cost does
not need to be calculated when the cost for the entire network is being calculated,
since this cost is included in the costs of synaptic currents of individual neurons
(Barta and Kostal, 2023).

The cost of activity w for a duration of AT associated with a stimulus s can
be then calculated as

U)(S) = Ajj(u}rest + Wexe + V- wspike); (254)

where v is the firing rate of the neuron.

2.5 Measuring the transmitted information

2.5.1 Entropy and mutual information

Although the models presented in this chapter are deterministic, their input is
often treated as random. Many variables affect for example the binding of ligands
to receptors and the activity of pre-synaptic neurons and a coarse-grain description
then describes the receptor activity or the pre-synaptic spike trains as random
processes.

Due to the randomness in the input, presenting the same stimulus repeatedly
results in a different output of the neuron over the trials. If we denote the input
as x and the response as y, we may describe the stimulus-response relationship
by a conditional probability distribution f(y|x), i.e., the probability of observing
the response y, given the stimulus x.

In the following, I will focus on one-dimensional stimulus z, described by
a random variable X, representing the stimulus intensity, and one-dimensional
response ¥, described by a random variable Y, representing the number of action
potentials observed in a time window AT

With the knowledge of the input probability distribution p(z), we can calculate
marginal output distribution:

oY) = / " (@) f ) da, (2.55)

Zmin
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Figure 8: Stimulus-response relationship and information-metabolic
efficiency. A: The stimulus-response relationship. The mean response to a
stimulus z is signified by a blue line, while the shaded area represents the noise
(standard deviation). The probability distribution of the response for a given
stimulus x( is shown on the side. If we know the input probability distribution
p(z), we can calculate the marginal output distribution of the responses using the
stimulus-response relationship (Eq. 2.55). Each input z is associated with a
metabolic cost w(z). Stronger input implies a higher cost. B: The capacity cost
function (Eq. 2.60) and the ratio % with the information-metabolic efficiency
(Eq. 2.62) highlighted.

where 2, and ., define the boundaries of the input.
The maximal amount of information that can be encoded in ¢,(y) is given by
the entropy of the distribution:

Z ap(y) logy 4p(v)- (2.56)

However, the mutual information between the stimulus and the response I(X;Y)
is limited by the noise (Shannon, 1948; Gallager, 1968; Thomas M. Cover, 2006):

I(X;Y) = H(Y) — HY|X), (2.57)

where H(Y|X) is the average noise entropy:
HYI|X) = / p(x)H(Y|z) de, (2.58)
H(Y|z) = Z f(yl) logy f(yl). (259)

The mutual information sets the upper limit on the information the neuron
can reliably transmit, assuming a rate coding scheme with a counting time window

AT.
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2.5.2 Information capacity, capacity-cost function and
information-metabolic efficiency

The Egs. (2.55-2.59) allow us to calculate the mutual information /(X;Y") when
the input probability distribution is known. However, it is possible to reverse the
problem and search for such p(z) that maximizes the mutual information. The
maximum over all possible input distributions is called the information capacity.
Moreover, we can put constraints on the average metabolic cost of the neural
activity to obtain the capacity-cost function (Fig. 8B):

C(W) = max I(X;Y), (2.60)
Wl

where W, is the average cost of the activity associated with the input probability
distribution p(z):

W,= | plx)w(z)de. (2.61)

Zmin

The ratio CS;V ) provides the limit on transmitted information per unit of
cost (ATP molecule). The information-metabolic efficiency, the maximum of this
ratio, is then the upper limit on information per unit of cost that the neuron can
transmit:

C(W~)
E = 2.62
Wwx 7 (262)
W* = argmax C(W) (2.63)
W w

Typically, the distribution maximizing the mutual information at a given
average cost has to be found numerically. The classical algorithm for this ma-
ximization is the Blahut-Arimoto algorithm (Blahut, 1972). It is also possible
to skip the step of obtaining the capacity cost function C'(W) and obtain the
information-metabolic efficiency E with the Jimbo-Kunisawa algorithm (Jimbo
and Kunisawa, 1979; Suksompong and Berger, 2010) directly.
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3. Results

3.1 The stabilizing effect of inhibition

Attachment 1

Upon stimulus presentation, cortical neurons receive both excitatory and
inhibitory input (Monier et al., 2003). Each neuron typically receives input from
many pre-synaptic neurons, and the timing of the pre-synaptic action potentials
will differ in each trial with the same stimulus. Such noise in the input to the
neuron leads to noise in the output of the neuron (Stein et al., 2005). Comparing
a situation where a neuron is excited only by the excitatory input with a situation
where the neuron is excited to the same level by combined excitatory and inhibitory
input, in the latter case, more pre-synaptic action potentials are necessary to
excite the neuron, which implies higher input noise. Intuitively, the higher input
noise should lead to higher trial-to-trial variability of the output.

Monier et al. (2003) observed that the fluctuation of the membrane potential
in the neurons in the cat visual cortex decreased after stimulus onset, even when
the mean membrane potential of the neuron remained unchanged. This is counter-
intuitive due to the higher input noise associated with the inhibitory input. We
analyzed this problem theoretically and showed that if the synaptic input to a
neural model is modeled with either of the two simplifying assumptions discussed
in the Section 2.3.2 (reversal potentials or synaptic filtering are neglected), the
stronger input noise leads to higher membrane potential fluctuations. However,
if neither of the two assumptions is considered, decreased membrane potential
fluctuations may be observed (Fig. 9).

The equation describing the membrane potential (Eq. 2.23) can be rewritten
as

OU = gV — Fo(1), (3.1)

where gy, is the total conductance and Ey(t) the effective reversal potential:

Gtot (t) =Jgr+ geXC(t> + ginh(t)a (3’2)
_ gLEL + gexc<t)Eexc + ginh(t)Einh

Eo(1) 91, + Gexc(t) + Ginn (1)

(3.3)

Simultaneously increasing the conductances gexe and g, while keeping the mean
membrane potential constant, leads to the membrane potential V' following the
effective reversal potential Ey(t) more closely. Therefore, if fluctuations of Fy(t)
decrease, membrane potential fluctuations may also decrease. We showed asympto-
tically that Var[Ey(t)] — 0 as long as the fluctuations of the conductances scale
sub-linearly with the mean conductance value (Var[gx] = O(¢%), p < 2, X stands
for exc and inh). This is naturally satisfied if the input is modeled as a Poisson
spike train and increasing the input intensity is modeled as increasing the intensity
of the Poisson process. Then Var[gx] = O(E[gx]).

The stimulus onset has been shown to decrease not only the trial-to-trial
variability of the membrane potential but also the trial-to-trial variability of the
firing activity (Churchland et al., 2010) as measured by the Fano factor (Eq. 2.10),
a phenomenon known as neural variability quenching. We analyzed whether this
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Figure 9: The stabilizing effect of inhibition. During a 2s long simulation
the intensity of inhibitory input increases from 0kHz to 20 kHz. The pre-synaptic
spike trains are modeled as Poisson point processes. The intensity of the
excitatory input is increased simultaneously with the inhibition to keep the mean
membrane potential constant. This increases synaptic current fluctuations and
subsequently increases membrane potential fluctuations unless both synaptic
filtering and reversal potentials are considered. The orange lines signify the mean
value 4 the standard deviation.

might be caused by the decreased membrane potential fluctuations associated
with the stimulus onset. We found that the effect of the increased inhibitory input
depends on the spike frequency adaptation mechanism of the neuron. Models with
M-current or AHP current showed an increased trial-to-trial variability with the
increased inhibitory input. In contrast, models with dynamic threshold showed
decreased trial-to-trial variability (Fig. 10).

Our results illustrate the importance of considering synaptic filtering and
reversal potentials in neural modeling and extend our understanding of the effects
of using different SFA mechanisms on the input-output properties of neural
models (Benda et al., 2010). Moreover, we theoretically explain the experimentally
observed decrease of membrane potential fluctuations and provide a possible
mechanism of decreased Fano factor with the stimulus onset. Results of our study
were published in the journal Physical Review E (Barta and Kostal, 2021). A
reprint of the manuscript is enclosed with this thesis (Attachment I).

3.2 Neural variability quenching in networks

Attachment II
In our published work, we studied the properties of single neurons and simulated

30



stimulus onset
M-current adaptation Vel

50 - !
—50 b 5 it -
|
]
20 A - ! Firing rate remains 10Hz
firing rate (Hz) 3
10 - ] -
0.75 7 1 Trial-to-trial variability
Fano factor 1 .
0.50 - . increases
T T T T T
0 500 : 1000 1500 2000
] time (ms)

Dynamic threshold adaptation

50 o
i
0 - I
I

=50

]
|
15 A f
1]
10 -
0.30 - r— J Trial-to-trial variability
0.25 - : P decreases :
T T T T T
0 500 1000 1500 2000
time (ms)

Figure 10: Changes in Fano factor with stimulus onset. During a 2s long
simulation the intensity of inhibitory input increases from 0 kHz to 20 kHz. The
intensity of the excitatory activity is increased simultaneously to keep the
steady-state post-synaptic firing rate at approximately 10 Hz (blue trace). The
pre-synaptic spike trains are modeled as Poisson processes. The Fano factor
(orange trace) decreases with the addition of inhibition to the input in the model
with spike-firing adaptation by M-currents. However, the model with the dynamic
threshold shows a clear increase in regularity with the added inhibitory input.
The Fano factor was calculated with a 100 ms sliding window from multiple trials.

the stimulus onset as a simultaneous increase in the excitatory and inhibitory
input at different ratios. To understand better the neurons’ behavior with stimulus
onset, it is beneficial to study the single neuron behavior in the context of a
recurrent neural network in the sensory cortex with different neurons having
different stimulus preferences and thus reproduce the experimental conditions as
in (Monier et al., 2003) and (Churchland et al., 2010). The stimulus would be
represented by an increased input intensity from thalamocortical synapses, with
the increase dependent on the preferred stimulus and the associated increase in
inhibitory input given by the network properties. Thus, we can reproduce the
variability quenching effect with stimulus onset.

We started extending the published results in this direction. We considered a
recurrent neural network of 10000 neurons, with 7500 neurons excitatory and 2500
inhibitory. Each neuron was modeled as an exponential leaky integrated-and-fire
neuron, and the probability of a connection from one neuron to another was set
to 5% (Zerlaut et al., 2017). We compared three types of networks, specified by
two types of spike frequency adaptation (SFA) of the neurons:

1. SFA through after-hyperpolarization currents (AHP),
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Figure 11: Neural variability quenching in recurrent neural networks.
A: All neurons receive a background input throughout the 12's simulation. After
the stimulus onset at 6s, each neuron receives a different additional input due to
their different stimulus preference, representing the input from the
thalamocortical synapses. Neurons are organized vertically, neurons at the
bottom do not receive any thalamic input, and neurons at the top receive the
strongest thalamic input. B-C: Raster plots of the 7500 excitatory neurons with
different spike frequency adaptation mechanisms (SFA): after-hyperpolarization
(AHP) current (B) and dynamic threshold (C). In both cases, the neurons
receiving a strong input increase their firing activity, while neurons receiving
weak or no input decrease their firing activity. D-E: With fixed network
connectivity, we repeated the simulation 3600 times. For each neuron, we plotted
the variance of the response across the 3600 trials against its mean response.
Neurons with AHP SFA (D) increased their trial-to-trial variability after the
stimulus onset. In contrast, neurons with dynamic threshold SFA decreased their
trial-to-trial variability after the stimulus onset (E).

2. SFA through dynamic firing threshold.

Each neuron was receiving a background input before being presented with
a stimulus on top of this background input. Regardless of the SFA mechanism,
the neurons receiving strong input responded with an increased firing activity,
while neurons receiving only a weak input decreased their firing activity due to
increased inhibitory input from the network activity (Fig. 11B-C).

For fixed network connectivity, we ran the simulation 3600 times to obtain
the trial-to-trial variability of each neuron before and after the stimulus. We
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plotted the variance of the response of each neuron against the mean response.
Neurons with the AHP-mediated SFA increased their trial-to-trial variability after
the stimulus onset. In contrast, neurons with the SFA mediated by a dynamic
threshold decreased their trial-to-trial variability after the stimulus onset (Fig.
11).

This model clearly illustrates a possible mechanism of decrease in trial-to-trial
variability with stimulus onset. To develop this work further, we will consider
more realistic, proximity-based probabilities of synaptic connections between
neurons. Particularly, neurons with a peak response to a similar stimulus should
be connected with a higher probability than neurons responding to very different
stimuli. The preliminary results of the study are enclosed with this thesis in the
form of a short report (Attachment IT).

3.3 Efficient coding by individual cortical neu-
rons

Attachment III

Given that all the information a neuron passes on is contained within its
output spike train, a model reproducing the neuron’s response to a stimulus can
be a proxy for conducting experiments. This is especially useful for evaluating the
information transmission capabilities of neurons because such studies require large
amounts of data, which are costly and lengthy to obtain experimentally. Numerous
studies used mathematical neuronal models to evaluate the theoretical limits on
information transmission. However, these studies typically dealt with simplified
models with simplified inputs, which do not represent well the true behavior of
neurons (Stein, 1967; de Polavieja, 2002, 2004; Suksompong and Berger, 2010;
Xing et al., 2015; Sungkar et al., 2016, 2017) or with biophysical models, which
are difficult to generalize (Kostal and Kobayashi, 2015).

A gap between those model types was somewhat filled by the Multi-timescale
Adaptive Threshold (MAT) model (Kobayashi et al., 2009) (Egs. 2.31-2.32).
Kobayashi et al. (2009) showed that if the SFA is modeled at two separate
timescales: 10ms and 200 ms, the MAT model can precisely predict the timings
of individual spikes of cortical neurons (Kobayashi et al., 2009; Gerstner and
Naud, 2009; Jahangiri and Gerling, 2011; Kobayashi and Kitano, 2016). The
great benefit of this model is its modest number of free parameters, which greatly
simplifies its fitting to neural recordings. We used this model to evaluate the limits
of metabolically efficient information transmission by neurons and to investigate
the effect of changing the free parameters, which can be directly related to the
neurons’ properties. An “optimal regime” can then be found for any neuron that
can be fitted by the MAT model, making the model the perfect tool for comparing
real neuronal responses with predictions based on efficient coding arguments.

In accordance with some of the previous studies, we assumed that the “optimal
regime” is such that it allows the transmission of as much information as possible
per unit of energy (molecule of ATP). Previous studies typically considered the
metabolic expenses of the neuron to be equivalent to its output firing rate. However,
the synaptic input to the neuron is responsible for a large portion of the metabolic
expenses (Harris et al., 2012) (in our study, possibly more than 50%, depending
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Figure 12: Simulation schematics. A: We record the response of the neural
model to a time-varying stimulus. The output of the neuron is the number of
spikes in a time window A (here 250 ms). B: The output of the neuron to the
same stimulus is random due to the randomness of the stimulus. The
stimulus-response relationship then has to describe the complete output
probability distribution for each input. Here thick lines signify the mean response
and the shaded area the standard deviation. C: Maximization of mutual
information provides a prediction in the form of post-synaptic firing rate
histograms, which can be compared to in-vivo recordings.

on the input and output, see Fig. 5A in (Barta and Kostal, 2019)).

With the knowledge of the stimulus-response relationship and the cost of the
neural activity, the information-metabolic efficiency can be calculated. However,
the adaptation properties of the neurons introduce memory to the neuron. The
Jimbo-Kunisawa algorithm cannot be directly applied to calculate the information-
metabolic efficiency of such channels. Therefore, we had to extend the Jimbo-
Kunisawa algorithm to take the adaptation properties into account (S5 Appendix
in (Barta and Kostal, 2019)).

We then studied the effect of the following neuronal and coding properties on
the information-metabolic efficiency:

e Spike firing patterns,

e Stimulus-associated inhibitory input,
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e Coding time window A,
e Spontaneous activity of the neuron.

We found that while the information-metabolic efficiency (Eq. 2.62) was robust
towards the changes in the inhibition excitation balance and to the change in
model parameters responsible for the spike firing patterns (Figure 4 in (Barta and
Kostal, 2019)), the coding time window and spontaneous activity of the neuron had
significant effects on the information-metabolic efficiency. Neurons with the lowest
spontaneous activity had the highest values of information-metabolic efficiency,
and shorter coding time windows led to higher information-metabolic efficiency.

We showed that it holds from the information-theoretic principles that shorter
time windows cannot decrease the mutual information if the neuron is considered
to be a memoryless information channel. However, with a shorter coding time
window, the response of the neuron is more affected by the previous stimulus
than in the case of a longer coding time window, decreasing its signal-to-noise
ratio, as the stimulus history introduced another source of stochasticity (Figure
8B in (Barta and Kostal, 2019)). We found that despite the additional source
of variability in the stimulus history, shorter coding time windows led to higher
information-metabolic efficiency (Figure 8E in (Barta and Kostal, 2019)).

We used 34 sets of parameters obtained by fitting 34 neurons from layers 2/3 and
5 of the rat motor cortex (Kobayashi et al., 2009; Isomura et al., 2009) (provided
by professor Ryota Kobayashi) to investigate the role of different parameters on
the efficiency of information transmission. For a fixed coding time window, the
information-metabolic efficiency was given mainly by the neurons’ spontaneous
firing rate due to the background network activity (Destexhe et al., 2001, 2003),
which is in turn given by the neurons’ long-term adaptation properties and their
resting threshold for action potential initiation. More detailed properties (e.g.,
the tendency to burst - fire rapidly many action potentials during a short period)
turned out to be of lesser importance (Figure 9 in (Barta and Kostal, 2019)).

The results of our study were published in the journal PLoS Computational
Biology (Barta and Kostal, 2019). The reprint of the manuscript is enclosed with
this work (Attachment III).

3.4 Efficient coding by populations cortical neu-
rons

Attachment IV

In the above-discussed study, among other parameters, we analyzed the effect
of the stimulus-associated inhibitory input on metabolically efficient information
transmission. While we observed that in some cases higher inhibition-to-excitation
ratio may decrease the trial-to-trial variability of the response (see also (Barta and
Kostal, 2021)), this decrease was not sufficient to balance out the increased costs
of synaptic currents and decreased coding range of the neurons. Yet, an increase in
excitatory input intensity due to an external stimulus is typically accompanied by
a simultaneous increase in the inhibitory input due to the excitation of inhibitory
neurons (Monier et al., 2003), and it is unclear if and how the inhibition aids
metabolically efficient information transmission.
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Figure 13: Metabolically efficient information transmission by a
recurrent neural network. A: Schematic illustration of a network used to
study the role of inhibition in metabolically efficient encoding by neural
populations. Neurons from an external population make random excitatory
connections on neurons in the excitatory and inhibitory populations. The
connection probability P.., was varied for different simulations between 1% and
100%, leading to different pair-wise correlations between the post-synaptic
neurons. The probability of recurrent connections (ext to exc, ext to inh, inh to
inh, inh to exc) was set to 20%, but the strength of those connections was varied.
B: Contour plot of the information-metabolic efficiency for different values of Py
and recurrence strength. The information-metabolic efficiency is the highest for
P,y between 20% and 50% and recurrence strength of approximately 0.2nS, or
20% of the synapse strength from the external population.

However, inhibition is likely to play a much more important role on the level
of whole neural populations instead of individual neurons. Inhibitory feedback
can decrease the noise correlations and subsequently the trial-to-trial variability
of the total population activity (Abbott and Dayan, 1999; Averbeck et al., 2006;
Renart et al., 2010; Tetzlaff et al., 2012; Bernacchia and Wang, 2013).

To analyze the impact of the inhibitory feedback on the rate coding capabilities
of neural populations, we modeled a recurrent spiking neural network with 800
excitatory and 200 inhibitory neurons, representing a small cortical area (Fig.
13A). Similarly, as in the above-discussed study, the neurons were receiving a
balanced excitatory and inhibitory input, representing the input from neighboring
cortical areas and an external input representing the excitatory input from the
thalamocortical synapses. We modeled the thalamic input by considering an
external population of 1000 excitatory neurons, making random connections onto
the 800 excitatory and 200 inhibitory neurons. In our simulation, the inhibitory
neurons provided the inhibitory feedback, and we varied the strength of the
feedback by varying the strength of the recurrent connections.

We treated the whole population of 800 excitatory and 200 inhibitory neurons
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as a single information channel. We defined the output of this channel as the total
number of post-synaptic action potentials observed in a time window A = 1s.
Adding together the activity of many neurons can lead to a significant decrease in
the trial-to-trial variability. However, noise correlations are induced by neurons
sharing input from the same neurons in the external population. In the presence
of noise correlations, the decrease in the signal-to-noise ratio will be lower (Abbott
and Dayan, 1999). We varied the noise correlations between neurons by varying
the connection probability P.. from the external neurons to the excitatory and
inhibitory populations. High values of P, meant high noise correlations.

We considered the costs of the whole system. Therefore, on top of the costs
of the excitatory and inhibitory subpopulations (the cost of synaptic currents
and action potentials), we also considered the cost of the action potentials from
the external population. With higher P, more neurons are involved in exciting
any neuron from the excitatory or inhibitory subpopulation. Therefore, the total
activity of the external population can be lower to reach the same post-synaptic
firing rate.

On the other hand, increasing the inhibitory feedback by increasing the strength
of the recurrent connections decreases the post-synaptic firing rate of the network,
and stronger synaptic currents and stronger external input are needed to reach
the same post-synaptic firing rate, compared to a network with weaker inhibitory
feedback. Therefore, the cost of the neural activity of a network with stronger
recurrent connections is higher.

In our work, we studied the balance between mutual information in metabo-
lic costs. We found that high values of P, typically increase the information-
metabolic efficiency of the system. With high values of P, the information-
metabolic efficiency can be further improved by strengthening the inhibitory
feedback (Fig. 13B). Moreover, we showed that the neural system can decrease
its energy consumption by decreasing the strength of the synaptic weights, a
phenomenon observed experimentally in food-restricted mice (Padamsey et al.,
2022).

Results of our study are currently published in bioRziv. The preprint is enclosed
with this report (Attachment IV).

3.5 Temporal features encoding by moth olfac-
tory receptor neurons

Attachment V

Studying insect olfaction is, in certain aspects, the ideal system to study how
evolution shapes neural systems to adapt to their environment. The olfactory
system is relatively simple, and specifically, moth ORNs need to be highly adapted
to encode the temporal features of the pheromone plume. However, a lot is still
unknown about what temporal features the system actually encodes, and studying
the dynamics of the ORN response has been difficult in moths due to difficulties
with delivering odor stimulus with a sharp onset and offset, such as the moth
might encounter in nature.

We developed a new odor-delivery device that can deliver sharp stimulus pulses
even with odors with low volatility. We tested the precision of the odor delivery
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Figure 14: Spiking responses to constant stimuli of different durations.
After the short stimulus (20 ms) the ORN continues to fire for approximately
100 ms after the stimulus offset. After the 2s stimulation, the stimulus offset is
immediately followed by a transient inhibition.

device with molecules detectable by a photo-ionization detector (PID). Although
the recorded stimulus became less sharp with less volatile odors, such as linalool,
we showed that the slow dynamics arise primarily from the properties of the PID
rather than from the delivered stimulus (Figure 3 in (Barta et al., 2022)).

Previous studies showed that the moth ORNSs clearly detect the onset of the
stimulus by responding to the sudden increase in odor concentration, but also
observed a sustained response even after the stimulus offset (Kaissling et al.,
1989; Jarriault et al., 2010; Grémiaux et al., 2012; Rospars et al., 2014). Such
observations were surprising since it complicates the detection of the odor offset, a
feature which was then thought to be performed in the AL (Jarriault et al., 2009,
2010; Rospars et al., 2014; Tuckman et al., 2021b,a). With the new odor delivery
device we observed that the moth ORNs can, in fact, detect the odor offset by
a transient inhibitory phase, provided that the stimulus is sufficiently long (Fig.
14). Moreover, we showed that the response shape is independent of the stimulus
concentration, which has important implications for odor identity discrimination
(Martelli et al., 2013) (Figure 5 in (Barta et al., 2022)).

For brief stimuli, the response of the ORNs continued after the stimulus
offset. For pulses of duration below 200 ms the firing response continued for
approximately 100 ms after the stimulus offset (Fig. 14). Previous studies showed
that even though the response of ORNs is sustained after the stimulus offset, the
PNs do exhibit the transient inhibition marking the stimulus offset, albeit with a
delay of more than 100ms (Jarriault et al., 2009). We were therefore interested
in whether the encoding of the stimulus offset is further sharpened at the AL
level. We used the ORN firing rates as an input to a moth antennal lobe model
(Tuckman et al., 2021b,a) and did not observe any improvement in stimulus offset
detection. Although recordings from the antennal lobe neurons will be necessary
to show that the stimulus offset detection is not improved, we hypothesize that
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Figure 15: Comparison of moth and Drosophila ORN response to their
respective pheromones. A constant stimulus (10 pg of Z7-12:Ac for the moth
ORN, 10 pg of ¢VA for the Drosophila ORN) was presented between 0s and 2s.
The response of the moth ORN shows a phasi-tonic pattern with an intense firing
response to the stimulus onset and a gradual decrease to steady-state activity.
Response of the Drosophila ORN to cVA is rather tonic and does not show any
significant adaptation throughout the 2s stimulus. Firing rate profiles of
individual neurons were estimated with kernel density estimation (Eq. 2.9,

bw = 50ms). The shaded area represents a 95% confidence interval of the mean
estimated by bootstrapping the firing rate profiles of individual neurons (8
Drosophila neurons, 57 moth neurons).

the stimulus offset detection is not necessary for very brief encounters with the
odor. This correlates with the observed behavior of flying insects. Moths were
shown to continue flying in a straight line towards the source when presented with
a pulsating stimulus (Willis and Baker, 1984; Kennedy et al., 1980; Mafra-Neto
and Cardé, 1994). Particularly, Mafra-Neto and Cardé studied the behavior of the
almond moth Cadra cautella and observed that the best navigation performance
was achieved with a pulse duration of 130 ms and a gap between pulses of 83 ms.
Instead, the prolonged response to very brief odor encounters might help the insect
to register those encounters.

The transient inhibition marking the stimulus offset has also been observed in
some Drosophila ORNs (Nagel and Wilson, 2011; Kim et al., 2011). The absence
of transient inhibition with some odors was attributed to imprecise odor delivery
(Martelli et al., 2013; Gorur-Shandilya et al., 2019). We recorded the activity
of Drosophila ORNs expressing the receptor OR67d sensitive to 11-cis-vaccenyl
acetate (cVA), an odor of low volatility with which precise odor delivery with
classical odor delivery devices is difficult. However, we still observed that the
recorded response did not exhibit the phasicity and transient inhibition as the
other ORNs. We also expressed the receptor sensitive to the main component
of the A. ipsilon pheromone (Z7-12:Ac) and observed that the response shape
remained the same as with ¢VA with no transient inhibition at stimulus offset.
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These observations suggest that:

e The lack of transient inhibition and phasicity in response to ¢VA are pro-
perties of the ORN and not due to imprecise odor delivery,

e Phasicity and transient inhibition in moth ORNs are a property of the
spike-generating mechanism of the ORN.

Interestingly, Drosophila does not use cVA for navigation, only at short distance
for recognizing whether mating partners are virgins. The staggering difference
between the response shapes of cVA-sensitive neurons and those responsible for
navigation (both in Drosophila and moths) suggests that the phasi-tonic response
shape evolved to aid navigation. The experiments in Drosophila ORNs are not
included in the attached version of the manuscript and will be part of its next
version.

It has been known that the phasi-tonic response shape of ORNs originates from
the adaptation processes in the spike-generating mechanism (Kaissling et al., 1987).
However, the molecular origins of this adaptation are still unknown (Brandao
et al., 2021). Low ratio of Na® to KT channels may make a neuron respond more
phasically (Lundstrom et al., 2008), and it was hypothesized that the phasicity
on Drosophila ORNs is due to this mechanism (Nagel and Wilson, 2011). With a
linear-nonlinear model, we identified that in the moth ORNs, the firing response
is shaped by adaptation processes in the soma at time scales of approximately
31 ms and 635 ms, which are longer than the common adaptation time scales
of Na* channels in insect ORNs (approximately 5ms (Kadala et al., 2011)).
Slower adaptation of the Nat channels, close to either 31 ms or 635 ms, would be
necessary to partially explain the observed responses. Further experiments focused
on identifying possible adaptation of insect ORN Na*channels at longer timescales
should be performed to understand better whether the hypothesis proposed by
Nagel and Wilson (2011) is correct.

We proposed a new approach to fitting linear-nonlinear models to neural
activity (described in the Section 2.3.1 of this thesis). As discussed in the previous
paragraph, this approach provides insight into the time scales of the physiological
processes responsible for the adaptation of the ORNs. Moreover, this approach
overcomes issues imposed by elastic net regularization, commonly employed for
fitting linear-nonlinear models (Martelli et al., 2013; Jacob et al., 2017) by enfor-
cing a continuous linear filter without oscillations while allowing high-frequency
components in the linear filter.

The two separate adaptation time scales also explain the prolonged response
to brief stimuli. During the short stimulus, the slow adaptation does not activate
sufficiently to rapidly terminate the response.

Studies using ORN firing rates as an input to models of higher brain centers
typically model the ORN input as piece-wise exponential functions with slow
firing rate decay after the stimulus offset (Belmabrouk et al., 2011; Tuckman et al.,
2021b,a). By combining our linear-nonlinear model with a simple transduction
model (Eq. 2.4), we created a reliable odor-to-firing rate model containing only
a small number of parameters that can be easily transferred to be used in such

studies and also incorporates the newly discovered properties of moth ORNs (Fig.
16).
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Figure 16: Odor-to-firing rate model. A-C: Prediction of LFP responses to
stimuli of different durations. The blue line shows the transduction model
prediction, dashed black line is the average LFP observed from SSR. D-F:
Combining the transduction model with the linear-nonlinear model leads to an
odor-to-firing rate model, which accurately predicts firing responses to the
different stimulus durations. G-H: The odor-to-firing rate model also reliably
predicts the firing rate in response to a fluctuating stimulus. G shows the stimulus
being switched between ON and OFF with a constant odor concentration.

3.6 Spike firing patterns of olfactory receptor
neurons

Attachment VI

The literature so far has paid attention mainly to the time course of firing rates
in ORNs and not so much to the spike firing patterns and the subsequent trial-
to-trial variability of the response. A common assumption is that the spike firing
activity can be described by an inhomogeneous Poisson process (Belmabrouk et al.,
2011; Rapp and Nawrot, 2020; Betkiewicz et al., 2020; Tuckman et al., 2021b,a).
Such an approach may be justified in some cases since the pooled activity of all
neurons could be approximated by an inhomogeneous Poisson process. However,
synapses from ORNSs to the projection neurons in the antennal lobe (PNs) are
known to undergo short-term synaptic depression. Temporal correlations in the
spike trains are known to affect signal processing by such depressing synapses
(Bird and Richardson, 2018), and temporal correlations in the ORN firing activity
may, therefore, significantly affect how the signal is passed on from the ORNs to
the PNs. Consequently, a good statistical description of the spike firing patterns
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Figure 17: Statistical description of spontaneous activity of moth
ORNSs. A: Distributions of ISIs for 10 different ORNs. The distributions have
two modes, one corresponding to ISIs within a burst and the second to ISI
between two bursts. B: We fit mixtures of two distributions to the ISIs by the
maximum likelihood method. The shown values are average log-likelihood values
relative to the exponential-exponential distribution. P - exponential distribution,
G - gamma distribution, IG - inverse Gaussian distribution. The vertical bar
indicates the standard error. The best fit was a mix of inverse Gaussian
distribution for the bursts and gamma distribution for the inter-burst intervals.
C: Root of the square error between the cumulative distribution function of the
fitted distribution and the empirical cumulative distribution function, averaged
over the neurons. The colors correspond to B, the IG-G model is in bold, and the
P-P model is in black.

is needed to understand the effect of these patterns on information transmission
from the ORNs to the PNs.

