FEBS

Journal

STATE-OF-THE-ART REVIEW

'.) Check for updates

9
:@' FEBSPRESS

® science publishing by scientists

Bridging the gap between single receptor type activity and
whole-brain dynamics

Dirk Jancke'?

- O ©W 00 NO O b WN =

_

Keywords

B5-HT1A; 5-HT2A; molecular & cellular
neuroscience; neurotransmitter; PET; protein
design; receptor trafficking; serotonin; visual
cortex; whole-brain modelling

Correspondence

D. Jancke, Optical Imaging Group, Institut fiir
Neuroinformatik, Ruhr University Bochum,
Universitatstr. 150, D-44780 Bochum, Germany
Tel: +49 234 32 27845

E-mail: dirk.jancke@rub.de

Website: https://jancke-lab.de/

G. Deco, Center for Brain and Cognition,
Computational Neuroscience Group, Universitat
Pompeu Fabra, 08018 Barcelona, Spain

Tel: +34 935 421 855

E-mail: gustavo.deco@upf.edu

Website: https://barccsyn.org/groups/computa
tional-neuroscience-group

(Received 14 January 2021, revised 15
March 2021, accepted 31 March 2021)

doi:10.1111/febs. 156855

, Stefan Herlitze®, Morten L. Kringelbac

h4,5,6,7 8,9,10,11

and Gustavo Deco

Optical Imaging Group, Institut fir Neuroinformatik, Ruhr University Bochum, Germany

International Graduate School of Neuroscience (IGSN), Ruhr University Bochum, Germany

Department of General Zoology and Neurobiology, Ruhr University, Bochum, Germany

Department of Psychiatry, University of Oxford, UK

Center for Music in the Brain, Department of Clinical Medicine, Aarhus University, Denmark

Life and Health Sciences Research Institute, School of Medicine, University of Minho, Braga, Portugal

Centre for Eudaimonia and Human Flourishing, University of Oxford, UK

Center for Brain and Cognition, Computational Neuroscience Group, Universitat Pompeu Fabra, Barcelona, Spain
Institucié Catalana de la Recerca i Estudis Avangats, Barcelona, Spain

Department of Neuropsychology, Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany
School of Psychological Sciences, Monash University, Clayton, Melbourne, Australia

What is the effect of activating a single modulatory neuronal receptor type
on entire brain network dynamics? Can such effect be isolated at all? These
are important questions because characterizing elementary neuronal pro-
cesses that influence network activity across the given anatomical backbone
is fundamental to guide theories of brain function. Here, we introduce the
concept of the cortical ‘receptome’ taking into account the distribution and
densities of expression of different modulatory receptor types across the
brain’s anatomical connectivity matrix. By modelling whole-brain dynamics
in silico, we suggest a bidirectional coupling between modulatory neurotrans-
mission and neuronal connectivity hardware exemplified by the impact of
single serotonergic (5-HT) receptor types on cortical dynamics. As experi-
mental support of this concept, we show how optogenetic tools enable speci-
fic activation of a single 5-HT receptor type across the cortex as well as
in vivo measurement of its distinct effects on cortical processing. Altogether,
we demonstrate how the structural neuronal connectivity backbone and its
modulation by a single neurotransmitter system allow access to a rich reper-
toire of different brain states that are fundamental for flexible behaviour.
We further propose that irregular receptor expression patterns—genetically
predisposed or acquired during a lifetime—may predispose for neuropsychi-
atric disorders like addiction, depression and anxiety along with distinct
changes in brain state. Our long-term vision is that such diseases could be
treated through rationally targeted therapeutic interventions of high speci-
ficity to eventually recover natural transitions of brain states.

Abbreviations

5-HT, 5-hydroxytryptamine, serotonin; CaMello, Ca“—melanopsin—local—sensor; dMRI, diffusion magnetic resonance imaging; FC, functional
connectivity; FCD, functional connectivity dynamics; fMRI, functional magnetic resonance imaging; GABA, gamma-Aminobutyric acid; GIuR,
glutamate receptor; GPCR, G protein-coupled receptor; KLD, Kullback-Leibler distance; MEG, magnetoencephalography; PET, positron
electron tomography; PMS, probabilistic metastable substates; Pvalb, parvalbumin; Rs, receptors; Src, Sarcoma; V1, primary visual cortex.
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Modulatory receptors and whole-brain dynamics

Introduction

At the heart of neuroscience, there is a deep conundrum
which is how to explain the paradoxical flexibility of
human brain function to create a rich palette of multiple
behaviours despite using the same underlying anatomi-
cal connectivity, also called the ‘connectome’. In other
words, how can the brain’s structure provide the
grounds for a rich dynamical repertoire of neuronal
brain processes? Here, we propose that this system-wide
flexibility is brought about by the entanglement between
modulatory neurotransmission and neural network
activity. In particular, we show how this intricate inter-
play allows the brain to reconfigure its effective func-
tional connectivity (FC; e.g. changing its operating
point) on top of a fixed connectome.

In support of this perspective, we here survey recent
literature, strongly suggesting that this is made possible
through the specific action of neuronal plasma mem-
brane receptors and their reciprocal impact on macro-
scopic whole-brain networks. To put it in a nutshell:
We here try bridging the explanatory gap between
effects at the level of individual neurochemical afferents
(‘receptome’) and whole-brain activity patterns. We
illustrate these ideas by focussing on the serotonin (5-
hydroxytryptamine; 5-HT) system [1], which has been
studied at all functional levels and has been shown to
play a key role in health and disease [2]. It should be
noted however that, rather than reviewing the extensive
current knowledge of serotonergic receptors and the
serotonergic system per se, we here concentrate on
recent studies that specilnE=WEI0+w+JNMDAS-
nE + GINMDA Y pCnpSpE-JnSnl + WSERnMnb6fically
address our new concepts.

