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1. Introduction

1.1 Cyclic AMP as a signaling molecule

1.1.1 History, importance and general working mechanism

In 1945, Earl Sutherland and his collaborators embarked on a decade-long endeavor
studying the mechanism of hormone-induced glycogen breakdown in the liver. On this Nobel
prize-winning journey, they identified cyclic adenosine monophosphate (cAMP) (Figure 1.1), one of
the most ubiquitous second messenger molecules. The experiments that lead to this discovery
were performed in cell-free liver homogenates where they firstly separated the particulate
fraction (containing cell membranes) from the supernatant (cell contents). The critical element
that allowed them to discover cAMP was the separation of the cellular membranes from the
contents. They were then able to independently observe the two steps involved in second
messenger signaling: exposure to extracellular molecules and intracellular relay of signals. They
observed that the hormones epinephrine and glucagon generated a "heat stable factor” (HSF)
when they were added to the particulate fraction. This HSF was then able to stimulate liver
phosphorylase, initiating the degradation of glycogen. If the hormones were added to the
supernatant directly, glycogen was not degraded. It was thus clear that epinephrine and glucagon
do not act directly on liver phosphorylase but they are able to generate an HSF at the cell
membrane that triggers intracellular liver phosphorylase activity (Berthet et al, 1957).

After further work, cCAMP was isolated and its structure determined (Berthet et al, 1957;
Cook et al, 1957). Soon after, the enzymes that synthesize cAMP from ATP (adenylyl cyclases)
were identified, as well as phosphodiesterases, enzymes which degrade cAMP to biologically
inactive 5" AMP (Sutherland et al, 1962; Sutherland & Rall, 1958). Further research unraveled the
fact that a multitude of hormones and neurotransmitters elicited intracellular effects by
stimulating cAMP production and that cAMP itself triggers or modulates an impressive range of
cellular functions. Sutherland was also the one to propose the name "second messenger”, where

the "first messenger” (i.e. hormone, neurotransmitter) binds to a receptor located in the plasma
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membrane, stimulating adenylyl cyclases to produce cAMP from ATP. The change in intracellular

cAMP concentration then regulates the rates of other intracellular processes (Blumenthal, 2012).

I
/N““c/ C*N

HC/ I | Figure 1.1 Cyclic adenosine monophosphate (cAMP)
gz \N/C\N/CH structure. Biochemically, cAMP (3'5'-cyclic adenosine
o~ \ 0~ I monophosphate) is a small, diffusible, hydrophilic cyclic
'O\\ HC\CH cﬁCH nucleotide composed of an adenine, a ribose and a phosphate
O/P\ Vs \ group. In comparison to AMP, it occurs in cyclic structure as a

OH 3'-5'-cyclic ester of AMP.

The discovery of cAMP triggered the subsequent identification and characterisation of the
multiple components that make up the cAMP signaling cascade. Adding to Sutherland’s own prize
in 1971, an impressive number of Nobel prizes have been awarded to scientists working on cAMP
and cyclic nucleotide-related phenomena, such as protein phosphorylation by PKA (1992, Fischer
and Krebs), discovery of G proteins and their role in signal transduction (1994, Gilman and
Rodbell), discovery of cGMP as a second messenger (1998, Furchgott, Ignarro and Murrad),
uncovering signal transduction in the nervous system and cAMP-dependent CREB activation
(2000, Calrsson, Greengard and Kandel), discovery of cAMP-dependent odorant receptors (2005,
Buck and Axel) and the most recently for studies of G protein-coupled receptors (2012, Lefkowitz
and Kobilka).

It would be almost impossible to list all the cellular processes or intracellular phenomena
that are modulated or affected in one way or another by subtly changing levels of cAMP. This
second messenger is an ancient molecule that holds a wide variety of roles in living organisms

from virtually all kingdoms, from bacteria to prokaryotes, plants, fungi and of course, animals.

1.1.2 Molecules upstream of cAMP

Figure 1.2 is a summary of the ubiquitous cAMP signaling pathways. In this subchapter |
will briefly introduce the molecules upstream of cAMP in the signaling pathway that are common

to all cell types from all kingdomes.
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Figure 1.2 The cAMP-PKA signaling pathway and its interaction with other intracellular signaling
pathways. Figure from (Sassone-Corsi, 2012).

G protein-coupled receptors

G protein-coupled receptors (GPCRSs) are seven-transmembrane receptors that couple to
intracellular G proteins (made out of o, {3, y subunits). Whenever an extracellular first-messenger
(e.g. hormone, neurotransmitter, peptides) binds to a GPCR, they act as transducers of the
extracellular signal to the intracellular space. Upon binding of the ligand, conformational changes
trigger the exchange of a bound GDP to a GTP in the associated G protein o subunit. This allows
the o subunit to dissociate from the G protein complex and interact with adenylyl cyclases. For
instance, Ggs stimulates transmembrane adenylyl cyclases, raising cAMP whereas Gy inhibits

adenylyl cyclases lowering cAMP. Some general ligands that bind to GPCR and exert their
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function via GPCR stimulation or inhibition of ACs are: epinephrine, norepinephrine, histamine,
serotonin, dopamine, and certain chemokines (more information about GPCR ligands and their

effects in the hippocampus are presented in chapter 1.2.4).

Adenylyl cyclases

Cyclic AMP is synthesised by adenylyl cyclases, enzymes that catalyse the conversion of
ATP into cAMP and pyrophosphate. Currently, ten mammalian types of adenylyl cyclase have
been identified, each with unique regulatory properties and cellular expression. From the ten
isoforms of adenylyl cyclase, nine are membrane-spanning proteins (AC1-9), while AC10 is a

soluble adenylyl cyclase (Dessauer et al, 2017).

Table 1.1 Regulation and distribution of adenylyl cyclase isoforms.

Response to Expression in _
Isoform Subcellular location

Ca*  Gas Ga Gsy  FSK  PKA  PKC hippocampus

AC1 1 1 ! ! T 1 ++ lipid raft

AC3 1 1 I I 1 7 +++ lipid raft

AC8 1 1 ! ! 1 ! + lipid raft
AC2 - ) - 1 T ) ++ non-lipid raft
I AC4 - 1 - 1 1 / non-lipid raft
AC7 - T - - T ) / mouse + rat non-lipid raft

AC5 l 1 ! 1 1 ) + lipid raft

! AC6 l 1 ! 1 T ! + lipid raft
vV  AC9 - T ! - - +++ non-lipid raft

sAC - - - - - cytosol

Legend: (T) stimulation, (1) inhibition, (-) not sensitive, (+++) high level, (++) medium level, (+) low density, (/) not
expressed. (data from (Dessauer et al,, 2017; Sanabra & Mengod, 2011; Willoughby & Cooper, 2007)

Transmembrane adenylyl cyclases are divided into groups I-IV, based on their response to
different modulators such as Ggs, Gai, Ggy, calcium, forskolin (FSK) and protein kinases (Table 1.1).
Activity of all adenylyl cyclases can be modulated by the GPCR-activated Gs protein, with the

exception of AC10 (soluble AQ), which is activated by bicarbonate and other ions. Group | includes
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isoforms ACY, 3 and 8 and their activity can be stimulated by calcium ions. Group Il includes AC2, 4
and 7 and is characterised by being insensitive to calcium and stimulated by Gg,. Group Il (AC5
and 6) are inhibited not only by calcium, but also by G4 and protein kinase A (PKA). Finally, group
IV is AC9 which is the only tmAC resistant to forskolin, a potent AC stimulator which has been
used extensively in cAMP signaling research (Cooper & Crossthwaite, 2006; Johnstone et al, 2018).

Interestingly, the calcium-sensitive adenylyl cyclases (groups | and I11) also localize in lipid
rafts, patches of membrane rich in cholesterol and sphingolipids, as well as other multiprotein
signaling complexes. This specific expression profile could contribute to the differential cAMP
signaling effects that can be induced by different GPCR ligands which activate the same GPCR-Gs
pathway (Willoughby & Cooper, 2007).

Forskolin
H,N  binding site Figure 1.3 Transmembrane adenylyl cyclase
structure: two transmembrane domains (M1
ATRSSS and M2) linked by two cytosolic domains (C1 and
AR ES C2) that form the catalytically active site. Image

from (Pierre et al., 2009).

Mgb
binding site

Structurally, the transmembrane adenylyl cyclases (tmAC) contain two six-transmembrane
domains that span the plasma membrane and two catalytic subunits (C1 and C2) that dimerize in
order to form a catalytically-active core (Figure 13) The tertiary structure of a tmAC is that of a
pseudo symmetrical enzyme, where residues from C1 and C2 contribute to form the active site.
The substrate, ATP, binds in a pocket created at one of the interfaces between Ci1 and C2.
Substrate specificity is achieved through the residues that bind the adenine section of the ATP
molecule (Figure 1.4). Catalytic activity is initiated by the correct association of the two catalytic
domains, a process that can be aided by either forskolin or Ggs binding in the symmetrically
opposed site to that of ATP binding. Interestingly, G inhibits AC activation by binding to the C1
domain interfering with the structural changes necessary for activation. Under basal conditions,
the enzymatic activity is blocked by a regulatory loop within the enzyme which restricts access to
the substrate binding pocket. In calcium-sensitive isoforms, Ca*/calmodulin binds to the

regulatory residues, opening the pocket for ATP binding (Halls & Cooper, 2017; Willoughby &
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Cooper, 2007).

Soluble adenylyl cyclases (AC10, or most commonly known as sAC) do not get activated by
the typical GPCR activity, but their activity is rather requlated by bicarbonate and ATP. They are
distributed throughout the cytoplasm and in specific cell compartments such as mitochondria,

nuclei or centrioles (Steegborn, 2014; Tresguerres et al, 2011).

Figure 1.4 Structure of the catalytic domains of an adenylyl
cyclase. Catalytic domains of adenylyl cyclase C1 (green) and C2
(cyan) in complex with forskolin, ATP, G«. Image from (Dessauer et
al,, 2017).

1.1.3 Effector molecules

Four main molecules are located downstream of cAMP: (1) protein kinase A (PKA), (2)
exchange protein directly activated by cAMP (EPAC), (3) cyclic nucleotide-regulated channels, (4)
phosphodiesterases (PDEs). In this section | will describe these molecules, as well as other key

players indirectly affected by cAMP.

Protein kinase A (PKA)

From all cCAMP effectors, protein kinase A has been the most extensively studied starting
with its discovery more than 50 years ago (Walsh et al, 1968). The structure of the PKA catalytic
subunit was the first protein kinase structure to be solved and its study has yielded an immense
body of knowledge about the working mechanism of similar enzymes (Knighton et al, 1991).
Alongside other protein kinases, PKA plays an important role in virtually every aspect of cellular
physiology, as PKA is able to phosphorylate other proteins (enzymes, channels, receptors,
transcription factors), either enhancing or reducing their function. Phosphorylation mediated by

PKA is tightly balanced by the dephosphorylation activity of protein phosphatases (PP), thus
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ensuring a precise regulation of intracellular processes.

Structurally, PKA is a tetramer made out of two regulatory subunits (PKA-R) and two
catalytic subunits (PKA-C) that are catalytically inactive in the absence of cAMP. When cAMP binds
to the PKA-R (two molecules of cAMP per subunit), the inhibitory hold on the PKA-C is released,
allowing the catalytic subunits to dissociate and phosphorylate Ser and Thr residues on PKA
target substrates (Roskoski, 2015) (Figure 1.5). PKA activity is limited by a protein kinase inhibitor
(PKI), an endogenous peptide that is present in all cell types. PKI inhibits PKA activity by binding to
PKA catalytic subunits in a manner similar to the PKA regulatory subunits, making them
enzymatically inactive (Liu et al, 2020). The activity of PKA is also tightly counterbalanced by
protein phosphatases (PP1 and PP2A), which dephosphorylate PKA substrates. PKA is able to
negatively regulate the activity of PPs by activating PP inhibitors (ie. DARPP32), but it can also
enhance the activity of PP2A by direct phosphorylation (Seberg & Skalhegg, 2018).

Figure 1.5 Structure of protein kinase A. Inactive (left) and active (right) conformations of PKA.
Catalytic domains are red, regulatory domains are blue. Bound cyclic AMP is marked with magenta. Image
from Protein Data Bank (entries 3tnp, 1j3h and 2h9r).

Besides binding and inhibiting the catalytic subunits, the regulatory subunits have the role
of anchoring PKA to AKAP proteins. A-kinase anchoring proteins (AKAP) are a family of scaffolding
proteins that bind and restrict the localisation of PKA, PDEs and even ACs to specific subcellular
locations, creating distinct signaling microdomains by coupling cAMP synthesis, degradation and
function (Kapiloff et al, 2014) (Figure 1.6). There are numerous AKAP isoforms (>70), and they bind
with different affinities to PDEs or ACs, some downstream effectors like EPAC and PKA, but also
non-cAMP pathway molecules (PKC, calcineurin, MAPK). By associating to anchoring proteins
(AKAPs), PKA is readily available close to its target substrates in specific cellular compartments.
Within the AKAP scaffold complexes, PKA can be found anchored to adenylyl cyclases or

phosphodiesterases, ensuring a tight regulation of cAMP signaling (Dessauer, 2009).
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Figure 1.6 AKAP signaling complexes. A-kinase anchoring proteins (AKAP) create signaling complexes
by binding and restricting the localisation of PKA and other proteins. Figure from ( Wong & Scott, 2004).