We analyzed the trial-to-trial variability and spike firing patterns of moth
ORNs. We found that most ORNs exhibit a bursting spike firing pattern, as seen
in inter-spike interval (ISI) histograms on a logarithmic scale (Fig. 17A). We could
describe the short ISIs within a burst by the inverse Gaussian distribution, while
the inter-burst intervals (IBIs) could be described with a gamma distribution (Fig.
17B-C).

The moth ORNs show an elevated spontaneous activity following the transient
inhibition after the stimulus offset (rebound activity). The elevated activity slowly
returns to its original level on the time scale of minutes. This activity also clearly
shows two modes of ISIs which can again be described by inverse Gaussian and
gamma distributions. We applied the time rescaling theorem (Brown et al., 2002;
Barbieri et al., 2001b,a) to fit a double exponential decay of the firing rate to
the rebound activity. The mixture of inverse Gaussian and gamma distributions
with time-dependent intensities provides a good fit to the rebound activity, as
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illustrated in the attached report.

We showed that the activity of moth ORNs can be described by a mixture of
two stochastic point processes with inverse Gaussian and gamma distributions. We
were able to fit well the spontaneous activity and the rebound activity. Whether a
similar model can describe the response during stimulation remains to be analyzed.
If we can describe the full behavior or an ORN with an inhomogeneous point
process, we can use it to extend the linear-nonlinear models with a spiking activity,
simulate realistic spike trains and thus obtain a spiking odor-to-firing rate model.
Such a model could then be used as an input to AL models to understand the
role of the observed spike firing patterns in signal transmission.

SSR recordings (Barta et al., 2022) indicate that the inactivation of the
receptor current is slow, which should lead to temporal correlations of the receptor
current. We extended the multi-compartmental model from (Barta et al., 2022) by
adding voltage-gated sodium and potassium channels in the somatic compartment
to simulate a spiking ORN. We described the receptor current as an Ornstein-
Uhlenbeck process to create temporal correlations. The firing pattern of this
neuron can then resemble the firing patterns observed in moth ORNs. However,
the average action potential observed in the extracellular recording should lie
within a valley, resembling an elementary action potential (Kaissling, 1986; Minor
and Kaissling, 2003; Pézier et al., 2007; Kaissling, 2013), which is not observed in
the A. ipsilon SSR. Further investigation is therefore needed to understand the
origin of the spontaneous activity and of the bursting firing patterns.

These results are not yet ready for publication. However, a brief report is
attached with this thesis (Attachment VI).
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Conclusion

In my thesis, I studied the encoding of neural information by different systems
and conditions and the information-metabolic efficiency of the encoding. I showed
that while inhibitory feedback does not help increase the efficiency of encoding
by single neurons, it may improve the information-metabolic efficiency of neural
populations. I showed that the information-metabolic efficiency is crucially affected
by the spontaneous activity of the neuron and its cost.

Such observation inspires questions about the importance of the spontaneous
activity. In the higher brain areas, the spontaneous activity can be important,
for example, for memory consolidation (Fukai, 2022). Such function is unlikely,
for example, in the periphery of the insect olfactory system. Accordingly, the
spontaneous activity of the pheromone-sensitive moth ORNs is very low (Pézier
et al., 2007; Jarriault et al., 2010; Barta et al., 2022). However, this is not always
the case across all ORN types and insect species. For example, moth ORNs
sensitive to plant volatile compounds and Drosophila ORNs may exhibit much
higher spontaneous firing rates (Hallem et al., 2004). The ORNs responding to
plant volatile compounds typically respond to a broad range of odors, and the
odor’s identity is then encoded by the combinatorial code (one ORN recognizes
multiple odor molecules, and one odor molecule is recognized by multiple ORNs)
(Malnic et al., 1999). Although most ORN-odor combinations result in excitation
of the ORN, some ORN-odor combinations decrease the spontaneous activity,
helping discriminate different odors (Hallem et al., 2004; Cao et al., 2017). The
metabolic importance of keeping the spontaneous activity low might be why the
spontaneous activity is not even higher and odor-induced inhibition not more
common. Pheromone-sensitive ORNs, on the other hand, do not need to encode
the odor identity, and higher spontaneous activity might not be beneficial for
stimulus encoding.

In the analysis of metabolically efficient neural coding, I focused predominantly
on models of cortical neurons and neural networks. The proposed model of ORN is
a step towards conducting similar studies in the moth olfactory system. Although
models of moth ORNs and PNs reproducing the firing rates of the neurons and
their heterogeneity have been proposed (Jacob et al., 2017; Levakova et al., 2019),
these models focused only on the firing rates and although the model by Levakova
et al. (2019) is a spiking model, it does not aim to reproduce the spiking patterns of
the ORNs and their trial-to-trial variability, properties essential for understanding
the efficiency of information encoding and effect on neurons downstream. The
model by Jacob et al. (2017) could be extended to take into account the trial-
to-trial variability of the neurons in the same way as the linear-nonlinear model
proposed in this thesis. However, the portability of this model is limited, as the
knowledge of the full time course of the filters (or the time course of their principal
components) is necessary to replicate the results.

Firing profiles of the ORN responses and behavior of the insects suggest that
greater emphasis is put on encoding the odor onset and odor offset when encoding
the information about the stimulus. Further downstream, PNs are less sensitive
to differences in odor concentration than ORNs (Jarriault et al., 2010; Stevens,
2016; Olsen et al., 2010). Therefore we can assume that the goal of the olfactory
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system is not to transmit as much information as possible about the stimulus
to the higher brain areas. Instead, the ORNs and the neurons in the AL clearly
select which information should be passed on. An alternative approach is then to
evaluate the encoding efficiency of the specific features of the stimulus, such as
the durations of blanks between two subsequent odor encounters (Levakova et al.,
2018).

Ultimately, however, the goal of the insect in the navigation problem is to locate
the source. The efficiency of the olfactory system should therefore be evaluated
as the efficiency in locating the source. Simulations of insect behavior based on
olfactory system activity have been shown to be useful in comparing different
navigation strategies (Voges et al., 2014; Liberzon et al., 2018; Jayaram et al.,
2022) and in testing how properties of the olfactory system affect the navigation
efficiency (Jayaram et al., 2022; Kadakia et al., 2022). Having a reliable model of
the olfactory system is essential for such studies. Enforcing metabolic constraints
on the navigation task could then help explain from the first principles why PNs
seem to maximize the entropy of their output while ORN firing rates remain low.
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Appendix
Appendix A

Multiple spike amplitudes in the trichoid
sensillum of A. ipsilon

Here we analyze a single recording in which two different spike amplitudes are
clearly visible, both showing a stable behavior during 30 min recording with
tungsten electrodes. The ORN was first recorded for 15 min, then presented with a
2s stimulus and then recorded for additional 15 min. The recording was high-pass
filtered with a Butteworth 2-pole filter at the frequency of 200 Hz. We selected
two thresholds: #; = 0.5mV and 6, = 1.2mV. Small spikes had an amplitude > 6,
but < 6y, large spikes had an amplitude > 0y (Fig. 18A).
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Figure 18: Recording with different spike amplitudes. A: The high-pass
filtered recording in the interval 1000s to 1010s. Note that the stimulus was
presented between 900s and 902s. The dashed horizontal lines represent the
thresholds for spike detection, 8; = 0.5mV and 0, = 1.2mV. B-C: Inter-spike
intervals (ISIs) in chronological order for the large spikes (B) and the small spikes
(C). Orange points represent the ISIs that occured during the stimulus.

Firing of both spike amplitudes was more intense after the stimulus onset (ISIs
were shorter), indicating a rebound activity. Although we couldn’t see both spike
amplitudes during the response (small spike amplitudes were probably too small to
be distinguishable), we can assume that both neurons responded to the pheromone
stimulus. Therefore, either the sensilla contains two pheromone sensitive ORNs,
or the small amplitude corresponds to an ORN from a neighboring sensilla.
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Appendix B

Gating variables of the Hodgkin-Huxley model

An example of the functional form of the gating variables of the Hodgkin-Huxley
model (Destexhe and Paré, 1999):

V—-Vp—-13
= —0.32 : 3.4
“ exp(—(V — Vp — 13)/4) — 1 (3:4)
V —Vp—40
= 0.28 , 3.5
b exp((V —Vp —40)/5) — 1 (8:5)
ap = 0.128 exp(—(V — Vp — Vg — 17)/18), (3.6)
4
_ 3.7
Fn 1+ exp(—(V = Vp — Vg —40)/5)’ (8.7)
V—-Vr—15
= —0.032 , 3.8
“ exp(—(V — Vi — 15)/5) — 1 (3:8)
Bn = 0.5exp(—(V — Vp — 10)/40), (3.9)
V +30
= 0.0001 3.10
W 1 —exp(—(V +30)/9)’ (3.10)
V+30

= —0.0001 3.11

B 1 —exp((V +30)/9)’ (3.11)
with Vp = =58 mV and Vs = —10mV. The time constant and steady state

activation (Eq. 2.27) can then be obtained as:
v) 1 (312)
7.(V) = , .
ay (V) + B.(V)
Too(V) = o:(V) (3.13)

oz (V) + B(V)
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Abstract

Strong inhibitory input to neurons, which occurs in balanced states of neural networks,
increases synaptic current fluctuations. This has led to the assumption that inhibition
contributes to the high spike-firing irregularity observed in vivo. We used single
compartment neuronal models with time-correlated (due to synaptic filtering) and
state-dependent (due to reversal potentials) input to demonstrate that inhibitory input
acts to decrease membrane potential fluctuations, a result that cannot be achieved with
simplified neural input models. To clarify the effects on spike-firing regularity, we used
models with different spike-firing adaptation mechanisms and observed that the
addition of inhibition increased firing regularity in models with dynamic firing
thresholds and decreased firing regularity if spike-firing adaptation was implemented
through ionic currents or not at all. This novel fluctuation-stabilization mechanism
provides a new perspective on the importance of strong inhibitory inputs observed in
balanced states of neural networks and highlights the key roles of biologically plausible
inputs and specific adaptation mechanisms in neuronal modeling.

Introduction

In awake animals, neocortical neurons receive a stream of random synaptic inputs
arising from background network activity Matsumura et al. (1988); Rudolph et al.
(2007); Steriade et al. (2001). This “synaptic noise” is responsible for the fluctuations in
membrane potential and stochastic nature of spike-firing times Shadlen and Newsome
(1994); Vreeswijk and Sompolinsky (1996); Shadlen and Newsome (1998); Amit and
Brunel (1997); Brunel (2000); Destexhe (2010); Denéve and Machens (2016). Since
spike-firing times encode the information transmitted by neurons, investigating the
properties of neuronal responses to stochastic input, representing pre-synaptic spike
arrivals, is of significant interest.

Typically, the total conductance of inhibitory synapses is several-fold higher than
that of excitatory synapses Destexhe et al. (2003). This state, commonly referred to as
the “high conductance state” has been demonstrated to significantly affect the
integrative properties of neurons Bernander et al. (1991); Paré et al. (1998); Mittmann
et al. (2005); Wolfart et al. (2005); Rudolph et al. (2007). Concurrently, the high
inhibition-to-excitation ratio introduces additional synaptic noise, which should
intuitively result in noisier firing. However, studies have demonstrated that the high
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ratio of inhibition may lead to more efficient information transmission Sengupta et al.
(2013); D’Onofrio et al. (2019); Barta and Kostal (2019). In vivo studies have also
demonstrated that the onset of stimuli can stabilize the membrane potential without a
significant change in its mean value Monier et al. (2003); Churchland et al. (2010).
Monier et al. Monier et al. (2003) observed that the decrease in fluctuations was
associated with higher evoked inhibition, which may have a shunting effect Fatt and
Katz (1953). Nevertheless, a theoretical framework explaining why and under which
conditions this shunting effect overpowers the increased synaptic noise is lacking.
Synaptic input can be modelled as temporary opening of excitatory and inhibitory
ion channels, which act to either depolarize or hyperpolarize the neural membrane,
respectively. Statistical measures of membrane potential can be calculated exactly with
the resulting expressions being non-analytic Wolff and Lindner (2010) or they can be
approximated in the steady-state with the effective time-constant approximation
Richardson (2004); Richardson and Gerstner (2005). For better analytical tractability,
the synaptic drive is often simplified with one (or both) of the following assumptions:

A1 The magnitude of the synaptic current elicited by each presynaptic spike is
independent of the voltage Lindner and Schimansky-Geier (2001); Brunel et al.
(2001); Fourcaud and Brunel (2002); Moreno-Bote and Parga (2004); Schwalger
and Schimansky-Geier (2008); Droste and Lindner (2017), or

A2 Time profiles of individual synapses (synaptic filtering) are neglected Brunel
(2000); Richardson (2004); Richardson and Gerstner (2006); Lanskd et al. (1994);
Deger et al. (2012); Droste and Lindner (2017); Sanzeni et al. (2020).

In order to observe the shunting effect of inhibition Monier et al. (2003), reversal
potentials have to be considered, which excludes assumption Al. Richardson
Richardson (2004) demonstrated that an increase in inhibition could decrease the
membrane potential for strongly hyperpolarized membranes in a model of synaptic
input with omitted synaptic filtering (assumption A2). However, we demonstrate that if
neither of the simplifying assumptions are used, the membrane potential stabilization
effect can be observed across the complete range of membrane potentials, despite
increased synaptic current fluctuations (Fig 1A,B).

This naturally poses the question if the decreased membrane potential fluctuations
lead to more regular firing activity Churchland et al. (2010). To this end, we analyze
the effect of membrane potential stabilization on different neuronal models. In
particular, we focus on how the effects of inhibition change for different spike-firing
adaptation (SFA) mechanisms. SFA is responsible for the decrease of a neuron’s firing
rate in response to a sustained stimulus and plays a crucial role in all stages of sensory
processing (e.g., (Martinez, 2005; Peron and Gabbiani, 2009; Augustin et al., 2013; Ha
and Cheong, 2017; Levakova et al., 2019; Betkiewicz et al., 2020)). We compare two
distinct SFA mechanisms: adaptation through ionic currents (muscarinic currents, AHP
currents) and adaptation through dynamic threshold. We demonstrate that despite their
formal similarities (Benda and Herz, 2003; Kobayashi and Kitano, 2016) the effect of
inhibition qualitatively differs for these SFA mechanisms (Fig 1C,D). We illustrate the
differences on the analytically more tractable generalized leaky integrate-and-fire models
(GLIF) followed by the biophysically more plausible Hodgkin-Huxley (HH)-type models.

Methods

Subthreshold membrane potential

In order to analyze the behavior of neurons in the absence of any spike-firing mechanism,
we consider a point neuronal model with membrane potential V' described by
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Fig 1. A: During a 2s long simulation, the intensity of inhibitory input increases from 0 kHz to 20 kHz.
The pre-synaptic spike trains are modeled as Poisson point processes. B: The intensity of excitatory
input is increased simultaneously with the inhibition in order to maintain the mean membrane potential
constant. This increases fluctuations of the synaptic current but decreases fluctuations of the
membrane potential. The orange lines signify the mean value + standard deviation. C and D: The
effect of membrane potential stabilization on firing regularity. The intensity of the inhibitory input
follows the time course shown in A, and the intensity of the excitatory activity is increased in order to
maintain the steady state post-synaptic firing rate at approximately 10 Hz (blue trace). The firing
regularity (measured here by the Fano factor, orange trace) decreases with the addition of inhibition to
the input in the model with spike-firing adaptation by M currents (C). However, the model with
dynamic threshold (D) exhibits a clear increase in regularity with the added inhibitory input. The
mean firing rate and Fano factor were calculated by a sliding window of length 100 ms from
approximately 10° trials.

1
WO — v - B+ L0+ 1) (1)
where C' is the specific capacitance of the membrane, gy, is the specific leak conductance,
Ey, is the leakage potential, I, ; are the synaptic currents due to stimulation by afferent
neurons through excitatory and inhibitory synapses, respectively, and a is the
membrane area Tuckwell (1988); Dayan and Abbott (2005). For brevity, we will further
use V = V(). The synaptic currents are described by

Iei(t) = gei(t)(V — Eej), (2)

where g.(¢), ¢i(t) are the total excitatory and inhibitory conductances, and E,, E; are
the respective synaptic reversal potentials.

C
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The total conductances in the Eq (2) are given by
Geilt) = > heilt —tx), (3)
tr€Te,i

where 7. ; are sets of presynaptic spike times modeled as realizations of stochastic point
processes and he ; are filtering functions (i.e., time profiles of individual excitatory and
inhibitory conductances).

Unless stated otherwise, we used the following parameters: C' = 1 pF/cm?,
gr, = 0.045mS/cm?, By, = —80mV, E, = 0mV, E; = —75mV, a = 3.4636 x 10~*cm?
Destexhe et al. (2001).

Spike firing models

GLIF models

We consider three versions of the GLIF model:
1. The classical Leaky Integrate-and-Fire model (LIF),
2. LIF with SFA through ionic (after-hyperpolarization) currents (AHP-LIF),
3. LIF with SFA through dynamic threshold (DT-LIF).

The membrane potential of the LIF model obeys the Eq (1). Whenever V' > 6,
where 6 is a fixed threshold value, a spike is fired, and the membrane potential V is
reset to a value V.. For our simulations, we used § = —55mV and V,. = Ey..

In the model with AHP current SFA (AHP-LIF), an additional hyperpolarizing
conductance gagp is included in the model, and the membrane potential then obeys the
equation Gerstner et al. (2019); Teeter et al. (2018); Benda et al. (2010):

dv

Ca = —gL(V — EL) — ganp(t)(V — Ex) + L(t) + Li(?), (4)
or equivalently
dv
Té?HPE =—(V- e?HP)v (5)
AHP aC

t) = , 6
et (1) ge(t) + gi(t) + gamp(t) + agr, ©)
VAHP (1) _ agL By + ge(t)Ee + gi(t) By + ganp (t) Ex . 1)

ge(t) + gi(t) + ganp(t) + agr

where Fx is the potassium reversal potential, and gagp is the corresponding
conductance which increases by Agapp when a spike is fired and otherwise decays
exponentially to zero with a time constant Tagp. V;?HP then represents the effective
reversal potential. Note that for simplicity, we omitted the voltage dependence of gapp.
In the dynamic threshold model (DT-LIF), the threshold increases by Af after each
spike and then decreases exponentially to 6y with time constant 7y.
The parameters for the GLIF models are specified in the Tab. 1.

Hodgkin-Huxley models

We adopted HH-type models developed by Destexhe et al. Destexhe and Paré (1999).
The membrane potential obeys the equation:

dv
C— =—gL(V — BE) — gnam®h(V — Exa)—

dt
1 (8)
—gxn*(V = Ex) — gup(V — Ex) — sy
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Table 1. GLIF models parameters

LIF AHP-LIF DT-LIF
0, 0o (mV) | -50 50 -50
TAHP (HlS) - 100 -
AgAHp (HS) 0 5 0
Ex (mV) - -100 -
Tp (ms) - - 100
Ag (mV) 0 0 4

where En, and Fx are the sodium and potassium reversal potentials, respectively; gna,
gk, and gy are peak conductances; and m, h, n, and p are gating variables obeying the
equation:

dx
4 = e —2) = BV, )
or equivalently: q
Tz(V)£ = —(x —z0(V)), (10)

where z is the respective gating variable, «, and 3, are the activation and inactivation
functions, respectively, and

1
(V)= ——————, 11
V)= e+ e )
az (V)
Too(V)= ———r———. 12
W)=+ v (12)
The activation and inactivation functions are defined as follows:
V—-Vyr—13

m — —U. 2 y 1

om = =082 T —Vy —13)/4) — 1 (13)
V —Vr—140
P =028V =V —40)/5) =1 (14)
ap = Apexp(—(V — Vp — Vg — 17)/18), (15)
4

= 1

Bn 1+ exp(—(V — Vr — Vs —40)/5)’ (16)
V-Vr—-15
n = —0.032 , 17
“ exp(—(V — Vi — 15)/5) — 1 (17)
Brn = 0.5exp(—(V — Vi — 10)/40), (18)
V +30

= 0.0001 1

o = 0-0001 = v+ 30)/9)” (19)
1%

Bp = —0.0001 30 (20)

1 —exp((V +30)/9)

We set gy = 0 in both the HH-0 and HH-DT models, and gp; > 0 in the HH-M
model. In order to achieve dynamic threshold behavior, we modified the activation and
deactivation functions of the gating variable h, which is responsible for deactivating
voltage-gated sodium channels after firing a spike, by changing the parameters A; and
Vs. For more details see the Supplementary Figure 1.

The parameters for the three HH-type models (without SFA (HH-0) / M-current
SFA (HH-M) / dynamic threshold SFA (HH-DT)) are specified in the Tab 2.
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Table 2. Parameters of the HH models

HH-0 HH-M HH-DT
gNa (mS/cm?) | 50 50 50
gk (mS/cm?) 5 5 5
gum (mS/cm?) 0 0.5 0
ENa (mV) 50 50 50
Ex (mV) -90 -90 -90
Vr (mV) -58 -58 -58
Vs (mV) -10 -10 14
Ap (ms™) 0.128 0.128  0.00128

Simulation details

For synapses, we used the exponential filtering function:
Aeiexp(ft/Tei) t>0

hei(t) = ’ ’ - 21
it { A (21)

with Ae = A; = 0.0015pS, 7 = 3ms, 7, = 10ms. Such input parameters with
intensities A, = 2.67 Hz and )\; = 3.73kHz provide an input with ¢ = 12nS, o, = 3nS,
g% = 5718, and o; = 6.6 1S, as reported by Destexhe et al. Destexhe et al. (2001).

To ensure stability of the computation, we used the following update rule for the
simulations:

At
Vit = (V) + (Vo = (Vi) ) exp (25 22
.’.EEI
‘/ef — erX 9 (23)
ZwEX Gz
C
Tef = —=———— (24)
ZZL’GX 9z

where X contains all the channel types (synaptic, leak, voltage-gated, and adaptive).
The update rule for the synaptic conductances g.; was

t
> + Ne,iAe7i7 (25)

e,i

(ge7i>n+1 = (ge,i)n exXp (

where (Ne ;) is a Poisson random variable with mean \e ;At.
We used the step size At = 0.025 ms.

Evaluating firing rate regularity

A classical measure of the firing regularity of steady spike trains is the coefficient of
variation (Cy), defined as follows (e.g., Softky and Koch (1993)):

oy =2, (26)
1St
where prsr and oygp are the mean and standard deviation of the interspike intervals
(ISIs), respectively. Lower Cy indicates higher firing regularity.

To achieve an accurate estimate of the Cy, we estimated the statistics from
approximately 160,000 ISTs for each data point. For a Poisson process (Cy = 1) with
this number of ISTs, the estimate of Cy falls within [0.995,1.005] in over 95% of cases.
Note that the estimation was more accurate for lower values of Cy .
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Results

Membrane potential is stabilized with increased input
fluctuations

Since the inputs to a neuron consist of pooled spike trains from a large number of
presynaptic neurons, according to the Palm-Khintchine theorem Heyman and Sobel
(2004), it is sufficient to approximate the excitatory and inhibitory inputs by Poisson
processes with intensities A, and \;, respectively Tuckwell (1988). It has been
demonstrated that this condition is not necessarily satisfied for neurons in vivo Lindner
(2006). However, as we discuss below, this should not affect the conclusions of our
analysis. According to Campbell’s theorem Kingman (1993), it then holds for the mean
g¢; and variance o2 ; of the input

ggi::AeJJ/ he i (t) dt, (27)
0

025 = Aei / he;(t) dt. (28)
0

Therefore Ze“ =0 ( L ) (a well-known property of the Poisson shot noise Tuckwell

(1988)).

For the purposes of our analysis, we consider the voltage equations of a membrane
without any spike-generating mechanism as:

dv
Tef(ge(t),gi(t))a =-V- ‘/ef(ge(t)agi(t))) (29)
aC
e ey Ji) = 5 30
Tet (ge, 9i) agr + 9o + 6 (30)
agr, F + E + iEi
Vit (ger ) = = A B (31)

For large inputs Z¢* < 1, we can linearize the Eq (31):

0
Yo,i

9t +gF ) ¥ E. + ¢F E;

: 32)
agr + 98 + ¢° agL + g% + ¢ (

Vet (9e, 91) = Eo (1 -

where Ey = Ve(g2, ¢°) and g}ii = e — gg’i. Since the fluctuating terms in Eq (32)
disappear with growing input, evaluating the limits with a fixed inhibition-to-excitation

ratio ¢ = Z—‘}] leads to:
e

E. + cE;

lim E[Ve] = = STl
B Ver] = Vo) = =570 (33
lim Var[Ve] =0. (34)

)\C,Ai*)OO

Var [V¢¢] is an upper bound on the variance of V' (it follows from the Eq (29) that the
membrane potential V' is essentially a “low-pass filtered” effective reversal potential V).

Therefore, it also holds that lim (V) = V(c) = % and lim oy =0. This
/\O,)\iHOO )\C,/\;*)OO

can also be observed from the perturbative approach suggested in Amit and Tsodyks

(1992) and further developed in Richardson (2004); Richardson and Gerstner (2005).

Therefore, any membrane potential between the reversal potentials F;, E. can be

asymptotically reached with zero variance, despite the variance of the total synaptic
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Fig 2. Stabilization of the membrane potential. A, top panel: Membrane potential
fluctuations as a function of the mean membrane potential for different values of c. The full lines
represent data obtained from simulations with different excitatory input intensities A\. The dotted
lines represent the effective time-constant approximation (ETA, Appendix A). Bottom panel: The
standard deviation o of the total synaptic current Iy, = I + I;. Note that oy decreases with
growing ¢ even though o; increases. B: Overview of oy (color) for all achievable (V') (x-axis) at
given ¢ (y-axis). C = 1pF/cm? and gp, = 0.045 mS/cm?, approximation of oy computed from the
ETA. Heatmaps for different values of gi, are provided in the Supplementary Figure 2 and for
different values of 4; (Eq. (21)) in the Supplementary Figure 3.

current Igyn = I, + I; increasing. Note that the Poisson condition can be relaxed, since

Te,i

it is sufficient for this result that —5= — 0.

Let oy ((V);¢) be the function specifying the standard deviation of the membrane
potential with mean (V'), parametrized by c. It is a continuous function, with
ov(EvL;c) = oy (Vao(c); ¢) = 0, otherwise oy ((V);¢) > 0. Note that lower ¢ leads to
higher V(c). Therefore, given ¢; > cq, there has to be an interval close to Voo (cy)
where ¢o results in lower membrane fluctuations. Moreover, simulations indicate that
this holds, even in non-limit regimes (Fig 2A, top panel). This result is rather
counter-intuitive, since with an increase in ¢, it is necessary to increase both A\, and \;
(if (V) > Ej), and thus simultaneously increase synaptic current fluctuations (Fig 2A,
bottom panel) in order to keep the membrane potential constant. With our choice of
parameters, lower ¢ may also result in a slight decrease in membrane potential
fluctuations. This is mainly due to the membrane time constant 7 = % = 22ms. The
shorter the time constant, the closer V follows V¢, and the smaller the region in which
decreasing c leads to lower membrane potential variability (see the Supplementary
Figure 2).

Effects on firing regularity

The regularity of spike-firing is important for information transmission between neurons
Toyoizumi et al. (2006); Kostal et al. (2007); de Ruyter van Steveninck (1997); Strong
et al. (1998). In the previous section, we demonstrated that if appropriate synaptic
drive is used, higher inhibitory input rates (or equivalently higher
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inhibition-to-excitation ratio ¢) lead to lower membrane potential fluctuations. In this
section, we focus on the effects of inhibition on post-synaptic firing regularity,
particularly on the regularity of a post-synaptic spike train with a fixed frequency
evoked by different stimuli with different levels of inhibition.

Generalized Leaky Integrate-and-Fire models

For our analysis, it is essential to distinguish two different input regimes: 1.
Sub-threshold regime: Ey < 6 and 2. Supra-threshold regime: Ey > 6, where 6 is the
firing threshold.

In the sub-threshold regime, firing activity is driven by fluctuations in the membrane
potential. Therefore, increasing the input rates A\, A; and simultaneously keeping Ejy
constant leads to a decrease in firing rate due to suppressed membrane potential
fluctuations (note that an analogous effect was described in the Hodgkin-Huxley model
Tiesinga et al. (2000)). In order to maintain the post-synaptic firing rate (PSFR)
constant while increasing the input rates, it is necessary to compensate for the decrease
in fluctuations by increasing Ey. Therefore, it is not intuitively clear whether the
decrease in membrane potential fluctuations will lead to an increase in firing regularity.

In the supra-threshold regime, the firing activity is given by the driving force on the
membrane potential (V' — Vit)/Ter. Fluctuations in the interspike intervals are then given
mostly by the fluctuations of V. However, lower fluctuations of Vg are associated with
lower Tor and it is necessary to decrease Ej, if one wishes to decrease the fluctuations of
Ver and keep the firing rate constant at the same time. Intuitively, the fluctuations of
Ver will impact the firing regularity more, if the difference (V' — Vi¢) is lower. Therefore
it is again unclear how the increased synaptic fluctuations affect the firing regularity.

In general, we observe that in the suprathreshold regime, the Cy of ISIs decreases
with growing PSFR (Fig 3A,D). Moreover, as we show in the Appendix B:

lim Cy =0 (35)
ey A\j—00
However, if the firing rate is held constant, the Cy increases with growing c. Therefore,
an increase in the inhibition-to-excitation ratio decreases firing regularity, despite the
stabilizing effect on membrane potential.

With high values of ¢, the Cy grows locally with increasing firing rate. This is due
to the fact that as Ey is very close to the threshold and the membrane time constant
(Eq (30)) is very low, the neuron fires very rapidly (bursts) when Vi (Eq (29)) exceeds
the threshold but is otherwise silent.

For the AHP-LIF model, no improvements are observed in the firing regularity with
increasing ¢ (Fig 3B,E). At low firing frequencies, the Cy of the AHP-LIF model is
generally lower than that in the classical LIF model. This is to be expected given the
introduction of negative correlations in subsequent ISIs Chacron et al. (2004); Lindner
et al. (2005); Farkhooi et al. (2011). However, at higher firing rates, higher ¢ actually
leads to a higher Cy than that observed in the LIF model. This is due to the fact that
in regimes where Vet is always above the threshold in the LIF model, the
hyperpolarizing M-current drives the time-dependent effective reversal potential V2HP
(Eq (7)) closer to the threshold. This leads to bursting, similar to that observed in the
LIF model with Ey near threshold. This is illustrated in more detail in the Appendix B,
where we also demonstrate that if Voo (c) > Vipy, then Cy — 0, similar to the LIF model.

In the DT-LIF model, with the limit of infinite conductances, the membrane
potential will reach V. (c) immediately after a spike is fired. If Vi (¢) > 6y, the neuron
will fire with exact ISIs

T:mkg(1+v®£ft%>. (36)
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Fig 3. The effect of membrane potential stabilization on spiking regularity in the GLIF models.
A-C: Dependence of the Cy of ISIs on the post-synaptic firing rate for different values of ¢ (color-coded). The
dotted parts of the curves represent the sections where Ao > 100kHz. In the LIF and AHP-LIF model, higher ¢
universally leads to higher Cy. In contrast, in the DT-LIF model, higher ¢ can lead to more regular spike trains,
especially if the input intensities are high. If Vi, (c) < 6 (or 6y for the DT-LIF model, i.e., ¢ > 2.75), the firing
rate will eventually drop to 0. D-E: Contour plots with color-coded Cy, ¢ on the y-axis. If more than one input
can produce the same PSFR with the same ¢, the lowest possible value of Cy is color-coded, resulting in the
discontinuity in F. The data points were obtained from simulations with different input intensities Ae, A;.

-1
Therefore, any firing rate lower than (7‘9 log (1 + %)) can be asymptotically

reached with Cy = 0. Thus, firing regularity can always be improved by increasing c,
similar to the case of membrane potential variability. However, very high input
intensities are necessary to observe such regularization. Further, with biologically
realistic input intensities (excitatory input intensity up to 100kHz), increased regularity
with higher ¢ is observed only for post-synaptic firing rates below approximately 20 Hz
(Fig 3C,F).