Investigations in human and animals have used a
large variety of techniques to demonstrate that whole-
brain activity depends both on effective connectivity
and brain states, reflecting system-properties such as
anatomical organization, dynamic thalamocortical
loops and the function of ascending arousal systems
[3]. The resulting activity patterns can be intricately
affected by disease. In turn, subtle changes in activity
patterns can be used to predict transitions from health
to disease since phase transitions are often preceded by
robust gradual reorganization of complex systems in
general [4].

Despite some progress, a commonly agreed definition
of a brain state is still contentious. To begin with, it is
therefore crucial to have a definition that can be used to
classify broad states of, for example, wakefulness, sleep
and anaesthesia [5-9]. However, rather than characteriz-
ing brain states on such phenomenological levels we
here define brains states in terms of statistics, that is, as
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transition probabilities across an ensemble of meta-
stable substates (probabilistic metastable substates,
PMS). Such approach allows different substates to be
detected and characterized as their probability of occur-
rence together with their fluctuation profiles (for details
see [10]). We further propose that using the combined
perspective from cellular receptor levels to whole-brain
levels can offer a mechanistic framework for character-
izing brain states in terms of their underlying causal
mechanisms and dynamical complexity. A global under-
standing of brain function may emerge from the integra-
tion of causal mechanistic whole-brain models that
combine anatomy with local dynamics and predict
empirical functional data from a variety of sources
including human neuroimaging [11-13]. In fact, there
has been recent significant progress in constructing
such models, describing the complex interplay between
neurotransmission and neural activity [14]. In these
models, standard anatomical and functional maps of
the human brain were combined with a detailed map of
serotonergic receptor-density, obtained from a new
high-resolution human brain in vivo atlas [15]. In par-
ticular, adding receptor maps to the whole-brain model
allowed to scrutinize how gain values can be adapted
by the local regional values of positron electron tomog-
raphy (PET)-based empirical values of receptor densi-
ties. By applying this paradigm in a study where
healthy participants were affected by intake of lysergic
acid diethylamide, it was found that neurotransmitter
modulation of whole-brain activity dynamics can
quantitatively be ascribed to one type of receptor bind-
ing, namely of 5-HT2A.

By extending this approach, a novel mutually cou-
pled whole-brain model was additionally able to cap-
ture the bidirectional interplay between modulatory
neurotransmission and the neuronal system dynamics
[16]. Such overall coupled system was modelled using
a balanced dynamic mean-field approach [17,18] where
the neuromodulator system incorporated the dynamics
of the neurotransmitter concentration levels (measured
invivo using PET) including the well-known
Michaelis—-Menten  release-and-reuptake  dynamics
[19-21]. In a proof of principle, the modelling consid-
ered the effects of psilocybin [22,23], another powerful
psychedelic drug on the serotonin transmitter system.
To couple the two (i.e. neuronal and transmitter) sys-
tems, the anatomical connectivity between the raphe
nucleus and its projections throughout the brain was
modelled. Overall, the results revealed that the interac-
tion between both dynamical systems is fundamental
for explaining the empirical data. Thus, rather than
simply relying on changing the gain of only the local
neuronal dynamics, the mutual interaction between
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neuronal and neuromodulator systems at the whole-
brain level was crucial to fully explain the functional
modulation of brain activity by psilocybin. These find-
ings are especially important given the demonstrated
ability of psilocybin to rebalance the human brain in
treatment-resistant depression [24].

To directly visualize the effects of single 5-HT
receptor types on the brain’s activity dynamics, we
further present studies from in vivo animal experimen-
tal settings. Here, we show with real-time measure-
ments how two different 5-HT receptor types (i.e. 5-
HTIA and 5-HT2A) modulate two basic entities of
whole-brain processes. That is, ongoing brain activity
(reflecting state-dependent whole-brain internal com-
munication processes) and activity evoked by sensory
input (reflecting external drive). The results suggest
indeed global whole-brain changes in cortical state
induced by 5-HT input with balanced effects on inter-
nal ongoing activity and sensory drive [25,26]. Specifi-
cally, we find that 5-HT1A scales predominantly the
weight of internal communication, while 5-HT2A lar-
gely scales the weight of external sensory input.
Importantly, such modulation is divisive, hence, leav-
ing transferred information contents intact. We exem-
plify these characteristics by imaging population
activity in the mouse visual cortex during optogenetic
activation of neurons in the raphe nuclei [27,28] to
precisely trigger the release of 5-HT in the cortex.
Finally, we demonstrate how the use of optogenetics
enables direct and specific stimulation of the 5-HT2A
receptor across the cortex by light [29]. Thus, using
optical techniques we show how distinct activation of
a single receptor type triggers the scaling of visual
activity in the cortex.

Altogether, our presented modelling and experimen-
tal approaches could pave the way towards new con-
cepts of describing whole-brain activity and its
dynamic changes. In fact, neuropsychiatric disorders
are often accompanied by changes in brain state and
associated with malfunction of specific neurotransmit-
ter systems [30]. Here, we propose how it is possible
to disentangle distinct neuronal receptor-specific roles
of the neurotransmitter receptome in modulating
functional brain dynamics. In turn, the further devel-
opment of such approaches may help to disentangle
the distinct roles of the receptome in psychiatric dis-
eases and to develop more specific therapeutic inter-
ventions.