There are a large number of intracellular proteins that get phosphorylated by PKA, having
their function either enhanced or blocked. Such targets of PKA phosphorylation are NMDA and
AMPA receptors, adrenergic receptors, calcium channels, other kinases like ERK and PKG, actin
and other cytoskeletal proteins and even AC and PDEs (Howe, 2004; Joiner et al, 2010; Komagiri
& Kitamura, 2007; Murphy et al, 2014; Murphy & DellAcqua, 2014; Nam et al, 2021; Qian et al,
2012). One of the most investigated interactions of PKA is that with the transcription factor CREB.
Upon cAMP binding, catalytically active PKA-C translocates to the nucleus, where it will directly
phosphorylate the transcription factor CREB at Ser133 (Gonzalez & Montminy, 1989; Hagiwara et
al, 1993). CREB then binds to cAMP-responsive element (CRE), an eight base pair sequence that is
part of different gene promoters, initiating transcription of new genes for de novo protein
synthesis (Figure 17). A large number of genes contain CREs in their promoter and encode
proteins with various functions, including metabolism, transcription (cFos, Jun), neuropeptides
(enkephalin, VIP, somatostatin, vasopressin), cell cycle proteins (cyclins), growth factors (insulin,
BDNF) and proteins involved in immune regulation (Mayr & Montminy, 2001). Besides being
activated by PKA, CREB can be stimulated by other factors such as calcium and CaMKII/1V, insulin-
like growth factor that acts via p38/Ras pathway and others (Bonni, 1999; Riccio, 1999).
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Figure from (Altarejos & Montminy, 2011).

Exchange protein directly activated by cAMP (EPAC)

In comparison to PKA, EPAC is a recent discovery that revitalised the cAMP signaling field,
as PKA-independent effects have been previously reported (Pedarzani & Storm, 1995; Renstrom et
al, 1997; Shintani & Marunaka, 1996; Wolfgang et al, 1996). Two EPAC isoforms exist, each with
distinct tissue distribution: EPACL is ubiquitously expressed, whereas EPAC2 is present in the
central nervous system, pancreas and adrenal glands (Kawasaki et al, 1998). Upon cAMP binding
to the cyclic nucleotide-binding domain of the protein, EPAC becomes catalytically active.
Subsequently, EPACs activate their main downstream effector, the Ras superfamily of small
GTPases via a guanine nucleotide exchange (Figure 1.8). The Ras superfamily includes Rap1 and
Rap2, which are proteins that control numerous basic cell functions like cell adhesion, exocytosis,
cell differentiation, as well as the activity of other proteins (integrins, PLC, actin, RIM, ERK1/2)
(Roscioni et al, 2008).

The existence of two intracellular cAMP downstream effectors with overlapping tissue
distribution and mechanism of activation could enable a more precise control of cAMP signaling,
even within the same cellular compartment. Cyclic AMP activation of EPAC alongside that of PKA
provides a mechanism for differential intracellular biological responses starting from the same
hormone or neurotransmitter. Multiple studies have shown that within the same cell, the PKA and
EPAC pathways can elicit similar or opposing effects, demonstrating that the two pathways

display synergistic cross-talk as well as independent signaling actions (Cheng et al, 2008).
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Epac2

Figure 1.8 Structure and activation mechanism of Epacs. (top) Structurally, Epacs are composed of a
regulatory region (with one or two cyclic nucleotide-binding domains) and a catalytic region. (bottom)
Binding of cAMP to the regulatory domain opens up the protein and enables the interaction with the
substrate (Rap) and catalytic activity (stimulating the release of GDP to allow binding of GTP). Image from
(Bos, 2006).

Cyclic nucleotide-regulated cation channels

Cyclic nucleotide-regulated channels are a particular type of cAMP effector as they
represent the only non-enzymatic proteins directly modulated by cAMP binding. Cyclic nucleotide-
regulated channels are cation channels whose activation is directly regulated by binding of cAMP
or cGMP and leads to ion influx and membrane depolarisation. These channels are represented
by two different classes from the same superfamily: CNG (Cyclic Nucleotide-Gated) and HCN
(Hyperpolarization-activated, Cyclic Nucleotide-gated) (Figure 1.9). Structurally, both CNG and HCN
channels are tetrameric complexes, with each subunit consisting of a transmembrane channel
domain and a cytosolic cyclic nucleotide-binding domain on the C terminus. The transmembrane
domains are made up of six a helices and the channel’s pore is formed between helix 5-6 and the
pore loop. In the case of HCN channels, helix 4 has the role of voltage sensor, with positively
charged residues moving according to the electric field. This movement will result in
conformational changes within the channel protein, opening the pore and allowing ion flow
(Hofmann et al, 2005; Kaupp et al, 2002). In terms of ion selectivity, both CNG and HCN channels
pass monovalent cations like Na* and K*. CNG channels are also permeable to divalent Ca** ions,
whereas HCN channels’ permeability to calcium is very low. It was shown that at physiological
extracellular Ca** (25 mM), HCN channel’s calcium currents are ~0.5%, while for CNG channels

calcium accounts for 10-80% of ionic flow (Yu et al, 2007).

10
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Figure 1.9 Cyclic nucleotide-regulated cation
channels. Left: Phylogenetic tree of the cyclic
nucleotide-regulated channel family. Right:
Domain topology of CNG/HCN channels. Image
from (Biel, 2009).

The intracellular domains have a highly conserved cyclic nucleotide-binding domain. Due
to differences in a few key residues of the CNBD, the two types of channels have distinct cyclic
nucleotide selectivity. While HCN channels have a higher affinity for cAMP over cGMP, CNG
channels are highly selective for cGMP. In the case of CNG channels, binding of cyclic nucleotides
to the CNBD generates conformational changes that lead to pore opening. While CNG channels
only open upon cyclic AMP binding, HCN channels get activated at hyperpolarized voltages and
cAMP binding shifts the voltage dependence of the channel's activation. In the case of HCN
channels, the CNBD acts as an inhibitory domain in the absence of cAMP by interacting with the
channel’s pore. Cyclic AMP binding is not necessary for the channel's activation but when cAMP
binds, CNBD’s inhibitory effects are relieved, shifting the activation voltage of the HCN channel to
more positive values (Biel et al, 2009).

CNG channels are mainly expressed in retinal photoreceptors and in olfactory sensory
neurons, where their principal function is that of sensory transduction (Biel & Michalakis, 2007). In
more recent years, a widespread distribution of CNG channels in the brain (cortex, amygdala,
hippocampus) has been uncovered (Podda & Grassi, 2014). In the hippocampus, significant levels
of CNG channels (CNG1-4) have been identified in pyramidal excitatory neurons (Bradley et al,
1997; Ding et al, 1997; Kingston et al, 1996; Strijbos et al, 1999). Due to the difficulty of
electrophysiologically isolating the contribution of CNG channels, transgenic CNG-deficient
animals have been used to evaluate the role of CNG conductance to long term potentiation of
synapses (LTP) Interestingly, knocking out CNGA1 led to attenuated LTP after theta burst
stimulation (TBS) of hippocampal Schaffer collateral synapses, while CNGA3-deficient mice

presented an increased LTP at the same synapse but no difference to wild type animals in terms

11
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of spatial memory (Michalakis et al, 2011; Parent et al, 1998).

HCN channels come in 4 different isoforms that differ in speed of activation and cAMP
sensitivity. While HCN2 and HCN4 voltage dependency is highly modulated by cAMP, HCN1 and
HCN3 display little cAMP regulation (Kaupp et al, 2001). HCN channels are expressed in cardiac
cells and neurons, where they are responsible for a slow cation current (If (funny) or |h
(hyperpolarization)) that is generated by membrane hyperpolarization. In the heart, HCN channels
control heart beating in sinoatrial node cells. All four isoforms have been detected in different
brain regions, with HCN1 and HCN2 being the most expressed isoforms in the hippocampus (Seo
et al, 2015). The specific roles of HCN in hippocampal learning and memory have been mostly
investigated using HCN channel isoform-deficient transgenic mice. HCN1” mice show
performance increase in hippocampal-dependent learning and memory in the Morris water maze.
Interestingly, HCN1-deficient mice show enhancement of electrically-induced LTP at the synapse
between the entorhinal cortex and CA1, but not at the Schaffer collateral synapse. This synapse-
specific difference is thought to be due to the expression levels of HCN1 on CA1 dendrites, as
HCN1 expression is higher in more distal dendrites (corresponding to the site of entorhinal cortex
synapses) than on proximal segments where CA3 axons synapse (Nolan et al, 2004). In HCN2-
deficient mice, perforant path to CA1 LTP was enhanced but only in a global deletion model, not
when HCN2 was knocked out only from pyramidal neurons. In contrast to HCN1, HCN2 channels
do not modulate dendritic integration in pyramidal neurons, but set the activity of inhibitory
interneurons which will affect synaptic plasticity. Similarly to the HCN1 model, LTP was unaffected

at the Schaffer collateral synapse (Matt et al, 2011).

Phosphodiesterases (PDEs)

The intracellular concentration of cAMP is highly dependent on the balance between its
synthesis by ACs and its degradation by phosphodiesterases (PDEs). There are 11 known PDE
isoforms (and over 50 splice variants) that are differently expressed in distinct cell types and that
have different affinities to cAMP or cGMP. The affinity range for cAMP varies from 10-100 nM
(PDE3 and PDE8) to more than 10 pM (PDE1 and PDE2) (Bender & Beavo, 2006; Conti & Beavo,
2007; Manganiello et al, 1995). Some isoforms prefer to hydrolyze only cAMP (PDE4, PDE7, PDES8)
or cGMP (PDE5, PDE6, PDE9), while others hydrolyse both (PDE1, PDE2, PDE3, PDE10, PDE11)
(Table 1.2).
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Cyclic AMP as a signaling molecule

Within the same cell, multiple isoforms are expressed allowing the degradation of a wide
range of intracellular cAMP concentrations. Due to their relatively fast ke, PDEs limit cAMP
diffusion thereby contributing to cAMP gradients. This compartmentalisation of cAMP allows for
more specific cAMP signaling in terms of the spatio-temporal resolution. Furthermore, intracellular
cAMP gradients allow for differential activation of downstream pathways, based on cAMP
concentration in those compartments. PDE activity can also be directly inhibited by PKA (Sette &
Conti, 1996), as both PDEs and PKA localise within the same AKAP scaffold complex (Dodge-Kafka
et al, 2006). Additionally, distinct GPCR types can differentially activate specific PDEs (eg. in
myocytes 31AR activates PDE4D8 whereas [32AR activates PDE4D5 (Richter et al, 2008)). Similarly
to cAMP and PKA, PDEs are not uniformly distributed within a cell. Their subcellular localisation
depends on PDE’s interaction with AKAP scaffolds, as well as direct interaction with organelles or

the plasma membrane (Houslay, 2010).

Table 1.2 Substrate specificity and distribution of phosphodiesterase families.

Isoform family Substrate specificity Expression In
hippocampus
PDE1 cAMP / cGMP +
PDE2 cAMP > cGMP +
PDE3 cAMP > cGMP +
PDE4 cAMP + (except 40)
PDE5 cGMP +
PDE6 cGMP no expression
PDE7 cAMP +
PDES8 cAMP + (except 8A)
PDE9 cGMP +
PDE10 cAMP > cGMP +
PDE11 CAMP / cGMP +
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1.2 Cyclic AMP signaling in the hippocampus

1.2.1 The hippocampal structure

The hippocampus is a brain structure embedded deep in the temporal lobe. It received its
name when the 16th century anatomist Arantius compared its shape to that of a sea-horse. The
subsequent nomenclature “Cornu Ammonis’ (due its resemblance to the horns of the
Greek/Egyptian god Amun) is currently used to name the different regions of the hippocampus
(CA1, CA2, CA3). While being 100 times smaller in volume compared to the cerebral cortex (Gilbert
& Brushfield, 2009), studying the hippocampal formation has had a pivotal role in how we
understand complex cognitive processes such as learning and memory. In part due to its
surprisingly simple structure, the hippocampus continues to be an ideal model system for
neurobiological research. Throughout the years, different roles have been attributed to the
hippocampus, ranging from olfaction to reason, emotion and motor function. Although it was first
reported as early as 1889 (Brown & Sharpey-Schafer, 1889), memory didnt become a clear
function of the hippocampus until the late 1950’s due to the now-famous patient Henry Molaison,
who was unable to form new memories after having the hippocampi surgically removed (Scoville
& Milner, 1957).