Note that the structure of the contour plot in Fig 3F is very similar to that in Fig
2B, i.e., approximately for ¢ > 1, an increase in ¢ stabilizes the membrane potential and
increases the spike-firing regularity. The opposite is observed for ¢ < 1. Moreover, the
structure of the heatmap changes accordingly if the membrane time constant is
decreased by increasing gr, (Supplementary Figure 2) or if the inhibitory synaptic
connections are strengthened (Supplementary Figure 3).

Hodgkin-Huxley models

Generally, the behavior of the HH models is very similar to that of their GLIF
counterparts (Fig 4). Similar “subthreshold” behavior is apparent - for high values of ¢,
the firing rate starts dropping to zero with increasing input intensity.
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Fig 4. The effect of membrane potential stabilization on spiking regularity in the Hodgkin-Huxley
models. A-C: Dependence of the Cy of ISIs on the firing rate for different values of ¢ (color-coded). The dotted
parts of the curves represent the sections where A, > 100kHz. In the subthreshold regimes, the output rate
reaches its maximum and then starts dropping to zero. For the HH-DT model (C), the Cy decreases at this point,
whereas for the HH-0 (A) and HH-M (B) models, no clear improvement is observed. D-F: Contour plots with
color-coded Cy, ¢ on the y-axis. If more than one input can produce the same PSFR with the same ¢, the lowest
possible value of Cy is color-coded. Note that there is no discontinuity in F, unlike in Fig. 3F. The transition to
the more regular states with growing c is continuous, as is illustrated in Supplementary Figure 4. The data points
were obtained from simulations with different input intensities Ae, A;.

Similarly to the GLIF models, no improvements are observed with growing ¢ for the
HH-0 (Fig 4A,D) and HH-M (Fig 4B,E) models. For the HH-DT model, lower Cy of
ISIs can always be achieved in the subthreshold regime, when the rate starts dropping
back to zero due to the strong input (Fig 4C,F).

Increasing ¢ in the HH-DT subthreshold regime decreases the Cy. However, it is
important to note that increased ¢ does not imply stronger inhibitory input in this case.
In fact, increasing the inhibitory input rate ); is almost always beneficial for the
spike-firing regularity in the HH-DT model, and this is also the case in the DT-LIF
model (Fig 5). From this, we conclude that if a neuron exhibits a dynamic threshold, a
stimulus will produce a more regular spike train if it elicits an increase in inhibitory
input simultaneously with excitatory input.
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Fig 5. Constant inhibition trajectories for the dynamic threshold models. In
both the DT-LIF (A) and HH-DT (B) models, increasing the pre-synaptic inhibitory
firing rate (color) is beneficial for the firing regularity (measured by Cy, y-axis) for a
wide range of PSFRs (x-axis).

Discussion

Simplified input models
Absence of reversal potentials

If the reversal potentials are not taken into account, the synaptic currents are given by

Ie,i(t) = Z He,i(t - tk)a (37)

tk€Te,i

where H is again a filtering function. If the two currents are uncorrelated, they will add
up to an input current with mean value I and standard deviation o;. If the diffusion
approximation is employed (the current is modeled as an Ornstein-Uhlenbeck process

with a time constant 77), the mean and standard deviation of the membrane potential
are Lindner and Longtin (2006):

I
(V) =EL + 972, (38)
2 2 TI
oy =0f——7——. 39
VI ! a?gL(C + guL7r) (39)

In the absence of synaptic reversal potentials, the variance diverges with growing input,
and increasing the synaptic current fluctuations by increasing A\e and A; clearly
increases the membrane potential fluctuations, in contrast to the model with synaptic
reversal potential.
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Absence of synaptic filtering
If synaptic filtering is neglected, he; become d-functions:
he7i(t) = C’ae,ié(t), (40)

where C' is the membrane capacitance, and a.; governs the jump in the membrane
potential AV triggered by a single pulse:

AV = (Bo; — V)(1 — e~ %), (41)

This model was studied extensively, e.g., in Lanska et al. (1994); Richardson (2004);
Richardson and Gerstner (2006). In Richardson (2004); Richardson and Gerstner
(2006), the formulas for the mean membrane potential and its standard deviation are
calculated in the diffusion approximation:

yw = 7(Ert; ' + Eodebe + Eiibs) (42)
s 1L AD((V) = Eo)® + MBI (V) - Ey)?

”VW"21+n)¢41—@m)+nA&ﬂ—hﬁm’ “3)

where
7 =11 4 Aebe + Aiby (44)
bei =1—e % (45)

Richardson Richardson (2004) reported that a higher inhibition-to-excitation ratio may
lead to a decrease in the membrane potential fluctuations for strongly hyperpolarized
membranes. However, the effect of inhibition reverses as the membrane potential
depolarizes (Fig 6). Furthermore, the membrane potential does not stabilize within the
limit of infinite firing rates. Therefore, the time correlation of synaptic input introduced
by synaptic filtering is necessary to observe the shunting effect of inhibitory synapses.

Regular firing in multicompartmental models

The models analyzed in this work are all single-compartmental models, i.e., models in
which the charge is distributed infinitely fast across the cell, and the membrane
potential is therefore the same everywhere. In reality, neurons receive input
predominantly at dendrites, and the spikes are initiated in the soma. To account for
this fact, multicompartmental models are typically employed. The soma and dendritic
parts can be modeled as two separate compartments (for simplicity, as two identical
cylinders) connected through a coupling conductance g, :

av;

C—F = —gu(Vs — L) — g.(Vs — Vp) (46)
av;

CTtD =—gL(Vp — EL) — 9.(Vp — Vs)—

: (47)

_aj%Wb—Eg+ng—ED

where Vg and Vp are the membrane potentials of the somatic and dendritic
compartments, respectively; ap is the dendritic area; and Vg is reset to V,. when the
threshold 0 is reached.

In the hypothetical case of infinite input rates, Vp = Vi, (¢) and Vg periodically

decay to V9 = % with a time constant 75 = %, resulting in regular ISIs

V., -0
T = —T2 IOg <1 =+ Vvén—‘/;) . (48)
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Fig 6. Membrane potential with conductance input without synaptic filtering. A:
Membrane potential fluctuations as a function of the mean membrane potential for different
values of ¢ = i‘i%:i (color-coded), as calculated from the Eqs (42,43). The dashed line represents
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Above certain depolarizations, inhibition increases membrane potential fluctuations, contrary
to the case of conductance input with synaptic filtering. B: Heatmap with color-coded
standard deviation of the membrane potential. Parameters used were b, = 0.0045, b; = 0.0150.

Therefore, it is possible to reach a wide range of firing rates with Cy = 0 and decrease
Cy while maintaining a constant mean firing rate by increasing c, similar to the case of
LIF with a dynamic threshold.

The coupling conductance can be calculated as g. = ﬁ Sterratt et al. (2011),
where d is the diameter of the cylinder, [ is the length, and R, = 150 cm is the
longitudinal resistance. If we consider that the original area of the neuron
approximately 3.5 x 1074 cm? is split between the two cylinders and we set d = [, we
obtain 75 & 4.5 ps. It is therefore unlikely that firing rate regularization with biologically

relevant post-synaptic firing rates would be observed with biologically plausible inputs.

Conclusion

We demonstrate that a higher inhibition-to-excitation ratio and subsequently higher
synaptic current fluctuations lead to a more stable membrane potential if the
stimulation is modeled as time-filtered activation of synaptic conductances with reversal
potentials. Our analysis thus provides a theoretical context for the experimental
observations of Monier et al. (2003). Moreover, our results highlight the importance of
incorporating synaptic filtering and reversal potentials into neuronal simulations. The
qualitative differences between neurons stimulated with white noise and colored noise
current have been reported in the literature Brunel et al. (2001); Fourcaud and Brunel
(2002); Moreno-Bote and Parga (2004). However, we demonstrate that realistic synaptic
filtering with reversal potentials is responsible for a novel fluctuation-stabilization
mechanism which cannot be observed in simplified models.

We analyzed the impact of membrane potential stabilization on spike-firing
regularity in GLIF models and HH-type models. We compared the effects of an
increased inhibition-to-excitation ratio on two different mechanisms of spike-firing
adaptation: adaptation by a hyperpolarizing ionic current (AHP and M-current
adaptation) and adaptation implemented as a dynamic firing threshold. Both SFA
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mechanisms are biologically relevant and are useful in neuronal modeling Teeter et al.
(2018); Benda et al. (2010); Chacron et al. (2000); Kobayashi et al. (2009); Kobayashi
and Kitano (2016); Levakova et al. (2019); Gerstner and Naud (2009); Kobayashi et al.
(2019). We demonstrated that while an increase in inhibition leads to less regular spike
trains in the ionic current adaptation models and models without any spike-firing
adaptation, it may enhance the firing regularity in the dynamic threshold models. We
observed this effect in both the GLIF models and HH-type models.

High presynaptic inhibitory activity is typical of cortical neurons. In the so called
high-conductance state, total inhibitory conductance can be several-fold larger than
total excitatory conductance Destexhe et al. (2003). Our findings therefore provide a
novel view of the importance of the high-conductance state and inhibitory synapses in
biological neural networks.

Acknowledgements

This work was supported by Charles University, project GA UK No. 1042120 and the
Czech Science Foundation project 20-102518.

A Effective time constant approximation

The Egs (1,2) can be rewritten as:
dv F F
Caa =—g90(V = Ep) —g. (V — E¢) — gi (V — En), (49)

where go = agr, + g0 + ¢?, ggi, and gg ; are the mean and fluctuating parts of the
conductance input. The input can then be separated into its additive and multiplicative
parts:

95 (V = Ee) = g (Eo — Ee) + g (V — Ey). (50)

By neglecting the multiplicative part gf'(V — Ey), we obtain the effective time
constant approximation (ETA). In the diffusion approximation, the mean and standard
deviation of the membrane potential are Richardson (2004); Richardson and Gerstner
(2005):

(V)gra = Eo, (51)

2
g,
U\Q/,ETA = (gi) (Ee — Eb)

+ <Ui)2 (B — By)—2

bl
9o Ti + To

Te

Te + 70

(52)

where 79 = 4C s the effective time constant, and o, ; are the standard deviations of the

excitatory and inhibitory inputs.

B Limit cases of LIF and AHP-LIF models

High conductance limit of the LIF model

If Vo () > 0, in the case of high input intensities, Vs is permanently above the
threshold, and the effective membrane time constant 7(ge, gi) approaches zero.
Therefore, in the absence of a refractory period, the firing rate f = ﬁ diverges (usr is
the average ISI). If the average postsynaptic ISI is much shorter than synaptic
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timescales, we can assume that the input remains effectively constant during the entire
IST (corresponding to the adiabatic approximation (Moreno-Bote and Parga, 2004, 2005,
2006; Moreno-Bote et al., 2008; Moreno-Bote and Parga, 2010)). The length of the ISI
is then determined solely by the immediate values of the excitatory and inhibitory

conductances
aC 0 — Vet (ge, 91) )
T ey Ji) = — lo . 53
(9e-91) agr + ge + g g(%~4ﬁ@&$) (53)

Assuming independence of the inputs, the mean ISI and its standard deviation can then

be approximated as
aC 0 — F
past = —— log ( ) ) ; (54)
g
o? = (55)

tot V;" - EO
) < oT > 2 - <8T) 2

o= | =— (o) ;i
151 09e ge=g? © 0g; gi=g°

— (a0 [

Ae ((Ee — Eg)(0 — V) + «)
Gior (0 — Eo)?(Eo — V)2
CAi ((E‘l — Eo)(e — V;) + Oé):|
Giot (0 — E0)?(Eo — V)2 |7

Ey—10
o = (9 — Eo)(EQ — ‘/;) lOg ‘E‘O()ﬁ,

where gior = agr, + g2 + ¢ (for validity of the approximation see Fig. 7). Therefore,
o1s1/pst = O ((gg)_l/ 2). We conclude that with growing input intensity, the firing
rate diverges and Cy — 0.

High conductance limit of the AHP-LIF model

Effective reversal potential

We follow the assumption that the fluctuations in Vi¢(ge, gi) are very small and
therefore VAHP (Eq. (7)) is permanently above the threshold §. With the ISI
_ AgTaup

P < tanp, ganp(t) = (ganp(t)) = S Analogously to the Eq. (54)), we can
use the following implicit equation to approximate the mean ISI:

Hist = — AHP og AHP
Gtot Ve — EO

(56)

where

AgTanP
gtAoIt_IP =agr, + 9o + g7 + JAHP (57)
IST

agrEr + g9 Ee + ¢) B + SI0E Exc
_ Hist (58)
AHP :
ot

E(;AHP

We continue to evaluate the high-conductance limit of E§HF:

lim E(?HP = VQHP(C) =
g9—+o0
BB+ Ee + B + 588 AgF (59)
= lim e e IS8T

a
oo Wb ot R Ag
9e 9e P1st
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Fig 7. Approximation of the PSFR and Cy of LIF. Simulation results are
color-coded. The dashed lines represent the approximations from the Eqs (54,55). The
firing rate is approximated very well (A). Cy is approximated well for very high PSFRs
(> 1kHz) (B). This is due to the short input time constants (3 ms for excitatory, 10 ms
for inhibitory). For the simulation, we used the timestep At = 0.1 ms if the expected

PSFR was < 100 Hz and At{52 otherwise.

Clearly, % — 0. Therefore, it is important to evaluate the limit A = gﬂl—i>r-r+loo gguf*SIfP.
Then: 5 I ARE Ao
e T CLi + T
VAR () = A% (60)

1+c+ —TAXP Ag

By multiplying both sides of Eq. ((56)) with g/AHP and then taking the limit of both
sides of the equation, we obtain:

6 — VAHP
agrpast + 9o (1 + ¢)pst + TanpAg = —aClog %—71;11“” (61)
_ yAHP =
A(l1+¢) + TanpAg = —aClog W—i‘;:éﬁly (62)

Numerical solution of Eq. ((62)) allows us to compare V2AHF (¢) with V,(c) and thus
provides a comparison between the LIF model with and without the M-current
adaptation (Fig. 8). For approximately ¢ > 5 (with the used parameters),

Voo (¢)AHP ~ §. Therefore, the neuron requires a very high input intensity for the
fluctuations to be so small that V;?HP permanently exceeds the threshold, and in the
range of biologically feasible inputs, the fluctuations in Ve/?HP lead to bursting when
VAHP > ¢ and are silent when VTP < ¢ (Fig. 8).
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Fig 8. High conductance limit of the AHP-LIF model A: Equilibrium potential
(in mV) in the infinite conductance limit (Eq. (60)) for different values of ¢ (shown in
blue). For high ¢, the value VAR (¢) is very close to the threshold (dashed black line).
The value of Vo (c) (33), corresponding to the LIF model, is shown in orange for
comparison. The M-current adaptation clearly pushes the equilibrium potential closer
to the threshold, leading to bursting behavior. B-D: Time-course of the membrane
potential of LIF with M-current adaptation with ¢ = 1.7 for different values of input
intensities. The membrane potential (shown in blue) follows closely VAHT (shown in
orange). When V:;}HP > 0, the neuron is bursting; otherwise, the neuron is silent. With
higher input intensities, the probability of \/;‘?HP < 0 drops, and the firing rate becomes
increasingly more regular.

The limit of Cy

Neglecting the variance of gapp(t), the variance of ISIs can then be approximated
analogously to Eq. ((55)) as:

Ipust 2 Opust °
OIQSI:(age> O§+(agi ) 0i27 (63)
Our goal is to demonstrate that the coefficient of variation (Cy) approaches zero. Using
the definition of Cy (Eq. (26)) and Eq. (56), we have

lim Cy= lim 2= (64)

g9—+o0 g2—+o00 UIST

AHP
. ot O1SI

= — lim 65
ge—r+oo aC IOg 57_Eé?AHHPP ( )

r—+o

9 _ [AHP -1

=— i AHP li log ——2—— 66
gg—l)riloo Jtot OISI gggﬂm 0og v, — EOAHP (66)
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. . g—pAHP \ ~1 . .
Since —oo < lim (log VTOA‘*P) < 0, it remains to be shown that
g8 —+oo TR0

Olim gé)?PUISI = 0, which can be shown by using the implicit differentiation formula.
go—r+00
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Supplementary Figure 1: Construction and validation of dynamic threshold HH model. A-D: The |
(A) and inactivation (B) rate functions of the gating variable h of the non-adapting HH model (HH-0). The orang
functions for the HH-DT model. As an effect of this modification, the recovery time in the HH-DT model is prol
activation h, remains relatively unchanged (D). E: Computation of the threshold. If no additional pre-synaptic
spike is observed (green trace). If the pre-synaptic spikes stop arriving At = 0.025 ms later, a spike is observed. '
as being reached at ¢ = 7.725ms. F-H: Comparison of the calculated threshold with the preceding interspike int
threshold decreases with time after a spike is fired by estimating the firing threshold individually for each spike dur
input, resulting in a post-synaptic firing rate of approximately 10 Hz Neither the non-adapting model (HH-0, pane
adaptation (HH-M, panel G) displays signs of significant dependence between the threshold and ISI. For the d;
panel H) we observed a clear decrease in the threshold with increasing duration of the preceding ISI. The red line, a
by a KNN regression.
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Supplementary Figure 2: Varying the membrane time constant. Top row: The membrane time constai
leak conductance g;,. With greater leak conductance, the membrane potential V follows V¢ more closely and t
membrane potential fluctuations more universally (approximation of oy, calculated from ETA, is colorcoded).
decreases / increases the membrane potential are separated by the dotted line. Bottom row: The structure of the
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the separation between the regions where higher ¢ leads to higher / lower firing regularity.
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Abstract

Neural variability quenching is a decrease of trial-to-trial variability of neural variability
evoked by a stimulus. This phenomenon has been observed across scales in the brain
including the membrane potential of individual cells (Monier et al., 2003) and firing
activity (Churchland et al., 2010). Monier et al. (2003) suggested that the decrease of
membrane potential variability is due to an increase in inhibitory activity associated
with the stimulus onset. However, the origins of the decrease of firing activity variability
(Fano factor) as well as its utility are still unclear.

Our theoretical study verified that increased inhibitory input to a neuron may
decrease the membrane potential variability, despite increasing the variability of the
input current (Barta and Kostal, 2021). Moreover, we showed that the spike frequency
adaptation mechanism (SFA) of the neuron affects whether the neuron will fire spikes
more or less regularly with higher inhibitory input.

In our continued effort, we show that our previous results are relevant in classical
models of recurrent neural networks with excitatory and inhibitory subpopulations,
where the feedforward input in the network is purely excitatory and the inhibitory input
is determined by the network properties. We used a recurrent neural network of
exponential integrate-and-fire neurons with SFA (Zerlaut et al., 2017). Each neuron
responded to a stimulus with different intensity, mitigating the effect of preferred and
non-preferred stimuli. When the SFA was implemented by after-hyperpolarization
current the Fano factor increased after the stimulus onset, while in networks with SFA
implemented by voltage-gated sodium channel inactivation (dynamic firing threshold),
the Fano factor decreased, even for neurons whose firing rate did not change upon
stimulus onset. Next, we analyze to which extent the differences between the SFA
mechanisms affect information transmission properties.

Our work both provides one of the possible mechanisms that can lead to neural
variability quenching as well as analyzes its possible utility by evaluating information
transmission capabilities.

1 Methods

1.1 Single neuron dynamics

To model the single neuron dynamics, we used the adaptive exponential
integrate-and-fire model (Brette and Gerstner, 2005), which we modified to incorporate
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Table 1. Parameters of the LIF model

Membrane capacitance C, 150 pF
Leak conductance qgr, 10nS
Resting potential Er —80mV
V;;hr —=50mV

ke 2mV for exc.

0.5mV for inh.

Exc. reversal potential F, 0mV
Inh. reversal potential FEj; —80mV
Exc. synapse decay Texc 5ms
Inh. synapse decay Tinh 5ms

Exc. synapse strength — w?, 1nS
Inh. synapse strength 5nS

dynamic threshold by adding slow gating variable s to the term with the exponential
function:

av’ i i i i VI Vi, i i i
’mﬁ :gL(EL -V )+Isyn(v 7t)+(1_8 )kae Fa _Iw+Ibcg+Istim7 (1)

dIfu 7 i
ot =L, ta- (V= Bp)+ > .bd(t—ts), (2)

ts €{topike}?

ds' _ gy Yo et sh)a(t— t) (3)
Tw—; = — - —ls),

dt

ts E{tspike }'*

with an action potential recorded when V? crosses the threshold 0mV and reset at E7.
{tspike }" is the set of all action potentials fired by the i-th neuron.

The exponential term represents the conductance of the voltage-gated Na™ channels
and the gating variable s represents the ratio of inactivated Na™ channels. We used the
model parameters as in (Zerlaut et al., 2017), with the exception of the adaptation
parameters, in order to compare different adaptation mechanisms. The parameters are
provided in the Table 1.

As in (Zerlaut et al., 2017), only excitatory neurons were adapting. In the case of
dynamic threshold adaptation b = 0 and ¢ = 0.15, meaning that 15% of all open
channels become blocked with every fired action potential. In the case of
after-hyperpolarization currents (AHP), we set ¢ = 0 and b = 20 pA.

1.2 Network properties

The network consists of 10000 neurons, out of which 7500 are excitatory and 2500 are
inhibitory. Regardless of the neuron type, the connection probability is 5% (Zerlaut

et al., 2017).
The synaptic current Isiyn is the current from conductance-based recurrent synapses:
Izyn = _géxc(v - EGXC) - glznh(V - Einh)7 (4)
dgi gl N .
exc __ _ exc JT _
Moo eSS o) g
J=1ts€{tspike }’
dg? gt N 3
=AY D wlndlt—t), (6)

Tinh 4 )
J=1ts€{tspike }’
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where T.xc = T, = 5ms are synaptic decay time constants, wl’, and w}, the synaptic
Jio

weights. wit, = 0 if the j-th neuron is inhibitory, w!’, = 0 if the j-th neuron is
excitatory and otherwise for any connection the probability of the weight being non-zero

is 5% and then wi!, = wd, = 1nS and w!}, = wd, =5nS.

1.3 External input

The external excitatory input is modeled as an Ornstein-Uhlenbeck process (Destexhe
et al., 2001; Uhlenbeck and Ornstein, 1930):

3 3 dgzx gix — Hext 3 3
Fi = — oV = By st = S —tenll) 5ty (i), (1)
dt Texc
where 7¢(t) is white noise, flext and oeyt are set so that the stationary mean and
standard deviation of gex¢ match those of a Poisson shot noise with an exponential
kernel with a time constant 7exc, amplitude w?, . and intensity A

exc ext-
Hext (t) = ngcAéxt (t)TeXC’ (8)
exc)\éx t
Oext (t) = 7-ft()ngc' (9)

During the 12s simulation, we modelled A%, as

. A for t < 6s,
Nt =9, . (10)
Abeg + Astim SIN(; — Qspim)  for t > 6s,
where «; is the preferred orientation of the i-th neuron and aggiy, is the stimulus
orientation, Apeg = 1kHz and Agtim = 6 kHz.
We assume that neurons 1, ..., Nexc, where Ny = 7500 are excitatory and neurons
Nexcy -+ -, N, where N = 10000 are inhibitory. We then set the preferred orientations as
T _i for i < Nexe,
Q; = 72712]_"&8 . . e (11)
NN for i > Nexe.

2 Results and discussion

We fixed the connectivity matrix and ran the simulation 3600 for each SFA mechanism -
AHP and dynamic threshold. Raster plots from an example simulation are shown in Fig.
1A-C. The neurons show transient activity at the beginning of the simulation and after
the stimulus onset. After the stimulus onset, the activity of neurons receiving strong
input increases, while the activity of neurons receiving only weak external input is
attenuated. For some neurons, the steady state activity remains approximately the
same as before the stimulus onset.

We calculated the spiking statistics - the mean number of spikes and variance of the
number of spikes before and after the stimulus onset. We left out the transient periods
1s after the simulation start and 1s after the stimulus onset. We plotted the spike
count variance against the mean spike count (Fig. 1D-E). In each situation (AHP /
dynamic threshold + before/after stimulus onset) the mean count - count variance
formed a continuous curve with very little variance and the trial-to-trial variability of a
neuron is essentially determined by its firing rate. Comparing this curve before and
after stimulus onset shows us whether trial-to-trial variability increased or decreased
after the stimulus onset. For AHP SFA, the trial-to-trial variability increased after the
stimulus onset, while with dynamic threshold the trial-to-trial variability decreased after
the stimulus onset.
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Fig 1. Trial-to-trial variability after stimulus onset depends on spike frequency
adaptation mechanism. A: The curve illustrates the strength of the external input on top
of the background input that each neuron starts receiving after 6 s. Each neuron receives a
different input due to a different preferred stimulus. B-C: Raster plots of the 8000 excitatory
neurons from one trial of the simulation with AHP (B) and dynamic threshold (C). D-E:
With each spike frequency adaptation (SFA) mechanism we ran the simulation 3600 times.
For each neuron, we calculated the mean number of spikes and their variance before the
stimulus onset (in the interval between 1s and 5s after the simulation start) and after the
stimulus onset (interval between 7s and 12s after the simulation start). With the AHP SFA,
the trial-to-trial variability of the neurons increased after the stimulus onset, while with the
dynamic threshold SFA the trial-to-trial variability decreased after the stimulus onset.

References

T. Barta and L. Kostal. Regular spiking in high-conductance states: The essential role
of inhibition. Phys Rev F, 103(2):022408, 2 2021. ISSN 2470-0045. doi:
10.1103/PhysRevE.103.022408.

R. Brette and W. Gerstner. Adaptive Exponential Integrate-and-Fire Model as an
Effective Description of Neuronal Activity. J. Neurophysiol, 94(5):3637-3642, 11 2005.
ISSN 0022-3077. doi: 10.1152/jn.00686.2005.

M. M. Churchland, B. M. Yu, J. P. Cunningham, L. P. Sugrue, M. R. Cohen, G. S.
Corrado, W. T. Newsome, A. M. Clark, P. Hosseini, B. B. Scott, D. C. Bradley, M. A.
Smith, A. Kohn, J. A. Movshon, K. M. Armstrong, T. Moore, S. W. Chang, L. H.
Snyder, S. G. Lisberger, N. J. Priebe, I. M. Finn, D. Ferster, S. I. Ryu,

G. Santhanam, M. Sahani, and K. V. Shenoy. Stimulus onset quenches neural
variability: a widespread cortical phenomenon. Nat. Neurosci, 13(3):369-78, 3 2010.
ISSN 1546-1726. doi: 10.1038/nn.2501.

4/5



A. Destexhe, M. Rudolph, J. M. Fellous, and T. J. Sejnowski. Fluctuating synaptic

conductances recreate in vivo-like activity in neocortical neurons. Neuroscience, 107
(1):13-24, 2001. ISSN 0306-4522.

C. Monier, F. Chavane, P. Baudot, L. J. Graham, and Y. Frégnac. Orientation and
Direction Selectivity of Synaptic Inputs in Visual Cortical Neurons. Neuron, 37(4):
663-680, 2 2003. doi: 10.1016/s0896-6273(03)00064-3.

G. E. Uhlenbeck and L. S. Ornstein. On the Theory of the Brownian Motion. Phys.
Rev., 36(5):823-841, 9 1930. doi: 10.1103/physrev.36.823.

Y. Zerlaut, S. Chemla, F. Chavane, and A. Destexhe. Modeling mesoscopic cortical
dynamics using a mean-field model of conductance-based networks of adaptive
exponential integrate-and-fire neurons. J. Comput. Neurosci, 44(1):45-61, 2 2017.
ISSN 0929-5313. doi: 10.1007/s10827-017-0668-2.

5/5






Attachment 111

Manuscript published in PLoS Computational Biology 103, 022408. Published on
2nd December 2019, IF 4.779
doi: https://doi.org/10.1371/journal.pcbi.1007545

103


https://doi.org/10.1371/journal.pcbi.1007545

104



The effect of inhibition on rate code efficiency indicators

Tomas Barta!»23" Lubomir Kostal

1 Institute of Physiology of the Czech Academy of Sciences, Prague, Czech Republic
2 Charles University, First Medical Faculty, Prague, Czech Republic
3 Institute of Ecology and Environmental Sciences, INRA, Versailles, France

* tomas.barta@fgu.cas.cz

Abstract

In this paper we investigate the rate coding capabilities of neurons whose input signal
are alterations of the base state of balanced inhibitory and excitatory synaptic currents.
We consider different regimes of excitation-inhibition relationship and an established
conductance-based leaky integrator model with adaptive threshold and parameter sets
recreating biologically relevant spiking regimes. We find that given mean post-synaptic
firing rate, counter-intuitively, increased ratio of inhibition to excitation generally leads
to higher signal to noise ratio (SNR). On the other hand, the inhibitory input
significantly reduces the dynamic coding range of the neuron. We quantify the joint
effect of SNR and dynamic coding range by computing the metabolic efficiency - the
maximal amount of information per one ATP molecule expended (in bits/ATP).
Moreover, by calculating the metabolic efficiency we are able to predict the shapes of
the post-synaptic firing rate histograms that may be tested on experimental data.
Likewise, optimal stimulus input distributions are predicted, however, we show that the
optimum can essentially be reached with a broad range of input distributions. Finally,
we examine which parameters of the used neuronal model are the most important for
the metabolically efficient information transfer.

Author summary

Neurons communicate by firing action potentials, which can be considered as all-or-none
events. The classical rate coding hypothesis states that neurons communicate the
information about stimulus intensity by altering their firing frequency. Cortical neurons
typically receive a signal from many different neurons, which, depending on the synapse
type, either depolarize (excitatory input) or hyperpolarize (inhibitory input) the neural
membrane. We use a neural model with excitatory and inhibitory synaptic
conductances to reproduce in-vivo like activity and investigate how the intensity of
presynaptic inhibitory activity affects the neuron’s ability to transmit information
through rate code. We reach a counter-intuitive result that increase in inhibition
improves the signal-to-noise ratio of the neural response, despite introducing additional
noise to the input signal. On the other hand, inhibition also limits the neuronal output
range. However, in the end, the actual amount of information transmitted (in bits per
energy expended) is remarkably robust to the inhibition level present in the system.
Our approach also yields predictions in the form of post-synaptic firing rate histograms,
which can be compared with in-vivo recordings.
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Introduction

A. Counting the number of spikes as a response to a stimulus

stimulus: _— e
leaky | = —
integrator —|IL Jinh
+ E
adaptive —l&
threshold I50ns
response: A=250ms
BEEE I
SRR
—

C. Prediction:
information-efficient PSFR histograms

B. Stimulus-response relationship

maximization of A
mutual information

% per spike over all >
s possible inputs =
©
2 — 5 B
5 °
3 s
- - - > >
stimulus intensity output rate -

Fig 1. Graphical abstract. (A) Stimulus consisting of excitatory and inhibitory synaptic conductances,
generated as shot noise with an exponential envelope, is delivered to the neuronal model, a passive leaky
membrane with a dynamic threshold. The measured response is the number of spikes in a specified time
window (e.g., 250 ms). (B) For each stimulus intensity the full response distribution is obtained. The mean
response (solid) and its standard deviation (shaded) are shown for illustration. (C) We find the probability
distribution of inputs that maximizes the mutual information between the stimulus and the response per
single spike. The predicted histogram of post-synaptic firing rates (PSFR) can be compared with
experimental data.

Cortical neurons receive input in the form of bombardment by action potentials
(spikes) from other neurons and process and communicate the received information
further by transmitting their own action potentials to other neurons. Individual action
potentials do not differ in their time course and therefore, from the information
processing point of view, they can be seen as all-or-none events. The response to a
particular stimulus is therefore represented by a spike train - a sequence of times when
an action potential was produced [1].

According to the efficient-coding hypothesis [2], neurons are adapted to process the
information from their natural surrounding efficiently. This inspired a number of studies
based on optimality arguments (e.g., [3-9]), with the information efficiency usually
being interpreted by the means of Shannon’s information theory [10].