Principles of whole-brain modelling

To noninvasively measure neuronal activity in humans,
neuroimaging methods such as functional magnetic
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resonance imaging (fMRI), magnetoencephalography
(MEQG) and electroencephalography are typically used.
These measures capture whole-brain activity at different
spatial and temporal scales. Whole-brain models aim to
balance between complexity and realistic (i.e. feasible)
levels of such experimental descriptions including the
most important functional features of the brain in vivo
[31,32]. Thus, the fundamental principle of the mod-
elling framework is to link anatomical structure with
functional dynamics [11,33] under the given temporal
and spatial constraints of the measurements (Fig. 1A).
In the model, the emergence of the functional global
dynamics arises from the mutual interactions of local
node dynamics coupled through the underlying empiri-
cal anatomical connectivity. This framework has been
especially successful for explaining resting-state net-
works captured by fMRI [32,34-39].

The underlying structural connectivity needed in the
whole-brain model can be obtained in many ways, ide-
ally reflecting the underlying directional anatomical
connectivity through large-scale tract tracing [40,41].
Note that cortical connectivity can also be subject to
specific plastic changes on longer time scales upon
behavioural demands and training, as firstly shown
using extra-cellular electrode recordings in somatosen-
sory cortex of adult nonhuman primates [42]. To esti-
mate individual connectivity noninvasively in humans,
unidirectional connectivity is nowadays measured
using in vivo diffusion magnetic resonance imaging
(dMRI) combined with probabilistic tractography
[43-46].

Next, the complexity of whole-brain modelling can
be reduced by adopting meaningful parcellations based
on structural and functional brain information and are
typically on the order of 80-150 nodes [47,48]. Each
node in the whole-brain model consists of an approxi-
mation of the local neuronal dynamics of which many
different approximations have been used from a spik-
ing neuronal network [37,49], mean-field model [17,38]
to mesoscopic models (for instance the Hopf model
[13,50]). Such models typically fit the empirical data
[51] by optimizing the global coupling parameter scal-
ing of the underlying structural connectivity, which
assumes that the conductivity is uniform across brain.
Potential heterogeneity in conductivity can also be
modelled by adapting the effective connectivity to the
empirical data [52]. Interestingly, the emergent collec-
tive macroscopic behaviour of brain models has been
shown to depend only weakly on the behaviour of
individual neurons rather than on activity of popula-
tions [31,53,54].

In terms of fitting, whole-brain models are able to
describe not only static FC (averaged over all time
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Fig. 1. Entangled whole-brain model. (A) The figure shows the coupling of two different mutually coupled dynamical whole-brain systems
(neuronal and neurotransmitter). This was achieved by adding a coupled neurotransmitter system to modulate and interact with the neuronal
system, which was modelled using a balanced dynamic mean-field model that expresses consistently the time evolution of the ensemble
activity of the different neural populations building up the spiking network [17,18]. (B) The underlying dynamics of neuromodulation involved
in psilocybin were obtained by comparing the KLD for the PMS between the empirical data and the whole-brain model undergoing various
manipulations. For the optimal fit of the mutually coupled whole-brain model, a very significant difference was found between the optimal
fit and the uncoupled system (i.e. without neuromodulation) (P < 107%). (C) A significant difference was also found when removing the
feedback dynamics (P < 1075). The optimal model coupling was allowed until steady state, at which point just the average of the
neurotransmitter variables was kept while cancelling all feedback dynamics. (D) Finally, a significant difference was found between using
the empirical 5-HT2A receptor densities across the regions at the optimal fit compared with randomly shuffling the receptor densities
(P < 107). The applied test was a permutation-based paired t test (1000 permutations). The error bars for the KLD data follow the MATLAB
convention where the central mark indicates the median, and the bottom and top edges of the box indicate the 25th and 75th percentiles,
respectively (across 50 simulations). The whiskers extend to the most extreme data points not considered outliers, and the outliers are
plotted individually using the ‘+' symbol. Figure and accompanying figure legend modified and reproduced from [16].

points) [13], but also dynamical measurements like the
temporal structure of the activity fluctuations in FC
dynamics (FCD) [55] and PMS [10]. Besides, our
model is not restricted to the relatively slow dynamics
obtained with fMRI but can be enriched using spectra

of recording methods such as MEG [56,57]. Hence, the
model can be used to bridge the gap between different
timescales from milliseconds to tens of seconds, offer-
ing unparalleled mechanistic insights into the multi-
scale nature of whole-brain activity [58].
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Creating an entangled whole-brain model
coupling neurotransmitter and neuronal systems

Recent studies have created whole-brain models inte-
grating serotonergic transmission and neuronal
dynamics using human neuroimaging (dMRI, fMRI
and PET) from experiments where the serotonin sys-
tem is modulated by the action of psychedelics, which
are remarkably precise in eliciting responses of specific
5-HT receptors [14,16]. Here, we briefly review our
entangled whole-brain model (shown in Fig. 1A). It
basically consists of a mutually coupled neuronal and
neurotransmitter systems of equations, which are
described in details in Box 1. The neuronal system uses
the dynamics of local nodes which are mathematically
defined as balanced mean fields. The spiking output of
the network reflects the suprathreshold evolution of
ensemble activity across different neural populations
[17,18]. Spontaneous (ongoing) activity across different
brain regions emerges from the network of excitatory
and inhibitory pools of neurons [17,60].

Box 1. Entangled whole-brain model of neuronal
and neurotransmitter systems.