The hippocampus is an unique brain area and distinctive from other cortical structures
due to its cytoarchitecture and circuitry (Figure 1.10). It is also one of the few brain regions that
receives highly processed inputs from a multitude of sources. Anatomically, it is composed of
several subdivisions: the Aippocampus proper (which includes areas CA1, CA2, CA3, CA4), and the
dentate gyrus (Andersen et al, 2006). Hippocampal circuitry is remarkable in its architecture, as
complex memory-related processes are computed through just a few synaptic connections. The
main afferent input to the hippocampus is received from the cortex, via axons of the entorhinal
cortex that project to the dentate gyrus (the perforant pathway). In terms of efferent pathways, the
main output of the hippocampus are the connections between area CA1 and the subiculum, which
in turn will project to other non-hippocampal regions such as the entorhinal cortex, amygdala, and
other brain areas.

Within the hippocampus, the intrinsic circuitry is relatively simple, with the key features of
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Cyclic AMP signaling in the hippocampus

unidirectionality and orderliness of its connections. Simply put, neurons of the dentate gyrus send
mossy fibers to CA3 area neurons that do not project back to the dentate gyrus. From here, part of
CA3 neurons project to the opposite side of the hippocampus via the corpus callosun, while the
rest connect unidirectionally to neurons in area CALl via the Schaffer collaterals. From area CA1L

projections leave the hippocampus, connecting to subiculum cells.
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Figure 1.10 The hippocampus. (Left) Rat hippocampal formation; modified from (Burwell et al.,, 1995).
(Right) Neuronal projections within the hippocampus: input reaches the hippocampus through the
entorhinal cortex (EC) whose cells give rise to projections to the dentate gyrus (DG). DG projects to the
CA3 region, which in turn provides the major unidirectional input to the CA1 neurons. The processing
loop is closed in area CA1, whose neurons project not only to the EC, but also to the subiculum.

Most hippocampal substructures are characterised by a laminar cytoarchitectonic
organisation. The dentate gyrus is divided into three layers, namely a molecular layer, a granule
cell layer and a polymorphic layer. The principal excitatory neurons of the dentate gyrus, the
dentate granule cells, are tightly packed together within the granule cell layer. Areas of the
hippocampus proper are distinguished from the dentate gyrus by their multiple layer organisation.
Going from deep and towards the superficial layers one can find the alveus, stratum oriens,
stratum pyramidale, stratum radiatum and stratum lacunosum-moleculare Additionally, areas CA3
and CA2 have a stratum lucidum between str. pyramidale and str. radiaturm (Amaral et al, 2007).
The only excitatory neurons in areas CA1-CA2-CA3 are the pyramidal neurons, with their cell
bodies tightly packed within the str. pyramidale Their basal dendrites occupy most of str. oriens,
while their apical dendrites stretch across str. radiaturm and str. lacunosum-moleculare. Dentate
granule cells project onto CA3 and CA2 dendrites within str. /ucidum, CA3 collaterals connect to
CA2 and CA1 dendrites mainly in str. radiaturmn, CA2 axons connect to CAl pyramidal neuron in str.

oriens, while CA1 sends its axons to subiculum through str. oriens (Dudek et al, 2016).

15


https://paperpile.com/c/JqaI1e/l8Sw
https://paperpile.com/c/JqaI1e/efwb
https://paperpile.com/c/JqaI1e/qDCI

1 Introduction

1.2.2 Synapses and hippocampal synaptic plasticity

The synapse: unit of information transfer

An excitatory synapse is composed of a presynaptic component (bouton), a postsynaptic
component (dendritic spine) and a surrounding astrocyte. Simply put, if the synaptic inputs
generate a change in the membrane potential at the presynaptic neuron’s hillock region that is
large enough, an action potential will be generated. It will travel along the axon via the voltage-
gated sodium channels until it reaches the axon terminals or synaptic boutons. Here, the
depolarisation will lead to calcium influx through the opening of voltage-gated calcium channels.
In a calcium-dependent process, synaptic vesicles filled with the neurotransmitter glutamate will
fuse to the active zone of the presynaptic bouton, releasing the neurotransmitter molecules into
the synaptic cleft, the ~20 nm space between the presynaptic and the postsynaptic membrane
compartments. Glutamate will diffuse across the synaptic cleft and bind to specialized
postsynaptic receptors. The most relevant to the process of fast excitatory synaptic transmission
are the AMPA receptors, ionotropic glutamate receptors that open upon glutamate binding,
leading to an influx of positively charged ions into the postsynaptic dendritic spine. The
depolarisation mediated by AMPA receptors, together with that of NMDA receptors (will be
described in detail below), represents the excitatory postsynaptic potential (EPSP) that integrates
with EPSPs from other synaptic sites in the dendritic tree. If their summation surpasses the firing

threshold at the axon hillock, the process starts all over again (Figure 1.11).

Action potential in Depolarization Ca* elevation Ca* binds to Glutamate passes
bouton generated opens Ca** occurs in synaptotagmin through fusion
by opening of channels microdomain causing opening pore and diffuses
Na* channels of fusion pore in the cleft

Presynaptic
bouton

—_— —_—

Dendritic +
spine

+K )
—Opening of

AMPA channel

generates EPSC

Figure 1.11 Simplified working mechanism of chemical synaptic transmission. Image from (Lisman
etal., 2007).
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Cyclic AMP signaling in the hippocampus

Synaptic plasticity

Starting with patient Henry Molaison, the role of the hippocampus has been closely
associated with that of learning and creation of memories, as after the removal of both his
hippocampi, Henry Molaison suffered not only from amnesia, but he was unable to form new
memories (Scoville & Milner, 1957). Multiple mechanisms of learning and memory have been
proposed over the years, starting with Ramon y Cajal who proposed that memories are encoded
in synaptic connections (Ramoén y Cajal, 1909). The concept of potentiation was named and
proposed by Jerzy Konorski in 1948 (Konorski, 1948) and formulated by Donald Hebb in 1949 with
his now famous quote “When an axon of cell A is near enough to excite cell B and repeatedly or
persistently takes part in firing it, some growth process or metabolic change takes place in one or
both cells such that A’s efficiency, as one of the cells firing B, is increased” (Hebb, 2005). The first
experimental evidence of long-lasting changes in the strength of synapses in mammals came
only in 1973, when Bliss and Lomo observed that a brief high-frequency stimulation of the
perforant pathway inputs to the dentate gyrus results in a sustained enhancement of synaptic
transmission (Bliss & Lomo, 1973) (Figure 1.12). Nowadays, it is generally accepted that the synapse
represents the location of memory storage and that synaptic plasticity is the molecular

mechanism that allows for memories to be stored in the brain.

g

W
8

8

Amplitude of pop e.p.s.p.

Figure 1.12 First experimental evidence of long-term potentiation in mammals. Left: placement of
stimulation and recording electrodes in the hippocampus of an anaesthetized rabbit. Right: high-
frequency stimulation of the perforant pathway induces an increase in the responses recorded in the
dentate granule cell layer. Image taken from (Bliss & Lomo, 1973).

The process of long term potentiation (LTP) modifies the way information flows through
neuronal circuits. It represents an activity-dependent persistent change in the synaptic strength

between two neurons, altering the way in which information is encoded. Information processing
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1 Introduction

relies on efficient communication between different brain regions but for learning additional
associations need to be created. This is thought to be done through connectivity changes that
shape the output of circuits (Basu & Siegelbaum, 2015; Lischer & Malenka, 2012). Since its
discovery in the hippocampus, LTP has been observed in multiple other brain areas and it is
thought to represent the fundamental mechanism of learning and memory in the brain (Bliss et

al, 2018).

General molecular mechanism of LTP in the hippocampus

Hippocampal long term potentiation has been the most studied and characterised form of
plasticity, partly due to the properties of hippocampal circuitry and the possibility of making and
recording from acute slices with conserved intrinsic hippocampal connectivity. Long term
potentiation is characterised by an early stage 3 hours), where pre-existing proteins are
modified, and a late stage (> 3 hours), in which new proteins must be synthesized in order to
sustain the structural changes necessary for the prolonged enhancement of synaptic
transmission (Kandel, 2001; Sweatt, 1999). Long term potentiation is also defined by three distinct
mechanisms in terms of its /nduction, expression and maintenance (Malenka & Bear, 2004).

The most studied and understood type of hippocampal LTP is NMDAR-dependent LTP, a
plasticity mechanism that defines entorhinal cortex-dentate gyrus synapses, as well as CA3-CA1
synapses. It is defined by cooperativity, associativity and input specificity (Luscher & Malenka,
2012) (Figure 1.13). An exception to this typical Hebbian LTP is the dentate gyrus to CA3 synapse,
where postsynaptic activity is not required for potentiation. Here, LTP is induced by presynaptic
activity and modulation of transmitter release.

At the forefront of hippocampal Hebbian LTP is the NMDA receptor, a glutamate receptor
subtype with unique properties (Morris, 2013). In contrast to AMPA receptors, NMDA receptors do
not get activated when glutamate binds, unless the membrane is depolarised enough to
eliminate their Mg?* block. Additionally, they are highly permeable to calcium and display slower
kinetics than AMPA receptors upon glutamate binding. Upon a strong enough stimulus, the
depolarisation triggered by AMPA receptors is sufficient to open the NMDA receptors, increase
intracellular calcium concentration and /nduce LTP of that particular connection (input specificity).
NMDA receptors act as coincidence detectors, as their activation requires strong presynaptic

activity as well as sustained postsynaptic depolarisation. A sufficient amount of inputs need to be
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Cyclic AMP signaling in the hippocampus

activated in order for LTP to be induced (cooperativity), which might be a mechanism used to filter
relevant information-containing stimuli. Additionally, weak stimuli that would not be sufficient to
trigger LTP on their own can be enabled by stronger stimuli, as long as their timing coincides

(associativity) (Citri & Malenka, 2008).

Cooperativity Input specificity Associativity

Weak Strong
input (W) input (S)

Inactive input (I) wW

Active input (A) S
E— —_—

PN N
O A _/L _/\ O S _N J\ O
Before  After Before  After
Before  After Before  After

Figure 1.13 Basic properties of long-term potentiation. Image from (Malenka, 2003).

Due to the multiple molecular components of LTP, as well as ways to induce and
investigate it, there is no clear consensus about the molecular mechanism of expression
(Kerchner & Nicoll, 2008; Lisman, 2009). However, experimental evidence suggests that
expression mechanisms affect the probability of neurotransmitter release (presynaptic expression
locus) or the ion conductance and the number of AMPA receptors (postsynaptic LTP expression)
(Bliss & Collingridge, 2013) (Figure 114). The expression of NMDA-dependent LTP depends on the
calcium ions that flood the dendritic spine upon NMDA receptor activation (Bliss & Collingridge,
1993). Calcium will bind to calmodulin and the Ca*/calmodulin (Ca**/CaM) complex will act as a
second messenger by activating numerous proteins, including CamKiIl, PKC and adenylyl cyclases
(Lisman et al, 2002; Malenka & Nicoll, 1999; Sweatt, 2004; Thomas & Huganir, 2004; Yasuda et al,
2003). The activity of these enzymes is critical for the early phase of LTP, as AMPA and NMDA
receptors get phosphorylated resulting in an increase in conductance and open probability.
Furthermore, new AMPA receptors get trafficked to the postsynaptic density (Bredt & Nicoll, 2003;
Song & Huganir, 2002). Presynaptic changes that enhance synaptic vesicle exocytosis might also
contribute to the expression of LTP (Emptage et al, 2003). Since the induction is a postsynaptic
event, retrograde messengers like NO, BDNF or adhesion proteins need to communicate from the

postsynaptic cell to the presynaptic terminals (Castillo, 2012; Zakharenko et al, 2003).
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Figure 1.14 Potential expression mechanisms for LTP. Image from (Bliss & Collingridge, 2013).

The transition between the early and the late phase of LTP is done through kinase-
dependent (PKA, ERK) activation of transcription factors (e.g. CREB) and initiation of protein
synthesis, enabling the creation of new proteins necessary for the maintenance of LTP (Abraham
& Williams, 2003; Matsuzaki et al, 2004; Silva et al, 1998; Yuste & Bonhoeffer, 2001). Interestingly,
multiple other studies have shown that the late phase of LTP does not require the synthesis of
new proteins, in contrast to the classical rules of LTP induction and maintenance (Rudy, 2008;
Villers et al, 2012).