Given that the cortex has only a limited energy budget and information transfer is
costly [11-13], we expect that neurons balance information rates and energetic expenses.
The idea of energy efficient neural coding was popularized by Levy and Baxter [14]. In
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their work they focus on the representational capacity of a noiseless population of
neurons and show that optimizing the representational capacity per spike leads to low
firing rates, typically observed in vivo. The introduction of realistic noise [15] and
further biophysical details limits the analytical tractability and studies of noisy neurons
are generally limited to numerical analyses of single cells and simplified populations.

Typical approaches to information-theoretical analyses of single cells are either the
use of the direct method [16,17] to evaluate the reproducibility of a response to a given
stimulus or the computation of the mutual information between the stimulus and the
response [18] and eventually evaluating the information capacity of the neuron as an
information channel [19-21]. The attractiveness of information capacity stems from
Shannon’s channel coding theorem which guarantees the existence of a code that is
asymptotically able to transmit information at the rate given by the capacity [22].

See [23-26] for reviews of the use of information theory in computational neurosciences.
Both the direct method and capacity analysis can be extended to account for the
metabolic expenses. One of the earliest efforts to relate the information capacity to the

metabolic expenses is that of Laughlin et at. [27], where the Gaussian distribution of
response variability is assumed for a cell encoding the stimulus in the graded potential.
Balasubramanian [28] discussed the possibilities of applying the formalism of capacity of
constrained channels [29] to neural systems and Polavieja [30,31] showed that rate
coding neurons [32] with additive response noise that the predicted shapes of
post-synaptic firing rate (PSFR) distributions obtained from such formalism
qualitatively match the experimentally measured distributions [33]. These inspiring
results provided ground for investigating the information-energy balance for more
realistic neuronal models, such as the Hodgkin-Huxley model [34] or a formal model
based on an empirical stimulus-response relationship [35]. Studies concerning the
efficiency of neurons employing different methods of information encoding have also
been conducted (e.g., Leaky integrate and Fire with descending threshold [36],
generalized inverse Gaussian neuron model [37-39]).

In the presented work we utilize the MAT (Multi-timescale Adaptive Threshold)
model [40] which has been shown to be very good at predicting in-vivo recorded spike
trains [40-47], while maintaining only a modest number of free parameters. Therefore
information-theoretical analysis of this model allows us to make predictions for a wide
variety of neurons (Fig 1).

The main contributions and the structure of this work can be summarized as follows:

(i) By applying the results of Witsenhausen [48] in the context of neural systems, we
conclude that the maximal mutual information between input and output of a
neuron using rate code must be generally reachable with only a finite number of
inputs.

(ii) We qualitatively discuss the stimulus-response relationships and the capacity-cost
functions and show the stabilizing effect of inhibition on the membrane potential
fluctuations and discuss the implications for the given neuronal model.

(iii) We analyze the effect of inhibition on information-metabolic efficiency and more
intuitive indicators of information transmission efficiency. We find that for a given
mean post-synaptic firing rate, counter-intuitively, increased ratio of inhibition to
excitation generally leads to higher signal to noise ratio (SNR). On the other hand,
the inhibitory input significantly reduces the dynamic coding range of the neuron.

(iv) We present the predicted PSFR histograms and discuss the comparability with
experimental data. In combination with the relative simplicity of fitting the
parameters of the MAT model to real neurons, the presented framework allows us
to predict the PSFR histograms for a wide variety of neurons. Furthermore, we
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observe that the shapes of the histograms depend only marginally the rate coding
time scale.

(v) We show the predicted optimal input distributions and point out to the
robustness of metabolic efficiency and the PSFR histogram towards changes in the
input distribution.

(vi) We explain the effect of model parameters on the obtained results and the
significance of the spontaneous firing rate. We use parameter values fitted by
Kobayashi et. al. [40] on experimental data for further biological relevance and to
provide insight into what influences the information-metabolic efficiency on a
large scale.

Materials and Methods

Neuronal model

The membrane potential of the MAT model is governed by the equation:

dv
Tm—, — 7(V - EL) + RIsym (1)
dt
where 7, is the membrane time constant, V' is the membrane potential, Ey, = —80mV

the leakage potential, Iy, is the synaptic current. Spikes are fired when the membrane
potential reaches (or is above) the value of a dynamic threshold 6(¢). The dynamics of §
is described by

D(t —tp) + (2)

H(t)a, exp(—t/T;) (3)

e
0= o

<.
—

where k iterates through all the previous spikes, t; is the k-th spike’s time and H is
the Heaviside function. Therefore the threshold is composed of L exponentially
decaying components and an asymptotic threshold value w. The j-th component
increases by «a; every time a spike occurs and then decays with the time constant ;.
Absolute refractory period of 2ms is introduced, during which the dynamics of the
membrane potential and the threshold remain unchanged, but a spike cannot be fired.
The parameters used to replicate the behavior of neurons from different classes (regular
spiking - RS, intrisic bursting - IB, fast spiking - F'S, chattering - CH) were identified by
Kobayashi et al. [40]. All relevant model parameters are specified in S1 Appendix.

The synaptic current is given by

Isyn(t) = fexc (t)(V - Eexc) + Jinh (t)(V - Einh>7 (4)
where gexe, ginn are the total conductances of the excitatory and inhibitory synapses
and Fexe = 0mV, Ej, = —75mV are the respective synaptic reversal potentials. We
consider the excitatory and inhibitory conductances to be

geXC(t) = Z gexcH(tj - t) exXp ((tj — 1) [Texc) » (5)

t]' <t

Ginn(t) = Z GinnH (t —t) exp ((tk — 1) /Tinn) » (6)

te<t
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where the times {t;}, {t4} are generated by independent Poisson point processes with
intensities Aexc, Ainh (to mimic the arrival of excitatory and inhibitory synapses), Jexc
and ginp correspond to peak conducatances of individual synapses and Texc, Tinh are
time constants of those synapses, which were chosen as 3 ms for the excitatory and

10 ms for the inhibitory synapses [49]. We denote the excitatory part Aexe as the
stimulus intensity [34].

To recreate biologically plausible conditions, we calculate the peak conductances and
minimal intensities of Poisson processes Aé‘,’éﬁg), )\i(r]fﬁg) (where "beg” stands for the
background network activity ), so that the mean and standard deviation of gexc and ginn
correspond to values reported in [49], which were obtained from a detailed biophysical
simulation. The values of the peak conductances are gexc = 1.50nS and ginp = 1.53nS
and the rates of arrival of action potentials corresponding to the background activity
are A8 — 2.67kHz, A\"%®) — 3.73kHz (S3 Appendix).

The response of the neuron y is the number of observed spikes in a time window A,
the corresponding firing rate is then y/A. Since the differential equation describing the
membrane potential (Eq (1)) is stochastic due to the randomness introduced by the
input current, the response is described by a random variable Y for each input Aexc. In
our work we compare the results for five different lengths of coding time windows:

100 ms, 200 ms, 300 ms, 400 ms and 500 ms.
The numerical integration procedure is described in S2 Appendix.

Metabolic cost of neuronal activity

The metabolic cost of neuronal activity is determined mainly by the activity of the
Na* /K™ ionic pump in the neuronal membrane, pumping the excess Nat out of the
neuron. The main contributors to the overall cost are then: 1. reversal of Na™ entry at
resting potential, 2. reversal of ion fluxes through post-synaptic receptors, 3. reversal of
Na™ entry for action potentials and 4. additional costs associated with the action
potential [12,50,51].

We follow the estimates from [11], i.e., we set the cost of maintaining the resting
potential at wyest = 0.342 - 10° ATP molecules per second, the cost of reversal of Na*
entry for action potentials at 0.384 - 10° ATP molecules per single action potential and
the costs associated with vesicle release due to action potential at 0.328 - 10° ATP
molecules, adding up to wepike &~ 0.71 - 10° ATPs/spike

To calculate the cost needed to reverse the ion fluxes through post-synaptic receptors,
we follow the approach used in [13]. We calculated the conductance of Na™ channels:

gexc
gNa = @7 (7)

Ex
where Ex, = 90mV, Ex = —105mV are the reversal potentials of Na™ and K™
channels. The current due to influx of NaT ions is then

Ina(t) = gna()(V (1) — Ena)- (®)

Integrating the current over A and dividing by the charge of an electron e gives us the
total number of Na™ that have to be extruded. The ion pump uses one ATP molecule
for 3 Na™ extruded.

Substituting gna(t) and V (¢) by their mean values (gna(t), V(t)) for excitation and
inhibition intensities Aexc, Ainh, We obtain the approximate formula for the cost of
reversal of the synaptic currents:

1 _
Wsyn ()\exca )\inh) = %gNa()\exca )\inh)(v<)\exc; )\inh) - ENa)A- (9)
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The total cost of the signaling, given the input (Aexc, Ainn), iS then:
w(/\exm )\inh) = (wrest + wsyn)A + wspiken(Aex07 /\inh)a (10)

where n(Aexc, Ainh) is the average number of spikes observed for the given input.

Information capacity and capacity-cost function

In the framework of information theory, the input is a random variable X with
probability density function p(z). In our case, x is the stimulus intensity, Aexc, which is
a real number from an interval [a,b]. We can than define the corresponding marginal
output probability distribution gp:

b
aly) = / p() () da. (11)

The conditional probability distribution f(y|x) describing the probability of observing
an output y given an input (stimulus) = has to be obtained first [22]. Due to the
non-linear character of Eqs (1-6) the closed-form solution for f(y|z) is not available,
therefore we used extensive Monte Carlo simulation to obtain the numerical
approximation. The amount of information about the stimulus X = x from observing
the response Y =y is defined as [22, p. 16]

fylz)
CI;D(ZU) '

i(x;y) = log, (12)
By averaging the value of information over all possible outputs, we get the specific
information (since Y is discrete) [52-54]

+oo

i(@;Y) = il y)gp(y)- (13)

y=0

By averaging the specific information over all possible inputs, we get the mutual

information b

I(X;Y):/ i(z;Y)p(x) de. (14)

The information capacity expresses the maximal amount of information that can be
reliably transmitted per single channel use and is defined as

C=supl(X;Y), (15)
p(x)

where the supremum is taken over all possible input probability distributions. Since the
duration of one channel use is A, % is the capacity in bits per second.
Given the input probability distribution p(z) the average metabolic cost W), is then

b
Wp:/ p(z)w(z) dz, (16)

where w(z) is given by Eq (10) We maximize mutual information over all possible input
probability distributions p that satisfy the condition W, < W for some selected W, and
thus obtain the capacity-cost function [29]:

CW)= sup I(X;Y). (17)
p(x):Wp<W
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It follows from the Lagrangian theorem [55,56], that C(W) is attained either at the
cost corresponding to the unrestrained capacity Winax for W > Winay or at W. The
quantity % for W < Whax then expresses the amount of information per unit cost,
which motivates the definition of information-metabolic efficiency E [28,35,57], i.e. the
maximal amount of information per unit cost

_ o)
E= W (18)
W* = argmax % (19)

We0,+00) w

where W* is the optimal average cost.

We will refer to a regime in which the neuron encodes the maximal possible amount
of information per energy as to an information-metabolically efficient regime. In such
regime, the inputs x are assigned probabilities p*(x) and the probability of observing an
output Y =y is

b
P(Y =y)= / P (@) f (). (20)

Since the response y is the number of spikes in a time window A, we can use Eq (20)
to calculte the mean PSFR:

1
PF = -
SFR Y

+oo
GSFR):;%EZyPO’:y) (22)
y=0

Properties of information-theoretic optima and numerical
optimization

Theoretical results show that the support of the optimal input distribution p*(x) for
certain channels (neuron with gamma distributed inter-spike interval [21], energy
constrained Gaussian channel [56], Rayleigh-fading channel [58]) contains only a finite
number of points. Moreover, as a consequence of Dubin’s theorem [48], it is guaranteed
that for any channel with a finite number of possible output states the optimal input
distribution has to be discrete. The number of support points is at most equal to the
number of possible outputs. Since the number of action potentials in a finite time
window is limited, it generally follows that the optimal input distribution in the
rate-coding scheme must contain only finitely many stimulus values of non-zero
probability.

The theory presented above holds for memoryless information channels without
feedback, i.e., the response to the stimulus depends only on the current stimulus and
not on any past stimuli or responses of the channel. However, real neurons exhibit
adaptation to the stimulus, therefore the stimulus-response relationship f(y|x) is also
affected by the probability distribution of stimuli p(z). In order to mitigate the effect of
history, we developed a fixed-point based method to ensure that the distribution of
stimuli p(z) used to obtain f(y|z) is the same as the predicted optimal distribution (S5
Appendix).

7/31



Regular spiking Intrinsic bursting Fast spiking Chattering

200
y 400
)
= 100
= 200
o
0 0
200
§ 40
€ 100
s
0 0
20 40
3
D
= 10 20
-
0 0
0.4 1.2 2 0.4 1.2 2 0.4 1.2 2 0.4 1.2 2 0.4 1.2 2
Ioglerxc Ioglerxc Ioglo/\exc Ioglo/\exc Ioglo/\exc

Fig 2. Stimulus-response relationships Stimulus-response relationships for the MAT neurons
specified by the parameters in Table A in S1 Appendix. Each row corresponds to a different inhibition
regime. The ratio of inhibitory to excitatory conductance as a function of stimulus intensity is displayed in
the leftmost column. The time window A was in this case chosen as 500 ms. The z-axis is logarithm of the
rate of bombardment by excitatory synapses (Eq 23). The y-axis shows the post-synaptic firing rate (Eq
21). The rate of inhibitory synapses is specified by B (Eq 24). This Figure is also available with equally
scaled y-axes for all neurons and regimes (S1 Figure).

Results

The capacity-cost functions

We evaluated the information transmission capabilities for different stimulation
scenarios distinguished by the amount of inhibition associated with the stimulus. In
. . (bcg) .
each scenario, the frequency of excitatory synapses ranged from Aexc’ to approximately
40 - ,\S;ig), therefore the intensity of the stimulus can be represented by A € [1,40]:
Aexe = A - A\Pe8). (23)

exc

The frequency of inhibitory synapses added on top of )\i(f:}?g) generally scales linearly

with the intensity added on top of Aéﬁiig), i.e. with A — 1. The frequency of inhibitory
synapses can be than expressed with an inhibition scaling factor B as

Aimh = A0 (14 B(A - 1)). (24)

From the stimulus-response relationships (Fig 2) it is obvious that the fast spiking

(FS) and chattering (CH) neurons have an advantage of a wide range of possible
outputs. Also the excitation-only stimulation scenario (B = 0) allows for higher firing
rates (i.e., offers wider coding range). However, when the metabolic expenses are taken
into account the range of possible outputs becomes less important (because of the high
associated expenses). This can be seen in Fig 3 where the capacity cost function for four
different parameter sets of the MAT model (Table A in S1 Appendix) is shown and it is
illustrated how the capacity cost function translates to bits per spike. The RS neuron is
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Fig 3. Capacity-cost function Capacity-cost function (panel A) and capacity per
spike (panel B) for the case of coding time window A = 100 ms and inhibition scaling
factor B = 0.4. The dashed vertical line indicates the cost at which the optimal
capacity per spike for the RS neuron is reached.

generally the most efficient independently either of the inhibition scaling factor B or the
coding time window. Moreover, since at any allowed cost either the RS of the FS
neuron offer the highest amount of transmitted information, we conclude that the
bursting behavior is not beneficial for rate coding. This was also observed
experimentally for temporal code [59].

Inhibition stabilizes the membrane potential

We observed that higher inhibition to excitation ratios leads to lower membrane
potential fluctuations. This arises as an effect of synaptic filtering and reversal
potentials, which are both biologically important parts of neural communication and
essential for observation of this phenomenon (see S4 Appendix for details). In [60],
similar effect was reported for a membrane potential model without synaptic filtering,
however, only for a strongly hyperpolarized membrane. The suppression of membrane
potential fluctuations has also been observed in vivo [61].

The decrease in the membrane potential’s standard deviation leads to a more
reliable firing rate (response) and subsequently higher signat-to-noise ratio (SNR) in
regimes with stronger inhibition (Fig 4). For given time window A and inhibition
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Fig 4. The effect of inhibition on metabolically efficient information transfer. (A)
Signal-to-noise ratio (SNR, Eq (25)) of the RS neuron’s response as a function of the mean
post-synaptic firing rate r(z) (Eq 26). Higher inhibition leads to a higher SNR, however, also to a
lower coding range. The coding range for B = 0.2 is visualized in the plot. (B) The SNR at 10Hz
at different inhibition levels for all four neurons. The effect of the decreased membrane potential
fluctuations on the FS and CH neurons is negligible, as opposed to the RS and IB neurons. (C)
Decrease of the coding range with inhibition. (D) The metabolic efficiency in bits per spike (Eq
(18)). The initial increase in the efficiency is almost negligible, however, the drop for B = 1 caused
by the narrow coding range is apparent. The time window used for this figure is A = 500 ms.

scaling factor B, SNR is defined as

SNR(z; A, B) = <m> : (25)

where r(z; A, B) is the mean response to the stimulus z, given the time window A and
the inhibition scaling factor B, s(z; A, B) is the standard deviation of the response:

1 +o00

r(x) =< > _ufl), (26)
L [+

s(@) = % > v flyle) — r(x)?. (27)

The effect of inhibition on metabolic efficiency

The higher ratio of inhibition to excitation also has some negative consequences:
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maintaining a firing rate of 12Hz for 100 ms for different values of inhibition to
excitation ratio.

1. The inhibition limits the possible depolarization of the membrane and the neuron
is unable to attain high firing rates. We quantify this by defining the coding
range:

CR(A, B) = max (r(z2; A, B) — r(z1; A, B)) . (28)
T1,22
We observe that the coding range is generally decreased with increased amount of
inhibition (Fig 2, Fig 4A).

2. To attain identical mean firing rate with higher excitation to inhibition ratio, the
excitatory synaptic current has to be larger and therefore such stimulation is
associated with higher metabolic costs (Fig 5).

Surprisingly, the information theoretical efficiency is generally unaffected by the level
of inhibition, meaning that the increase in signal to noise ratio and decrease of coding
range effectively even out. This holds up to a certain point, when the coding range
becomes too narrow and the efficiency of information transfer starts dropping
dramatically (Fig 4D).

The optimal PSFR histograms

By evaluating the information-metabolic efficiency we also obtain the optimal
input-output statistics. The resulting optimal post-synaptic firing rate (PSFR)
histograms (Eq (11)) provide a potentially testable prediction (Fig 6). Our predictions
need to be tested against long in-vivo recordings, such as in [33,62,63]. Qualitatively,
our predictions agree with the observations in [33], that the probabilities of large firing
rates are suppressed, moreover, the tail is approximately exponential with respect to the
metabolic cost (Eq 10), as observed by Polavieja [30,31]. Polavieja assumes that the
overall cost grows linearly with the output rate. For the case of metabolic cost
considered in this paper, the nonlinearity is important mostly for high firing rates.

Optimal input distributions

As we showed in the Methods section, the optimal input distribution has non-zero
probability only for a finite number of points. However, the optimal conditions can be
nearly reached by many different input distributions (Fig 7). Generally, we see a trend
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Fig 6. Predicted PSFR histograms. Post-synaptic firing rate histograms corresponding to the
metabolically efficient regime with the coding time window A = 500 ms and inhibition scaling
factor B = 0.4 for the four different neurons. Unlike the statistics of the input, the output statistics
can be measured in vivo and can therefore be used to verify whether a neuron employs
metabolically efficient coding. A typical spike train in the efficient regime is shown for each neuron.

towards more pronounced discreteness if we desire to be closer to the true optimum.
However, the increases in efficiency and effect on the PSFR. distribution are only
marginal. Therefore, unlike in the case of PSFR distribution which is robust, the
optimal input distribution is difficult to relate to real data.

Yet we can observe that in the metabolically efficient regime, significant portion of
the probability is given to the weakest input, i.e., purely spontaneous activity. For a
population of independently encoding neurons this would mean that at any moment,
most of them would be exhibiting only spontaneous activity.

Rate coding time-scale

Naturally, longer time windows will lead to a higher signal to noise ratio (Eq (25)) - we
will be better able to identify a stimulus if we ”listen” longer (Fig 8A). For a truly
memoryless channel, however, the use of a shorter time window must always result in
higher information capacity (measured in bits per second). Mutual information from
two subsequent uses of a memoryless channel (with inputs x = {z1, z2} and outputs

v = {y1,y2}) is always lower or equal than double of the mutual information resulting
from a single use [64]:

I(x;y) = 21(z1;91) — 1(y1;92), (29)
1(y1;y2) being maximal for extreme correlation between the inputs, i.e. 1 = x5.
Moreover, I({z1,22};91 +y2) < I({z1,21};{y1,y2}), since we are losing information
about the temporal structure of the response. Therefore, given any probability
distribution of the inputs, the mutual information for channel with a half-sized coding
time window will always be higher (in bits per second):

I({z1,z1}591 +y2) < I({w1, 21} {y1, y2}) < 20(z1;91). (30)

In our case, the neurons are not truly memoryless channels. They exhibit
adaptation, which we took into consideration in the optimization process by using an
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Fig 7. Approximately optimal input probability distributions The plots show
different input probability distributions obtained from different steps of the
Jimbo-Kunisawa algorithm. For each input distribution the estimated efficiency E (in
bits / 10° ATP) is given in the plot together with the relative error eps (to the true
value of the efficiency). The true value of the efficiency (Eq (18)) can be nearly reached
with very different input probability distributions.

algorithm we developed specifically for this purpose (S5 Appendix). Due to adaptation,
the number of spikes is influenced by the previous stimulus, thus additional noise to the
stimulus-response relationship is introduced. We illustrate this by comparing the PSFR
histogram for a given stimulus intensity and a coding time window A = 500 ms with the
PSFR histogram for a coding time window A = 100 ms, five times convoluted with
itself, corresponding to and equal mean PSFR (Fig 8B). For a memoryless channel, the
distributions would be identical. However, the distribution obtained by using a shorter
time window is more spread.

We observe that while the length of time window doesn’t significantly influence the
mean PSFR, the information capacity with the optimal mean PSFR, drops and so does
the associated efficiency in bits per spike (Fig 8C-E). Therefore we can conclude the
adaptation effects aren’t significant enough to make coding on longer time scales more
beneficial. Interestingly, however, not only the mean PSFR do not seem to be much
affected by the length of the coding time window (Fig 8C), but also the shape of the
PSFR histogram (computed from the optimal input distribution by Eq (11)) seems to
be rather unaffected by the length of the coding time window (Fig 8F-I).

The effect of model parameters and spontaneous firing rate

In order to provide a meaningful comparison of different firing patterns, we have so far
considered such parameters of the MAT model that lead to an approximately equal
spontaneous firing rate (by spontaneous firing rate we mean the average response to the
background noise, specified in S3 Appendix). However, it is known that neurons across
different layers of the cortex exhibit different spontaneous firing rates (e.g., [65—67]).

To calculate the spontaneous activity we take advantage of the approximate formula
describing the stationary firing rate f of MAT model if stimulated with a constant
current I [68]:

1

75 log (Ilgiw + 1) .

In order to gain a general insight into the dependence of the predictions on the
model parameters, we calculated the predicted mean PSFR (Eq (22)) and efficiency (Eq
(18)) for 34 parameter sets corresponding to 34 neurons from the layers 2/3 and 5 of the
rat motor cortex (used in [40]), kindly provided by Prof. Kobayashi. As expected, both

f= (31)
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(A) Signal to noise ratio for different coding time windows as a function of the mean response r(z) (Eq 26). (B)
Comparison of response to a given stimulus (producing a response rate of approx 20 Hz) for different coding

time windows. In order to get comparable results, the distribution on number of spikes in 100 ms was five times
convoluted with itself. The distribution for 100 ms is more spread due to the adaptation effects. (C) Optimal
mean PSFR (Eq 22). (D) Information capacity with the optimal metabolic expenses. (E) Metabolic efficiency
in bits per spikes. The decrease with the length of the coding time window shows us, that the adaptation
effects visible in B don’t play a significant role in this case. (F-I): Quantile-quantile plots comparing the PSFR
distributions for different coding time windows. The red dashed line is a linear fit, acting as a visual guide. In
the case of metabolically-efficient coding invariant on time scale, the g-q plots shouldn’t deviate significantly
from the line. This holds for the RS and FS neurons, for the most part also for the IB neuron. For all plots in

the figure the inhibition scaling factor B = 0.4 was used.

efficiency and the optimal mean PSFR are strongly related to the spontaneous firing
rate (Fig 9).

We confirmed that Eq (31) can be utilized to predict the spontaneous firing rate (see
S6 Appendix for details) and therefore we conclude that the spontaneous firing rate and
consequently also the information-metabolic efficiency are governed predominantly by
g and w. Moreover, increase in any of the two parameters leads to an increase in the
spontaneous firing rate and therefore increase in the mean optimal PSFR and decrease
in the information-metabolic efficiency.

Discussion
The information capacity tells us what is the maximal amount of information a neuron

could potentially reliably transfer. It is, however, beyond the scope of this work to
investigate whether neurons utilize their full capacity and if so, how [34,69]. The
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Fig 9. Cortical neurons The z-axis in both graphs is the spontaneous firing rate of
the 34 neuronal models corresponding to the cortical neurons, i.e., their response to the
simulated background noise. The information-metabolic efficiency (Eq (18)) and
optimal mean PSFR (Eq (22)) was calculated for the case of constant inhibition (B = 0,
A = 100ms).

efficient coding hypothesis [2] leads us to believe that neurons are in some sense optimal.
They need to transfer information fast and reliably and minimize the metabolic costs at
the same time. This paper uses the value of information capacity per spike to take into
account both information transmission and metabolic costs. Maximization of the
information capacity per metabolic expenses leads to suppression of high post-synaptic
firing rates observed in in-vivo recordings [33].

Analyses of this type generally have to rely on number of assumptions, including the
nature of the input and the coding time scale. To mimic the nature of real neuronal
synapses, we consider excitatory and inhibitory input with reversal potentials. The
typical approach is to model the excitatory and inhibitory conductances as an
Ornstein-Uhlenbeck process [34,40,49,70], however, it has been shown that for
consistency reasons, modeling the input as a shot noise with an exponential envelope is
more appropriate [71]. We recreate the effect of the background network activity, during
which the excitatory and inhibitory synaptic currents seem to be approximately
balanced [72-77]. We then systematically explore several different input regimes
differing in the amount of inhibition accompanying excitation during stimulation. This
allows us to compare the different regimes by their information-energetic efficiency.
Such systematic exploration also allows us to make less assumptions about the actual
nature of the neuronal input and the results can also provide insight into what kind of
dependency between excitation and inhibition is optimal.

The MAT model is remotely related to the model analyzed by Suksompong et.
al. [36], where the threshold function can be generalized to behave similarly to MAT
model. However, the key differences are in the assumptions on encoding (in [36] the
information is assumed to be encoded in a sequence of inter-spike intervals, whereas we
consider the rate coding) and in the input.

If the investigated neuronal model exhibits adaptation to the stimulus (as e.g. the
MAT model does), the coding time scale is typically significantly limited from below, so
that the influence of previous stimuli on the current response is negligible. We try to
overcome this issue by proposing an algorithm which partially takes into account the
effect of the previous stimulus. This is an important part of the optimization process,
because otherwise we could overestimate the benefits of inhibition on the
information-metabolic efficiency (Fig A in S5 Appendix).

The comparison of different noise levels was inspired by the work [70], where it was
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suggested that balanced excitatory and inhibitory currents lead to more efficient
information transfer. Our results can’t be compared straightforwardly with [70] for
several reasons. In our work, the state with balanced excitatory and inhibitory currents
was considered to be the base state and we were investigating different regimes of
stimulation of such neuron, whereas the work of Sengupta et. al. [70] focuses on the
benefits of the balanced state. Moreover, in [70] the direct method [17] was used for
evaluating information, which measures the entropy of spike trains without any
reference to the stimuli, whereas we were investigating the information-transmission
properties with the assumption that the neurons use rate code and computed the
information capacity [10,22] to evaluate the limits of information transmission. We
observed a positive effect of higher inhibition, however, in the investigated stimulation
scenarios the overall information efficiencies in bits per spike were largely unaffected by
the inhibitory presynaptic activity. Robustness of the information-metabolically optimal
properties with respect to the change of amount of inhibition in the system has also
been recently reported by Harris et al. [78].

Numerically, our results are consistent with, e.g., [34], with the information efficiency
being in the order of 0.1 bits per 10° ATP molecules expended. Despite the differences
in spiking patterns among the neuronal classes (RS, IB, FS, CH), as quantified by local
variability [79], we find that the information metabolic efficiency of the rate code is
mainly governed by neuronal spontaneous activity.

We considered both the excitatory and inhibitory rates (added on top of the
modulatory background network activity) to scale linearly with the stimulus intensity,
since this is the simplest scenario that can be considered. For most of the stimulation
scenarios, we did not observe a significant change in the information-metabolic
efficiency, however, if the inhibitory rates scaled slower than linearly, we could achieve
both high signal to noise ratio and a wide coding range. Such regime is likely to employ
very high rates of synaptic bombardment, therefore in such case one should also
consider the cost of the pre-synaptic activity.

Our results deal with a single neuron, in accord with most of the previously
published work [25]. Nevertheless, Eqs (15) or (17) are easily extendable to the case of a
simple homogeneous population [80]. One may also investigate the multidimensional
stimulus-response relationship in a group of coupled neurons, however, the
corresponding optimization is performed over joint probability distributions which
becomes quickly untractable as the population size grows. It is also worth noting that
the problem of optimal information transmission through nodes in general networks is
still open and Eq (15) might not be directly useful [81].

To summarize the results of our work as follows:

e By employing a novel method for calculating the information transmission
capabilities of channels displaying adaptation to the stimulus (S5 Appendix) we
calculated numerically the information transmission capabilities of the MAT
model [40] for biologically relevant parameters under metabolic constraints on
different time scales and with different levels of inhibition.

e We used the results of Richardson [71] to show that inhibition can stabilize the
membrane potential, leading to a more reliable response of the MAT model. To
the best of our knowledge, this counter-intuitive effect of inhibition, for which we
provide a theoretical justification, has not yet been reported.

e We found that the regular spiking (RS) neuron offers best information
transmission per single spike, but when more energy is available, more information
can be transmitted by the behavior common to fast spiking (FS) neurons.
Neurons exhibiting the bursting behavior (IB, CH) were shown not to be very
effective for rate coding in the investigated regimes.
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Due to adaptation effects shorter rate coding time windows led to lower signal to
noise ratios. Despite the increase in noise, information can be transferred more
efficiently with shorter time windows. However, we observed that the length of
the time window does not significantly affect the shape of the PSFR histograms,
which have the potential to be compared to experimental data.

We found that the metabolic efficiency is surprisingly robust towards the changes
in the amount of inhibition accompanying the excitation. Moreover, we observed
that increased inhibition leads to higher signal to noise ratio, but also to a drop in
the coding range. This does not affect the metabolic efficiency significantly until a
certain point, when the coding range is so narrow that information cannot be
transferred efficiently by rate code.

We pointed out that the optimal input for a neuron using rate code has non-zero
probability only for a finite number of inputs. However, by showing different input
distribution, which nearly achieve the information-metabolic efficiency, we
illustrated that the discreteness of the input is not a necessary condition for an
effective communication.

The core of the simulation code was written in C++ and packaged as a Python
module using Cython. This module is available on GitHub
(https://github.com/Tom83B/matsim). The analysis of the data was done in Python
using the NumPy and SciPy libraries. All necessary code was also uploaded to a
GitHub repository (https://github.com/Tom83B/rate-code-eff-2019).
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S1 Figure. Stimulus-response relationships with identical scales. Same as
Fig 2, but the scales are same for all the neurons and inhibition scaling factors B. Each
row corresponds to a different inhibition regime. The ratio of inhibitory to excitatory
conductance as a function of stimulus intensity is displayed in the leftmost column. The
time window A was in this case chosen as 500 ms. The x-axis is logarithm of the rate of
bombardment by excitatory synapses (Eq 23). The y-axis shows the post-synaptic firing
rate (Eq 21).
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Table S1.1: Parameters of studied neurons

a1 [6%) w
Regular spiking (RS) 30mV  2.0mV —65mV
Intrinsive bursting (IB) 7.5mV  1.5mV —64.3mV
Fast spiking (FS) 10mV  02mV —-624mV
Chattering (CH) —0.5mV  04mV —61.8mV

S1 Appendix

Parameters of the M AT model.