The neuronal system uses a balanced dynamic mean-
field model with local node dynamics described by
expressing the evolution over time of the ensemble
activity of the different neuronal populations creating
the spiking network [17,18]. The spontaneous activity
of each brain region can be described by the following
equations governing the dynamics of network consist-
ing of two pools of excitatory and inhibitory neurons:

],(7E) = Wgly+wi JNMDA S,(7E) + GJNMDA Z Cnp S;E>
P

—J,SD (1)

1 = Wil + Jnvpa S — U ®)

n

gp(l® — 1)
1 —exp(~dig (1P 1))

B = gE) (,«f)) —
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dS(E>(t) S(E)
n — _ n 1 _S(E) (E) " ¢ 5
7 TNMDA+( ; )m +ov,(t) (5

dsi(t N
n ): ——n +r£,1)+avn(l). (6)
dt TGABA

For each population of inhibitory (/) or excitatory (E)
neurons in each brain region n, the vector IE,E") pro-
vides the total input current (in nA), the firing rate is
denoted by the vector r,(1E’[) (in Hz), while the synaptic
gating is denoted by the vector S\, The total input
currents received by the E and I pools is converted by
the neuronal response functions, H®) into firing
rates, r,(YE’I) using the input—-output function of [59],
where the gain factors g, and g; determine the slope
of H. Above the threshold currents of f,fr) and Iﬁ,{z,
the firing rates are increasing linearly with the input
currents. The curvature shape of H around [, is pro-
vided by the constants dr and d;. gamma-Aminobu-
tyric acid (GABA) receptors with zgapa controls the
average synaptic gating in inhibitory pools. NMDA
receptors with a decay time constant znmpa and y
control the synaptic gating variable of excitatory
pools, S,(,E). The variable Jympa is weighting the exci-
tatory synapses, while the weight of recurrent excita-
tion is given by w,. The overall effective external
input is given by I, with associated weight functions
Wpg and W;. It is important to note that in Eqns (5,6)
there is a fixed amplitude of o for the uncorrelated
standard Gaussian noise, v,,.

We used parameters in the dynamic mean field model
based on Wong and Wang (2006) [60] such that each
isolated node exhibited the typical noisy spontaneous
activity with low firing rate () ~3Hz) observed in
electrophysiology experiments [61-64]. Furthermore,
similar to [17], for each node #n, the inhibition weight,
Jn, was adjusted such that the firing rate of the excita-
tory pools rS,E) remained clamped at 3 Hz—even when
receiving excitatory input from connected areas. The
algorithm for achieving Feedback Inhibition Control
(FIC) is described in [17], improving the fit to the rest-
ing-state FC with more realistic evoked activity. All of
the parameter values can be found in [16].

The neurotransmitter system is described by the
canonical  Michaelis—-Menten release-and-reuptake

3
®) dynamics [19-21] governing the dynamics of the neu-
rotransmitter concentration level:
I)
gD — 1))
D = g0 ( Igp) _ AN L o ) dsi) _ o p) Va5 ™
1 —exp (—dlgl (Ii(’l - thr)) dt 8 (K +[s4])
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where [s,] denotes the dynamics of the neurotrans-
mitter concentration level in a brain region n. The
corresponding density of a given serotonin receptor
R, has been acquired with PET. This equation is
defining the interactions between the neurotransmit-
ter and neuronal system through the brain raphe
coupling. The outer product of the fibre density
connectivity vector, Cgr, between the whole brain
and the raphe nucleus, is obtained through dMRI
probabilistic tractography. The factor a normalizes
the activity such that the current generated by the
neurotransmitter (in Eqns 8-10) is adjusting the
nonlinear central sigmoidal part of the equation.
The second term in Eqn (7), Vmax provides the
maximum reuptake rate while K, is the substrate
concentration at which the uptake proceeds at half
of the maximum rate [19-21].

The effect of the neurotransmitter system on the neu-
ronal system is described in Eqns (8-10). Equations
(8,9) are a coupled variation of Eqns (1,2), which
model the neuronal activity is a dynamical system by
generating an extra current on inhibitory GABAergic
neurons and the excitatory pyramidal and:

1E) = Wily +wi InmpaSE) + GJNMDAZCnpS,(,E) —J,SY
I

+WS g R,M, ®)

1D = Wily+InwpaSE — S+ WER,M,  (9)

where the excitatory and inhibitory feedback cou-
pling parameters, WSy and W9, describe the cou-
pling from the neurotransmitter system to the
neuronal activity. PET measures the density of a
serotonin receptor R, which is weighting the sero-
tonin modulated current vector M, (current for
each brain region). This is given by the standard
sigmoid-like function used in pharmacology [20]:

M,
dr

Ts

_M”+(1 + e~#llogiolsil+1)) (o)
where =10, J=0.1 and 7z, =120ms [20]. The cou-
pling of the neuronal to the neurotransmitter sys-
tem is described by the last terms on the right hand
side of Eqns (8,9). Both neuronal and neurotrans-
mitter dynamical system are thus mutually coupled.

The neurotransmitter system uses a separate set of
differential equations describing the dynamics of the
neurotransmitter concentration level, given by the
canonical ~ Michaelis—Menten  release-and-reuptake

D. Jancke et al.

dynamics [19-21], using the dynamics of the neuro-
transmitter concentration level in a brain region mea-
sured with PET. This is defining the interaction
between the neuronal and neurotransmitter system
through the coupling of the raphe nuclei. The reverse
coupling, that is the effect of the neurotransmitter sys-
tem on the neuronal system, is modelled as a dynami-
cal system of neuronal activity. In this way, both
neuronal and neurotransmitter dynamical system are
explicitly expressed and mutually coupled. Please note
that this is of course a simplified version of several
mechanisms regulating the number/density of receptors
at the synaptic level, of which some are in response to
synaptic activity. However, the excellent fitting to the
empirical data suggests that this level of abstraction is
highly effective.