Almost 50 years since the “discovery” of LTP by Bliss and Lomo, there are still unanswered
questions about its precise molecular mechanisms. There have been hundreds of molecules
identified as having a role in LTP, but it is unclear if they mediate LTP or are merely modulators
(Sanes & Lichtman, 1999) (Figure 115). However, multiple expression mechanisms for LTP have

been shown to exist indicating that multiple intracellular pathways might be involved in the
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Cyclic AMP signaling in the hippocampus

induction of LTP (Lisman et al, 2003). The debate regarding the locus of expression in NMDA-
dependent LTP also remains unsettled, as retrograde signaling could allow for a postsynaptic
induction but presynaptic expression mechanisms that influence transmitter release. However,
most retrograde molecules that could sustain the presynaptic expression hypothesis have not

been successfully demonstrated in experimental settings (Castillo, 2012; Pigott & Garthwaite,

2016; Pigott, 2012).
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1.2.3 Synaptic changes mediated by cAMP

Presynaptic cAMP-mediated changes in LTP

Perhaps the best-characterised form of presynaptic potentiation is found at the synapse
between dentate gyrus granule cells and hippocampal CA3 pyramidal neurons. Here, LTP is
NMDA receptor-independent, relies on presynaptic cAMP and PKA signaling and results in
changes in release machinery (Bliss & Collingridge, 2013; Castillo, 2012; Nicoll & Schmitz, 2005;

Yang & Calakos, 2013) (Figure 1.16).
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Figure 1.16 Simplified diagram of the induction and
SR TR RS ABE expression of presynaptic LTP. Image from (Kauer &
neurotransmitter release Malenka, 2007).

The activation of adenylyl cyclases with the diterpene forskolin increases synaptic
transmission at the mossy fiber synapse and occludes electrically induced LTP (Weisskopf et al,
1994). Furthermore, inhibiting the activity of PKA regulatory or catalytic subunits blocked the
induction of electrically stimulated LTP (Weisskopf et al, 1994). A reduction in the paired-pulse
facilitation during the forskolin-stimulated enhancement of transmission argues for a presynaptic
locus of expression. Additionally, the requirement for cAMP signaling in presynaptic mossy fiber
LTP has been reconfirmed in studies using transgenic mice. While Schaffer collateral LTP is
unchanged in adenylyl cyclase 1-deficient mice, mossy fiber electrically-induced LTP is impaired,
but can be partially recovered using forskolin to stimulate the cAMP synthesis by other adenylyl
cyclase isoforms (Villacres et al, 1998; Weisskopf et al, 1994). Furthermore, mossy fiber LTP is

impaired in PKA-deficient mice and synaptic transmission cannot be enhanced with the
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application of forskolin (Huang et al, 1995). This shows that cCAMP-PKA signaling is necessary and
sufficient to enhance synaptic transmission at the mossy fiber synapse through presynaptic
mechanisms.

Mechanistically, presynaptic Ca** activates the production of cAMP at the terminals via
Ca**/CaM-sensitive adenylyl cyclases. This increase in cAMP will activate PKA which will
phosphorylate presynaptic proteins, leading to an enhanced glutamate release (Nicoll & Schmitz,
2005). The expression mechanism of cAMP-dependent presynaptic LTP has been linked to
changes in release machinery and size of the active zone rather than to changes in the
probability of release (Orlando et al, 2021). From all presynaptic proteins involved in synaptic
vesicle exocytosis that get phosphorylated by PKA, the active zone protein RIM1a has emerged as
a key player in the expression of presynaptic LTP (Castillo et al, 2002). RIM1a is a scaffold protein
located in the presynaptic active zone that interacts with other proteins that regulate vesicle
exocytosis, including Rab3A and synaptotagmin-12 (Castillo et al, 1997; Kaeser-Woo et al, 2013;
Monday et al, 2018). It has been shown that an increase of PKA-dependent phosphorylation of
RIM1ia leads to LTP in the cerebellum and amygdala (Chevaleyre et al, 2007; Fourcaudot et al,
2008; Lonart et al, 2003). In the hippocampus, while baseline synaptic transmission is unaltered
in RIM1o-deficient mice, mossy fiber LTP cannot be induced (Castillo et al, 2002). However, there
have been studies which show that PKA-dependent RIM1a phosphorylation might not actually be
necessary for mossy fiber LTP (Kaeser et al, 2008).

The main constraints in identifying the exact molecular players in presynaptic LTP are the
small size of the boutons and inaccessibility for chemical or electrophysiological manipulations.
Additionally, neurotransmitter release is a complex process that requires multiple molecules and

thus, there are many possible points of regulation (Castillo, 2012).

Postsynaptic cAMP-mediated changes in LTP

NMDA-dependent LTP at Schaffer collateral synapse is perhaps one of the most studied
molecular processes in the brain. While the detailed molecular signaling cascades are not
completely understood, since the early 1990s a large body of work has focused on elucidating
cAMP’s contribution to long-term potentiation at Schaffer collateral synapse. The first studies
linked key processes in NMDA-dependent potentiation with PKA activity. Patching cultured

hippocampal neurons with PKA catalytic subunit in the pipette increased AMPA currents when
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glutamate was delivered, effect which could be replicated with the cAMP analogue Sp-cAMPS or
with forskolin, a stimulator of endogenous adenylyl cyclases. Additionally, inhibiting PKA reversed
this enhancement (Greengard et al, 1991 Wang et al, 1991). Soon after, PKA was uncovered as a
component of the molecular mechanisms that generate the late stage of LTP. By pre-incubating
the slice with inhibitors of PKA, the late phase of LTP was completely blocked, as field excitatory
postsynaptic potentials decayed to baseline with a time course similar to when protein synthesis
blockers are used (Frey et al, 1993; Huang & Kandel, 1994). More evidence linking cAMP mediation
of late LTP came when it was shown that perfusing cAMP analogues or forskolin (to stimulate
cyclase activity) was sufficient to induce potentiation and that this effect was blocked when
inhibitors of protein synthesis were pre-incubated (Frey et al, 1993). Since these early findings,
numerous studies have demonstrated the critical role cyclic AMP and its signaling pathway have
in plasticity related processes (Figure 1.17). These studies have been carried out mostly by the use
of pharmacology, either stimulating the production of cAMP or blocking elements of its pathway.
Investigations using transgenic animals and more recently, optogenetic tools, have offered a
more nuanced and precise manipulation. Subchapter 1.3 of the Introduction will present the most
popular strategies for manipulating cAMP and controlling elements of its signaling pathway.

At the present moment, the general consensus is that cAMP signaling mediates the early
phase of potentiation and gates its conversion to late LTP. Upon sustained presynaptic
stimulation, the rise in postsynaptic calcium activates CaMKIl and some subtypes of adenylyl
cyclases, triggering cAMP production. Cyclic AMP will activate PKA which together with CaMKI|
will be responsible for most cellular changes involved in the acute enhancement of postsynaptic
responses. To promote the expression of early LTP, PKA phosphorylates AMPA receptors,
increasing their conductance (Park et al, 2021; Renner et al, 2017), as well as stimulates AMPA
receptor insertion into the synapse (Diering et al, 2016; Esteban et al, 2003; Purkey & DellAcqua,
2020). An additional mechanism supposes that the activation of PKA inhibits protein
phosphatases via protein phosphatase inhibitors, augmenting the activity of other kinases
(Woolfrey & DellAcqua, 2015).

Perhaps the most well known and accepted role of cAMP is that of gating the conversion
of early LTP to late LTP. The early stages of long term potentiation, namely 1-3 hours after the
induction, rely mostly on modifying the activity of pre-existing proteins. In contrast, the late stages
of potentiation can last for hours, days, and even more, and are accompanied by structural

changes that depend on gene transcription and de novo protein synthesis. The cAMP-PKA
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signaling pathway is considered the critical link in developing long lasting potentiation. Once
activated by cAMP, the catalytic subunits of PKA translocate to the nucleus where they directly
phosphorylate the transcription factor CREB, effectively initiating the transcription of CRE-
associated genes. A large number of genes encoding proteins involved in plasticity-related
processes are regulated by CREB, including cfos, jun, BDNF, zif268 (Barco et al, 2002; Deisseroth
et al, 1996).

The role of cAMP signaling pathway role in the expression of NMDA LTP at Schaffer
collateral synapse have come from experiments using a LTP induction protocol without high
frequency electrical stimulation of the pathway, but chemical wash-in of cCAMP elevating drugs,
such as forskolin. Through this protocol, named “chemical LTP”, one can directly induce the late
stages of LTP, as protein synthesis inhibitors do not block its induction (Bolshakov et al, 1997;
Duffy & Nguyen, 2003). Some experimenters reported the need of adding cAMP
phosphodiesterase inhibitors to the pharmacological cocktail in order to observe sustained
potentiation induction (Otmakhov et al, 2004). While the necessity of synaptic activity and
postsynaptic calcium entry is an accepted mechanism of LTP induction, it has been found that
chemical LTP can occur both in the absence or presence of stimulation (Bolshakov et al, 1997;
Duffy & Nguyen, 2003; Frey et al, 1993; Lu & Gean, 1999; Otmakhov et al, 2004). Interestingly,
while using forskolin to potentiate the Schaffer collateral synapses unto CAL measurements of
miniature spontaneous presynaptic release events revealed an increase in their frequency,
hinting at a presynaptic locus of expression (Carroll et al, 1998; Chavez-Noriega & Stevens, 1994;
Sokolova et al, 2006). However, the presynaptic locus idea was later challenged and the
frequency increase explained as due to the recruitment of new AMPA receptors in “silent
synapses”, which due to their lack of AMPA receptors when chemically unstimulated, would not
elicit measurable postsynaptic potentials (Kerchner & Nicoll, 2008; Sokolova et al, 2006). While
classical experiments have revealed multiple molecules involved in cAMP-dependent synaptic
transmission enhancement, the methodologies used lack spatial and temporal resolution.
Chemical and electrical stimulation do not represent physiological stimulation patterns that
happen /n vivo. Additionally, an all-chemical approach disregards important spatial information,
such as cell type (not only principal excitatory neurons are affected, but also inhibitory neurons, as
well as glial cells), synaptic compartment (one cannot easily target the drug to the pre or
postsynaptic neuron only), or subcellular compartments (pharmacology cannot differentially elicit

its effects within the same cell). Furthermore, one cannot target a single cell, all findings being
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derived from studies of cell populations. But perhaps the most concerning aspect is related to the
multitude of non-specific effects of pharmacological agents used. Without proper controls,

interpretation of the results is difficult to correctly formulate.
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1.2.4 Hippocampal neuromodulatory inputs that work via cAMP

signaling

Properties of fast excitatory and inhibitory transmission can be altered by the release of
neurotransmitters from long-range modulatory projections coming from extra-hippocampal
sources. Activation of synaptic modulatory receptors on the presynaptic or postsynaptic side
alters the way synaptic information is transmitted or processed. The hippocampus receives dense

modulatory input from other brain regions, influencing a large range of functions, including cell
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excitability, synaptic transmission, action potential firing, resting membrane potential, and
synaptic input integration. All modulatory neurotransmitters act by binding to G protein-coupled
receptors, triggering intracellular signaling cascades. Gs or Gi-coupled receptors will either lead to
stimulation or inhibition of adenylyl cyclases, modulating intracellular cAMP levels. Some
neurotransmitters whose receptors bind to Gs/Gi are acetylcholine, norepinephrine, dopamine,
serotonin (Figure 1.18). Although the topic of my PhD work does not include extra hippocampal
modulatory input stimulation, these inputs exist /n vivo and affect synaptic transmission through
cAMP signaling. In this subchapter | give a brief overview of four main modulatory inputs to the

hippocampus that modulate neuronal activity in a cCAMP-dependent manner.

Dopaminergic fibers Noradrenergic fibers

Figure 1.18 Neuromodulatory projections to the hippocampus. (Left) Location of nuclei containing
the cell bodies that give rise to neuromodulator projections for Acetylcholine (Ach), Dopamine (DA),
Serotonin (5-HT) and Noradrenaline (NA). Sagittal (top) and Coronal (bottom) sections. Data from Allen
Brain Atlas for mouse brain. (Right) Images of neuromodulatory projection fibers within the
hippocampus. Image from (Palacios-Filardo & Mellor, 2019).

Acetylcholine

Long thought to establish a diffuse, volumetric method of transmission (i.e. release from
axon terminals into extracellular space rather than at synapses (Descarries et al, 1997; Takacs et
al, 2018), cholinergic fibers arise from the medial septum and diagonal band of Broca and release
acetylcholine into the hippocampus, affecting multiple cells and cellular compartments.

Acetylcholine (ACh) acts via nicotinic and muscarinic receptors, which are differentially expressed
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in hippocampal principal cells and interneurons, as well as astrocytes (Dannenberg et al, 2017).
While the nicotinic acetylcholine receptor is a non-selective, cationic ionotropic receptor (that
enhances depolarization in neurons and release of D-serine in astrocytes, facilitating LTP
induction (Kalappa et al, 2010; Papouin et al, 2017)), the muscarinic AChR is a metabotropic
receptor, acting via G protein interaction.