Kobayashi et al. (2009) identified sets of parameters of the MAT model that
correspond to real cortical neurons belonging to different classes, based on their
spiking pattern (FS, IB, RS) or are capable of reproducing the same general
behavior (CH). The following parameters were common for all four neurons:
Tm = bms, R =50MSQ and 7 = 10ms, 75 = 200ms, L = 2. We used the values
of a; and ay as suggested in Kobayashi et al. (2009) and chose the value of w
so that the mean firing rate in the presence of spontaneous background activity
(i.e. Aexe = )\Q,)(Eg), Ainh = )\i(fﬁg)) was approximately 8 Hz in the steady state.
This is roughly in accordance with spontaneous firing rates observed in awake
animals (e.g., Steriade et al. (2001); O’Connor et al. (2010)). The exact value
of spontaneous firing rate is not crucial, since it does not affect the qualitative
character of the results. The used values of the free parameters oy, as and w
are given in Table S1.1.
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S2 Appendix.

Numerical simulation of the leaky integrator.
Eq (1) may be rewritten as:

dv 1 N
— =- —V(ger91)) 2.1
B = gy V Vi) (52.)
where
(ger gi) = ——= (S2.2)
T\Ge, Gi) = 1+R(ge+gi)’ .
o Ei+ R(geEe + giE)
V= T Rl e (52,9

Considering the conductances to be constant during the integration time step
At = 0.1 ms, we can integrate the equation as follows:

Vig1 =V + (V,, = V) exp(=At/7). (S2.4)



S3 Appendix.

Spontaneous activity.

In (Destexhe et al., 2003) the values of average and standard deviation of the
conductances during spontaneous background activity were reported as 0.012
and 0.0030 pS for gexc and 0.057 and 0.0066 uS for ginn. The goal was to re-
produce these values using shot noise with exponential decay described by Eqs
(5,6).

When the spike arrival times are Poissonian, the following holds (e.g., Rajdl
and Lansky (2015)):

E(gexc(t)) = Texcgexc)\exca (831)
1
Var(gexc(t)) = §Texc)\exc§zxc- (S3.2)

Then it follows, that for fixed 7Tex. and mean and variance given, the intensity
and peak conductance have to be chosen as

_  Var(gexc(t))
Jeoxe = 27E(gexc(t)) (S3.3)
)\exc = E;gexj_(t))- (834)

Computation of g.,. and Aexc is then identical.
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S4 Appendix.

Variability of the steady-state membrane potential.

Mean and variance of the membrane potential (given by Eq (1)), driven by
Poissonian shot noise conductances, can be approximated as (Richardson and
Gerstner, 2005):

(V) =pv + Eo (S4.1)
2 2
<V2> - <V>2 = (aexc> ggxc& + (Umh) gignhﬂinha (842)
9o Texc + 70 Jo Tinh + 70
where 02, 02, are the variances of the shot noise (Eq (S3.2)) and
1
go = E + Gexco + Jinh0> (S43)
1 /1
EO = *EL + gechEexc + ginhOEinh 5 (S44)
go \ IR
5cxc = Lrexc — EOa (845)
ginh = Einh - EO; (846)
Tm
TO = &5 > S47
0 Rgo ( )
o 2 - . 2 -
Ky = <exc) gexci + ( - > ginhL (848)
9o Texe + 70 9o Tinh + 70

Jexc0, ginho denote the shot noise means (S3 Appendix):

YJexcO = Texcgechexm (S49)
ginh0 = TinhGinh Ainh- (S4.10)

These approximations provide a very good estimate of the mean and stan-
dard deviation of the membrane potential (Fig S4.1). Both in the theoretical
approximations and in the simulated values we see that given the same mean
value of the membrane potential, with higher inhibition to excitation ratio, the
standard deviation of the membrane potential drops. Some insight can be gained
by analyzing the limit case, i.e., Aexe and Ajy, both tending to infinity while the
inhibition scaling factor B is held constant. Then:

TexcgexcEexc + BTinhginhEinh
TexcGexe T BTinhinh
ov = /VE — (V)2 - 0. (54.12)

(V) — , (S4.11)

With increasing B, (V') drops and therefore, hypothetically, we can reach zero
variance of the membrane potential and the lower the desired mean value, the
higher B is needed.

Although we used the Poisson shot noise with an exponential filtering as an
input, the results apply also for the Ohrstein-Uhlenbeck input approximation.
The only difference will be in Eq (S4.1), because for the Ohrstein-Uhlenbeck
approximation (V) = Ey (Richardson, 2004; Richardson and Gerstuner, 2005).
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Figure S4.1: Standard deviation of the membrane potential as a function of
its mean. Color-coded are different inhibition to inhibition scaling factor B.
Dashed lines indicate the theoretical approximations (Eqs (S4.1, S4.2))
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S5 Appendix.

Information capacity of channels exhibiting adaptation.

Classical algorithm for computation of the information capacity C (Eq (15))
of a memoryless channel withou feedback and the optimal input distribution
is the Blahut-Arimoto algorithm (Blahut, 1972). Blahut (1972) also offers an
extension of the algorithm for computation of the constrained capacity C'(W)
(Eq (17)), however, the cost restriction is not straightforward and we used the
cutting plane algorithm (Huang and Meyn, 2005; Kelley, 1960) for computation
of the capacity-cost function instead (for condensed summary of the algorithm
in the context of neuroscience see (Kostal and Lansky, 2013, Appendix A)).

For evaluating the capacity-cost functions, is is necessary to evaluate C(W)
for many different values of the cost W. When only the optimal state (maximal
amount of transferred information per unit of cost) is of interest, it is possible to
use the Jimbo-Kunisawa algorithm Jimbo and Kunisawa (1979); Suksompong
and Berger (2010), for which the input distribution converges towards the state
of maximal C(W)/W.

For neurons, it takes some time for the neuron to reach its steady state. A
transition between an intense stimulus to a less intense one is usually followed by
a period of silence when no spike is fired, because the dynamic threshold takes
some time to reach the new level of the membrane potential. On the other
hand, transitions from a less intense stimulus to a more intense one causes an
immediate increase in the firing rate which then slowly decreases until it reaches
its steady state value. Thus the statistics of transitions between stimuli can have
a significant effect on the observed response statistics to individual stimuli.

To mitigate the effect of past stimuli, ideally, we want the stimulus response
relationship to be generated with the same input statistics as the S-R relation-
ship predicts to be the optimum. However, the optimal input statistics depend
on the S-R relationship. We solved the problem in the following manner:

1. For each possible stimulus s, we evaluate the stimulus response relation-
ship Ps(y|z) - i.e. the S-R relationship if the previous stimulus is always
S

2. We select an arbitrary starting input probability assignment p°
3. We compute the n-th S-R relationship as P"(y|z) = > .5 1" (s)Ps(yl|z)

4. The input probability assignment that is optimal given the S-R relation-
ship (found using e.g. the cutting plane or Jimbo-Kunisawa algorithm) is
then the (n + 1)-th input probability assignment pj, 1.

Steps 3. and 4. are repeated until a self-consistent solution is found.

By comparing the efficiency after the first iteration with the efficiency after 5
iterations for different levels of inhibition (Fig S5.1), we see the necessity of the
described algorithm. Simply calculating the efficiency by the Jimbo-Kunisawa
algorithm (i.e., stopping after the first iteration) could lead us to the incorrect
conclusion that higher levels of inhibition lead to substantially higher efficiency.
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Figure S5.1: Comparison of efficiencies calculated after 1 iteration of our algo-
rithm and after 5 iterations. IB neuron (Table S1.1), A = 100 ms.
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Figure S6.1: The scatter plot compares the analytical calculation obtained from
Eq (31). The dashed line represents a linear fit on the log-log plot providing the
functional dependence between the prediction and the spontaneous firing rate.

S6 Appendix.

Approximation of spontaneous firing rate.

Yamauchi et al. (2011) provide an approximate formula for the firing rate of
the MAT model stimulated by a constant current I (Eq (31)). In our case, the
neurons are not stimulated by a constant current, but by a shot noise resulting in
a fluctuating membrane potential. However, we found that by substituting IR
with Vg = —63mV this formula can be utilized to predict well the spontaneous
firing rate for a large portion of the neurons (Fig S6.1). The value —63mV
roughly represents the usual value of the membrane potential when a spike
is fired during the spontaneous activity. The formula in Eq (31) can provide
predictions only for those parameter sets, for which w > V, thus excluding
15 neurons, generally with a negligible spontaneous activity. Moreover, the
approximation does not apply for high firing rates, therefore also 3 F'S neurons
were excluded.

Linear fit in the Fig S6.1 provides us with a formula for the spontaneous
firing rate yspons ~ 10931 f972 Although the formula does not give a strict
approximation of the spontaneous firing rate, it clearly explains almost all of the
variance for the neurons with w > Vj, moreover, the dependence is monotonic.
Therefore increase in f will lead to an increase in the spontaneous firing rate

yspont .
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Abstract

Shared input to a population of neurons induces noise correlations, which decreases the
information carried by a population activity. The inhibitory feedback in recurrent
neural networks can reduce the noise correlations and thus increase the information
carried by the averaged population activity. However, the activity of inhibitory neurons
is costly. The inhibitory feedback decreases the gain of the population, and
depolarization of its neurons thus requires stronger excitatory synaptic input, which is
associated with higher ATP molecules consumption. Assuming that the goal of neural
populations is to transmit as much information as possible at minimal metabolic costs,
it is unclear whether the increased information transmission reliability provided by the
inhibitory feedback compensates for the additional costs. We analyze this problem in a
network of leaky integrate-and-fire neurons receiving correlated input. By maximizing
mutual information with metabolic cost constraints, we show that there is an optimal
strength of recurrent connections in the network, which maximizes the value of mutual
information-per-cost. For higher values of input correlation, the mutual
information-per-cost is higher for recurrent networks with inhibitory feedback compared
to feedforward networks without any inhibitory neurons. Our results, therefore, show
that an optimal synaptic strength of a recurrent network can be inferred from
metabolically efficient coding arguments and that the decorrelation of the input by
inhibitory feedback compensates for the associated increased metabolic costs.

Author summary

Information processing in neurons is mediated by electrical activity through ionic
currents. To reach homeostasis, neurons have to actively work to reverse these ionic
currents. This process consumes energy in the form of ATP molecules. Typically the
more energy the neuron can use, the more information it can transmit. It is generally
assumed that due to evolutionary pressures, neurons evolved to process and transmit
information efficiently at high rates but also at low costs. Many studies addressed this
balance between transmitted information and metabolic costs for the activity of single
neurons. However, information is often carried by the activity of a population of
neurons instead of single neurons, and few studies investigated this balance in the
context of recurrent neural networks, which can be found in the cortex. In such
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networks, the external input from thalamocortical synapses introduces pairwise
correlations between the neurons, complicating the information transmission. These
correlations can be reduced by inhibitory feedback through recurrent connections
between inhibitory and excitatory neurons in the network. However, such activity
increases the metabolic cost of the activity of the network. By analyzing the balance
between decorrelation through inhibitory feedback and correlation through shared input
from the thalamus, we find that both the shared input and inhibitory feedback can help
increase the information-metabolic efficiency of the system.

1 Introduction

The efficient coding hypothesis poses that neurons evolved due to evolutionary pressure
to transmit information as efficiently as possible (Barlow, 1961). Moreover, the brain
has only a limited energy budget, and neural activity is costly (Attwell and Laughlin,
2001; Harris et al., 2012). The metabolic expenses associated with the neural activity
should, therefore, be considered, and neural systems likely work in an
information-metabolically efficient manner, balancing the trade-off between transmitted
information and cost of the neural activity (Levy and Baxter, 1996; Balasubramanian
et al., 2001; Laughlin, 2001; Niven and Laughlin, 2008; Yu and Yu, 2017).

The principles of information-metabolically efficient coding have been successfully
applied to study the importance of inhibition-excitation balance in neural systems. It
has been shown that the mutual information between input and output per unit of cost
for a single neuron is higher if the excitatory and inhibitory synaptic currents to the
neuron are approximately equal if the source of noise lies in the stochastic nature of the
voltage-gated NaTand K channels (Sengupta et al., 2013). In a rate coding scheme,
where the source of noise lies in the random arrival of pre-synaptic action potentials, the
mutual information per unit of cost has been shown to be rather unaffected by an
increase of pre-synaptic inhibition associated with an excitatory input (Barta and
Kostal, 2019).

However, the balance of excitation and inhibition is likely more important in the
context of recurrent neural networks than in the context of single neurons. In recurrent
neural networks, the inhibitory input to neurons associated with the stimulus (Monier
et al., 2003) arises as inhibitory feedback from a population of inhibitory neurons. The
inhibitory feedback prevents a self-induced synchronization of the neural activity
(Brunel, 2000) and reduces noise correlations induced by shared input to neurons in the
population (Renart et al., 2010; Tetzlaff et al., 2012; Bernacchia and Wang, 2013).
Noise correlations are detrimental to information transmission by neural populations
(Abbott and Dayan, 1999; Averbeck et al., 2006) and information is likely transmitted
by an activity of a population of neurons instead of a single neuron (Shadlen and
Newsome, 1998). Therefore, when studying the effect of excitation-inhibition balance on
information transmission, it is essential to consider the context of neural populations.

A number of studies analyzed the effect of noise correlations on the information
transmission properties (Abbott and Dayan, 1999; Averbeck et al., 2006; Moreno-Bote
et al., 2014). However, these studies did not analyze the relationship between the noise
correlations and the metabolic cost of neural activity. In our work, we consider a
computational model of a small part of a sensory cortex and noise correlations caused
by shared connections from an external thalamic population. The noise correlations
then may be reduced by inhibitory feedback, which, however, increases the cost of the
neural activity (Barta and Kostal, 2019). Our point of interest is the trade-off between
improved information transmission due to lower noise correlations and the increase in
metabolic costs due to the stronger inhibitory feedback.
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2 Methods

2.1 Network model

We modeled a network consisting of three subpopulations: external (ext), excitatory
(exc), and inhibitory (inh). The external subpopulation consisted of Poisson neurons,
defined by their firing intensity A2, (same for all the neurons in the subpopulation).
Neurons in the excitatory and inhibitory subpopulations were modeled as leaky
integrate-and-fire (LIF) neurons:

O S = 0By — V) 4 LoV ) + Tt (V) + B (V) (1)
Loe(V,) = gixe(Be = V') + gian (Bs = V), (2)
Iéxt(Vi,t) = gext(E - Vl) (3)
Ili)cg(vi’ t) = gbcg exc(Be = V') + gbcg mn (B = V), (4)
e = gl 4SS WG 1), 5)

I=lt,eTd,
dgi Nexc

Texc dCtXC = gcchrZ Z I/Vclfcc(s ts)s (6)

=l ¢ eTde

dgix Ninh
T =gt = gt D DL Wit~ k), ™)
'7 ! ts 67’1?\})
dg}, , 2 .
Texc% = (Mng,EXC - g%)cg,exc) + Texcabcg,exc néxc(t)7 (8)
dgb h
Tin Si i (/~Lbcg inh — gbcg 1nh) + TinhObcg,inh nmh (9)

I ec is the synaptic current arising from the recurrent connections (exc-exc, exc-inh,
inh-exc, inh-inh), Iox is the excitatory current from external neurons, and Ipcg is the
current from synapses from neighboring cortex areas. T2, Td., 7:nh represent the spike
times of the j-th external, excitatory, and inhibitory neuron respectively. The matrices
Wext, Wexe, Winn contain the synaptic connection strengths, W)zg =ax

(X € {ext, exc,inh}) if the j-th neuron connects to the i-th neuron and 0 otherwise.
The input from neighboring cortical areas is modeled as the Ornstein-Uhlenbeck process
with means fiheg,exc and fibeg,inh and standard deviations of the limiting distributions
Obeg,exc aNd Oheg inh (Uhlenbeck and Ornstein, 1930; Destexhe et al., 2001). We set the
values of the background activity to match the moments of an exponential Poisson shot
noise with rates Apcgexc = 0.5 kHz and Apcg inn = 0.125kHz (Rajdl and Lansky, 2015):

/J,X:axTxAx, (10)
A
ox = ax X2TX, (11)

where X represents the excitatory or inhibitory background activity.

When the membrane potential V' crosses the firing threshold (fexe, Oinn) @ spike is
fired and the membrane potential is reset to Fp .

The network consisted of neyy = 1000 neurons in the external population, neyx. = 800
neurons in the excitatory population, and n;,, = 200 neurons in the inhibitory
population. The connections were set randomly with connection probability for the
recurrent connections (exc. to exc., exc. to inh., inh. to inh., inh. to exc.) set to
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Table 1. Parameters of the LIF model

Membrane capacitance Cnm 150 pF
Leak conductance qgr, 10nS
Resting potential Er —80mV
Exc. reversal potential E, 0mV
Inh. reversal potential E; —-80mV
Exc. synapse decay Toxc 5 ms
Inh. synapse decay Tinh 5ms
Exc. threshold Oexc —55mV
Inh. threshold Oinn —60mV
Ext. synapse amplitude Qoxt 1nS
Exc. synapse amplitude Qexc 0.01-1nS
Inh. synapse amplitude Qinh g Qexc
Exc. inh. synapse amplitude apcg,exc Qext
Bceg. inh. synapse amplitude apcg,inh g - Qext
Inh. scaling factor g 20

Piec = 20% and connection probability from the external population (ext. to exc. and
ext. to inh., Peyt) was varied from to 1% to 100% (Fig. 1A). We created the connection
matrices W x by generating a matrix of random uniformly distributed numbers Rx
from the interval [0,1) and set W¥ = ax if R, < Py or RY < Px for X € {exc,inh}.
The random matrix Ry was the same for all values of P.y. In simulations where we
controlled for the effects caused by the random number of connections from the external
population, we fixed the number of connections by setting only the k = next Pext
elements in each row of Wy non-zero, in the location of k largest elements of the i-th
row of Rext.

The simulations were carried out with the Brian 2 package (Stimberg et al., 2019) in
Python with a 0.1 ms time step.

2.2 Obtaining the input-output relationship of the network

We considered the total number of action potentials n from the excitatory and
inhibitory subpopulations in a time window AT = 1s as an output of the network. We
modeled the stimulus as an input from the thalamic neurons, parametrized by the mean
input rate to a single neuron:

)\ext = next)\ (12)

where Y, is the firing rate of a single neuron in the external population and ey 1,90% is
the mean number of pre-synaptic external neuron for each neuron in the excitatory and
inhibitory populations. For each set of parameters (ayec and Pext pair) we determined
the input AL (arec, Pext) for which the output reached 30 kHz. In order to obtain the
input-output relationship, we discretized the input space to 30 equidistant stimulus
intensities: AL (arec, Poxt) = 310 AR (Gree, Pext), where 1 =0, ..., 30. With a fixed
network connectivity, we simulated the network 1080 times for each A% ;(a@rec, Pext)-
We then fit 7th-degree polynomial functions to the mean output of the network as a
function of the stimulus Aoxy and to the Fano factor as a function of the mean output,
where Fano factor is defined as:
Var[N]
E[N]
where N is a random variable representing the number of output action potentials n.
Weights of the polynomial fit were set as 2, where y is the independent variable. We

FF =

(13)
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then discretized the input space to 1000 equidistant stimulus intensities and estimated
the mean output p and Fano factor FF for each intensity from the polynomial functions.
We then estimated the input-output relationship, defined by a conditional probability
distribution f(n|Aexs) as a lognormal distribution for each Aext, with corresponding
parameters to match the estimated mean and Fano factor:

11 (Inn — uf,,)
Pest) = = ———exp | ———log ) 14
f( ‘ t) 7 nUlog\/% p < 20_120g ( )
FF
Olog = h1<—%1), (15)
1
2
Ol
Hlog = 11’1/1, - Tgv (16)
+o00 2
1 (Inn — pi,,)
7 = — exp| ———22|. 17
HZ::O NOlog V2T b ( 20120g (17)

This way we avoided the sampling bias when calculating information measures from
the data (Treves and Panzeri, 1995).

2.3 Metabolic cost of neural activity

In our calculations, we focus on the energy in the form of ATP molecules required to
pump out Na™ ions. We take into account the Na™ influx due to excitatory
post-synaptic currents, Na™ influx during action potentials, and Na™ influx to maintain
the resting potential. To this end, we follow the calculations in (Attwell and Laughlin,
2001) and (Harris et al., 2012), which we modify for our neuronal model.

We assume the standard membrane capacitance per area as ¢, = 1 1F/cm? and the
cell diameter as D = 69 pm, giving the total capacitance C,, = TtD?c,, = 150 pF.
Therefore, to depolarize the neuron by AV = 100mV the minimum charge influx is
AV C,, = 1.5 x 1071 C and the minimum number of Na™ jons 2X% = 9.375 x 107,
where e = 1.6 x 10712 C is the elementary charge. The minimal number of Na™ ions is
then quadrupled to get a more realistic estimate of the Na™ influx due to the
simultaneous opening of the K™ channels (Attwell and Laughlin, 2001). The Na™ influx
must be then pumped out by the Na™ /K*-ATPase, which requires one ATP molecule
per 3 Na™ ions. The cost of a single action potential can be then estimated as
% x 9.375 x 107 ATP = 1.25 x 10® ATP. However, about 80% of the metabolic costs
associated with an action potential are expected to come from the propagation of the
action potential through the neuron’s axons. Therefore, we estimate the total cost as
6.25 x 10% ATP.

Next, we assume that the excitatory synaptic current is mediated by the opening of
Na' and K* channels with reversal potentials Fn, = 90mV and Fx = —105mV. For
the excitatory synaptic current, it then has to hold

(gexc + gext)(v - Ee) = gNa(V - ENa) + gK(V - EK)a (18)

gNa + GK = Gext + Gexc- (19)
Therefore: V - By
gg\V — LK

Ina = . 20

N (gexc + gext)(v - Ee) ( )

The sodium entering with the sodium current Iy, again has to be pumped out by the
Na® /KT-ATPase and therefore we calculate the cost of the synaptic current as
éINaAT ATP, where AT is the time interval over which we are measuring the cost.
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Each input to the network (parametrized by Aext) is then associated with a cost,
which we express as

100%

w(>\ext) = ((Nexcﬂexc + Ninh#inh + Next )\ext T)WAP"_
ext

(21)
+

Nexc Jexc Nin Iinh
<Na>;_ h< Na>>AT7
&

where fioxe = Hoxe(Xext), Minh = Minh(Aext) are the mean firing rates of a single
excitatory and inhibitory neuron (given the input Aext), (IR°) = (IF0) (Aexs) and
(b — ([inhy () x) are the average excitatory synaptic currents in a single excitatory
and inhibitory neuron.

2.4 Measuring the information content

We treat the neural network as a memoryless information channel (Shannon, 1948;
Thomas M. Cover, 2006). The firing rates of the external population eyt are the input
to the channel, and the number of action potentials n the excitatory population fires in
the time window AT = 1s is the output of the channel. The input is then described by
a random variable A and the output by a random variable N. The mutual information
between the input and the output I(A; N) is calculated as

Add
I8N = [ p0ese)iChi V) dhess, (22)
A&t
+o00
iQexts N) =D iAexts n)gp(n), (23)
n=0
. f ([ Aext)
1(Aext;n) = logy ——————=, 24
( t ) <) qp(n) ( )
Aad”
qp(n) = / . p(/\ext)f(nl/\ext) d)\ex‘m (25)
A&t

where f(n|Aext) is the probability distribution of N given that A = Aext, P(Aext) i the
input probability distribution, i(Aext;n) is the amount of information that observing n
spikes gives us about the stimulus Aext, #(Aext; V) is than the average amount of
information we get from the input Aext, gp(n) is the marginal output probability
distribution.

Given the input probability distribution p(Aext), we can calculate the average
metabolic cost as

max

W, = / ™ pet) 0 (Aext) D (26)
The capacity-cost function C'(W) is then the lowest upper bound on the amount of
mutual information (in bits) achievable given the constraint that W, < W:
cw) = sup I(A;N). (27)
P(Aext):Wp<W
The information-metabolic efficiency E is then the maximal amount of mutual
information per molecule of ATP between the input and the output:

c(w™)

E:
wr

W* = argmax C(W)
We0,4+00) w
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The capacity-cost function can be obtained numerically with the Blahut-Arimoto
algorithm (Blahut, 1972), or the information-metabolic efficiency can be conveniently
obtained directly with the Jimbo-Kunisawa algorithm Jimbo and Kunisawa (1979);
Suksompong and Berger (2010).

2.4.1 Low noise approximation of constrained information capacity

If the trial-to-trial variability is very low, a lower bound on the capacity-cost function
can be found (Kostal and Lansky, 2013; Kostal et al., 2013). We used this low-noise
approximation to gain analytical insight into the importance of different properties of
the neural system for information-metabolically efficient information transmission. In
the low noise approximation, the optimal input distribution maximizing the mutual
information constrained by metabolic expenses W is given by:

J(Aext )
2me

P(Aext) = exp [A1 — 1 — Apw(Aext)] - (30)
where J(Aext) is the Fisher information and A\; and Ay are Lagrange multipliers which
can be obtained from the normalization condition:

Amax

/ PO wOhert) Dot (31)
A

min
ext

and the average metabolic cost constraint (Eq. 26). In the Gaussian approximation, the
Fisher information is given by

N/cx Aex 2
JOw) — Ueng Aexi;w (32)

where gexe(Aext) is the standard deviation of the spike counts at input intensity Aext.
The low noise estimate on the capacity-cost function is then

O]OW(W) =1—-X +ApW. (33)

3 Results

3.1 Constrained information maximization in a simple linear
model

In order to gain an insight into what affects the information-metabolic efficiency of a
neural population, we first solve the problem for a simple linear system. The mean
response of the system is given by v(Aext) = gAext, where Ayt is the stimulus and g is
the gain of the system. The Fano factor (Eq. 13) is constant, and we assume that the
output is continuous and normally distributed. The input-output relationship is
therefore described by

1 1 /n-— g)\ext 2
dext) = ———=x — == | 34
FnlAext) = g [ 5 (S (34
and the Fisher information (Eq. 32) is
_ 9
I (Next) = L FF (35)
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Next, we assume that the cost of the activity w(Aext) depends linearly on the input:
Wo
w()\ext) = w())\ext + WO = ?’Y(Aext) + WO, (36)

where W, is the cost of the resting state.
The probability distribution derived from the low-noise approximation (Eq. 30) is

then

I g

)\ex = =
PAext) 27 Ao FF

exp(A1 — 1 — A woAext)- (37)

After applying the normalization conditions (Egs. 26 and 31) and using Eq. (33) we
obtain the lower bound on the capacity-cost function:

1 1 1
ow(W) = Zlog |(W — Wo)—— |,
Cl ( ) 9 og |:( O)UJAp FF (38)
wo
wap = 20 39
ap = (39)

where wap is the cost of increasing the output intensity by one action potential.

The gain g, cost scaling wg, and Fano factor FF cannot be considered constant for
the real neural populations. However, the Eq. (38) provides an insight into the
importance of these properties, which we will study numerically for a more realistic
neural system.

In the following, we use:

9 = Hoxe(Aext) (40)
wo = W' (Next)- (41)

3.2 Inhibitory feedback decorrelates the neural activity

With the increasing probability of shared input (Peyt), the mean pairwise correlation
between the firing output of neurons increases (feedforward network, Fig. 1B). We
showed that these correlations can be removed by recurrent connections, as long as the
synaptic currents from the recurrent connections are inhibition dominated. We set the
excitatory recurrent synaptic amplitude as aexc = 0.01 nS to create a small perturbation
from the feedforward network and varied the scaling g determining the amplitude of
inhibitory synapses (@inn = gdexc) from 15 to 25. Correlations between neurons were
decreased for g > 20 (Fig. 1C), which was also associated with stronger negative net
current from the recurrent synapses (Fig. 1D). For the network considered further in our
work we set ¢ = 20. Simultaneously increasing the strength of the recurrent synapses
with fixed g led to a further decrease of the correlations among the neurons (Fig. 1E)
while further decreasing the net current from the recurrent synapses (Fig. 1F).

3.3 Trial-to-trial variability of single neurons vs. a population

In the inhibition-dominated network, the input needed from the external population in
order to evoke a given average firing rate has to be higher than in the case of the
feedforward network. The resulting increase in the synaptic noise leads to higher
trial-to-trial variability in the LIF model (Fig. 2 A-C; see also (Barta and Kostal,
2021)).

In the case of the total population activity, however, the pairwise correlations
between the neurons have a significant effect on the trial-to-trial variability. Denoting

8/24



0.030 A A
C
Rel | Pext =20%
800 E 0.020
excitatory s 0 7 7
1000 /. neurons ;
external Pex u 0.015 + _
neurons E
© 0.010 - .
o
c Pext = 20%
200 S 0.005 - 2 0.01nS
inhibitory  Prec = rec ' _
neurons 0.000 - T T T T T T
——@ excitatory connection D F
=] inhibitory connection ’<CE 0.000 4 0 -
B € E
—_— 1% g | -1 A
0.10 - o § 0.005
— 3% i -2 1
0.05 7 — %% 8 0,010
) — 10% g —3 o = 0nS = 0.1nS
= C 0,
2 6 0.01 - — 20% o — 0.01nS = 0.2nS
®© 50% S —0.015 A R 0.02nS 0.3nS
29 — 80% = — 0.03nS 0.5ns
&5 100% O — 0.05nS 1.0ns
g Y 0.00 H g T T T T T T T T
0 20 0 10 20 30 0 10 20 30
PSFR (kHz) PSFR (kHz) PSFR (kHz)

Fig 1. Inhibitory feedback decreases noise correlations. A: Schematic illustration of the simulated

neural network. Poisso

n neurons in the external population make random connections to the neurons in the

excitatory and inhibitory subpopulations. The connection probability Pex € [0.01,1] is varied to achieve
different levels of shared external input to the neurons. The neurons in the inhibitory (inh.) and excitatory
(exc.) subpopulations make recurrent connections (exc. to exc., exc. to inh., inh. to inh., inh. to exc.) with
probability Prec = 20%. The strength of those connections is parametrized by a,e. (Tab. 1). B: Mean pairwise
correlation between any two neurons in the exc. and inh. subpopulations plotted against the mean output of
the network for different values of Puy in a feedforward network (arec = 0nS). C: Mean pairwise correlations
as in B, for different values of g (ratio of inhibitory-to-excitatory synaptic strength), a;ec = 0.01nS. D: The
total current from recurrent synapses for different values of g, as in C. E-F: Same as C-D, but with fixed

g = 20 and different values of a,ec.

the random variable representing the number of spikes of the i-th neuron observed
during a time window AT as N;, we get for the Fano factor of the population activity:

e Var(s, V)

T ED, N (42)
_ >, Var(N;) 2 ZKj Cov(N;, N;) (43)
_ 2 Var(Vi) 23 i; Cov(Ni, Nj)

T L EV] <1 T Var (V) > (44)
= (1 -n7) (45)
~FFo(1+kr) (46)
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Fig 2. Fano factor of single neurons and of populations. A-C: Mean Fano factor of individual neurons
for different values of Pex: 0.01 (A), 0.2 (B), 1 (C) and the strength of the recurrent synapses (ayec)
colorcoded. The mean Fano factor increases with the strength of the recurrent synapses. D-F: Same as A-C,
but for Fano factor of the population activity. The points represent the population Fano factor obtained from
the simulation and the lines represent the fit with a 7th degree polynomial. For Pey; = 0.01 the increase in
trial-to-trial variability of individual neurons (A) can have a stronger effect on the population Fano factor than
decreasing the pairwise correlations, resulting in an increase of the population Fano factor with high values of
arec (D). For higher values of Py the pairwise correlations greatly increase the population Fano factor, which
is then decreased with increasing apec.

where c is the mean pairwise covariance, v the mean variance of a neuron, u is the mean
number of spikes in AT, k the number of neurons and r the Pearson correlation
coefficient. The last approximation holds for neurons with identical variances and
pairwise covariances (Abbott and Dayan, 1999). It provides an insight into how the
pairwise correlations and Fano factor of individual neurons affect the Fano factor of the
total activity. If the correlations or number of neurons are small (- k < 1), the
decorrelation by strengthening the recurrent synapses does not significantly decrease the
population Fano factor. Instead, the population Fano factor may increase due to the
increase of the Fano factor of individual neurons (Fig. 2D, Peyy = 1%). If greater
correlations are induced due to the shared input to the network, the correlations have a
dominating effect on the population Fano factor, which can then be greatly decreased
by strengthening the recurrent synapses and in turn decreasing the pairwise correlations
(Fig. 2E-F).
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3.4 Inhibitory feedback is metabolically costly
3.4.1 Stronger recurrence strength increases the cost of the resting state

The cost of the resting state is an important factor for information-metabolic efficiency
(Barta and Kostal, 2019). In our network, increasing the recurrence strength decreased
the spontaneous activity of the neurons, due to inhibition dominating the recurrent
currents. However, the simultaneous increase in the strength of the recurrent excitatory
synapses increases the cost of the excitatory synaptic currents (Fig. 3A-C).