Overall, the study of the mutually coupled model
showed that it is the entangled dynamics that precisely
explain neuroimaging data; in this case the specific
modulation of the serotonin system by psilocybin (ad-
ministered intravenously in healthy participants). First,
the entangled whole-brain model was created by fitting
to a sensitive measure of the neuronal activity, using
PMS space for the empirical psilocybin data (placebo
and active condition) and the Leading Eigenvector
Dynamics Analysis method [65]. Testing the entangled
model by uncoupling the neuromodulators from the
neuronal systems showed that this produced highly
significant breakdown in fitting the empirical data
(Fig. 1B). In further simulations, we tested the role of
particular parts of the coupling dynamics. First, the
simulations were run until dynamics reached a steady
state. The feedback dynamics from neuromodulators
to the neuronal system were then halted by decoupling
the input from the raphe nucleus. This resulted again
in a significant breakdown of the fits to the empirical
data (Fig. 1C). Next, to explore the role of the recep-
tor distribution, further simulations were run in which
local 5-HT2A receptor densities were randomly shuffled
(Fig. 1D) and replaced by other serotonin receptors,
known to be much less sensitive to psilocybin (5-HT1A,
5-HT1B and 5-HT4, not shown).

In this study, we tested the effect of each of the sin-
gle 5-HT receptor types against each other. We
assumed in all cases that this source of heterogeneity is
adjusting the gain of the neuronal response, which can
be interpreted as the balance of excitation/inhibition.
Future work could include investigations of multiple
interacting 5-HT receptors. One way to do this is by
setting the source of heterogeneity as the linear, simul-
taneous combination of multiple 5-HT receptors,
which can be optimized using global techniques to find
the best weighting of the receptors optimally fitting the
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empirical results. In this way, the role of each receptor
type is adapting the gain (level of excitation/inhibition)
independently and the contribution of each receptor
can then be ascertained.

As can be appreciated, these results demonstrate the
relevance of using a biophysically realistic dynamic
neuromodulator system, allowing for full entanglement
between the dynamics of both neuronal and neuro-
modulation systems. Overall, the entangled whole-
brain framework is therefore likely to be essential for
accurately modelling and explaining mechanisms of
human brain function in health and disease.

Gain matters - Receptor-specific scaling of
internal brain communication processes and
external sensory drive

A given brain state is constituted by whole-brain net-
work activity shaped by the dynamical landscape of
the brain. Changes between brain states come about
when the effective connectivity changes as a function
of for example neuromodulation of the local excita-
tion-inhibition ratio in distributed brain regions [17].
In turn, this changes the information transfer across
the brain [66]. For example, a large body of literature
has shown that cortical state changes affect ongoing
activity and its interaction with sensory-driven activity
[67-83]. Importantly, as in particular neuromodulators
affect the state of cortical networks [84], modulatory
receptor-mediated changes in whole-brain dynamics
may alter the balance between ongoing (‘top-down’)
and evoked (‘bottom-up’) communication processes
(see Fig. 2 for a sketch of effects of unbalanced scaling
of internal ongoing and sensory-evoked activity) and
therefore affect broadcasting across the brain. Conse-
quently, neuromodulators crucially impact on the for-
mation of sensory perception [85-87] and higher
cognitive functions [88-93].

That 5-HT is one of the prominent neuromodulators
involved in the modulation of cortical state [94]
becomes apparent by measuring 5-HT-induced changes
of the frequency spectrum of cortical activity [95-97].
As also implemented in our whole-brain model, 5-HT
is centrally released from neurons in the median raphe
and the dorsal raphe nuclei [98-102]. Additionally, and
as also largely incorporated in our model, the 5-HT
system consists of widespread projections that inner-
vate subcortical areas and all cortical areas
[101,103-106], where different types of 5-HT receptors
(depolarizing or inhibitory) are co-distributed across
different cortical cell types [107-109]. This makes 5-
HT indeed a good candidate for the participation in
fine-tuned scaling of evoked and ongoing components

Modulatory receptors and whole-brain dynamics

ongoing evoked (sensory)

o] W
e

Fig. 2. Effects of unbalanced scaling of internal ongoing activity
and sensory-evoked input. Upper: Separate downscaling in
amplitude of ongoing activity (left) leads to emphasis of sensory-
evoked activity (right). Hence, cortical processes are biased
towards external events. Bottom: Conversely, upscaling of ongoing
activity (left) while reducing the gain of sensory drive (right, red
trace depicts mean amplitude) leads to emphasis of internal brain
broadcasts. Hence, cortical processes are biased towards internal
communications that overwrite external sensory processing.

of cortical activity [110] and their integration across
brain-wide networks [30,111,112].

However, could the function of single 5-HT receptor
types factually be attributed to distinct and separable
effects on either sensory-evoked or internally ongoing
activity as our whole-brain model implicates? To
address this question experimentally, we used an ePet-
Cre mouse line [27] that allowed controlled release of
5-HT by photostimulation of Channelrhodopsin2
expressing 5-HT neurons in the raphe nuclei [25,26]. In
parallel we used optical imaging of Ca** fluorescent
indicators to track 5-HT-induced modulations of neu-
ronal activity in the visual cortex in vivo (Fig. 3).