From the five subtypes of muscarinic receptors, M1, M3 and M5 are coupled to Gq proteins,
while M2 and M4 are coupled to Gi/o subtypes (Wess, 2003). Activation of M2 and M4 receptors
leads to an inhibition of adenylyl cyclases and thus a reduction of intracellular cAMP production. In
the hippocampus, 30-50% of all muscarinic receptors are M2 and M4 subtypes, with M2 being
expressed only in interneurons (Levey et al, 1995). The Gi-coupled M4 subtype is preferentially
expressed at glutamatergic terminals and it modulates presynaptic inhibition at Schaffer
collaterals /n vitro and in vivo (Dasari & Gulledge, 2011; Hasselmo & Giocomo, 2006; Shirey et al,
2008). Interestingly, muscarinic presynaptic inhibition affects only CA3 to CA1 synapses, not the
synaptic connection between EC and CAL, suggesting that acetylcholine modulates a differential

spread of activity within the hippocampus (Hasselmo & Giocomo, 2006).

Norepinephrine

Noradrenergic fibers arise mainly from Locus Coeruleus (LC), a small nucleus in the
brainstem that gets activated by novelty or arousal stimuli. Noradrenergic fibers project almost
ubiquitously throughout the brain, in both cortical and subcortical areas. Upon release,
norepinephrine (NE) binds to the post- or pre-synaptically expressed noradrenergic receptors (o,
o, B and B,) (AR). All four subtypes are expressed in the hippocampus and all couple to G proteins
(Guo & Li, 2007). The o-adrenergic receptors signal via either Gq or Gi proteins, while 3-adrenergic
receptors couple to Gs-type of G proteins (Hussain et al, 2021, O’Dell et al, 2015). In the
hippocampus, norepinephrine binding to B-ARs facilitates synaptic plasticity and memory
consolidation (Izquierdo et al, 1998; Murchison et al, 2004; Qi et al, 2008). Furthermore, the
activation of 3-ARs by norepinephrine at excitatory synapses enhances LTP induction when using
a single train of 100 Hz stimulation, theta burst stimulation or spike-time dependent plasticity
induction protocols (Gelinas & Nguyen, 2005; Hansen, 2017; Makino et al, 2011; Nguyen & Connor,
2019; Nguyen & Gelinas, 2018; Qian et al, 2012). Thus, activation of B-ARs has the role of lowering

the threshold for LTP of weak stimuli or patterns of activity.
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The underlying molecular mechanisms of 3-AR activation starts with cAMP production,
which will phosphorylate a number of targets, including a suppressor of protein-phosphatase 1,
thus facilitating kinase activity (Brown et al, 2000). Additionally, B-AR dependent PKA activation
modulates NMDA receptor signaling, as their phosphorylation by PKA can increase the channel’s
open probability and permeability to Ca** (Murphy et al, 2014). Another mechanism suggests that
B-AR signaling works by promoting AMPA receptor phosphorylation, as AMPA receptors have
been found to form complexes with 3,-ARs, PKA and adenylyl cyclases (Joiner et al, 2010; Tenorio

et al, 2010).

Dopamine

The hippocampus receives modulatory input from the brain stem also in the form of
dopaminergic projections that arise from the ventral tegmental area and from substantia nigra
pars compacta (Gasbarri et al, 1997; Scatton et al, 1980). While most hippocampal excitatory
neurons express dopamine receptors, area CAl receives the most dopaminergic projections.
Pyramidal neurons in area CAl express dopamine receptors more abundantly in stratum
lacunosum-moleculare than in stratum radiatum, suggesting that these modulatory inputs are
less important for Schaffer collateral-CAl synapses but rather for entorhinal axons that synapse
not only onto the dentate gyrus, but also onto CA1l neurons. Dopamine acts on metabotropic
receptors that are positively or negatively coupled to adenylyl cyclases. Activation of receptors of
the "D1-like” subtype (D1 and D5) have the net effect of stimulating adenylyl cyclases, while "D2-
like” subtypes (D2, D3, D4) inhibit their activity. The distribution of dopamine receptor subtypes is
heterogenous, with particular subtypes being present more often in specific hippocampal areas
and dendritic compartments (e.g. D1/D5 receptors are more dense in CAl than in other areas, but
have different distributions in the basal and apical dendrites of CA1 neurons) (Edelmann &
Lessmann, 2018).

The activation of dopamine receptors that upregulate intracellular cAMP has been linked
with the induction of protein-synthesis dependent late stage of LTP in the hippocampus, more
specifically in area CA1 (Lisman & Grace, 2005). Blocking dopamine receptors during strong
tetanic stimulation blocks the consolidation of early LTP to late LTP (Frey et al, 1990; Huang et al,
1995; Matthies et al, 1997; but also Mockett et al, 2004), while activation of these receptors

facilitate the conversion. Recent experiments using modern techniques have confirmed that
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dopamine and activation of its receptors in the hippocampus promote memory storage during
spatial learning (Espadas et al, 2021; McNamara et al, 2014). Furthermore, an optogenetic release
of dopamine onto CA1 from the VTA results in opposing physiological effects that depend on the
pattern/volume of dopamine being released (low levels depressing the Schaffer collateral-CA1
synapse, while high levels of release potentiating transmission) (Rosen et al, 2015). The effects of
dopamine innervation of the hippocampus (particularly the CA1) are still not fully understood. Due
to the lack of specific agonists and antagonists, the contributions of specific receptor subtypes
could not be precisely determined until now. Furthermore, activation of dopamine receptors has
been linked with non canonical, cAMP-independent signaling pathways (Beaulieu & Gainetdinoy,

2011).

Serotonin

Another monoamine being released in the hippocampus from the brain stem is serotonin
(5-HT), which originates from diffuse projections of the median raphe nucleus (Moore & Halaris,
1975). In the hippocampus, serotonergic axons are found predominantly in area CA3, with the
lowest density in CAL Serotonin elicits its effects on hippocampal cells by binding to serotonin
receptors, that are either GPCRs (families 5-HT, » 4-) or ligand-gated ion channels (5-HT5). Serotonin
receptors couple to different G protein subtypes, with 5-HT, 5 being coupled to Gi, thereby
inhibiting adenylyl cyclases, and 5-HT, 6 ; to Gs, leading to an elevation of intracellular cAMP
(Bockaert et al, 2006). The effects of 5-HT in the hippocampus are cell type and receptor subtype
specific, as serotonin facilitates or attenuates LTP in CAL is inhibitory at mossy fiber-CA3
synapses, while also activating interneurons (Corradetti et al, 1992; Otmakhova & Lisman, 2006;

Staubli & Xu, 1995; Twarkowski et al, 2016; Varga et al, 2009; West et al, 2009).
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1.3 Approaches to investigate cAMP signaling

1.3.1 Pharmacology

Concrete advances in drug development that are able to translate current knowledge
about cAMP signaling into pharmacological agents have proven to be challenging. This is due to
the complex nature of the cAMP signaling pathway, as intracellular cAMP concentration can be
modulated directly and indirectly by a vast pool of molecules like ions (Ca*), neurotransmitters
and modulators, G protein-coupled receptors, enzymes (Gq/Gq, AC, EPAC, PKA, PDE) (see
subchapters 1.1.2 and 1.1.3). Pharmacological manipulation of cCAMP signaling has focused on drugs
that stimulate adenylyl cyclases to produce cAMP, inhibit its degradation by phosphodiesterase

antagonists or that target its most studied effector, protein kinase A (Figure 1.19).

FSK
NHka7y > Adenylyl cyclase
AMP cAMP ATP
BMX . PDE
rolipram
Rp-cAMP
o~ PKA
PKl-amid Figure 1.19 Most used pharmacological agents for
amice perturbing cAMP signaling pathway.
Forskolin

The most widely used stimulator of endogenous adenylyl cyclases is the diterpene
forskolin. It is extracted from the root of the plant Coleus barbatus (or Coleus forskohlih and it has
been used for centuries in Ayurvedic traditional medicine to treat a number of affections,
including cardiovascular diseases, pain, asthma or weight gain (Alasbahi & Melzig, 20104, 2010b).

Forskolin is an unselective activator of almost all adenylyl cyclase isoforms, except for AC9
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and the soluble AC10 (sAC). The catalytically active site of any tmAC is created by the interaction
between its cytosolic domains in the correct orientation. The binding of Ggs or forskolin to the
interface between the two domains induces a catalytically active conformational change. The
equivalent of the forskolin binding site in the case of sSAC is a bicarbonate binding site, which is
too small to accommodate forskolin, making sAC insensitive to forskolin (Alasbahi & Melzig, 2012;
Dessauer et al, 2017; Halls & Cooper, 2017; Pierre et al, 2009; Pinto et al, 2008). The distinct
feature of forskolin of directly activating adenylyl cyclases (in comparison to drugs that lead to
intracellular cAMP elevation via indirect mechanisms like GPCR activation), as well as it being one
of the few naturally-occurring AC stimulators, established forskolin as the most used
pharmacologic agent in cyclic AMP signaling investigation.

Due to forskolin’s low water solubility, derivatives with better aqueous solubility have
been developed, such as NKH477 (Sengupta & Mehta, 2018). While this new water-soluble
compound is more suitable for various /n vivo treatments in comparison to DMSO-soluble
forskolin, it cannot cross the blood-brain barrier and it appears to have different affinities to
adenylyl cyclase subtypes than its predecessor (Alasbahi & Melzig, 2010b). NKH477 is found on

the Japanese market as an approved drug for the treatment of acute heart failure and glaucoma.

Inhibitors of phosphodiesterase (PDEs)

Cyclic AMP is quickly degraded into adenosine monophosphate by phosphodiesterases, a
hydrolysing process that tightly regulates the intracellular concentration of cAMP. Since
phosphodiesterases directly control the amount of cAMP that is available intracellularly, agents
that inhibit PDEs are the focus of drug development, as raising or lowering intracellular cAMP is
interesting therapeutically. Due to the large number of PDE subtypes (and splicing variants), each
with different affinities for cAMP and cGMP and different histological/cellular profiles, research in
the development of PDE inhibitors has the potential of advancing current therapeutics and drug
development. By blocking or activating specific PDE isoforms, one could be able to target specific
cell types or to selectively control cAMP over cGMP or vice versa. In the brain, and particularly the
hippocampus, almost all PDE isoforms are present, with the exception of PDE4C, PDE6(A-D) and
PDEB8A (Francis et al, 2011; Xu et al, 2011).

One of the most extensively studied and wused PDE inhibitors is [IBMX

(3-isobutyl-1-methylxanthine), a non-specific inhibitor of PDEs with an 1Cs, ranging from 7 to 50
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pM. From all PDE isoforms, only PDE8 and PDE9 are insensitive to IBMX. IBMX has the net effect
of raising the intracellular concentration of CAMP and cGMP, indirectly leading to the activation of
PKA and PKG. The most widely used PDE inhibitor in studies involving cAMP-dependent
processes is rolipram, a selective cAMP-specific PDE4 inhibitor (Peng et al, 2020).

While PDEs represent an important target for pharmacological manipulation of cyclic
AMP, considerations need to be taken regarding the disruption of spatio-temporal signaling
patterns. Cyclic AMP is a molecule that exerts its effects in subcellular microdomains, thus local
gradients are critical for its signaling. Disrupting its degradation with PDE inhibitors could lead to
paradoxical effects where cAMP gradient-dependent processes are inhibited. Additionally, the
accumulation of cyclic AMP intracellularly might trigger the activation of other, indirect signaling

pathways that cross-talk with cAMP pathway (cGMP, Ca** or NF-kB pathways) (Yan et al, 2016).

Protein kinase A inhibitors

Protein kinase A (PKA) translates most of the signals from the extracellular space (in the
form of intracellular cAMP elevation) into functional changes of intracellular processes, by
catalysing the phosphorylation of a large number of proteins. Multiple types of synthetic PKA
inhibitors have been developed, such as small-molecule chemical inhibitors of PKA or synthetic
protein kinase inhibitor peptides.

The most used chemical inhibitors of PKA are Rp-cAMP compounds, H89 and KT5720. Rp-
cAMP is a cAMP analogue that competitively binds to the regulatory unit of PKA, restraining
further PKA activation. Due to the unwanted property of being hydrolyzed by PDEs, PDE-resistant
variants have been developed, like Rp-8-Br-cAMP. However, due to the similarity to cAMP, Rp-
cAMP compounds can bind to other downstream molecules such as cyclic nucleotide-gated
channels or EPAC proteins (de Wit et al, 1984). The other two most used compounds used for PKA
inhibition, H89 and KT5720, block PKA activity by targeting its catalytic subunits. The drugs act as
competitive antagonists by binding in the ATP-binding cassette of the catalytic subunits of PKA.
Both H89 and KT5720 have very high affinity for PKA, with a Ki of ~50 nM. However, they exhibit
some non-specific binding to other protein kinases like PKG, PKB, ERK, as well as channels (32-
adrenergic receptors, Kv13 channels) (Davies et al, 2000; Limbutara et al, 2019; Murray, 2008).

Another strategy of inhibiting PKA activity involves the development of synthetic protein

kinase inhibitor peptides. Protein kinase inhibitor (PKI) is an endogenous peptide that is present in
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all types of tissue. It inhibits PKA activity by binding to PKA catalytic subunits in a manner similar
to the PKA regulatory subunits, making them enzymatically inactive. Synthetic analogues of PKI
have been developed and used in probing PKA’s contribution to intracellular processes, such as
PKI(6-22) amide (Dalton & Dewey, 2006; Liu et al, 2020). However, a recent kinase screening has
shown that PKI compounds inhibit other kinases, such as CamKI and DAPKI, and even facilitate

the activation of multiple PKC isoforms (Chen & Sabatini, 2021).