3.4.2 Inhibitory feedback decreases gain

Due to the net current from the recurrent synapses being hyperpolarizing, with stronger
recurrent synapses, a stronger excitatory current is necessary to bring the neuron to a
given post-synaptic firing rate and higher pre-synaptic firing rates are necessary.
Therefore, the gain g of the network decreases and with increasing a,e. the cost of
synaptic currents and the cost of external activity increase (Fig. 3D-E).

3.5 Shared input decreases gain

The number of synapses from the external population for each neuron in the excitatory
and inhibitory subpopulations follows the binomial distribution:

NeX —_
o) = () Phat1 = Py ¥, )

with a mean number of synapses given by Nyt + Pext and variance Neyt + Pext (1 — Poxt)-
We scaled the firing rate of the individual neurons in the external population as

A= ﬁ. Therefore the mean output to a single neuron was always Aext,
independently of Pext and the variance of the input across neurons was Aext Next 1}P et
ex

It follows from the convexity of the single neuron tuning curve in the analyzed input
range (S1 Fig) that out of two inputs with an identical mean Aoy, but different
variances across neurons, the input with the higher variance will lead to a higher
average firing rate. If we assume that the input across neurons follows a normal
distribution with mean My and variance o2 and the single neuron tuning curve can be
approximated by an exponential function in the form of ¢; exp(cox), where z is the
input intensity to the single neuron, we obtain for the mean firing rate:

teo (2 — Aext)? c1 ca 9
[m gy exp [—02] c1 exp(—cox) = 7 exp (Z(CQU — 4)\ext)> , (48)

which grows with the standard deviation of the input.

Accordingly, we observed that networks with higher P,y needed higher ey in order
to produce the same mean PSFR as networks with lower P.y (Fig. 4A-C). Moreover,
the mean Fano factor of individual neurons increased with increasing Peyt (Fig. 4D-F).
This effect could be for the most part removed by fixing the number of connections from
the external population to each neuron in the excitatory and inhibitory populations to
PextNext (82 Flg)

3.6 Optimal regimes for metabolically efficient information
transmission

We illustrated that the recurrence strength 1. increases the metabolic cost of the neural
activity and 2. decreases the trial-to-trial variability of the population response by
decreasing the correlations between the neurons. Similarly, the increased probability of
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Fig 3. Metabolic cost of the network activity. A-C: Cost at the resting state (Aexy = 0). A: Cost of the
excitatory synaptic currents from the background activity and excitatory action potentials evoked by the
background activity. B: Cost of the action potentials (both excitatory and inhibitory) evoked by the
background activity. C: The total resting cost obtained summing A and B. D: The total cost of the network
activity is plotted against the output of the network (the total post-synaptic firing rate). Filled areas represent
individual contributions of each cost component: cost of action potential from the external population, cost of
the excitatory synaptic currents, and cost of the post-synaptic (evoked) action potentials. As Pyt increases,
the contribution of external action potentials to the overall cost decreases. With increasing a,ec, the
contribution of excitatory synaptic currents increases. E: The cost of increasing the mean input by one action
potential (wap, Eq. 39) is significantly lower for higher Pey;. However, while the difference between Peyy = 1%
and P = 20% is approximately 10-fold, the difference between P,y = 20% and P,,; = 100% is only
approximately 2-fold, as the cost of the external population starts to contribute less to the overall cost.

a synapse from an external neuron to a neuron in the excitatory or inhibitory

population decreases the cost of the neural activity but increases the trial-to-trial

variability of the population response by increasing the noise correlations. To find the
balance between the cost of the network activity (Eq. 26) and the mutual information

between the input and the output (Eq. 22) we calculated the information-metabolic
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Fig 4. Shared input decreases gain and increases individual trial-to-trial variability. A-C: The
input intensity Ayt needed to evoke given firing rate (x-axis) with different connection probabilities P,
relative to the input intensity for P,y = 1%. A: apec = 0nS, B: arec = 0.2108, C: ayo = 1nS. With higher
Py, higher values of Ayt are needed for higher values of Pyt to achieve the same post-synaptic firing rates as
with lower values of Peyt. This effect becomes more pronounced with stronger recurrent synapses (E-F). D-F:

Gain of the network (Eq. 40). Higher Puy leads to a lower gain of the population activity. G-I: Higher values
of P, also increase the Fano factor of individual neurons.

efficiency, which maximizes the ratio of the mutual information to the cost of the
network activity (Eq. 28).

For low values of Py, (< 10%), increasing the strength of the recurrent input did
not lead to an increase in the information-metabolic efficiency. For higher values of Poy
the information-metabolic efficiency was maximized for a,e. between 0.1nS and 0.5nS
(Fig. 5A-B), meaning that the strength of the recurrent excitatory synapses was 2x to
5x lower that the strength of the synapses from the external population.

Moreover, varying P.x¢ had a significant effect on the information-metabolic
efficiency across all values of ayec.. Namely, low values of P,y resulted in lower values of
information-metabolic efficiency across all values of arec, showing that shared input
from the external population is beneficial for metabolically efficient information
transmission. Overall, the highest values of information-metabolic efficiency
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Fig 5. Information transmission with cost constraints. A: Information-metabolic efficiency E (Eq. 28)
for different values of recurrence strength a,ec. Pext is color-coded. B: Contour plot of the
information-metabolic efficiency. Contours are at 0.6, 0.8, 1, 1.2, 1.4, 1.6, 1.8, and 2 bits/s. C-H: Contour
plots showing the capacity-cost function C(W) (Eq. 27) with dependence on the recurrence strength . for
different values of Peys. The contours show the maximal capacities constraint at different values of W (see Tab.
2 for the costs and capacity values at the contours). The heatmaps in B-H were calculated with piece-wise
cubic 2D interpolation (SciPy interpolator CloughTocher2DInterpolator (Virtanen et al., 2020)) from the grid
calculated with Py values 1%, 2%, 3%, 5%, 10%, 20%, 50%, 80%, 100% and a,e. values 0, 0.01, 0.02, 0.03,

0.05,

0.1, 0.2, 0.3, 0.5, 1nS.
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Table 2. Capacity-cost function values (in bits)

Pt \W (102ATP) 2 3 4 5 6 7 8 10 12 15 20 30

0.02
0.05
0.10
0.20
0.50
1.00

230 3.19 3.73 411 440 463 483 513 536 562 588 6.05
3.14 396 4.41 473 496 5.14 528 549 563 5.78 589 5.96
3.50 4.23 4.62 488 5.08 522 535 552 563 574 586 5.96
3.69 431 4.65 489 5.06 520 531 548 5.61 573 5.82
3.67 424 456 478 495 510 520 536 548 5.57

3.52 4.07 439 461 479 493 5.03 520 530 5.38

(E > 2bit/10'2ATP) were reached for aye. between 0.05nS and 0.5nS and Pey, between
20% and 100% (Fig. 5B).

We analyzed the effect of the resting cost (Fig. 3A-C) by setting the resting cost
equal in all cases to Wy, the resting cost of the feedforward network. This did not have
a significant effect on the information-metabolic efficiencies (S3 Fig).

Neural circuits might not necessarily maximize the ratio of information to cost.
Instead, neurons and neural circuits could modulate their properties to maximize
information transmission with the available energy resources (Balasubramanian et al.,
2001). For example, neurons in the mouse visual cortex have been shown to decrease the
conductance of their synaptic channels after food restriction (Padamsey et al., 2022).

Accordingly, we studied how the optimal strength of recurrent synapses changes with
the available resources. We calculated the optimal value of a,.. for different values of
available resources (3, 4, 5, 6, 7, 8, 10, 12, 15, 20, 30, 40 x10'2 ATP). In Fig. 5C-H, we
plotted C'(W; ayec), the capacity-cost function (Eq. 27) extended by one dimension with
Grec- For each cost W, the optimal aye. is highlighted, and the corresponding contour of
C(W) is shown (see Tab. 2 for the values of C(W)). With decreasing W, the optimal
value of a,c. typically decreases. This effect is more robust with high values of P.yy, as
the contours are more curved at the optimum.

We calculated the extended capacity-cost functions with input distributions obtained
from the low-noise approximation. To verify that the low noise approximation applies in
the case of the studies system, we compared the information-metabolic efficiency
obtained with the Jimbo-Kunisawa algorithm. The relative difference did not exceed
10% and did not have a significant impact on the information-metabolic efficiency
heatmap structure (S4 Fig).

4 Discussion

Populations in the cortex transmitting information by their summed (or averaged)
activity can be considered as a low noise information channel, due to the decrease in
trial-to-trial variability (Kostal and Lansky, 2013). The decrease in the trial-to-trial
variability of the response will be lower in the presence of positive noise correlations
(Abbott and Dayan, 1999). Positive noise correlations can be reduced by inhibitory
feedback, which, however, increases the cost of the neural activity (Barta and Kostal,
2019).

In our work, we studied the balance between increasing the transmitted information
by decreasing the noise correlations and the associated increase in the cost of the
activity. We showed that in a linear system, if the Fano factor of the population activity
is constant, as long as the ratio wogFF (g is the gain of the system, or slope of the
stimulus-response curve, wy is the slope of the stimulus-cost curve) remains constant,
the cost-constrained capacity will remain constant as well.

We proceeded to calculate the stimulus-response relationship and the metabolic cost
for a more biologically realistic neural system. In the studied system, the population
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Fano factor could not be considered constant. Instead, correlations between neurons
increased with the mean output of the system, and the mean Fano factor of single
neurons was also dependent on the mean output of the system, leading to complex
dependence of the population Fano factor on the mean output of the system (Fig.
2D-F). We showed that reducing the noise correlations by strengthening the inhibitory
feedback decreases the population Fano factor for large values of P.y; but may increase
the population Fano factor for low values of Pey; due to an increase of the mean single
neuron Fano factor FFy.

We illustrated the effect of inhibition-dominated recurrence and shared input on the
metabolic cost of neural activity. Increased strength of recurrence increased the cost of
excitatory synaptic currents due to the stronger excitatory synapses and stronger input
from the external population, as well as the cost of the activity of the external
population. A higher connection probability from the external population (higher
shared input probability) led to a decrease in the external population activity cost, as
the overall activity of the external population could be lower to result in the same mean
input to the post-synaptic neurons. On the other hand, due to less variable input to
single neurons with high values of P.y, the mean input across all neurons had to be
higher with higher values of Py to evoke the same mean post-synaptic activity.

We found that high values of Py are beneficial for metabolically efficient
information transmission, despite the increased noise correlations. For high values of
P.xt, increasing the recurrence strength was also beneficial, suggesting that the two
mechanisms - decreasing input cost by high connection probability from the external
population P,y and decreasing noise correlations by recurrent activity may act together
to produce a metabolically efficient code.

Increasing the recurrence strength can lead to about a 10% to 15% increase in the
information-metabolic efficiency. The magnitude of the increase is dependent on the
cost of the action potentials. If the cost of synaptic currents could be neglected
compared to the cost of the action potentials, there would be a higher benefit in
increasing the inhibitory feedback since the increases in the cost of the synaptic current
could also be neglected.

Although in the cortex, the neurons also connect to neighboring areas of the cortex
and not only within the studied subpopulation, we did not consider the cost of synaptic
currents evoked in neurons not involved in our simulation. We assume that such
synaptic currents would take part in the background activity of a different area.
Therefore, if we included these costs and considered multiple cortical areas, we would
include the background activity cost multiple times.

In our model of the cortical area, we considered two neural subpopulations:
excitatory and inhibitory, each subpopulation was homogeneous, but we set the
threshold of the inhibitory neurons lower, in order to mimic the behavior of fast-spiking
inhibitory neurons. The difference between excitatory, regular spiking neurons and
inhibitory, fast-spiking neurons is often described not only by differences in the
threshold but also in differences in the adaptation properties (Kobayashi et al., 2009;
Zerlaut et al., 2017; Bernardi et al., 2021). In our case, we did not consider adaptation
for simplicity, as estimating the information capacity of a neural system with adaptation
is computationally considerably more difficult (Barta and Kostal, 2019).

In our work, we assumed that the neural circuit maximizes the mutual information
between the input and the output while minimizing the cost of the neural activity. Such
an approach does not provide any information about how the information is encoded. It
only calculates the limit on the amount of information that can be reliably transmitted.
Yet, the principles of mutual information maximization have proven very useful in
explaining the properties of neural systems. The tuning curves of blowfly’s
contrast-sensitive neurons are adapted to the distribution of contrasts encountered in
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the natural environment (Laughlin, 1981); the power spectrum of distribution of odor in
pheromone plumes follows the power spectrum predicted for an optimal input to
olfactory receptor neurons (Kostal et al., 2008); distributions of post-synaptic firing
rates of single neurons during in-vivo recordings follow distributions predicted from
cost-constrained mutual information maximization (Treves et al., 1999; de Polavieja,
2002, 2004).

By assuming a particular coding scheme, it is possible to place further constraints on
the complexity of information encoding, with the assumption that complex codes are
not an efficient way to transmit information (Kostal and Kobayashi, 2015, 2019). We
did not attempt this in our study. It would be interesting to study whether the
inhibitory feedback decreases or increases the encoding complexity.

We have shown that a cortical area can adapt to the amount of available energy
resources. In the event of scarceness of resources, information transmission can be
adapted by weakening the synaptic weights, thus expanding less resources to reduce the
noise correlations. Such a mechanism is implemented in the mouse visual cortex
(Padamsey et al., 2022). Padamsey et al. showed that in food-restricted mice, the
orientation tuning curves of individual orientation-sensitive neurons in the visual cortex
become broader due to weakened synaptic conductances. In our work, we studied the
properties of a population instead of single neurons and we considered a population
encoding the stimulus intensity instead of the stimulus identity, such as orientation.
Extending this model to a situation in which stimulus identity is encoded and shared
input is introduced due to the overlap of receptive fields would be interesting.

Neurons recorded in-vivo typically exhibit a Fano factor close to one, constant over a
broad range of post-synaptic firing rates Gur et al. (1997); Geisler and Albrecht (1997);
Shadlen and Newsome (1998). In the optimal regimes with stronger recurrent synapses,
the Fano factor decreased only very slowly over the studied range of post-synaptic firing
rates (up to 30 Hz in a single neuron). With weaker synaptic strengths, the Fano factor
of a single neuron decreases rapidly with an increasing post-synaptic firing rate. Our
model predicts that less available resources would lead to weaker recurrent synapses.
This hypothesis is straightforward to test by calculating the Fano factors during
stimulus presentation (both population and single neuron) in food-restricted animals
and comparing them to controls. We expect that the population Fano factor will
increase (alternatively, the noise correlations will increase) with food scarcity, and single
neuron Fano factors will decrease.

Supporting information

S1 Fig. Input-output relationship of a single neurons. To leave out the
network effects, we plotted the tuning curves for the feedforward network separately for
the excitatory (blue) and inhibitory (yellow) neurons. The thick line represents the
median response across the neurons, which shows that their tuning curves are convex in
the studied range. The shaded area shows the spread of the tuning curves across
neurons (2.5 to 97.5 percentile). With low values of Py, the tuning curves across
neurons vary significantly and are skewed to the higher firing rates.

S2 Fig. Fixing number of external connections to remove gain dependency.
Same as Fig. 4, but each excitatory and inhibitory neuron receives exactly PoytNext
connections from the external population. The dependency on Peyt is removed.

S3 Fig. Effect of equalizing the resting cost on the information-metabolic
efficiency. We observed that the cost of the resting state is different for different
recurrence strengths a,e. (Fig. 3A-C). This could potentially explain the higher

17/24



information-metabolic efficiency E (Eq. 28) for intermediate values of a,. and its
decrease for high values of a,e.. To quantify the effect of the resting cost, we set the
resting cost in each case to the resting cost of the feedforward network Wy(arec = 0).
The differences in the cost of the resting state do not have a qualitative effect on the
conclusions. A: The same contour plot as in Fig. 5B. B: Contour plot with equalized
resting costs (contours as in Fig. 5B: 0.6, 0.8, 1, 1.2, 1.4, 1.6, 1.8 and 2 bits/s). C:
Heatmap of the relative differences.

S4 Fig. Accuracy of information-metabolic efficiency approximation. To
calculate the capacity-cost functions, we calculated the mutual information using Eq.
(22) with input probability distribution calculated from the Eqgs. (30) and (32). Here we
compare the information-metabolic efficiencies calculated with the approximation and
the Jimbo-Kunisawa algorithm. A: The same contour plot as in Fig. 5B,
information-metabolic efficiencies calculated with the Jimbo-Kunisawa algorithm. B:
Information-metabolic efficiencies calculated with the Fisher-information-based input
distribution. C: Heatmap of the relative differences. Note that the approximation can
only reach lower values than the actual information-metabolic efficiency.
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S1 Fig. Input-output relationship of single neurons. To leave out the network effects, we plotted the
tuning curves for the feedforward network, separately for the excitatory (blue) and inhibitory (yellow) neurons.
The thick line represents the median response across the neurons, which shows that their tuning curves are
convex in the studied range. The shaded area shows the spread of the tuning curves across neurons (2.5 to 97.5
percentile). With low values of Pe¢, the tuning curves across neurons vary significantly and are skewed to the
higher firing rates.
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S2 Fig. Fixing the number of external connections to each neuron. Same as Fig. 4, but exactly
kext%gf% external neurons connected to each excitatory and inhibitory neuron. This removed a large part of

the dependence on Py seen in Fig. 4.
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S3 Fig. Effect of equalizing the resting cost on the information-metabolic efficiency. We observed
that the cost of the resting state is different for different recurrence strengths a,ec (Fig. 3A-C). This could
potentially explain the higher information-metabolic efficiency F (Eq. 28) for intermediate values of aye. and
its decrease for high values of ae.. To quantify the effect of the resting cost, we set the resting cost in each case
to the resting cost of the feedforward network Wy (aec = 0). The differences in the cost of the resting state do
not have a qualitative effect on the conclusions. A: The same contour plot as in Fig. 5B. B: Contour plot with
equalized resting costs (contours as in Fig. 5B: 0.6, 0.8, 1, 1.2, 1.4, 1.6, 1.8 and 2 bits/s). C: Heatmap of the
relative differences.

Jimbo Kunisawa Fisher approximation relative difference

0.08

0.06

0.04

0.02
TTTTTIT T T 1T

1 23 5 10 203050 100 10 203050 100 1 2 3 5 10 203050 100
Pext(%) Pext(%) Pext(%)

0.1

0.05

0.03
0.02

recurrence strength (nS)

0.01

S4 Fig. Accuracy of information-metabolic efficiency approximation. To calculate the capacity-cost
functions, we calculated the mutual information using Eq. (22) with input probability distribution calculated
from the Eqgs. (30) and (32). Here we compare the information-metabolic efficiencies calculated with the
approximation and the Jimbo-Kunisawa algorithm. A: The same contour plot as in Fig. 5B,
information-metabolic efficiencies calculated with the Jimbo-Kunisawa algorithm. B: Information-metabolic
efficiencies calculated with the Fisher-information-based input distribution. C: Heatmap of the relative
differences. Note that the approximation can only reach lower values than the actual information-metabolic
efficiency.
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Abstract

Flying insects encounter turbulent environments, where chemotaxis along a
concentration gradient makes little sense. Detection of the onset and offset of discrete
odor pulses is then expected to become crucial for navigation, but it is not well
understood how the olfactory system encodes the offset of the odor pulse. Previous
works indicated that the duration of a male moth olfactory receptor neuron’s (ORN)
spike firing response to pheromone stimuli greatly exceeds the pulse duration. However,
these works were based on imprecise odor delivery systems. We built an odor delivery
system capable of delivering much sharper pheromone stimuli. The stimuli evoked ORN
firing responses that faithfully tracked the stimulus duration, provided the stimulus
lasted at least 200 ms. A transient inhibition marked the termination of such stimuli.
Shorter stimuli produced a firing response exceeding the stimulus duration. The
response shapes could be explained by adaptation of the ORN on only two time scales.
With simulations, we showed that the observed limits in stimulus offset detection
propagate to the antennal lobe and are likely to be behaviorally significant. Our results
increase the understanding of the mechanisms necessary for male moths to navigate
through pheromone plumes.

Introduction

Flying insects heavily rely on olfactory cues to search for their mating partner, food and
oviposition sites. The turbulent airflow breaks the odor signal, e.g., sex pheromone from
a female, into pockets containing odor and pockets with clean air. A male moth
searching for a mating partner can then encounter pockets with high concentration of
pheromone even at large distances from the female (Jones, 1983; Murlis et al., 2000;
Justus et al., 2002; Celani et al., 2014). The odor plume does not form a continuous
gradient pointing to its source and obtaining a reliable concentration average would take
too long for flying insects to efficiently track odor plumes. Instead, the insect has to
implement different searching strategies, such as an upwind surge during an odor
encounter and cast, crosswind flight without progressing upwind, when the odor signal
is lost (Willis and Baker, 1984; Vickers and Baker, 1994; Kennedy, 1983; van Breugel
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and Dickinson, 2014; Cardé, 2021). This searching strategy requires the insect to
reliably detect the onset and offset of the odor pocket.

The olfactory receptor neurons (ORNs) typically respond to the odor onset by a fast
and intense action potential firing activity. On the other hand, ORNs were not always
observed to stop rapidly the firing activity after the odor offset. For example,
pheromone sensitive ORNs in moths have been considered to terminate their response
very slowly (Kaissling et al., 1989; Jarriault et al., 2010; Grémiaux et al., 2012; Rospars
et al., 2014; Tuckman et al., 2021a,b). The apparent inability to detect the pheromone
stimulus offset by moth ORNSs is very surprising, given that male moths are extremely
sensitive to the sex pheromone of their conspecific females (Kaissling and Priesner, 1970;
Mayer and Mankin, 1990; Angioy et al., 2003; Kaissling, 2009), they exhibit a rich and
complex repertoire of maneuvers when navigating pheromone plumes (Willis et al., 2013;
Vickers, 2006; Cardé, 2021), can successfully track female pheromone plumes at large
distances (Cardé and Charlton, 1984; Elkinton et al., 1987; Shorey, 1976; Wall and
Perry, 1987) and their olfactory system has been shown to be very efficient (Kostal
et al., 2008; Levakova et al., 2018). The most detailed studies that have attempted to
link the odor plume structure with orientation behavior in terrestrial animals are from
plume tracking behavior of male moths to female sex pheromone. A driving ambition of
this long studied model was the use of insect sex pheromones in pest management
(Witzgall et al., 2010). These studies are also a source for bioinspired navigation models
and biohybrid odor-seeking robots (Ando et al., 2013; Martinez et al., 2014; Anderson
et al., 2020).

It has been suggested that the slow termination of ORN response depends on the
physiochemical properties of the odorant molecules and their interaction with the odor
delivery device surfaces (Martelli et al., 2013). Moth pheromone molecules have a
relatively low volatility, as indicated by their low vapor pressure (Olsson et al., 1983)
and when used as olfactory stimuli they are likely to exhibit slower dynamics, compared
to more volatile compounds. Therefore, we investigated if the slow response termination
is a physiological property of ORNs and is important for encoding, or if it is an artefact
caused by interactions of pheromone molecules with the odor delivery device.

The analysis of the dynamics of odor coding requires either monitoring or controlling
the temporal resolution of odor stimuli. Monitoring the odor stimulus can be done with
a photo-ionization detector (PID) with high temporal resolution (Justus et al., 2002).
Unfortunately, common moth pheromones cannot be detected by a PID, because their
ionization energies are too high for the PID lamp. Proton transfer reaction-mass
spectrometers (PTR-MS) can monitor the dynamic of odor plumes (Riffell et al., 2014),
including pheromone plumes. However, the sensitivity of PTR-MS remains too low to
monitor pheromone stimuli at physiological concentrations. Therefore, we developed a
new odor delivery device to better control the stimulus dynamics.

With our new odor delivery system we observed a tri-phasic pattern in the ORN
responses from the moth species Agrotis ipsilon and Spodoptera littoralis, consisting of
an excitatory response at the stimulus onset, inhibitory phase at the stimulus offset and
a less intense excitatory activity (rebound activity) following the inhibitory phase. This
is in contrast to the widely held belief that responses to pheromone in moth ORNs
terminate very slowly and is in fact reminiscent of the projection neuron’s (PN)
response profile. Yet, when ORNs were subjected to short stimuli, the inhibitory phase
disappeared and the response consisted of a single long-lasting burst that significantly
exceeded the stimulus duration.

The observed qualitative differences in the response, i.e., mono-phasic response to
short stimuli and tri-phasic response to long stimuli, point to slow adaptation of the
ORNSs. In order to asses the slow adaptation process, we had to isolate the ORN
processing capabilities from the dynamics of the odor delivery. To this end, we measured
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the local field potential (LFP) in the sensilla, which is tightly correlated with the
depolarizing current entering the ORN. Recording both the LFP and the firing response
allows to study independently the transduction processes leading to the generation of
the receptor current and how the spike generating mechanism in the soma responds to
this current (Nagel and Wilson, 2011). We performed an optimization procedure which
allowed us to narrow down the adaptation processes to only two time-scales, providing
novel insights into the possible mechanisms leading to the adaptation.

1 Results

1.1 New odor delivery device improves the speed of odor onset
and offset

A common type of odor delivery device in insect olfactory studies consists of Pasteur
pipettes containing a filter paper loaded with one of the odors/doses to test. An
electrovalve (EV) redirects an airstream through the pipette, the small tip of which is
introduced into a hole on the side of a glass tube that bathes the insect antenna with a
constant humidified and filtered air-stream (Montagné et al., 2012). However, the time
constants of rising and falling odor concentrations at the onset and offset of the
stimulus can be very long, depending on the physicochemical properties of the odorant
(Vetter et al., 2006; Martelli et al., 2013; Gorur-Shandilya et al., 2019). First, odors are
sticky and adsorption / desorption on surfaces contributes to low-pass filtering of the
stimulus dynamics as the odors travels along the tube. Next, the temporal structure of
the odor stimuli disintegrates within 10-20 mm from the exit of the odor stimulus
device when the airflow is no more restrained within a tubing.

We built an odor delivery device in which we ensured that the effects of odor
molecules interacting with surfaces have minimal effect on the dynamics of the delivered
stimulus. The insect was placed directly in front of an electrovalve controlling the
odorant supply (Figure 1-Figure Supplement2). We tested with linalool (due to its low
volatility) that the odor delivery device is capable of delivering sharp and short odor
pulses (Figure 1A). Adding a glass tube between the PID and the electrovalve (15 cm
length, 1 cm diameter) resulted in much slower PID responses and short stimuli evoked
only very little response (Figure 1B).

Using more volatile compounds (acetone, a-pinene) resulted in sharper PID
responses (Figure 1C). We suspected that the slowdown of the response dynamics with
linalool is not a property of the odor delivery device, but of the PID. To verify this, we
performed an experiment where we completely cut off the odor delivery device from the
PID by inserting a plastic barrier between them during the stimulation. The time
course of the PID response offset remained slow (Figure 1D). Although the observed
PID response offset was slightly faster in the first 500 ms after the stimulus termination
in the experiment with using the plastic barrier, after 500 ms the sustained response was
identical (Figure 1E-J), indicating that the observed slow dynamics of the response and
the long lasting response are mostly a property of the PID and not of the odor delivery
device. Possibly the odorant molecules adhere to the surface of the PID and thus slow
down their onset and offset detection by the PID. Therefore, we conclude that it is risky
to use PID signal as a proxy for odor concentration and the physiochemical properties
of the used odorant need to be considered.

1.2 Moth ORN response shape tracks odor pulse durations

We presented the pheromone sensitive ORNs of A. ipsilon with stimuli of different
durations (3ms, 5ms, 10ms, 20 ms, 50 ms, 100 ms, 200 ms, 500 ms, 1s, 2, 5s) of 100 pg
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Fig 1. New odor delivery device can deliver square stimuli. A: We verified with PID response to
linalool that the odor delivery device is capable of delivering sharp and short odor pulses. On the contrary,
adding a 15 cm glass tube after the valve produces responses which are much less sharp and short stimuli (up
to 200 ms) evoke very little PID response or no response at all (B, we used pure linalool instead of 10% dilution
to compensate for airflow mixing in the glass tube). C: More volatile compounds produce sharper PID
responses. D: Shaded area indicates linalool stimulation. Approximately 2.8 s after the stimulus onset a plastic
barrier was dropped between the PID and the odor delivery device to prevent any odor molecules from the
odor delivery device from reaching the PID. The offset of the PID signal remained slow. E: We dropped the
barrier at different times after the stimulus onset. The longer the stimulus was, the slower was the PID
response offset. We observed the same pattern when we used our odor delivery device to deliver stimuli of
different durations (F). G-J: We compared the value (averaged in a 20 ms window) of the PID at different
times after the stimulus offset to its peak value. 0.5s after the stimulus termination the sustained signal is the
same regardless of whether stimulus was terminated regularly (with the electrovalve) or mid-odor delivery with
a plastic barrier. This shows that most of the slow dynamics observed with the PID are due to the properties
of the PID and not the odor delivery device. All PID responses in the figure were filtered with 49 Hz 2-pole
Butterworth lowpass filter to remove noise.

Figure 1-Figure supplement 1. Schematics of the developed odor delivery device.

Figure 1-Figure supplement 2. Testing of equilibration times and source stability.

dose. The neurons responded by intense firing activity, reaching its peak approximately
20 ms to 50 ms after the stimulus onset, regardless of the stimulus duration. The time
course of the response changed qualitatively with the stimulus duration (Figure 2A-B).
For a stimulus duration below 100 ms the neurons continued firing for around 100 ms
after the stimulus offset, while slowly returning to their spontaneous activity (Figure
2C-D). For stimuli longer than 200 ms the firing response terminated sharply with the
stimulus offset. The firing response was then followed by an inhibitory phase, lasting
approximately 300 ms (Figure 2E). During the inhibitory phase (interval 100 ms to

400 ms after the firing response termination) the firing activity was significantly
suppressed, compared to the activity that followed (rebound phase, measured as the
activity in the period 1s to 3s after the firing response termination). The rebound
activity increases with stimulus duration, making the inhibitory phase more pronounced
and indicating that two opposing processes are at play (Figure 2F). A mono-phasic
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response to short stimuli and inhibitory phase after long stimuli were also observed with
higher (1ng) and lower (10 pg) pheromone doses (Figure 3A-B). Moreover, in the dose
range 10 pg to 1ng the shape of the firing profile is mostly independent of pheromone
concentration (Figure 3C), a property that has been illustrated on Drosophila ORNs
only with highly volatile odors and may help intensity invariant odor identity coding
(Martelli et al., 2013). We also saw the same response patterns with the ORNs of S.
littoralis (Figure 2-Figure Supplement1). These results lead us to the conclusion that
the previously reported sustained pheromone responses of the moth ORNs are an
artefact caused by interactions of the odor molecules with the tubing of the odor
delivery device and should not occur in the nature when the moth is flying sufficiently
far away from any surfaces that could release previously adsorbed pheromone molecules.