Upon photostimulation, a pronounced downscaling
of activity was found that affected both spontaneous
baseline levels and the magnitude of visually driven
(i.e. sensory evoked) responses (Fig. 3, right middle
plot). This suggests fine-tuned changes in the operating
point of the cortex with balanced suppressive 5-HT
effects on both sensory evoked an internally ongoing
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activity. Crucially, to test for different contributions of
different 5-HT receptor types we applied specific 5-HT
receptor blockers by microiontophoresis into the corti-
cal tissue [26]. The experiments revealed a prominent
role of 5-HT1A receptors in reducing ongoing brain
activity (i.e. downscaling the weight of internal com-
munication processes, Fig. 3, left), whereas 5-HT2A
receptors contributed to suppression of sensory input
and therefore reduce the weight of external drive
(Fig. 3, bottom right).

A similar 5-HT-induced modulatory scaling of either
spontaneous [114] or evoked activity [115] has been
reported for the primary olfactory cortex of mice.
Whereas in the anaesthetized state solely spontaneous
activity was affected and sensory-driven firing was
spared following raphe stimulation [114], in awake ani-
mals solely evoked sensory activity was suppressed
[115]. These results also support the view that the
strength of 5-HT-induced scaling effects and 5-HT tar-
geting of different components of brain activity
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depends reciprocally on current brain states [26]. Inter-
estingly, in the olfactory cortex the reduction in
evoked sensory activity was again exclusively provided
by a single 5-HT receptor type, in this case, by the
Gqg-pathway activating 5-HT2C receptor [115].
Altogether, based on our results, we speculate that
an imbalance [116] in the recruitment of 5-HT recep-
tors (e.g. through specific agonist intake or disordered
receptor expression pattern) may affect whole-brain
information flow, leading to overemphasis of internally
generated expectations (i.e. favouring ‘priors’ [71,117],
similarly as proposed for hallucinations [85,118-120])
relative to sensory input and vice versa [114]. Conse-
quently, long-term malfunction of such interplay might
trigger psychiatric diseases. Indeed, as the 5-HT2A
receptor is widely expressed throughout the brain it is
assumed to be specifically implicated in a number of
psychiatric disorders such as depression, anxiety and
schizophrenia [119,121-128]. The receptor is therefore
a prominent drug target for various anxiolytics,
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Fig. 3. Separable scaling of brain activity by different 5-HT receptors: Whereas 5-HT1A reduces ongoing internal drive, 5-HT2A reduces
evoked sensory activity. Left: Ongoing spontaneous cortical activity (upper plot, stippled black trace, S) in the visual cortex is reduced (red
rectangle) by increased 5-HT input (lower plot, light blue trace, Syn). Release of 5-HT in the cortex was triggered by photostimulation of
neurons in the raphe nuclei (blue area sketches time of light on). Right top: Controls, evoked responses to repetitive presentation of a visual
grating stimulus (V, timing shown on top). Same during photostimulation (dark blue trace, middle plot, V). Note the strong downscaling of
response gain (i.e. response magnitude). Note also that this reduction was independent of the baseline reduction. This becomes evident
after subtraction of the spontaneous component during photostimulation (V,n — Spn): Compare nonphotostimulated controls (black trace in
upper plot) with grey trace at bottom [= dark blue trace after subtraction of spontaneous component (light blue trace in left plot)]. Specific
receptor blocking by iontophoresis revealed that the reduction in each of the activity components was majorly attributed to 5-HT1A (scaling
of ongoing activity) and 5-HT2A (scaling of evoked activity). Cortical responses were captured using wide-field Ca* imaging. The later rise
of the signals suggests accumulation of intracellular calcium [113]. Traces are averages across V1 (n = 8 mice), shaded areas represent
SEM. Figure modified and reproduced from [26].
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antidepressants and antipsychotics and is also acti-
vated by hallucinogens [129,130]. In fact, on a longer
time scale, activation of 5-HT-controlled pathways
have been associated with changes in ion channel func-
tion and trafficking and formation or collapse of new
synapses leading to a reconstruction of neuronal net-
works, which for example can have deleterious effects
such as in anxiety disorders or depression [131-133].

Activating a single receptor type in the cortex
through optogenetics

How close can we get in terms of experimental capa-
bilities to demonstrate the specific contribution of a
single receptor type, in this case the 5-HT2A receptor,
to the scaling of evoked cortical activity? Thus far, the
simultaneous measurement of cortical activity in vivo
and the specific control of a single cortical receptor
type —with precise timing and without unspecific acti-
vation of other receptor types— appeared out of
experimental reach. We recently engineered therefore a
construct for the visualization and control of traffic-
dependent Ca®* signals in 5-HT2A-R domains, which
we called Ca2+-melanopsin-local-sensor (CaMello)-
SHT2A [29]. This construct combines the light-acti-
vated Gq/l11 coupled melanopsin, mCherry and
GCaMP6m for visualization of Ca* signals and recep-
tor trafficking and also uses the 5-HT2A C terminus
for targeting the receptor construct into 5-HT2A-R-
specific domains. In general, targeting G protein-cou-
pled receptor (GPCR)-specific micro-domains is
important for an understanding of the functions of
GPCRs in their native cellular environment. It is also
necessary in order to understand how electrochemical
signals are shaped by GPCR trafficking and internal-
ization, how they contribute to neuronal excitation
and plasticity and how these signals are altered under
pathological conditions. For example, increased activ-
ity of 5-HT2A-Rs might be responsible for some of
the psychotic symptoms in schizophrenia [122]. More-
over, atypical antipsychotic agents may antagonize the
hyperactivity and membrane targeting of 5-HT2A-Rs
[134]. Furthermore, besides the Gq-phospholipase
pathway, 5-HT2A-Rs also stimulate G12/13-PLA2 and
Gi/o-Src pathways depending on cell-type [118,135].
Again, these observations corroborate that alterations
in 5-HT2A-R trafficking and G protein signalling con-
tribute to the development and manifestation of neu-
ropsychiatric disorders.