1.3.2 Transgenic approaches

In order to evaluate the role of cAMP synthesis in cellular processes, a large number of
cAMP signaling studies in the late 1990s to mid-2000s used a transgenic approach by knocking
out one or multiple isoforms of adenylyl cyclase. Studies using adenylyl cyclase-deficient animals
have confirmed the necessity of calcium stimulation of adenylyl cyclases activity for long term
plasticity. Type | adenylyl cyclases, which are calcium-activated, include the AC1, AC3 and AC8
isoforms.

In AC1 knockout animals, cerebellar LTP was completely blocked (Storm et al, 1998).
Interestingly, in the hippocampus, knocking out AC1 only reduced tetanus-driven LTP (Villacres et
al, 1998; Wu et al, 1995), the same being true for AC8 knock-out. However, when both AC1 and
AC8 are knocked out, hippocampal LTP is abolished but can be restored by local injection with the
adenylyl cyclase stimulator forskolin (Wang et al, 2003; Wieczorek et al, 2012; Wong et al, 1999).
Moreover, transgenic mice that exhibited an overexpression of AC1 showed elevated LTP in
comparison to wild-type animals, as well as increased memory performance for object
recognition and slower rates of extinction for contextual memory (Wang et al, 2004; Zhang &
Wang, 2013). These results suggest that the stimulation of Ca*-sensitive adenylyl cyclases
isoforms present in the brain is required for late-phase LTP. Deficiency of AC1 and AC8 leads to
memory defects that can only be restored by the chemical, non-physiological stimulation of other
AC isoforms.

In more recent years, the role of AC3 in memory-related processes has been investigated,
as AC3 is a Ca**-sensitive AC isoform that is expressed exclusively in the primary cilia of neurons.

AC3-deficient mice show deficits in multiple hippocampal-dependent memory tasks, including
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novel object recognition and contextual fear extinction, demonstrating the importance of

differential, compartmentalised cAMP signals in distinct forms of memory (Wang et al, 2011).

1.3.3 Optogenetic strategies

The advent of optogenetics provided the scientific community with the great advantage
of being able to selectively manipulate intracellular processes in individual cells with high spatio-
temporal resolution. The available toolbox for signaling pathway manipulation is continuously
expanding, with new tools adapted to precisely regulate the different steps in the signaling chain:
light activation of membrane receptors (light-activated GPCRs), activation of transmembrane ACs
(photo-activatable adenylyl cyclases), activation of cAMP-effector proteins (opto-PKA), and
degradation of second messenger molecules (light-activated phosphodiesterases). In this
subchapter, | will give a brief overview of the most established tools in each category as well as
highlight the most promising new candidates. One major focus of this thesis work is the
development and characterisation of new optogenetic tools, especially in the context of cyclic

nucleotide manipulation.

Light-activated GPCRs

G protein-coupled receptors are activated by diverse extracellular stimuli and act through
intracellular G proteins that control distinct intracellular signaling pathways, depending on the G
protein’s alpha subunit type: Gs and Gi control the activity of adenylyl cyclases, Gq activates PLC
and G12 couples to guanine nucleotide exchange factor (GEF). In recent years there have been
numerous attempts to engineer photo-activated GPCRs, from opto-chemically controlled GPCRs
to chimeric proteins that combine an opsin’s light switching mechanisms to an intracellular G
protein binding domain (Abreu & Levitz, 2020; Kleinlogel, 2016; Spangler & Bruchas, 2017).

Photopharmacological approaches combine endogenous GPCRs with photo-activatable
ligands that control their activity. The most used strategy includes caged ligands, where the ligand
becomes biologically active and able to bind its receptor only after photolysis of the light-sensitive
cage. To circumvent the obvious limitation of the irreversibility of uncaging, photo-switchable
ligands have been developed where light is used as a switch between isomerisation states of the

ligand that binds and unbinds endogenous GPCRs (Beharry & Woolley, 2011). Numerous such
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compounds were developed, including agonists for opioid receptors (Schonberger & Trauner,
2014), muscarinic receptors (Agnetta et al, 2017) and cannabinoid receptors (Westphal et al, 2017).

Another approach of light stimulating G protein signaling pathways is through the use of
naturally occurring opsins (photo-sensitive GPCRs) that are expressed in heterologous systems.
An opsin identified in jellyfish and named JellyOp was expressed and characterised in
mammalian cells where, upon light stimulation, intracellular cAMP concentration increased (Bailes
et al, 2012). Similarly, the activation of chimeric GPCRs (opto-XRs) represents the most
comparable signaling process to that of endogenous GPCRs. Opto-XRs are composed of a
membrane-spanning, light-sensitive opsin with intracellular loops and the G protein binding
domains of endogenous GPCRs. Using such strateqy, different light-activated "analogues” of
endogenous GPCR were engineered, including adrenergic receptors (Opto-a1AR and Opto-32AR)
(Airan et al, 2009; Kim et al, 2005; Siuda et al, 2015), adenosine receptors (Opto-A2R) (Li et al,
2015), opioid receptors (OMOR) (Siuda et al, 2015), metabotropic glutamate receptors (Opto-
mGluR6) (van Wyk et al, 2015) and serotonin receptors (Oh et al, 2010; Spoida et al, 2014).

Some limitations to the use of chimeric optoXRs remain, such as the lack of GPCR-specific
extracellular domains. These residues contribute to wild-type GPCR function as they enable the
association with other receptors to form oligomers or they facilitate specific ligand-receptor

interactions (Tichy et al, 2019).

Photo-activatable adenylyl cyclases

BLUF domain-based cyclases

The first naturally-occurring photo-activated cyclase (PAQ) identified was EuPAC (Iseki et
al, 2002; Ntefidou et al, 2003), a BLUF-based cyclase used by the flagellate £fuglena gracilis as a
sensor for phototaxis. Structurally, EUPAC is a tetramer with two PACo and two PACP subunits,
each subunit comprising two BLUF domains and two cyclase domains (Figure 1.20). The light-
sensing domain, namely BLUF (Blue Light sensor Using FAD), is found in a family of
photoreceptors that sense blue light and that use flavin as a light-absorbing chromophore. The
energy carried by photons in the 400-520 nm range is sufficient to cause structural changes

within the photoreceptor, triggering conformational changes in the cyclase domain and thus
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rendering the whole complex enzymatically active (Iseki et al, 2002; Ito et al, 2005). Upon blue
light stimulation, EUPAC increases its activity 80-fold. It has been successfully used to investigate
cAMP-dependent processes in Aplysia neurons, Xenopus oocytes, Drosophila flies and
mammalian cultured neurons (Nagahama et al, 2007; Schroder-Lang et al, 2007; Zhou et al, 2016).
However, due to its large size (400 kDa, tetramer) and relatively high activity in the dark, EuPAC

has not been extensively used.
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Figure 1.20 Structure and photocycle of the BLUF domain. Image from (Lindner, 2019).

Currently, the most widely used opto-cyclase in heterologous systems is bPAC, a photo-
activated cyclase that was identified in the sulfur bacterium Beggiatoa sp. (Ryu et al, 2010; Stierl
et al, 2011). What makes bPAC a more attractive tool for cAMP manipulation in comparison to
EuPAC, are its smaller size (300 amino acids, EUPAC 1019 amino acids), its low cyclase activity in
the dark, and its higher light/dark activity ratio (1600 bPAC, 180 EuPAQ). The discovery of bPAC
triggered the subsequent identification of similar light-dependent cyclases in other bacteria
(Blain-Hartung et al, 2018; Fritz-Laylin et al, 2010; Ohki et al, 2016; Penzkofer et al, 2014; Penzkofer
et al, 2015; Raffelberg et al, 2013; Tanwar et al, 2018; Yasukawa et al, 2013) (Figure 1.21).
Furthermore, subcellular targeted variants of bPAC have been developed, including plasma
membrane and endosomal targeted (Tsvetanova & von Zastrow, 2014) and synaptoPAC, a

presynaptically targeted variant (Oldani et al, 2021).
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mPAC N [ PAS DLoV[[ AC |C 483 aa Figure 1.21 Domain organization of
photoactivatable adenylyl cyclases from different
cPAC n(Rec [] caF [pas[] Ac [lc 671aa organisms. Image from (Iseki & Park, 2021).

Rhodopsin-based cyclases

The recently discovered enzyme rhodopsins are a unique family of microbial rhodopsins,
composed of a membrane-spanning rhodopsin domain which is linked to a cytoplasmic enzyme
domain. In comparison to other rhodopsins, enzyme rhodopsins consist of an 8-transmembrane
domain that harbours an a//-trans retinal molecule as its chromophore (Figure 1.22).

The first rhodopsin cyclase discovered was BeRhGC(, a light-activated guanylyl cyclase
from the zoospore of the aquatic fungus Blastocladiella emersonii (Avelar et al, 2014b). Presenting
a high light/dark activity ratio (5000), BeRhGC (also named Cyclop) has been tested in Xenopus
oocytes, hippocampal neurons, and used for behavioural tests in C elegans, where stimulation of
the cyclase in muscle cells resulted in contractions while expression and activation in BAG
neurons slowed down locomotion (Gao et al, 2015; Scheib et al, 2015). The photocycle of BeRhGC
has a dark state, with a 525 nm maximum absorption, that upon photoexcitation forms an
intermediate state which is thought to represent the catalytically active form of the protein (Kato,
2021). More recently, several mutants of BeRhGC with different properties were developed, such
as blue and red-shifted variants, as well as a double mutant that changes the enzyme to an
adenylyl cyclase (Trieu et al, 2017). Unfortunately, the modifications brought to the substrate-
binding domain also increased the catalytic activity of the enzyme in the dark.

The ideal optogenetic tool for cAMP manipulation in mammalian systems should be able
to meet the following requirements: fast onset of cyclase activity, small molecular size,

insignificant activity in the absence of light, high light sensitivity, high light/dark ratio, narrow
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activation spectra, no toxicity when expressed in mammalian cells. Until now, there is no photo-

activated cyclase (natural or engineered) that can meet all of these criteria.
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Figure 1.22 Classification of rhodopsin family proteins. Image from (Kato, 2021).

Light-activated phosphodiesterases (LAPD)

Phosphodiesterases control the action of intracellular cyclic nucleosides by mediating
their breakdown to nucleoside monophosphate. All phosphodiesterase isoforms present a
regulatory domain that binds the substrate and a catalytic domain that becomes enzymatically
active upon activation of the regulatory domain. Engineering artificial light-activated
phosphodiesterases takes advantage of this working mechanism by replacing the chemosensor

of the regulatory domain with a structurally similar photosensor. The first LAPD to be developed
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used a bacterial phytochrome to replace the PDE's photosensor, as they have very similar
structural architecture (Gasser et al, 2014). Bacterial phytochromes are photo-receptors that use
biliverdin as chromophore and that are regulated by red and far-red light. By shortening the linker
between the two domains, a catalytically active, light-sensitive phosphodiesterase was generated.
Based on this approach, a suite of constructs with better reversibility of activation and stronger
hydrolysis activity was developed (Stabel et al, 2019).

The chimeric LAPD strategy gives a number of advantages, such as reversible light
switching (allowing for a better temporal control) and the use of long wavelength light which
penetrates tissue better and is compatible with other optogenetic tools. Furthermore, there is no
need to supplement the exogenous factors, as biliverdin is available endogenously (Tian et al,

2020).

OptoPKA

Protein kinase A is one of the most important effectors downstream from cAMP as it
controls a large variety of cellular processes. The possibility of specifically activating PKA (and not
other cAMP effector molecules) with high spatio-temporal resolution could enable more complex
experimental designs and thus, a more profound understanding of its intracellular actions. The
first (and only) attempt to engineer a photo-activated protein kinase A came from the lab of David
Lawrence with the generation of optoPKA (O'Banion et al, 2018).

The inherent enzymatic activity of light-activated proteins in the absence of light
constitutes a challenge in their engineering. To circumvent this problem, optoPKA is designed as
a cAMP-independent enzyme, by introducing mutations in the catalytic subunit which eliminate
the repressive action of the regulatory subunits (normally, upon cAMP binding the regulatory
subunits activate the catalytic subunits). Additionally, point mutations were introduced in key
residues of the catalytic subunits that reduced the enzymatic activity to 1% of the wild-type
enzyme. In order to establish light-control of the kinase’s activity, optoPKA was coupled with the
Cry2/Cib photo-dimerisation protein pair, where the Cib component was targeted to intracellular
locations of interest, such as the outer mitochondrial membrane or the plasma membrane. What
resulted was a two-component construct, with Cib targeted to a specific subcellular compartment
and Cry2-PKA (with low catalytic activity) cytoplasmically diffuse. Light stimulation promoted the

photodimerization of the two components, raising the local concentration of low catalytic activity
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optoPKA and increasing the local phosphorylation activity. When coexpressed in the same
compartment with a PKA reporter, 1 minute of blue-light illumination of optoPKA was sufficient to
trigger phosphorylation of the reporter, an effect which was blocked by pretreatment with the
PKA activity inhibitor H89.