Flying insects use both olfactory and mechanosensory input (from wind speed) to
track odor plumes. Antennal lobe neurons integrate both sensory inputs (Tuckman
et al., 2021a,b). The detection of mechanosensory information in insect antennae is
attributed primarily to Johnston’s organ and Bohm’s bristles in the pedicel of the
antenna (Budick et al., 2007; Sane et al., 2007; Dieudonné et al., 2014). However, it was
recently proposed in the honeybee that mechanosensory signals can also be transduced
by olfactory sensilla on the antenna, with changes of sensilla position potentially
modulating ORN responses (Tiraboschi et al., 2021). To verify that the observed
response pattern is not an artefact caused by change in the mechanical pressure at the
stimulus offset, we performed recordings where we maintained constant mechanical
pressure throughout odor stimuli by delivering odorless air with an electrovalve in
opposing phase to the valve controlling the odor delivery. With this setting, we still
observed the tri-phasic response pattern (Figure 2-Figure Supplement2).

We still observed some sustained activity long after the stimulus end, with onset
after the inhibitory phase. The intensity of the activity increased both with duration
and dose of the stimulus (Figure 3B) and could last more than 15 min (Figure 2-Figure
Supplement3). Our new setup strongly reduces the surface where odor molecules can
adsorb and then desorb and stimulate the antenna, therefore we conclude that the
sustained response has a physiological origin, e.g., pheromone molecules adhering to the
sensilla.

1.3 Rapid response termination stems from slow spike
frequency adaptation

We recorded the LFP simultaneously with the firing activity in response to 20 ms,
200ms and 2 s stimuli (dose 1ng). The LFP shape reflects the depolarizing current
flowing from the sensillar lymph into the neuron (with a multicompartmental model of
the ORN we estimated that the LFP corresponds to the depolarizing current filtered
with exponential kernel with 10 ms decay, Figure 4-Figure Supplement1). After the
stimulus onset, the LFP decreases (downward deflection of the LFP signal) due to
positive charge flowing from the sensillar lymph into the ORN (exciting the neuron; the
amplitude of the LFP deflection is correlated with the peak firing rate; Figure 5-Figure
Supplement1B). The LFP typically exhibits some level of adaptation (upward
deflection) followed by an additional downward deflection (Figure 4A-D). Shortly after
the stimulus offset (within 10 ms) the LFP starts increasing, signifying a decrease in the
depolarizing current. After an initial rapid increase, the LFP continues to slowly
increase towards the level before the stimulus. This can be either due to a different,
slower, signalling pathway or some of the odor molecules can be slowed down by first
adhering to the sensilla, before eventually reaching the odor receptors.

The transiency of the firing rate indicates that the firing rate responds to the slope
of the depolarizing current, as previously observed in Drosophila (Nagel and Wilson,
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Fig 2. Different stimulus durations produce qualitatively different response terminations. A:
Representative voltage traces in response to 20 ms, 200 ms and 2 s stimuli. B: Firing responses of the ORNs to
stimuli of different durations. Thin lines represent responses of individual neurons, thick line is the average
response across all measured neurons (blue area indicates the stimulus period, N=21-23 sensilla). C: Raster
plots of the spike trains, aligned at the stimulus offset. Responses to stimuli 100 ms and shorter continue after
the stimulus offset, while the ends of responses to longer stimuli coincide with the stimulus offset. The red
vertical line represents the point in time where 50% of the ORNSs’ responses finished (see Materials and
methods). D: Box-plot of how much the response ends exceed the stimulus duration. Color-coded is the
stimulus duration, same as in B. E: Raster plots aligned to the median response end. We compared the firing
rates in the red filled area (0.1s to 0.4s after the response end) with the firing rates in the green filled area (1s
to 3s after the response end) to evaluate the contrast between the inhibitory phase and the rebound activity, as
shown in F (top panel: firing rate during inhibitory / rebound phase, bottom panel: difference between the
rebound and inhibitory activity; stars indicate Wilcoxon rank test significance levels).

Figure 2—-Figure supplement 1. Response patterns of Spodoptera littoralis.

Figure 2—Figure supplement 2. Control experiment with compensating airflow.

Figure 2—Figure supplement 3. Sustained firing activity measured over long periods.
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Fig 3. Response properties are maintained with different odor doses. A: Raster plots
aligned to the stimulus termination, as in Figure 2C, but with different odorant doses (N=52-57
sensilla). For all doses the spiking response exceeds the short (20 ms) stimulus but terminates rapidly
with the longer stimulus (2s). B: The equivalent of Figure 2F for different odorant doses. With all
tested doses the neurons exhibited the transient inhibition after the 200 ms and 2s stimuli. C: Firing
rate shapes normalized to the peak for different stimulus durations and doses. The general shape is
independent of the odorant dose. The black bar indicates the stimulus presence.

2011). However, dependency purely on the LFP and its slope cannot fully explain the
shape of the firing rate. Particularly, the average LFP response to 200 ms and 2s is
nearly identical in the period 50 ms before stimulus termination to 100 ms after stimulus
termination, but the decreased firing rate indicates that the spike generating mechanism
is clearly more adapted after 2s stimulation (Figure 5E). The comparison of LFP to
firing rate transformation between the response to 20 ms and the longer stimuli is not
straightforward due to the weaker LFP response evoked by the 20 ms stimulus. To
facilitate the comparison we shifted the responses by 50 ms, so that the LFP decay after
20 ms stimulation closely follows the LFP decay after 200 ms stimulation, while the
firing rate is significantly higher (Figure 5A). These results illustrate a clear dependence
of the firing activity on the ORN’s history.

To formalize our claim we used a linear-nonlinear model to predict the firing rate
from the LFP (Figure 5A):

ft) = N((K;  LFP)(2)). (1)

The linear kernel K is composed of multiple gamma distribution-shaped kernels
(Gorur-Shandilya et al., 2017; Jayaram et al., 2022) and a §-function, therefore the
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Fig 4. Firing rate depends on the history of the input. A-C: Raw recordings of
a single ORN’s response to three different stimulus durations. D: LFP responses
averaged over 26 sensilla. Note that in response to the 2s stimulus, LFP first increases
after the initial decrease, indicating receptor adaptation and after continues to decrease
again. This is apparent also in C. E: LFP (top) and average firing rate (bottom) aligned
at the stimulus termination. The LFP after the stimulus offset is identical for the 200 ms
and 2s stimulus, yet their firing rates are dramatically different. The dashed blue lines
indicate the response to the 20 ms stimulus, but shifted by 50 ms. Then the LFP time
course after the stimulus offset is identical with the 200 ms stimulus, but the firing rates
again greatly differ.

Figure 4-Figure supplement 1. Multicompartmental ORN model

Figure 4-Figure supplement 2. Heterogeneity of ORN responses

Figure 4-Figure supplement 3. LFP recordings with TTX

convolution can be equivalently expressed as

n

Ky «LFP(t) = co - LFP(t) + > ¢x - (gx * LFP)(t) (2)

1 =1, =
————t%% e vt >0,
gk(t) _ F(ock)-rkk (3)
0 t <0,

where ¢, are the linear combination coefficients and 7, are the time scales ay, > 1 are
the shapes of the gamma distributions. N is a rectifying nonlinearity
(N(x) = max(0,x)). Using lasso regression, we found that the firing rate can be reliably
predicted from the LFP using only two time scales: 40 ms and 800 ms and the unfiltered
LFP (see Materials and methods and Figure 5-Figure Supplement2 for details, note
that the LFP provides a low-pass filtered representation of the depolarizing current).
We fitted the coefficients ¢ to a 2s stimulus (and the preceding 1s of spontaneous
activity) individually to each of 26 different neuron recordings by minimizing the square
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Fig 5. Slow spike-frequency adaptation is necessary to reproduce the ORNSs’ behavior. A:
Illustration of the firing rate prediction process. The LFP was filtered with two different exponential kernels
with time constants 7 and 75. Linear combination of the filtered values and the LFP, followed by a rectifying
non-linearity, provides a prediction of the firing rate. This process is equivalent to directly convoluting the LFP
with a linear filter composed of two exponential kernels and a J-function. B: Values of the optimal coefficients
for all the fitted neurons. Points are color coded by ORNs. C-E: Predictions of the firing rate with and
without the slow (800 ms) component. Predictions with the full filter closely match the empirical firing rate
(dashed black line). The reduced filter predicts well the responses to short stimuli, but fails to predict the
response to the 2s stimulus.

Figure 5—Figure supplement 1. Distributions of filter coefficients and their effect on spike firing properties
Figure 5—Figure supplement 2. Selection of filter time constants

Figure 5—Figure supplement 3. Firing rate prediction using odor transduction model

error between the prediction and the observed firing rate. The average values of the
coefficients were cg = —95.4, ¢; = 71.7, co = 20.4 (the coefficient distributions and their
mutual dependence is shown in Figure 5B and Figure 5-Figure SupplementlA). The
signs indicate that the neurons respond rapidly to LFP deflection by firing activity

(co < 0), which is then attenuated by adaptation on two different time scales (¢ > 0,
k >1). The ratio % is negatively correlated with the steady state-to-peak ratio
(Figure 5-Figure Supplement1D). Using only the LFP (indicating the depolarization of
the neuron) and two adaptation time scales, we were able to predict very well the ORNs’
firing responses (Figure 5C-E). Despite being fit only to the 2s pulse, the predicted
firing rate corresponds well even to the responses to the 20 ms and 200 ms pulses,
including the firing profile after the stimulus offset, which is different for each pulse
duration.

The presented model is the minimal model capable of capturing the shape of the
firing response. With co = 0 (set after the fitting procedure), the model still predicts
well the response to short stimuli (during the short period, the neuron does not become
adapted on the slow time scale), however, it does not predict the continued decrease of
firing rate during the 2s long stimulation. If the model is fitted without the slow
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adaptation, aside from not predicting the time course of the firing rate well, the model
does not predict the prolonged responses as well (Figure 5-Figure Supplement2D-F).

We fit the model to each neuron individually, because the pheromone sensitive
ORNSs of moth exhibit a significant cell-to-cell variability, as analyzed by Rospars et al.
(2014). Apart from the variability in the firing responses, we also observed variability in
the LFP shapes (in response to a 2s stimulus). We verified that the response of a single
neuron over multiple trials is stable (exhibits little variability) compared to the
measured population Figure 4-Figure Supplement?2.

It is also possible to obtain a full odor-to-firing-rate model. We used a simple
transduction model to predict the LFP from the odor concentration (Nagel and Wilson,
2011):

Olk *
R = Lbbsb OR =22 OR”, (4)

LFP = OR* * JLFP, (5)

where R are the unbound receptors, OR are bound, but not activated receptors and
OR* are bound activated receptors, [O] is the odorant concentration, s, and s, are the
unbinding and deactivation rates and k, and k; set the ratio between
activation/deactivation and binding/unbinding rates and gprp is an exponential kernel
with 10 ms decay (as estimated from our multicompartmental model; Figure 4-Figure
Supplement1B-C). Because the spontaneous activity of moth ORNs is very low
(0.34(3)Hz in A. ipsilon Jarriault et al., 2010; 0.5 Hz to 0.8 Hz in S. littoralis Pézier

et al., 2007; see also Figure 2-Figure Supplement3), we neglected the activation of
unbound receptors. The model predicts well the time course of the firing rate during
stimulation and the firing rate offset (Figure 5—Figure Supplement3).

We hypothesized that the adaptation could be facilitated by hyperpolarizing
Ca’"-gated KT currents in the soma (Zufall et al., 1991; Lucas and Shimahara, 2002;
Pézier et al., 2007). We illustrated on a multicompartmental model that such
hyperpolarizing currents can affect the LFP by further decreasing it (Figure 4—Figure
Supplement1D-G) and could thus account for the second downward deflection of LFP
during 2s stimulation. In such case, the second downward deflection could be removed
by abolishing the spiking activity and thus also the Ca?" influx due to action potentials.
To test this hypothesis, we recorded the LFP after injecting the Na™ channel antagonist
tetrodotoxin (TTX, 50 pM) into the antenna. The TTX injections abolished the spiking
activity, however the secondary deflection of the LFP remained (Figure 4-Figure
Supplement3). Therefore we conclude that the secondary deflection is not caused by
hyperpolarizing currents in the soma triggered by Ca?" influx during action potentials.

1.4 Prolonged response to short stimuli is maintained by the
antennal lobe

ORNS project their axons to the antennal lobe (AL) onto projection neurons (PNs) and
local neurons (LNs). All ORNs expressing the same odorant receptor project their
axons to the same glomerulus harboring the dendrites of PNs and LNs (Kay and
Stopfer, 2006; Wilson, 2013). PNs create excitatory connections with other PNs and
LNs provide an inhibitory feedback both to PNs and LNs. PNs then project their axons
to higher brain centers. Therefore, understanding how the PNs reshape the firing
response is essential for understanding the implications for behavior of the insect. Even
though the observation of the inhibitory phase in moth ORNs is novel, previous studies
observed the inhibitory phase in PNs, despite using the classical odor delivery device
with Pasteur pipette (Jarriault et al., 2010; Martinez et al., 2013). Moreover, PNs are
sensitive to the slope of ORN firing rate (Kim et al., 2015), which can explain their
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transient responses. These results suggest that although ORNs are not obviously
encoding the stimulus duration of short stimuli (Figure 2), the ORN responses could be
processed by the AL to provide a more accurate representation of the stimulus duration.

We used the ORN firing rates as an input to an antennal lobe model (Tuckman
et al., 2021a,b; see Materials and methods for details). We modelled a single glomerulus
containing 10 PNs and 6 LNs. PNs create random excitatory connections to PNs and
LNs withing the glomerulus and LNs create random inhibitory connection to PNs and
other LNs (Figure 6A). The PNs are equipped with small conductance Ca’T-activated
K™ channels (SK channels) which together with the inhibitory input facilitate spike
frequency adaptation and make the PNs sensitive to the slope of the ORN input, as also
observed with the Drosophila PNs (Kim et al., 2015). PNs then exhibit a transient
inhibition at the end of the stimulus, even if no transient inhibition is observed in the
ORN response, in agreement with Jarriault et al. (2010) (Figure 6B). Note that such
feature cannot be reproduced with adaptation resulting purely from synaptic depression
and LNs acting presynaptically, as suggested for Drosophila antennal lobe (Kazama and
Wilson, 2008; Nagel et al., 2015). However, the response to short stimuli still
significantly exceeds the stimulus duration (Figure 6C) and the firing profile shape with
this model does not differ greatly from the firing profile shape of ORNs (Figure 6D).
Therefore, we expect that the encoding of duration is not significantly altered by the
antennal lobe and thus the longer responses to short stimuli likely propagate further
and affect behavioral responses.

Although PNs can exhibit the inhibitory phase even when there is no inhibitory
phase in the ORN response, their precision of stimulus duration encoding is improved
by the observed dynamics in ORNs. To illustrate this, we made the ORN response less
sharp by convolving it with an exponential kernel with 100 ms mean. The smoothed
ORN firing profile then did not show any inhibitory phase, but the inhibitory phase was
clear in the PN responses. However, the onset of the inhibitory phase did not mark the
offset of the stimulus, unlike in the case of the unmodified ORN firing profile (Figure
6-Figure Supplementl).

2 Discussion

2.1 Tri-phasic response of moth ORNs

We found qualitative differences between the responses to short (j200ms) and long
(;200 ms) stimuli. While the spiking response to a short stimulus exceeds the stimulus
duration, spiking response to a long stimulus ends with the stimulus. The response to
long stimuli marks precisely the stimulus offset with an inhibitory phase. The inhibitory
phase was followed by rebound activity. The intensity of the rebound activity increased
both with stimulus duration and odor dose.

The observed firing pattern is reminiscent of the pattern observed previously in PNs.
Our results therefore show that encoding of temporal structure of the plume happens
already at the level of ORNs and not only at the level of PNs, as previously thought
(Jarriault et al., 2010; Rospars et al., 2014; Tuckman et al., 2021b,a). Moreover, we
showed with a simulation that the precise encoding of temporal structure by ORNs also
improves the encoding by the PNs, compared to ORN responses with slow offset.

Inhibitory phase marking the end of stimulus has also been observed with various
receptor-odor combinations in Drosophila (Nagel and Wilson, 2011; Martelli et al., 2013;
Kim et al., 2011, 2015). Moreover, we observed independence of the firing response
shape on the odor dose, also previously reported in Drosophila with volatile odors. The
newly observed similarities between Drosophila and moth ORNs unite the research in
these different species.
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Fig 6. Modelling the antennal lobe. A: Illustration of the used model. B: The response end is clearly
marked by an inhibitory phase, regardless of the stimulus duration (increasing from top to bottom, 3ms to 5s).
The y-axis ranges from 0 Hz to 20 Hz. C: Although the inhibitory phase clearly marks the response end, the
spiking response duration still exceeds significantly the stimulus duration for stimuli shorter than 200 ms. D:
Average firing rates of the PNs in response to stimuli of different durations. Dotted ORN firing rates were used
as an input. Note that the ORN input firing rate is not to scale and is normalized to the peak of the PN firing
rate for shape comparison.

Figure 6—Figure supplement 1. PNs do not track odor pulse durations if ORN response is smooth

The inhibitory phase was followed by a sustained increase in the firing activity long
after the stimulus termination and also a sustained LFP below the pre-stimulus level,
indicating that the sustained firing activity is due to sustained activity of the receptors.
With classical odor delivery devices with a Pasteur pipette, such sustained activity
could be explained by a slow release of pheromone molecules after closing the valve that
controls the stimulus. However, in our experiments, we strongly reduced the possibility
of any pheromone molecules adhering to the odor delivery device. The sustained
activity could be caused instead by odor molecules adhering to the sensilla and / or it
could represent an elevated probability of spontaneous OR-Orco channel opening after
prolonged ligand-receptor interaction.

Regardless of the exact mechanism leading to the sustained activity, ORNs seem to
remain slightly depolarized long after the stimulus termination and the their detection
threshold is thus decreased. It is possible that ORNs evolved to have a very low
spontaneous activity prior to any stimulation and after sufficient pheromone exposure
the activity is increased in order to decrease the detection threshold and ORNs should
respond with higher intensity following a previous stimulus.

Sensitization of ORNs was observed in Drosophila ORNs (Getahun et al., 2013) and
with heterologously expressed OR-Orco proteins (Mukunda et al., 2016). This OR
sensitization process requires Orco activity and was proposed to depend on cAMP
production that would activate two feedback loops involving protein kinase and
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Ca®*-calmodulin (Wicher, 2018).

2.2 Mechanism of the spike frequency adaptation

In Drosophila melanogaster, adaptation properties could be captured with a bi-lobed
linear filter with a temporal width of approximately 200 ms (Nagel and Wilson, 2011;
Martelli et al., 2013; see Brandao et al., 2021 for a recent review). Studies of ORN
adaptation in moths suggest that their adaptation is slower (Jacob et al., 2017;
Levakova et al., 2019). However, the moth studies related the firing activity to the
binary state of the electrovalves controlling the odor delivery, it is therefore difficult to
assess to what extent the observed signal processing timescales are a property of the
odor delivery device or a property of the neuron.

We circumvented this issue by simultaneously measuring the local field potential
(LFP) in the sensilla, where the ORN’s outer dendrite resides. The LFP is tightly
correlated with the depolarizing current entering the ORN. We built a model of
transformation of the depolarizing current to the spiking activity and performed an
optimization procedure which allowed us to narrow down the adaptation processes to
only two time-scales, which are not directly inferable from the linear filters and
importantly, provide novel insights into the possible mechanisms leading to the
adaptation.

We showed that the shape of the ORN’s firing response can be very well captured
with only two adaptation time scales: 40 ms and 800 ms. This is the minimal model
capable of explaining the transiency of the firing response and the observed temporal
resolution limits of the ORN.

The slow adaptation time constant 800 ms approximately corresponds to Ca’™
extrusion time scales (0.4s to 1s in Drosophila ORNSs; Si et al., 2019). This indicates
that the adaptation of the spike generating mechanism could be Ca®" dependent. Moth
ORNS express Ca’-gated potassium channels (Lucas and Shimahara, 2002 in Mamestra
brassicae; Zufall et al., 1991 in Manduca sexta; Pézier et al., 2007 in S. littoralis). Their
expression in the soma would result in hyperpolarizing currents upon their activation.

Inactivation of voltage gated sodium channels (Nay) could also be responsible for
the phasicity of the spiking response (Lundstrom et al., 2008; Platkiewicz and Brette,
2010, 2011; Nagel and Wilson, 2011). However, the timescales typical for inactivation
(and reactivation) of Nay channels (4.8 ms measured in cultured honeybee ORNs
(Kadala et al., 2011)) were not necessary to reproduce the firing rate profiles. Some
Nay channels also exhibit adaptation at slower time scales (Fleidervish et al., 1996; Kim
and Rieke, 2003; Badel et al., 2008; Wang et al., 2013; Sarno et al., 2022). Patch clamp
experiments on insect ORNs designed to measure slow adaptation of Nay channels in
insect ORNs would help to understand the physiological mechanisms behind their
adaptation.

2.3 Modelling the ORN response

We proposed a minimal model that links the stimulus to the firing rate which captures
well the firing profile of responses to isolated square pulses. This model can be easily
used to model the input to the higher brain centers, which is otherwise often modelled
as a piece-wise exponential function (Belmabrouk et al., 2011; Tuckman et al., 2021a,b).
It can be extended to model the responses to more complex stimuli; however, the model
captures all the features essential for our work. The following extensions could be
considered:

1. Adaptation of the odor receptors

2. Persistent receptor activity
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3. Nonlinearity of the slow adaptation process

Various receptor adaptation models were proposed for Drosophila ORNs (Nagel and
Wilson, 2011; Cao et al., 2016; Gorur-Shandilya et al., 2017) and we believe that these
models could be also successfully applied to the moth ORNs. However, in the case of
moth, the long lasting pheromone transduction pathway (due to pheromone adherence
to the sensilla and / or sustained increased probability of spontaneous receptor opening)
needs to be included as well to balance the adaptation and maintain receptor activity
after the stimulus offset and avoid transient LFP overshoot, as observed in some
Drosophila ORNs (Nagel and Wilson, 2011). It is also possible that the physics of fluid
(air) movement across morphologically distinct antennal types (globular in Drosophila,
feather-like in A. ipsilon), and the wingbeat frequency of the insect (200 Hz in
Drosophila, 5Hz to 20 Hz in moths) that re-sculpt the odor plume could have both
contributed to the evolution of the differentiated transduction process.

Our linear-nonlinear model predicts well the time course of the firing rate during
stimulation and its offset after stimulus termination. However, the predicted duration of
the inhibitory period is longer than what we generally observe. We believe that this can
be explained by a voltage dependency of the slow adaptation process. Such non-linearity
seems plausible, since either the Nay channels can recover faster at low membrane
potential values, or the voltage dependency of the Ca**-gated K+ channels causes them
to close rapidly at low membrane potential values (Lucas and Shimahara, 2002).

2.4 Implications for behavior and navigation efficiency

Behavioral experiments showed that male moths reach the pheromone source most
reliably and with the least amount of counter-turning if the source is pulsating
(Kennedy et al., 1980; Willis and Baker, 1984; Mafra-Neto and Cardé, 1994).
Particularly, in (Mafra-Neto and Cardé, 1994), the pulse duration was 130 ms and the
air-gap duration between pulses was 83 ms (experiments done with the almond moth
Cadra cautella). These observations correlate well with our results showing that the
ORNS s exhibit prolonged firing response to short (j200 ms) stimuli. Moreover, prolonged
response to very short stimuli (e.g., 3ms) can ensure that the brief encounter is
registered by the brain and can be acted upon.

On the other hand, the slow (800 ms) adaptation allows the moth to respond rapidly
to a loss of pheromone signal after a prolonged exposure, but possibly also to adapt to
the background intensity within a pheromone plume. If the prolonged firing response to
short stimuli causes prolonged upwind flight after stimulus offset, we expect faster
switching from upwind flight to zig-zag casting after the stimulus offset with longer
stimuli. Such behavioral experiments could show a clear connection between the
temporal structure of the ORN and PN response and behavior.

3 Materials and methods

3.1 Insects

A. ipsilon and S. littoralis adult males were fed on an artificial diet. Pupae were sexed
and males and females were kept separately in an inversed light—-dark cycle (16 h:8h
light:dark photoperiod) at 22 °C. Experiments were carried out on 5-day-old males.

3.2 Chemicals

The main components of the pheromones of A. ipsilon (Z7-12:Ac, CAS 14959-86-5) and
S. littoralis (Z9,E11-14:Ac, CAS 50767-79-8) were bought from Pherobank (purity ;
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99%). Linalool (CAS 78-70-6, purity j 97%,) a-pinene (CAS 80-56-8, purity ;98%) and
acetone (CAS 67-64-1) were bought from Sigma-Aldrich. They were diluted at 10% in
mineral oil (CAS 8012-95-1).

3.3 Odor delivery

Our odor delivery device is based on 2 serially connected electrovalves. The first
electrovalve (any of EV1 - EVS, further referred to as upstream valve) odorizes the
passing airflow. The second electrovalve (EV9, downstream valve) controls the timing of
the stimulus (Figure 1-Figure Supplementl).

A charcoal-filtered and humidified air stream (2.5 bar) is divided into 8 flows
(200 mL/min each) with an airflow divider (LFMX0510528B, The Lee Company,
Westbrook, CT, USA). Each of the 8 flows is connected to a 3-way electrovalve (EV1 to
EVS; LHDA1223111H, The Lee Company). Normally opened (NO, non-odorized) and
normally closed (NC, odorized) exits of the eight valves are connected to a low
dead-volume manifold (MPP-8, Warner Instruments, Holliston, MA, USA) or to odor
sources, respectively. The non-odorized airflow permanently bathes the insect
preparation. All outlets of odor sources are connected to a second MPP-8 manifold that
is connected to an electrovalve (EV9; LHDA1233215H, The Lee Company). The NO
exit of EV9 is introduced within a vacuum system. A small glass tube (10 mm total
length, 1.16 mm internal diameter) bent at 90° facilitated focusing the stimuli on the
insect antenna. EV9 and the small bent tube are thus the sole surface on which odor
puffs controlled by EV9 can adsorb and thus alter the stimulus dynamics. The outlet of
the small tube is positioned under the dissecting microscope at 1 mm from the recorded
sensilla. An aluminium shield connected to the ground around EV9 minimizes artifacts
during opening and closing of the valve. The downstream part of the stimulator (from
manifold to EV9 and the attached small bent tube) was decontaminated after each
experiment for 60 min at 80 °C with an airflow injected from the small bent tube and
EV9 activated. All tubing but the exit of the permanent airflow was made of Teflon
(internal diameter 1.32mm). The shape of stimuli delivered to the antenna was
measured with a mini PID (Aurora Scientific Inc, Aurora, Canada).

3.3.1 Equilibration and stability of the odor source

After opening the upstream electrovalve two processes are at play when an airflow
passes through the odor source, with opposite effects on the concentration of odor
reaching the downstream electrovalve, EV9.

1. Dilution of the head-space, which reduces the concentration of odor delivered to
EV9 with an effect that increases with time until an asymptote is reached
corresponding to an equilibrium of odor molecules passing from the liquid phase
to the gas phase and those carried out of the vial by the airflow.

2. Reversible binding of odor molecules to the surfaces of the odor delivery device,
which reduces the concentration of odor delivered to EV9 with an effect that
gradually decreases over time until it becomes null when the
adsorption/desorption equilibrium is reached.

We verified with linalool (diluted at 10%) and the PID how long the upstream valve
must be open before the odor concentration delivered to the downstream valve is
constant (further referred to as equilibration time). With no or short equilibration times
(<2s), PID responses were not square but had a decreasing amplitude indicating that
the dilution of head-space was dominant. When the equilibrium time was at least 10s,
the PID response to a 0.5s stimulus was square. Increasing the equilibration time to
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Table 1. Number of sensilla recorded for each pulse duration. Number of neurons that
responded by firing at least 5 spikes in the first 100 ms after stimulus onset is in the
brackets.

pulse duration: 3ms 5ms 10ms 20 ms 50 ms 100 ms
22 (7) 22(13) 23(21) 22(20) 21(20) 23(22)

pulse duration: 200ms 500ms 1s 2s 58
23(22) 23(23) 23(22) 23(22) 23(22)

more than 10s had very little effect on the amplitude of the PID response (Figure
1-Figure Supplement2A-B). When using a-pinene and acetone, more volatile molecules
than linalool, we kept the same 10s equilibration time.

Since the PID cannot monitor pheromone stimuli, the equilibration time with
pheromone was adjusted by measuring the amplitude of SSR responses to a 0.5s
stimulus with 100 pg of Z7-12:Ac. Equilibration times of 1s, 3s, 10s, 30s, 78 s were
tested both in ascending and descending order. Stimuli were applied every 2 min.
Equilibrations were stopped at each stimulus offset. The amplitude of responses
increased for equilibration times of 1s to 30s and then remained stable, indicating that
the odor binding to surfaces was the dominant effect (Figure 1-Figure Supplement2C).
We thus kept an equilibration time of 30s for further experiments.

We then measured the stability of the pheromone source first by applying 9 stimuli
with 100 pg of Z7-12:Ac. Each stimulus was preceded by an equilibration time of 30s.
The inter stimulus interval was 2 min. The amplitude of responses remained constant
over the 9 stimuli (Figure 1-Figure Supplement2D).

3.4 Single sensillum recordings

For single sensillum recordings, male moths were briefly anesthetized with CO5 and
restrained in a Styrofoam holder. One antenna was immobilized with adhesive tape.
Single sensillum recordings were carried out either with tungsten electrodes or with
glass electrodes, the later allowing to record the local field potential (LFP) in addition
to the firing response of ORNs. In both cases, one electrode was inserted into the
antenna to serve as a reference. We targeted the ORNs tuned to the pheromone
constituent Z7-12:Ac. The recording electrode was inserted at the base of one of the
long trichoid sensilla located along antennal branches, the vast majority of which house
an ORN tuned to the major pheromone component Z7-12:Ac. The reference electrode
was inserted in an antennal segment next to the one bearing the recorded sensillum.
Recordings were done using a CyberAmp 320 controlled by pCLAMP10 (Molecular
Devices, San Jose, CA, USA). The signal was amplified (x100), band-pass filtered
(10Hz to 3000 Hz) with tungsten electrodes or low-pass filtered (3000 Hz) with glass
electrodes and sampled at 10 kHz with a Digidata 1440A acquisition board (Molecular
Devices). Spikes were sorted using Spike 2 software (CED, Oxford, Great Britain).

3.4.1 Experimental protocols

To record the firing responses to pulses of different durations (Figure 2), we performed
recordings with tungsten electrode from 23 sensilla and presented them with stimuli of
durations 3ms, 5ms, 10 ms, 20 ms, 50 ms, 100 ms, 200 ms, 500ms, 1s, 2s and 5s
(pheromone dose 100 pg) in a randomized order. There was a 2min gap between stimuli.
The number of recorded responses varies for each duration and is provided in Table 1.
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Table 2. Number of sensilla recorded for each duration-dose pair. Number of neurons
that responded by firing at least 5 spikes in the first 100 ms after stimulus onset is in
the brackets.

20 ms 200ms 2s
10 pg 57(28) 57(32) 57(32)
100pg  55(33) 56(44) 54(38)
1ng 53(40) 52(39) 52(41)

To test the responses to different pheromone doses (Figure 3), we performed
recordings with tungsten electrodes from 57 sensilla, presenting them with pulses of
durations 20 ms, 200 ms and 2s in a randomized order, but with an increasing
pheromone dose. The number of responses recorded for each duration-dose pair is
provided in Table 2.