In our experiments (Fig. 4), CaMello-SHT2A con-
structs were expressed (by means of viral transfec-
tion) in the mouse visual cortex (both in pyramidal
cells and interneurons, Fig. 4B) and activated and

Modulatory receptors and whole-brain dynamics

imaged simultaneously (Fig. 4A,C). Two different
constructs were injected, each in a different hemi-
sphere. In one of the hemispheres, the construct with
C-terminal, ‘CaMello-5-HT2A’ (Fig. 4A, blue), was
used, where the C-terminal ensures that the receptor
is expressed at the SHT-2A-specific micro-domains.
In the other hemisphere, the construct without C-ter-
minal, ‘CaMello’ (Fig. 4A, red), was injected. Note
that without the C-terminal the 5-HT2A pathway is
activated but the receptor is nonspecifically expressed
throughout the cell body.

Parallel imaging and receptor activation revealed that
sensory-evoked activity in the hemisphere containing
CaMello-5-HT2A was profoundly suppressed (Fig. 4C).
This effect could repeatedly be demonstrated in the
dynamics of activity following consecutive visual stimula-
tion (Fig. 4D, left, compare blue and red traces). Impor-
tantly, suppression of evoked activity occurred in a
divisive manner, as shown by the overlap of the time
traces of each hemisphere after normalization (Fig. 4D,
right). This means that despite the 5-HT2A-induced
downscaling of activity information content itself seems
not affected. It should be noted however that the
method does not permit detection of possible additional
effects on baseline activity levels, as receptor activation
and the measurement of neuronal activity occur instanta-
neously. It would therefore be beneficial to develop con-
structs that allow activation and optical measurements
with nonoverlapping wavelengths in future studies.

Taken together these experiments suggest that it is
now possible to simultaneously activate and image the
effects of a single receptor type in the cortex by light.
Our experiments demonstrate that the 5-HT2A recep-
tor, if expressed in receptor-specific cell domains, can
specifically be attributed to a significant reduction in
cortical response gain. Moreover, these observations
further verify that gain control by the cortical 5S-HT2A
receptor has substantial and distinct effects at the level
of neuronal population dynamics. Our proposed whole-
brain model substantiates how such receptor type-speci-
fic activation exerts influence on entire network dynam-
ics along with predictable modulations in brain state.

Conclusions

Our current knowledge about basic functioning of the
most abundant neuronal receptor types is extensive at
the level of single receptor characteristics. In most
cases, we have a detailed picture regarding their indi-
vidual kinetics, sensitivity to ligands and the triggered
downstream intracellular cascades. This is particularly
true for 5-HT receptors [113], belonging to the class of
GPRCs as the largest superfamily of the human
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Fig. 4. Experimental visualization of changes in neuronal activity in the mouse visual cortex after activation of a single receptor type: 5-
HT2A. (A) Scheme of the experimental setup. Visual stimuli were presented on a monitor at 20 cm in front of the mouse. Between
recording (and photostimulation) sessions, yellow light (590 nm) was used to deactivate the constructs. Mice were anaesthetized and head-
fixed. Vascular pattern of the cortex overlaid with schematics showing different cortical regions (V1, primary visual cortex). Scale bar, 1 mm.
(B) Coronal images depicting brain sections of the visual cortex expressing CaMello and CaMello-6HT2A. Pyramidal neurons were antibody-
stained against GluR2/3, while Pvalb™ neurons were stained against Pvalb (GIuR: glutamate receptor; Pvalb: parvalbumin). Scale bar, 150 pm
overview, 50 pm zoom (bottom). (C) Depiction of the imaged area. Top: Vascular pattern of the imaged cortical region. Middle: Activation
across V1 and neighbouring visual areas after visual stimulation. Changes in activity are shown as relative change in fluorescence (AF/F).
Bottom: Overlay of the two images above. (D) Left: Traces depict the time course of spatial averages across V1 (n = 4 animals) for CaMello
and CaMello-5HT2A in response to visual stimulation (black bars on top show stimulus timing). Right: Comparison of the normalized
responses of both constructs. Figure and accompanying figure legend modified and reproduced from [29], licensed under a Creative
Commons Attribution 4.0 International License.

activation enfolds excitatory or inhibitory cascades. A
plethora of perceptual effects and diseases has been
associated with 5-HT receptors and therefore with
potential irregularities in 5-HT impact on cortical pro-
cessing.

There is, however, still a gap of knowledge regard-
ing the neuronal function of distinct 5-HT receptors
and their causal perturbative effects on whole-brain
dynamics. On the one hand, the difficulty in closing
this gap arises from the fact that 5-HT interacts at the
same time with different types of 5-HT receptors, that
are partly co-expressed and located in different types
of neurons (Fig. 5). Analysis of the expression pattern
in the cortex using electrophysiological and histochemi-
cal approaches suggest that 80% of the pyramidal neu-
rons co-express S-HT1A and 2A receptors. In fact, all
! pyramidal neurons in the cortex seem to express 5-
i HT2A receptors [108]. The modulation of cortical activ-
: Gag/11 excitatory . . . .