While the generated optoPKA has clear limitations in terms of light dose needed and
temporal resolution of its effects, this type of construct design could be used for the generation of
other light-activatable enzymes, as the point mutations used in reducing enzymatic activity are

equivalent in many other kinases.
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2. Aim of the thesis and statement of contributions

Aim 1 - Development of photoactivated tools

The first aim of my project is the development and characterisation of new optogenetic
tools in the context of cyclic nucleotide signaling. In comparison to other types of optogenetic
tools, such as optical actuators or Ca** sensors, the toolbox available to manipulate intracellular
cyclic nucleotides is not as diverse. Throughout my work, | sought to expand the existing palette
of light-activated cyclases and to validate their functionality by characterising the tools in
hippocampal neurons. To achieve this aim, | worked on three separate projects, from which a
number of optogenetic tools were developed, including CaRhGC and CaRhAC (rhodopsin-based
light-activated guanylyl and adenylyl cyclases), KPAC (the first functional light-activated potassium
channel) and PACmn (membrane-targeted variant of the photo-activated adenylyl cyclase bPAC

with no dark activity).

Project 1 - Development and characterisation of new light-activated guanylyl and

adenylyl cyclases

Published in 2018 in Nature Communications, | am a co-author. | designed, conducted and

analysed all of the experiments in hippocampal slice cultures. | also participated in writing of the

manuscript, as well as creation/design of the figures representing the data | collected and

analysed. My work is explicitly displayed in Figures: 2, 6, S3, S9, 510, S11, as well as in Table S3.

e Scheib U, Broser M, Constantin OM, Yang S, Gao S, Mukherjee S, Stehfest K, Nagel G, Gee

CE, Hegemann P. Rhodopsin-cyclases for photocontrol of cGMP/cAMP and 23 A structure
of the adenylyl cyclase domain. Nature Communications 9(1): 2046 (2018) DOl
0.1038/541467-018- 04428-w

Project 2 - Improved optogenetic cAMP control with Beggiatoa-derived light

activated cyclases

Published in 2021 in BMC Biology, | am a shared first author. | designed, conducted and analysed

42



2.Aim of thesis and statement of contribution

all of the experiments in hippocampal slice cultures. | also participated in writing of the
manuscript, as well as creation/design of all the figures. My work is explicitly displayed in Figures:
1, 4-6 and SL.
e Yang % Constantin OM? Sachidanandan D* Hofmann H, Kunz TC, Kozjak-Pavlovic V,
Oertner TG, Nagel G, Kittel RJ, Gee CE, Gao S. PACmn for improved optogenetic control of
intracellular cAMP. BMC Biology 19:227 (2021). DOl 10.1186/512915-021-01151-9; * equal

contribution

Project 3 - Cyclic AMP-derived silencing optogenetic tools

Part 1 published in 2018 in Frontiers in Neuroscience | am a co-author on this publication. |
designed, conducted and analysed all of the experiments in hippocampal slice cultures. | also
participated in writing of the manuscript, as well as creation/design of the figures representing
the data | collected and analysed. My work is explicitly displayed in Figures: 2, 4 and SL.
e Beck S, Yu-Strzelczyk J, Pauls D, Constantin OM, Gee CE, Ehmann N, Kittel RJ, Nagel G and
Gao S. Synthetic Light-Activated lon Channels for Optogenetic Activation and Inhibition.
Frontiers in Neuroscience 12:643 (2018). DOI 10.3389/fnins.2018.00643

Part 2 is unpublished but a manuscript is in the works. | will be the shared first author on this
publication. | designed, conducted and analysed all of the experiments in hippocampal slice
cultures. | created and designed the figures and wrote the manuscript together with co-authors. In
the following Results chapter | will present the unpublished data regarding the improved KPAC

construct.

Aim 2 - Assessment of cCAMP modulation of hippocampal
synaptic transmission

Starting with its discovery more than half a century ago, cAMP has emerged as a critically
important molecule in an impressive number of cellular processes. Cyclic AMP signaling is crucial

in all systems but in the brain (and particularly in the hippocampus) it contributes to all phases of
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long-term potentiation. The aim of this project was to assess the role of cAMP signaling in

synaptic transmission in the hippocampus through the use of photo-activated cyclases that allow

more specific spatial and temporal manipulation of cCAMP.

This work is unpublished but a manuscript is in the works. | will be the first author on this
publication. | helped conceptualise and design the experiments, conducted and analysed
all of the hippocampal culture experiments in this publication. The /n vivo injections and
acute slice recordings were not performed by me but all other aspects of those
experiments (design, analysis and interpretation) were done by me. | created and

designed the figures and wrote the manuscript together with co-authors.
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3. Materials and Methods

3.1 Materials

3.1.1 Media

Slicing solution

Slicing solution: 110 mM choline chloride, 25 mM NaHCOs, 25 mM D-Glucose, 11.6 mM sodium-L-
ascorbate, 7 mM MgSO,, 1.25 mM NaH,PO,, 2.5 mM KCl, and 0.5 mM CaCl,. pH 7.4, 320 mOsm/kg,
saturated with 95% O,/ 5% CO,.

Slice culture medium

Slice culture medium: 79% MEM, 20% heat-inactivated horse serum, 13 mM D-glucose, 109 mM
NaCl, 0.8 mM MgS0O,, 1.8 mM CaCl,, 1 mM L-glutamine, 0.006 mM ascorbic acid, 0.01 mg/ml insulin.
pH 728,320 mOsm/kag.

Extracellular recording solutions

ACSF 4/4 (carbogenated): 119 mM NaCl, 262 mM NaHCO;, 11 mM D-glucose, 2.5 mM KCl, 1 mM
NaH,PO,4 4 mM MqgCl,, 4 mM CaCl.. pH 7.4, 310 mOsm/kg, saturated with 95% O, / 5% CO..

ACSF 1/2.4 (carbogenated): 124 mM NaCl, 262 mM NaHCO;, 11 mM D-glucose, 4 mM KCl, 1 mM
NaH,PO, 1 mM MgSO,, 24 mM CaCl,. pH 7.4, 310 mOsm/kg, saturated with 95% O, / 5% CO..
ACSF HEPES 1/2: 145 mM NaCl, 10 mM HEPES, 12.5 mM D-glucose, 2.5 mM KCl, 1.25 mM NaH,PO,, 1
mM MqgCl,, 2 mM CaCl.. pH 7.4, 310 mOsm/kg.

Intracellular recording solution

*-gluconate solution: 135 mM K-gluconate, 10 mM HEPES, 4 mM MgCl,, 4 mM Na,-ATP, 0.4 mM Na
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GTP, 10 mM Na,-phosphocreatine, 3 mM ascorbate. pH 7.2, 290-300 mOsm/kg.

3.1.2 Vectors

Plasmids

Hippocampal slice cultures were transfected using the following plasmids:

1. Cyclases:
BeRhGC: pAAV-syn-BeRhGC-2A-tDimer, Addgene plasmid #66779, internal plasmid #79
CaRhGC: pAAV-syn-CaRhGC-2A-tDimer, Addgene plasmid #101720, internal plasmid #162
YFP-CaRhGC: pAAV-syn-YFP-CaRhGC, internal plasmid #215
YFP-CaRhAC: pAAV-syn-YFP-CaRhAC, Addgene plasmid #101721, internal plasmid #163
KPAC: pAAV-syn-SthK(TV418_(T378V))_GolgiEx_Venus_bPAC_myc_EREX, internal plasmid E18-128
bPAC: pCl-syn-bPAC-myc, Addgene plasmid #28134, internal plasmid #DU5
PACmnN: pAAV-syn-2xLyn-ERex-Venus-bPAC(F198Y), Addgene plasmid #165491, internal plasmid
#205
PACmn_dV: pAAV-Syn-2xLyn-ERex-Venus(Y145W)-bPAC(F198Y), Addgene plasmid #165492,

internal plasmid #288

2. Fluorescent proteins:
mTSapphire: pCl-syn-mTSapphire, internal plasmid number #26

mKate2: pCl-syn-mKate2, internal plasmid number #57

3. Cyclic nucleotide gated channels:
cGMP-sensitive CNGA2 channel: pCl-syn-CNGA2, internal plasmid #82
cAMP-sensitive CNGA2 channel: pCl-syn-CNGA2(C460W/E583M), internal plasmid #DU14

4. Sensors:

BoosterPKA: pCAGGS-4493NES, Addgene #138373, internal plasmid number AD79

Adeno-associated viruses (AAVs)

Adeno-associated viruses were prepared at the UKE vector facility. The following virus

was used for transfection of hippocampal neurons either /in vivo or in slice cultures: rAAV2/9-
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CaMKII-PACmn_dV : PACmn under the control or CaMKIl promoter with an additional a point
mutation (Y145W) to make the fluorescent protein Venus non-fluorescent (Ganesan et al, 2006),

thus making the tool compatible with orange/red imaging tools.

3.2 Methods

3.2.1 Hippocampal slices

Rat organotypic slice cultures

Organotypic hippocampal slice cultures were prepared from female or male Wistar rats at
postnatal day 5-7 (Unilever Wistar HsdCpd:Wu, Envigo) and cultured in the absence of antibiotics

as previously described (Gee et al, 2017).

Mouse acute slices

Adult (3.5-5 months old) C57BL/6é)] mice were housed and bred at the University Medical
Center Hamburg-Eppendorf under a light/dark cycle of 12/12 h. Previously injected and non-
injected mice were anesthetized with 80% CO2 / 20% 02 and decapitated. Their brains were
quickly removed and each hemisphere was glued to the support of a Compresstome which was
then filled with 42°C agarose. After cooling, coronal slices (350 pm) were cut in ice-cold slicing
solution and excess agarose was removed. Slices were then left to recover at 33 °C for 15 min and

then 45 min in 30°C in ACSF 1/2.4 (carbogenated).

3.2.2 Transfection

Single cell electroporation

Organotypic slice cultures (6-3 days /n vitro) were transfected by single-cell
electroporation or viral-vector transduction (Wiegert et al, 20173, 2017b). Total time of expression
of the constructs varied between experiments (5-14 days).

For characterisation of optogenetic tools (rhodopsin-based cyclases, PACs and KPACs),
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neurons in area CA3 were co-electroporated with DNA encoding the optogenetic tool (10 ng/pl for
bPAC-derived tools; concentrations used for rhodopsin-based tools varied and are specified in the
figure legends) together with DNA encoding the far-red fluorescent protein mKate2 (20 ng/pl) (for
bPAC-derived tools) or the green fluorescent protein mtSapphire (5 ng/pl) (for rhodopsin-based
tools). Where specified, neurons were co-electroporated with the cGMP-sensitive CNGA2 channel
(K™ =36 UM, Ky, MP=13uM) or the cAMP-sensitive CNGA2 channel (C460W/E583M)
(K™ =0.89 uM, K,,*MP = 6.2 uM) (Rich et al, 2001). For FRET imaging experiments CA3 neurons
were electroporated with DNA encoding the PKA FRET sensor Booster-PKA (25 ng/pl) alone or
with DNA encoding a cyclase (25 ng/pl) (Watabe et al, 2020). For miniature EPSC and evoked
EPSP recordings, as well as cFos induction experiments, CA1 neurons were co-electroporated with
plasmids encoding either PACmn or bPAC (10 ng/pl) and mKate2 (20 ng/pl). Neurons were only

electroporated with DNA encoding mKate2 for the control conditions of the cFos experiments.

Virus injection (slices/in vivo)

Viral transduction of rat hippocampal slices was done with a viral vector containing
PACmn_dV under the control of CaMKII promoter (rAAV2/9-CaMKII-PACmn_dV). For expression in
all regions of the hippocampus 1 pl drop of virus was carefully placed on top of the slice. For local
expression, areas CAl or CA3 were injected using a backfilled glass pipette coupled to a
picospritzer. Low pressure puffs of viral vector were delivered into the area of interest.

/n vivo AAV injections were performed using a stereotactic drill and injection robot. Mice
were stereotactically fixed and injected under anesthesia (1.5% isoflurane in O,). After the skin and
connective tissue were removed, craniotomies were performed using an automated drill on the
desired coordinates (1 per hemisphere for CA1 or CA3 conditions and 2 per hemisphere for PACmn
everywhere condition). Using a glass pipette attached to a 5 ml Hamilton syringe, rAAV2/9-
CaMKII-PACmn_dV (1x10-12 vg/ml) was injected bilaterally with a volume of 500-1000 nl per side.

After the injections, the bone surface was cleaned with saline solution and the skin stitched.