We recorded the LFP simultaneously with the spiking activity for the pulse durations
20 ms, 200 ms and 2s, presented in randomized order with 3 min inter-stimulus intervals
(dose 1ng). In some recordings with the glass electrode we observed a significant change
in the shape of the firing response; particularly, the neurons started responding more
tonically with time and did not exhibit the inhibitory period after 2s pulse anymore.
We assume that this is due to the glass electrode being more invasive than the sharper
tungsten electrode, modifying the composition of the sensillar lymph and/or damaging
the ORN. Therefore, in order to exclude neurons whose functioning was altered, we
presented one more 2s pulse after the the initial three pulses and included the recording
in the analysis only if the second response to the 2s pulse exhibited the inhibitory phase
(here defined as zero spikes during the interval 50 ms to 500 ms). In total, we used 26
out of 37 recordings, therefore 26 responses for each duration. To filter out the LFP
without action potentials we used a 15 Hz 2-pole Butterworth low-pass filter.

For the experiments using TTX, the drug was dissolved (50 uM) in saline (in mM:
NaCl 154, KCl 3, glucose 24) and injected into the body of the antenna using a
syringe-driven glass micropipette. Controls were saline injections. Recordings started
5min after injection. The firing activity was completely abolished after all TTX
injections and remained intact after saline injections.

3.5 Data analysis
3.5.1 Firing frequency

We estimated the firing rates by the kernel density estimation method. Each spike was
substituted with a normal distribution probability distribution function with mean at
the spike time and standard deviation ¢ = b7w, where bw is the kernel width.

In Figure 2 we used a time dependent kernel width in order to depict the responses
to short stimuli with sufficient detail, but avoid high noise when the firing rate drops

during longer stimulation. The time dependence was given by:

bw(t) = (6)

bWmin t <0,
bWimax — bWmin €xp (—t/7kpE) + bWmin ¢ > 0,

where bw,;n = 10ms, bwy,. = 100ms, 7k pg = 500 ms and we assume that the
stimulus onset is at 0.
3.5.2 Response end of individual ORNs

The first inter-spike interval (ISI) that finishes after the stimulus offset and exceeds
100 ms is considered as the terminating ISI and the initiating AP as the time of the
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response end. We calculated the response end only if the neuron fired at least 5 action
potentials during the first 100 ms after the stimulus onset (numbers of responding
neurons provided in brackets in Table 1 and Table 2). We then calculated the time of
the response end for a group of neurons as the median of individual response ends (red
vertical lines in Figure 2 and Figure 3). Note that if the ISI after the last spike during
stimulation is longer than 100 ms, the calculated response end for the ORN is before the
stimulus end.

3.6 Linear-nonlinear model for firing rate prediction

We used linear regression to predict the firing rate. As independent variables, we used
values of the past LFP convolved with a gamma distribution-shaped function with
different time constants and shape parameters (Gorur-Shandilya et al., 2017; Jayaram
et al., 2022):

o0 L .
x(t;T,a) = V(t—s t* e T ds, 7
(o= [ V-9 7)
where V is the LFP. The model is then specified by the time constants 71, ..., 7, and
the corresponding shape parameters ag, ..., a,. The estimated firing rate before the
non-linearity is specified by the coefficients c1, ..., cn:

1) =Y exalt; ). (8)
k=

1

We estimated the coefficients with the least square method to provide the estimate of
firing rate (estimated from the spike train with kernel width 30 ms) during the 2s
stimulus and 1s of the preceding spontaneous activity.

In order to choose the time constants and shapes specifying the model, we initially
used a model with 20 time constant, ranging from 1 ms to 3s, equidistantly spaced on
the logarithmic scale. Moreover, we used 17 different gamma distribution shapes «
ranging from 1 to 5, equidistantly spaced. The model then contained 20 x 17
independent variables. We fit the model to the average LFP and average firing rate
response during 2 s stimulus with lasso regression (optimal L1 penalty parameter was
selected with cross-validation using the LassoCV regressor in Scikit-learn (Pedregosa
et al., 2011)). The non-zero coefficients then concentrated around several («, T) pairs,
but mostly at the a = 1 edge, from which we selected the three time constants with
a =1, i.e., exponential kernels (1ms, 40 ms, 800 ms, Figure 5-Figure Supplement2A).
For simplicity, we substituted the kernel with 7 = 1 ms with a J-function.

Although the filter obtained from the full lasso regression looks different from the
filters obtained with only three exponential kernels (Figure 5-Figure Supplement2B-C),
the predicted firing rates are nearly identical (Figure 5-Figure Supplement2D-F).

3.7 Modelling odor transduction
We modelled the transduction described by Eq. 4 by a set of differential equations:

%R = Sp - OR — [O]k’bsb . R, (9)
%OR = [O]kpsy - R+ 84 - OR™ — kg8, - OR — 53 - OR, (10)
%OR* = —5,-OR" + ks, - OR, (11)
d 1
—LFP = — LFP -5 - ). 12
LLFP = L (LFP— 5. OR") (12
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Table 3. Synaptic connection amplitudes.

Sexc Sinh Sslow Sstim
PN 0.01 0.0169 0.0338 0.004
LN 0.006 0.015 0.04 0.0031

R, OR and OR* indicate the ratios of unbound, bound and activated bound receptors,
m,rp = 10ms. The initial conditions are R = 1 and OR = OR* = LFP = 0. We
modelled the odor concentration as a square odor pulse: [0] = 10~ M during
stimulation and 0 otherwise. Because we did not attempt to model the adaptation and
the sustained activity (more important with long stimuli), we fitted the parameters s,
ky, Sa, ko and B to the first 400 ms after stimulus onset of the average LFP from 20 ms
and 200 ms stimulations. We fitted the parameters by minimizing the square error of
the prediction with the L-BFGS-B algorithm implemented in SciPy (Virtanen et al.,
2020). The fitted model parameters are k, = 6.57 - 10 s™IM~! 5, = 7.3657 1,

ky, =373, s, =131s7', B = —5.67mV.

3.8 Antennal lobe model

We used a model of a single glomerulus from the AL model proposed by Tuckman et al.
(2021a). In the following, we explicitely state when we deviate from the established
model.

The glomerulus contained 10 PNs and 6 LN. The membrane potential dynamics of
i-th PN and j-th LN were governed by the following dynamics:

d Lo i i i i
EVPN = _;(VPN — Er) — g5k (t) (Ve — Esk) — Getim (1) (VEn — Estim)—

- gixc(t)(VFl;N = Bexe) — giinh(t)(VFl;N — Einn) — gélow(t)(VFl;N — Einn), (13)

d_ 1 - , ,
7VI_J,N = _;(V]fN - EL) - ggtlm(t)(VﬁN - Estim)_

dt
— Glee (VN = Bexe) — Gan () (Vix = Binh) = Gow () (Vi'x — Eian),  (14)

where 7y is the membrane time constant, ggk is the conductance of SK channels, ggstim
is the excitatory conductance associated with the ORN input, gexc is the excitatory
synaptic conductance from PNs, gi,, is the fast inhibitory GABA 5 conductance, ggiow is
the slow GABAg conductance. Fsk, Fstim, Fexc, Finn are the reversal potentials
associated with these conductances, Fy, is the leak reversal potential. The reversal
potentials are expressed in nondimensional units: E;, = 0, Fexe = Fgtim = 13—4,

Esk = Eipn = —%. The neuron fires a spike then the membrane potential V' reaches the
threshold Vi, = 1 and is then reset to E;, and held at Ej, for 7..¢. The synaptic
conductances gx, X € {exc,inh, slow, stim} follow the equation

d . .
TX 0% =0k tSx D 0t~ taie), (15)
topike €{t% }

where {t%} represents the corresponding presynaptic spikes to the i-th, 7y is the
synaptic time constant for the given synapse type and the conductance increases by
TxSx with each presynaptic spike arrival. Sx differ for PNs and LNs and are specified
in Table 3.
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Table 4. Neuron connection probabilities.
PN—PN PN—LN LN—PN LN—LN
0.75 0.75 0.38 0.25

The SK conductance gskg was modelled only for the PNs and did not rise
instantaneously, instead followed the equations:

d i 7
Trise 1/ ISK = —(95k — 2); (16)
d
TSK&’Z = —z+ SSK Z 6(t - tspike)a (17)

tspike e{ti}

where T, characterizes the rise time, 75k is the decay time constant of the SK
conductance and {t*} is the set of spikes fired by the i-th PN. Note that here, for
simulation purposes, we deviate from the original model (Tuckman et al., 2021a) by
modelling g4, with a set of two equations instead of modelling the time course of g4y
following a single spike as a piece-wise function. S&y was drawn from a normal
distribution with mean p = 0.5 and o = 0.2 (negative values were set to 0).

The connection between the neurons within the glomerulus were random with
probabilities specified in Table 4.

To model the ORN input, we generated the spike trains of 10* ORNs from an
inhomogeneous Poisson process, each ORN connects to any AL neuron with a 1%
probability. The time course of each ORN was given by the average ORN firing rate
(Figure 2, note that the input therefore differs from (Tuckman et al., 2021a)). We also
added a constant ORN input of 30 Hz as a means to increase the spontaneous activity,
as observed in experiments (Jarriault et al., 2010).

We simulated the network using the Brian 2 Python package (Stimberg et al., 2019).

3.9 Multicompartmental ORN model

The model is a simplified version of the moth pheromone transduction model by Gu
et al. (2009). From this model we kept the morphology and the passive conductances
(Figure 4-Figure Supplementl). The following set of equations describes the evolution
of the potentials in the individual compartments:

d-‘/id Ge
= I Lig— I
&t~ Cma(G. + G UnTha=1o)
G G (18)
- _(I,-1 ———(I; — I} — L),
+ Cma(Ge + Gv) ( ) + Cms(Ge + Gv)( ! d)
dVeq G
_ I —Ip—1I
dt C%W(Ge4—G0( & = fia)
G o (19)
o — 1) + =————=~ i — Ijs — La),
M Cma(Ge + Gz) ( ) N Cms(Ge + Gz)( : d)
dVis Ii, - Ils — Lad
_ 20
= c (20)
d‘/ea Ia _Ie
= . 21
dt Chia (21)
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Where the currents are described by:

Iis = Gis(Vis — Eis), (22)
Lig = G1g(Vea — Via + Eua), (23)
I; = Gi(Via — Vi), (24)
I, = —Go(Vea + Ea), (25)
Io = Ge(Vea — Vea) (26)

IR is the receptor current, which we either calculated by fixing the LFP (V.q) and
calculating what receptor current I is necessary to produce given LFP time course, or
we fixed the Ir time course. To estimate Ir from given LFP, we substituted Eq. 19 by
the numerical derivative of the LFP and expressed Ir using the numerical derivative to
use in Eq. 18.

I,q is the adaptation current. We considered I,q4 # 0 only to illustrate the effect of
adaptation currents in the soma on the LFP. In such case, we fixed the input Ig to the
model and fixed the time course of the somatic membrane potential Vi to correspond to
the shape of the firing rate (again, by calculating its numerical derivative and
eliminating Eq. 20). Then we calculated the necessary I,q to balance the depolarizing
effect of Ig.

We simulated the multicompartmental model with the explicit Runge-Kutta method
of order 5(4) with upper limit on integration step 0.1 ms implemented in SciPy
(Virtanen et al., 2020). We used the initial conditions Voq = Veu = —35mV,

Via = Vis = —62mV. This condition corresponds to I, = I} = I; = ;s = I, = 0, given
that IR = Iad =0.
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Figure 1-Figure supplement 1. Schematics of the developed odor delivery device.NO: normally
open (no stimulus) and NC normally closed (during stimulus). The insect is placed 1 mm after EV9.
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Figure 1-Figure supplement 2. Testing of equilibration times and source
stability. A: Traces of PID recordings of linalool with different equilibration times.
When the equilibration is too short, the PID response exhibits a transient peak. B:
With an equilibration of approximately 10s the peak is no longer present and the
amplitude of the response does not change significantly with longer equilibration times.
C: Number of spikes recorded in 200 ms in response to 100 pg of Z7-12:Ac for different
equilibration times. Each ORN was presented with 5 stimuli with different equilibration
times (1s, 3s, 10s, 30s, 79s) either in increasing or decreasing order. For each order,
the line is an average of 3 ORNs. The black line is an average of all 6 ORNs. D: We
measured the stability of the pheromone source first by applying 9 stimuli with 0.1 ng of
77-12:Ac. Each stimulus was preceded by an equilibration time of 30s. The inter
stimulus interval was 2min. Each line represents the response of a single ORN.
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Figure 2-Figure supplement 1. Response patterns of Spodoptera littoralis. A: Raster plots of
Spodoptera littoralis ORN responses to different stimulus durations, aligned to the stimulus offset, show that
the response pattern to stimuli of different durations remains unchanged. ORNs exhibit a prolonged response
to short stimuli and transient inhibition shortly after offset of long stimuli. B-D: Full firing profiles of
responses to different stimulus durations.
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Figure 2—Figure supplement 2. Control experiment with compensating
airflow. To avoid mechanical artefacts during odor stimuli, we added a second
electrovalve to deliver non-odorized air. This valve was in opposing phase with the valve
that delivers odor stimuli so that the airflow sent to the antenna was constant before,
during and after stimuli. We still observed the inhibitory phase after the stimulus offset,
indicating that it is not a mechanical artefact.
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Figure 2-Figure supplement 3. Sustained firing activity measured over long periods. We first
measured the spontaneous activity during a 15 min period (black dashed lines) and then stimulated the ORN
with either 10 pg (A-E) or 1ng (F-J) dose of pheromone. Blue lines indicate the firing rate as measured by
counting spikes in 20s bins, starting 3s after the pulse offset. Red dashed lines show a double exponential fit.
The ORNs stimulated with a 1ng did not return close to their spontaneous activity within the 15 min period
(except for G). The fitter parameters are provided in the tables.
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Figure 4-Figure supplement 1. Multicompartmental ORN model. A: Schematic illustration of the
model. See Materials and methods for details. B-C: LFP (V,q) and the corresponding estimated receptor
current Ip (normalized, LFP changed from negative to positive). Dashed is the receptor current smoothed with
an exponential filter: Ip % exp(—t/10ms). D: The input current from C, used as an input the model can lead
to different time course of the somatic membrane potential (Vis), depending on the adaptation currents in the
soma (E-F). In E, no adaptation current is involved (I,q = 0). In F, the adaptation current is calculated so
that the somatic membrane potential resembles the firing rate of the ORN. The adaptation current then
changes the time course of the LFP (G).
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Figure 4-Figure supplement 2. Heterogeneity of ORN responses. A-C: LFP in response to a
2s stimulus. Each panel (color) corresponds to a single neuron presented several times with the same
stimulus. Thin lines are the individual trials, the thick line represents their average. D-F': Firing profiles
of the three different neurons. Colors represent the neuron, as in A-C. Thin lines are the individual
trials, the thick line represents their average. G: Scatter plot of the first two PCA components of the
LFP. Each black point corresponds to a different neuron, while each of the colored points represents a
single trial of one of the three neurons from A-C. The colored points are always concentrating around
one spot, indicating that the responses of each neurons are stable in time and do not capture the
heterogeneity of the whole population. H: Same as G, but for the firing rate profiles.

TTX treated control

Figure 4-Figure supplement 3. LFP recordings with TTX. The TTX treated
ORNs (N = 7) exhibited similar LFP response shape as the control ORNs (N = 5),
including a peak in deflection towards the end of the stimulus, indicating that this slow
deflection is not caused by the spiking activity.
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Figure 5-Figure supplement 1. Distributions of filter coefficients and their effect on spike firing
properties. A: Distributions of filter coefficients cg, ¢; and ¢y and their mutual dependence. While ¢g and ¢
are tightly correlated, co, responsible for the slow adaptation is rather independent. B: Higher amplitudes of
initial LFP deflection (min. LFP during 200 ms stimulus) is correlated (Pearson correlation, p = 1.5 - 107%)
with the peak firing rate of the neuron (calculated with bw = 30ms). C: We did not see a significant
correlation between the peak firing rate and ¢g (Pearson correlation, p = 0.097). D: We saw a significant
correlation (Pearson correlation, p = 3.9 - 1072) between the steady state-to-peak ratio (ratio of the mean firing
rate in the last 0.5s of 2s stimulus to the peak firing rate).
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Figure 5—Figure supplement 2. Selection of filter time constants. A: heatmap of lasso
regression coefficient values for different time constants 7 and gamma distribution shapes «.
Blue indicates a negative value, red positive value and white is zero. The non-zero values
concentrate around several spots. Based on this analysis, we selected the time constants 1 ms,
40 ms and 800 ms, which are marked by crosses in the heatmap. B: Three different linear filters:
filter corresponding to the lasso regression, filter obtained from linear regression with the three
exponential kernels with the time constants 1 ms, 40 ms, 800 ms and filter obtained from linear
regression with only two exponential kernels (1 ms and 40 ms). Note the difference with Figure
5E, where the filter with two kernels is obtained by fitting a filter with three kernels and only
then removing the slow component. C: The same filters as in B, but on logarithmic scale to
accent the differences between individual filters. D-F: Predictions of firing responses with the
linear filters from B, color-coded accordingly. Note that even though the filters with three
exponential kernels and the filter obtained from the lasso regression are obviously different,
their predictions are almost identical.
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Figure 5-Figure supplement 3. Firing rate prediction using odor
transduction model. Prediction of LFP (top row) and firing rate (bottom row) using
an odor transduction model (Eq. 4-Eq. 5) combined with the linear-nonlinear model
(Eq. 1-Eq. 2). The transduction model was fit to the average LFP (first 400 ms of the
20ms and 200 ms stimuli) and the LN model was fit to transform the average LEP to
the average firing rate (2s stimulus) (indicated by the dashed lines). Note that the
model neglects receptor adaptation and the sustained activity.

36,37



Fast input

: . s N A ;
oot . . e . . I

250 A

= = N

Ul o (8,] o

o o o o
1 1 1 1

spikes / s

0 - ....__-.}..g..m“‘n,...-"'\f_['\._.!\ Af‘a"\
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1 Methods

1.1 Point process modeling
1.1.1 Spontaneous activity

To model the ISI distributions, we considered the exponential, gamma, and inverse
Gaussian distributions and their mixtures. The probability density of a spike at the
time ¢, considering that the previous spike happened at the time 0 is for the different
distributions:

e Exponential

fe(t) = Aexp(=At) (1)

e Gamma N

AY
o) t77 " exp(—At) (2)

fa(t;a) =

e Inverse Gaussian

Al — u)} 3)

A
tipn) = 5 €X
fIG( /j/) 27T$3 P |: QILLQ.T
where A stands for the intensity of the process, o and p are distribution parameters. We
describe the mixture of two distributions as

Ixy(t;0x,0v) = qfx(t;0x) + (1 —q) fy (t;0y), (4)

where g describes the fraction of the two distributions and #x and 0y are the
distribution parameters.

The parameters of the IST distribution (0y, 62, ¢) were fitted by maximizing the joint
probability density function of the spike train {¢i,...,t,} happening in the
experimental time window 7"

T—t,
p(01,02,91{t}) = [[ Ftx —tir;0x,60v) [ 1- / fu;0x,0y)du ], (5)
te{t:} 0

the last term here represents the probability, that ¢,4; > T and we assume that ¢y = 0.
To obtain the result, we maximized the value of log(p(6x, by, ¢|{t})) using the
L-BFGS-B method implemented in SciPy (Virtanen et al., 2020).
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1.1.2 Fitting inhomogeneous point processes

The inhomogeneous probability density function for the considered ISI distributions are
(Barbieri et al., 2001b):

e Exponential

Tt Tlte—1) = A(t) exp [—/t k Alu) du] (6)

o Gamma

fh(trs alte—r) = alf‘((;’;) [a/k Aw) du] exp [a/tk Au) du} (7)

o Inverse Gaussian

A(tr)

th 3 7z
{%[ 2 A(u) dul }

2
th
1 [ t,:,l Au) du — u}
X exp{ —=

22 ftt:’_l Au) du

fia(ti: plte—1) =

where A\ stands for the time-dependent intensity of the process, the superscript ¢
indicates that the probability density function is inhomogeneous. The joint probability
density of a spike train {¢1,...,t,} can then be expressed as (Barbieri et al., 2001b;
Brown et al., 2002):

n

tk
f(ti,ta,. .., tn, " N(T = [ r(teltr-1) exp[ / r(t|tk1)dt1 X
th—1

k=1
T
X exp 7/ r(t|te—1)dt| ,
tr

Je(tlte—1)
1= [ folulte—y) du

9)

where r(¢[t’) is the hazard function:

r(tltg—1) =

(10)

with f; being the inhomogeneous probability density function.

In the case of a mixture process of two inhomogeneous probability density functions
f% and f{ (each representing the inhomogeneous version of a homogeneous probability
density function fx and fy respectively), we expressed the inhomogeneous probability
density function as

Py (telte—1) = afx (telte—1) + (1 — @) fy (trlte—1), (11)

where ¢ specifies the ratio of the two probability density functions. The optimal
parameters of fx and fy can then be found by maximizing the joint probability density
of the spike train (Eq. 9). We performed this maximization numerically on the
logarithm of the joint probability density with the L-BFGS-B algorithm implemented in
SciPy (Virtanen et al., 2020).
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1.1.3 Quantile-quantile plots

In order to visually evaluate the goodness of fit of the inhomogeneous point processes,
we used the quantile-quantile plots (Q-Q plots) of a time-rescaled spike train against an
exponential distribution (Barbieri et al., 2001b,a; Brown et al., 2002). The

rate-rescaling function is defined as

R(t) = / r(H) dt,

(12)

where H; stands for the history of the process, in this case, the most recent action

potential. The rescaled interspike intervals

T = R(ty) — R(tg—1)

(13)

should be distributed independently with an exponential distribution with a mean of 1.

1.2 ORN model

1.2.1 Spiking model.

Our model is based on the model of moth ORN in (Barta et al., 2022), which is a
simplified version of the model by Gu et al. (2009). From this model we kept the
morphology and the passive conductances (Fig. 1):

Recording Reference
electrode - electrode
X Sensillar lymph Cona | lAux111ary cells l
A Ge |
— E, G,
Ve JA Ve - }—=<_
: A
Gad E ad Soma
:: ER = Eld_ (;Na ENa
Cma Gy Gy l[m L Gy Ex
—_— IS’
) V1 a Gi (Jls Els
Outer dendrite C y
Gap ml
junctions Hemolymph

Fig 1. Schematics of the moth ORN model. The model is composed of three
compartments: The outer dendrite, where the receptor channels are located, soma,
where action potentials are initiated, hemolymph, where the reference electrode is

placed and the sensillar lymph where is placed the recording electrode.
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Where the currents are described by:
Ls = Gis(Vis — Eis),
ha = Gia(Vea — Via + Ela),
I = Gi(Via — Vis),
I, = _Ga(Vea + Ea)7
Ie = Ge(Vea — Vea)-

~ o~ o~ o~
DN [\~
\) o
—_— — O T

The current Iy describes the spike generating mechanism:
Ing = gnam®h(Vis — Exa) + gn® (Vis — Ex) (23)

where FEn, and Fx are the sodium and potassium reversal potentials, respectively; gna,
gk are peak conductances; and m, h and n are gating variables obeying the equation:

dx
E = ar(V;s)(l - 1’) - Bm(‘/;s)xu (24)
or equivalently:
dz
Tx(‘/;b)a - —(.’II - xoo(‘és))v (25)

where z is the respective gating variable, «,, and 3, are the activation and inactivation
functions, respectively, and

1
(Vi) = , 26
V) = v+ V) (26)
oz (Vis)
Too(Vis) = . 27
Vo) = V) + 5 V) @7)
The activation and inactivation functions are defined as follows:
Vis—Vr —13
m = —0.32 , 28
“ exp(—(Vis — Vi — 13)/4) — 1 (28)
Vis = Vr — 40
= 0.28 , 29
/ xp((Vin Ve —20)/5) 1 #9)
ap = Ah eXp(—(Vvis — VT — VS — 17)/18), (30)
4
= 1
= T (Ve Ve Vs —40)/5)° 1)
Vis—Vpr—15
n = —0.032 , 2
= O Ve — Ve — T5)/5) — 1 32)
/Bn =05 eXp(_(‘/is - VT - 10)/40) (33)
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Neuron properties | Hodgkin-Huxley | Input

Cma 328 x1073nF | gna 500nS | ug 7.2 x 107 2nS
G 0.4373nS | Ena 50mV | ogp 4.6 x 10~2nS
E]d —97mV gK 50nS TR 20 ms
Er 0mV | Ex —-90mV

Gi 0.4373nS VT —10mV

Cms 144 x1073nF | Vg —58mV

Gis 1.44nS

Cha 30 x 103 nF

Gy 3.1nS

E, —35mV

Table 1. Neuron parameters, including the Hodgkin-Huxley spike generator and input
parameters.

Parameters of the model are given in Tab. 1.

1.2.2 Receptor current.

We consider that an individual channel, when opened, has a conductance of g and
stays open for the duration of 7. If the receptors open randomly with rate Ag the
mean conductance and the variance are (Stoyan et al., 1987)

KR = ARTRIR, (34)

OR :gRVTR/\R- (35)

We use the diffusion approximation (small g5 and large Ar) and model the total
conductance of the receptor channels by the Ornstein-Uhlenbeck process (Destexhe
et al., 2001; Uhlenbeck and Ornstein, 1930):

dgr dw

—_ = — 20p—— 36
TR (9r — pR) +20R a (36)
where W is the Wiener process.

The used parameters of the input are given in Tab. 1.

2 Results

2.1 Spontaneous activity can be modeled as a mixture of
inverse Gaussian and gamma distributions

We studied the activity of 10 neurons (for experiment description see (Barta et al.,
2022)), from which we recorded the spontaneous activity for 15 min, then stimulated for
2s (5 ORNs with pheromone dose 10 pg, 5 ORNs with pheromone does 1ng) and
recorded the activity for another 15 min. The activity of the neurons was elevated even
after the stimulus offset (rebound activity) and returned very slowly to the original
spontaneous activity.

Both during the spontaneous activity and during the rebound activity, in all
recorded neurons the interspike intervals (ISIs) could be clearly separated into intervals
within a burst and inter-burst intervals (IBIs) (Fig. 2A). We fit different mixed
distributions to the ISI distributions in the general form

f(t;01,02) = qf1(t;01) + (1 — q) fa(t; 02), (37)
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where f1(t;60;1) is the probability density function (PDF) of the ISI within a burst,
f2(t; 02) is the PDF of the IBIs, 61, 62 represent the parameters of the two distributions
and ¢ is the ratio of the two distributions. We tried the 9 possible combinations of
routinely used, distributions of ISIs: exponential, gamma, and inverse Gaussian. The
data were best fitted by a mixture of inverse Gaussian distribution for ISIs within a
burst and gamma distribution for the IBIs (Fig. 2B-C).
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Fig 2. Spontaneous activity of ORNSs. The spontaneous activity of 10 different ORNs was recorded
for 15min. The bimodality of their IST distributions is clearly apparent on the log scale (A). Using the
maximum likelihood method we fit different mixed distributions to the ISI data. The panel B shows the
mean value of the log-likelihood of different models (the first letter stands for distribution with shorter
ISIs, P - exponential distribution, G - gamma distribution, IG - inverse Gaussian distribution). The
averaged values are the values relative to the exponential-exponential distribution for each model, to
remove the variability introduced by the inter-neuron variability. The vertical bar indicates the standard
error. The best fit was a mix of inverse Gaussian distribution for the bursts and gamma distribution for
the inter-burst intervals. C: Root of the square error between the CDFs and ECDF's, averaged over the
neurons. The colors correspond to B, the IG-G model is in bold, and the E-E model is in black. D:
Distribution of lengths of bursts (shortest possible burst contains two spikes). The red line indicates a
geometric distribution with the same mean.

Having separate distributions for the bursts and IBIs allows us to assign a
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Table 2. Spontaneous activity of ORNs
rate (Hz) (IBI)(s) Dburst length (burst ISI) (ms)

ORN1 0.18 13.9 3.2 19.5
ORN2 0.36 9.1 3.3 32.8
ORN3 0.13 15.6 2.0 41.7
ORN4 0.27 9.7 2.6 19.7
ORN5 0.44 4.5 2.0 23.5
ORNG6 0.16 9.3 1.5 24.8
ORN7 0.03 01.4 1.8 33.3
ORNS 0.31 6.9 2.2 19.2
ORN9 0.09 21.3 1.9 74.5
ORN10 0.09 59.1 5.4 6.8

probability to each ISI, whether it is an IBI or an interval within a burst, and estimate
a threshold a between the two modes:

qfi(a;01) = (1 — q) fa(; 602). (38)

With such a threshold, we can mark each interval as whether it belongs to a burst and
analyze the distribution of the number of spikes within a burst. We summarized the
statistics of the spontaneous activity (firing rate, average length of the IBI, average
number of spikes in one burst, average ISI between two spikes within a burst) in Tab. 2.
For most ORNs, the distribution of the number of spikes in a burst is very close to the
geometric distribution, indicating that the probability that the next ISI will be short or
long is independent of whether the previous ISI was short or long.

2.2 Modeling the rebound activity

The firing rate after the stimulus offset can be fit by a sum of two exponential functions
(Barta et al., 2022). Therefore fitted the rebound activity with a mixture of
inhomogeneous gamma and inverse Gaussian processes with their intensities is described
by a sum of two exponential functions. We evaluated the goodness of fit visually by
comparing the observed and expected ISIs with Q-Q plots and concluded that the model
fits the data well. Therefore, not only spontaneous activity but also the time-dependent
activity of moth ORNs can be modeled with the mixture of the two distributions.

2.3 Origin of the bursting pattern

Using the multi-compartmental model from (Barta et al., 2022) equipped with
voltage-gated Nat and Kt channels to produce action potentials, we could reproduce
the bursting activity of the ORNs. However, if the spikes are generated due to time
correlations in the receptor current, they should lie within a well in the extracellular
recordings, as illustrated on the averaged action potential shape from the simulation.
However, this is not what we observe in the recordings of the spontaneous activity.
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effect on the shape of the action potentials.

Wiley series in probability and mathematical statistics: Applied probability and
statistics. Wiley, 1987. ISBN 9780471905196.

G. E. Uhlenbeck and L. S. Ornstein. On the Theory of the Brownian Motion. Phys.
Rev., 36(5):823-841, 9 1930. doi: 10.1103/physrev.36.823.

P. Virtanen, R. Gommers, T. E. Oliphant, M. Haberland, T. Reddy, D. Cournapeau,
E. Burovski, P. Peterson, W. Weckesser, J. Bright, S. J. van der Walt, M. Brett,
J. Wilson, K. J. Millman, N. Mayorov, A. R. J. Nelson, E. Jones, R. Kern, E. Larson,
and C. J. Carey. SciPy 1.0: fundamental algorithms for scientific computing in
Python. Nature Methods, 17(3):261-272, 3 2020. ISSN 1548-7091. doi:
10.1038/s41592-019-0686-2.

9/9






	Introduction
	Theory and methods
	Insect olfactory system
	Olfactory receptor neurons
	Antennal lobe

	Experimental methods and data analysis
	Single sensillum recordings
	Local field potential and spiking activity
	Firing rate estimation
	Trial-to-trial variability quantification

	Mathematical models of neural activity
	Linear-nonlinear models
	Spiking neural models

	Metabolic cost of neural activity
	Measuring the transmitted information
	Entropy and mutual information
	Information capacity, capacity-cost function andinformation-metabolic efficiency


	Results
	The stabilizing effect of inhibition
	Neural variability quenching in networks
	Efficient coding by individual cortical neurons
	Efficient coding by populations cortical neurons
	Temporal features encoding by moth olfactory receptor neurons
	Spike firing patterns of olfactory receptor neurons

	Conclusion
	Appendix
	Appendix A: Multiple spike amplitudes in the trichoid sensillum of A. ipsilon
	Appendix B: Gating variables of the Hodgkin-Huxley model

	Bibliography
	Attachments
	Attachment I
	Attachment II
	Attachment III
	Attachment IV
	Attachment V
	Attachment VI