ity is even more complex since both receptor types in
%? 5-HT1a combination with other 5-HT receptors are also
®= Gilo inhibitory expressed on GABAergic interneurons [96]. It has been
excitatory Pyramidal neuron

suggested that the differential subcellular distribution of
5-HT1A and 5-HT2A receptors determine their neu-
ronal function, that is that 5-HT1A receptors are local-
ized on the initial segment of pyramidal neurons to
shunt action potential generation, while 5-HT2A recep-
tors are localized to apical dendrites to amplify/support

Fig. 5. Expression of 5-HT1A and 5-HT2A receptors across
different cell types in cortical neurons. Note that Pyramidal neurons
(black) co-express 5-HT1A/2A, which causes biphasic 5-HT

responses, whereas these receptors are separately expressed in
different types of interneurons (grey). In general, 5-HT1A receptors
couple to the Gi/o pathway and mediate slow hyperpolarization
responses, while 5-HT2A couple to the Gg/11 pathway and
mediate slow depolarization responses.

genome of plasma membrane receptors (coined as ‘re-
ceptorome’ [136,137]), where however, still a substan-
tial proportion termed orphan GPCRs, is awaiting
basic screening [138]. 5-HT receptors are divided into
subclasses, primarily dependent on whether their

excitatory currents [96]. Back tracing the impact of indi-
vidual receptor types on overall changes in cortical
activity cannot easily be achieved because available ago-
nists and antagonists are often not specific enough.
Thus, so far, it remains challenging to characterize and
quantify contributions of single receptor-induced
changes in whole-brain dynamics and eventually, to
specify their role in specific psychiatric disorders.

As an attempt to fill this explanatory gap, we here
put forward the idea to use the brain’s structural con-
nectivity as a prior to estimate modes of FCD that
such a system can perform. In animal experiments, we

The FEBS Journal (2021) © 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 1

Federation of European Biochemical Societies



Modulatory receptors and whole-brain dynamics

demonstrate how different cortical receptor types, in
our case embedded in the 5-HT structural system, pro-
duce distinct effects on the functional cortical dynam-
ics in the visual cortex. To further broaden this
picture, from single receptor type effects towards
changes of entire brain dynamics, we introduce a new
brain model that incorporates mutual interactions
between the modulatory neurotransmitter system and
neuronal population dynamics.

In this model the subjects’ individual ‘receptome’ is
used, that is, the unique expression patterns of density
and localization of different receptor types (accounting
for basic excitatory or inhibitory characteristics) to
estimate their modulatory impact on whole-brain
dynamics connected to various modes in brain state.
We show that such approach is capable to explain sin-
gle receptor-related alterations of whole-brain dynam-
ics in individual subjects. Furthermore, we propose
that this approach opens the door for biomarkers, as
modulatory changes in cortical state relate to changes
in sensory processing and consequently, to specific
changes in perception and behaviour.

We also would like to point out important current
limitations of our outlined approaches. Evidently, due
to their invasive nature optogenetic applications are
restricted to animal experiments, even though optoge-
netic therapies (e.g. for retinal diseases [139]) are in
progress. Another substantial gap to be crossed in the
future is to adapt and expand our whole-brain model
towards evoked sensory and motor processes that
involve natural behavioural tasks.

Finally, the gap between microscopic single receptor
activity and its effects on large-scale whole-brain activ-
ity that we try to bridge here, must further be filled at
the level of mesoscopic circuitry dynamics (Fig. 5,
sketch of the distribution of 5-HT1A and 5-HT2A
receptors across different cell types). As pointed out
above, receptor function is crucially dependent on its
domain-specific implementation at cellular levels. There
is indeed a large body of literature dealing with recep-
tor-specific modulations of activity in cortical micro-cir-
cuitries at cellular levels that we did not address here.
However, our model approach may generally be appli-
cable also in this case. That is, to obtain a full picture
across different spatial and temporal scales, future stud-
ies may zoom-in to local interactions by combining
structural knowledge of cortical cellular micro-cir-
cuitries [140] with the expression patterns of individual
modulatory receptor types across different cell types.
Used together with an entangled whole-brain model,
this would provide a powerful tool for investigating and
predicting local-global interactions that could transform
the potential for developing novel pharmacological
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interventions. This local-global integration would pro-
vide the how and where of such interventions.

Prognostic, diagnostic and therapeutic potentials

The ideas outlined in this review provide a roadmap to
obtaining a causal mechanistic understanding of neu-
ropsychiatric disorders, specifically those that have been
found to be accompanied by imbalances across both
local and global whole-brain levels [36]. As such, this
might help discovering novel ways to develop therapeu-
tic brain interventions that are effectively rebalancing
brain networks. Our approaches may also help to find
biomarkers that allow deviding out broad-illness pheno-
types by a finite number of treatment-relevant sub-
groups [141-144]. Hence, causal systematic studies of
neuromodulation and its characteristic effects on local
and global changes in brain activity may broaden our
knowledge of pathological states. Moreover, the devel-
opment and optimization of whole-brain models with
simulations of drug effects may serve deriving concrete
starting-points for treatment strategies. Taken together,
the current model-based framework offers a rational
way to integrating structural, functional and neuro-
transmitter neuroimaging data for modelling brain
states. Once the global influence of heterogeneity of the
local dynamics (here the level of local excitability) has
been established, the use of animal models will addi-
tionally help to identify regional drug receptor modula-
tion. In this way, our depicted approaches will bridge
multiple levels: local and global; human and animal;
and health and disease. The resulting evidence could
guide direct brain manipulations in conjunction with
environmental manipulations, for example in drug-as-
sisted psychotherapy [145], which has been shown
promising for the treatment of psychological distress,
mood disorders and addiction [146].
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