3.2.3 Electrophysiology and optogenetic stimulation

Hippocampal culture electrophysiology setup

Whole-cell patch-clamp recordings were performed using an Axopatch 200B amplifier

(Molecular Devices). National Instruments A/D boards and Ephus software running in Matlab,
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were used to record and control the experiment (Suter, 2010). The microscope (Olympus BX61W!I)
was fitted with an LED (Mightex Systems), coupled through the camera port using a multimode
fiber (L0 mm) and collimator (Thorlabs). LED light used for photo-stimulation reached the slice
through a 40 x water immersion objective (Plan-Apochromat, 40x 1.0 numerical aperture, Zeiss).
The light intensity in the specimen plane was measured with a power meter fitted with a silicon
detector (Newport 1936R, 818-ST2) and then divided by the illuminated field of the objective (0.244
mm?). Recording temperature of all experiments was 30 + 1 °C. The liquid junction potential was
measured and compensated. Patch electrodes were made from thick-walled borosilicate glass
and had resistances of 3-5 MQ) when filled. Series resistance during the recordings was less than
15 MQ and was not compensated during voltage-clamp recordings. Slices were continuously

perfused with extracellular solution while in the recording chamber.

Electrophysiological characterisation of optogenetic tools

Expressing CA3 neurons were whole-cell patch-clamped at -70 mV and light of different
intensities, durations and wavelengths was applied. A mix of picrotoxin (100 uM), NBQX (10 pM)
and CPPene (10 pM) (Tocris) was added to the extracellular solution (ACSF 4/4, carbogenated) to
block fast synaptic responses. Where indicated, forskolin (FSK; 100 pM) and 3-isobutyl-1-
methylxanthine (IBMX; 75 puM) (HelloBio) were added from concentrated stock solutions. Analysis

of light evoked currents was performed using custom Matlab scripts.

Miniature EPSC recordings

Miniature EPSCs were recorded in postsynaptic CA1 neurons bathed in ACSF HEPES 1/2 (1
mM Mg* and 2 mM Ca*). A mix of bicuculline (20 pM, Sigma), CPPene (1 M, Tocris) and TTX (1 pM,
HelloBio) was added to the extracellular solution to block NMDA receptors, GABAA receptors, as
well as action potential firing. Only one cell was recorded per slice. Expressing CA1 neurons were
whole-cell patch-clamped at -70 mV. After 5 minutes of recording baseline events, either light
(470 nm LED, 1 mW mm?, for transfected conditions) or forskolin (50 uM, for non-transfected
condition) was applied/washed in for 5 minutes. Miniature events were recorded during the
treatment, and 5-10 minutes after. Analysis of mEPSCs was performed using Clampfit's Threshold

Event Detection after being high-pass filtered at 1 Hz. The event detection threshold was set at
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around 5-8 pA.

Evoked EPSC recordings

Evoked EPSCs were recorded in carbogenated ACSF 1/2.4 (1 mM Mg* and 24 mM (Ca*")
and in the presence of D-Serine (30 pM, Tocris). A cut was made between areas CA3 and CA1 and
the slice was left to rest in the bath for around 30-60 minutes before the start of the recording. A
stimulation electrode (15 MQ glass pipette filled with NaCl solution) was placed in stratum
radiatum in CA1 and used to stimulate presynaptic axons once every 20 seconds (0.2 ms pulse
length). Transfected or non-transfected CA1 cells were whole-cell patch-clamped at -70 mV.
Evoked excitatory postsynaptic currents were measured as the peak inward currents 3-7 ms after
stimulation. Maximum 15 minutes after establishing a stable baseline, either light (470 nm LED, 1
mW mm?, for transfected conditions) or forskolin (50 pM, for non-transfected condition) was
applied/washed in for a duration of 10 minutes. Evoked EPSCs were recorded during the
treatment, and up to 1 hour after. Analysis of evoked EPSCs was performed using custom Matlab

scripts. The slope of the currents was calculated from 40 to 60% of the response amplitude.

Acute slice electrophysiology

Up to four acute slices were placed in the 4-chamber Synchroslice (Lohmann Research
Equipment) recording chambers where they were submerged and perfused with carbogenated
ACSF 1/2.4 1 mM Mg* and 24 mM Ca*) at 30 °C. Two concentric stimulation electrodes were
placed in CAl's stratum radiaturn, while a bipolar recording electrode was placed in cell body layer,
close to stratum radiatum. The position of the electrodes was adjusted to evoke maximum field
excitatory postsynaptic potentials (fFEPSPs). An input-output curve was generated and the stimulus
intensity was adjusted to achieve 30% of maximum amplitude. Every 30 seconds a 200 ps
stimulus was delivered through each stimulation electrode (with a 1 second delay between
electrodes). For a selection of experiments, two 200 ps pulses were delivered through each
electrode at 40 ms interval. At least 30 minutes after establishing a stable baseline, either light
(470 nm, ~0.2 mW mm?, for PACmn injected conditions) or a cocktail of forskolin (50 pM, HelloBio)
and IBMX (75 pM, HelloBio) (for wild-type condition) was applied/washed in for a duration of 10
minutes. Evoked fEPSPs were recorded during the treatment, and up to 2 hours after. Analysis of

recorded potentials was performed using proprietary SynchroSlice software. The slope of the
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currents was calculated from 30 to 70% of the response amplitude. Recordings were excluded

from further analysis if the baseline was unstable.

3.2.4 PKA activity measurements FRET imaging

Five to seven days after electroporation, neurons expressing the PKA activity sensor
Booster-PKA (alone or together with bPAC or PACmn) were imaged using a confocal laser
scanning microscope (Olympus FLUOVIEW FV1000) at 32 °C while bathed with HEPES-buffered
ACSF 1/2. A 559 nm laser line was used for excitation and donor/acceptor channels were set at
560-600 nm and 640-740 nm. All acquisition parameters were kept the same in all conditions
and throughout all imaging sessions. Multiple Z-planes were acquired (step size 0.5 pm) every
minute. After 5 minutes of baseline, the whole field of view was scanned for 2 seconds with the
488 nm laser line to activate the expressing cyclases or to measure the change in FRET
generated by blue light illumination. The activation with the 488 nm laser started 3 seconds
before the 559 nm sensor signal acquisition. Alternatively, forskolin (50 pM) was washed in to
activate endogenous membrane bound adenylyl cyclases. One Z frame common to all time points
was chosen for the analysis. Image analysis was done using Image). After background removal, a
translational alignment was applied using the StackReg plugin (Thevenaz et al, 1998) in order to
align the time series in X and Y dimensions. Appropriate regions of interest were selected (soma
or dendrites with spines) and the mean intensity of donor and acceptor channels were measured.
Experiments in Figure 4.11A were done at a different Olympus FLUOVIEW FV1000 microscope at
room temperature. A 559-nm laser line was used for excitation, and donor/acceptor channels
were set at 560-600 nm and 640-740 nm. Multiple Z planes were acquired (step size 0.5 um),
and a maximum projection was used for analysis. After background removal, regions of interest
were selected (somata) and the mean intensity of donor and acceptor channels were measured.
For both experimental cases, the ratio reported was calculated from the individual donor and

acceptor channel measurements. The ratio images were generated using the RatioPlus plugin.

3.2.5 cFos stimulation experiments

Hippocampal slice cultures with CA1 neurons expressing mKate2 and bPAC or PACmn-

expressing neurons were stimulated with light in the incubator, through a LED-stimulation tower.
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bPAC/PACmn was expressed either in CA1 with single cell electroporation (co-electroporated with
mKate2) or by viral transfection (for PACmn; injected locally in CA1/CA3 or a virus drop being used
to transfect all the regions). The 470 nm light from a high-power LED was collimated and
controlled from outside the incubator. The light was shined for 10 minutes at 1 mW mm?
(measured with a power meter fitted with a silicon detector Newport 1936R, 818-ST2). All slices
were kept in the same stimulation incubator at the same time, the ones not being stimulated
being protected from the light. If slices were chemically stimulated, a volume of 10 pl of slice
culture feeding medium was dropped on the slice. The following chemicals were dissolved in the
10 pl treatment volume: forskolin (50 uM, HelloBio), 1,9-dideoxyforskolin (50 pM, Merck), NKH477
(25 pM, Sigma), DMSO (0.02%). The concentration specified is the final concentration in the 10 pl
drop. In order to attempt blocking light or forskolin-driven cFos expression, slices were treated
overnight with various blockers mixed into the culture medium (700 pl/slice). The treatment
started 12 hours before light or acute chemical stimulation. The following chemicals were used:
NBQX (10 pM, HelloBio), CPPene (1 puM, Tocris), Picrotoxin (100 uM, Tocris), TTX (1 uM, HelloBio),
KT5720 (1 uM, HelloBio), ESI09 (30 uM, Tocris), U0126 (20 pM, HelloBio), ZD7288 (30 uM, HelloBio).
The following combinations of chemicals were used: NBQX + CPPene + Picrotoxin; TTX; KT5720 +
ESI09 + U0126; KT5720 + ESI09; U0126; ZD7288. All slices were kept in the incubator for 1 hour

after the treatment before being fixed in PFA.

3.2.6 Immunohistochemistry and confocal imaging

Slices (acute or cultured) were fixed in 4% PFA in phosphate-buffered saline (PBS) for 30
minutes then washed three times with PBS. After incubation for two hours at room temperature in
blocking buffer (0.3% TritonX, 5% goat serum in PBYS), slices were placed in primary antibody
solution overnight at 4 °C (0.3% TritonX, 5% goat serum, 1% BSA in PBS). After three 10-minute
washes with PBS, slices were incubated for two hours at room temperature with secondary
antibody solution (0.3% TritonX, 5% goat serum, 1% Bovine Serum Albumin in PBS). Prior to
mounting, the slices were washed three times with PBS. The following primary antibodies were
used: Rabbit Anti c-Fos 1:500 (Santa Cruz Inc. sc-52); Chicken Anti GFP 1:1000 (Invitrogen A10262,
Lot 1972783). The following secondary antibodies were used: Anti-rabbit goat Alexa Fluor647 1:500
(Invitrogen A27040); Anti-chicken Alexa Fluor488 1:1000 (Life technologies; A11039).

Images of anti-cFos stained cultured slices were acquired with a confocal laser scanning
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microscope (Olympus FLUOVIEW FV1000) using 20x oil immersion objective (UPLSAPO 20X NA:
0.85). A stack of multiple images (3 um step at 1024 x 1024 pixel resolution) was acquired in CA1L
using the 488 nm (Alexa488), 559 nm (mKate2) and 635 nm (Alexa647) laser lines (12.5 ys per
pixel). In order to avoid spectral bleedthrough, acquisition was done sequentially. The settings of
the cFos channel (laser power, gain, voltage, offset) were kept unchanged in all imaging sessions.
To validate the expression of PACmn virus in organotypic (initial testing of the construct)
and acute slices (field recordings), images of anti-GFP stained slices were acquired with a confocal
laser scanning microscope (Olympus FLUOVIEW FV1000 or Zeiss AiryScan 900). When using the
Olympus, multiple stacks of images (3 pm step) were acquired using the 488 nm laser line and
stitched together using Imagel. Alternatively, when using the Zeiss to validate expression of
PACmn virus in acute slices after field recordings, slices were imaged with a 488 nm laser line
through an air objective. One focal plane was acquired, where the location of the electrodes was

most clearly visible.

3.2.7 Data analysis

General data analysis and statistics

Electrophysiological data were analysed using Clampfit, Synchroslice software or custom
Matlab scripts. Confocal data were analysed using Fili (Image)). Graphs and statistical analyses
were generated with GraphPad Prism 6.0. Bars and whiskers on graphs represent either mean

and SEM or median and interquartile range, as specified in the figure legends.

Confocal image analysis

Fili (Image)) software was used to identify cFos-positive nuclei and to measure their
intensity. For each Z-stack, a maximum projection of acquired frames was performed. Based on
the signal from the mKate2-positive cells, ROIs were drawn on top of each nucleus of
electroporated cells and the average intensity or each ROl in the “cFos channel” was calculated.

For display, the brightness of all cFos images was matched.

53



4. Results

4.1 Development of photoactivated tools

4.1.1 Development and characterisation of new light-activated

guanylyl and adenylyl cyclases

Disclaimer: The results presented in this subchapter are part of the publication:
e Scheib U, Broser M, Constantin OM, Yang S, Gao S, Mukherjee S, Stehfest K, Nagel G, Gee
CE, Hegemann P. Rhodopsin-cyclases for photocontrol of cGMP/cAMP and 23 A structure
of the adenylyl cyclase domain. Nature Communications 9(1): 2046 (2018) DOl

0.1038/541467 -018-04428-w

A significant number of optogenetic tools are based on microbial rhodopsins, membrane
spanning proteins (opsins) that are linked to a light sensing chromophore in the form of retinal.
Recently, examining phototaxis of aquatic fungi species Blastocladiella emersonii and Catenaria
anguillulae has uncovered gene fusions of rhodopsin and guanylyl cyclase domains (Avelar et al,
2014a). The photo-activatable guanylyl cyclase from Blastocladiella emersonii has been isolated
and its c¢cGMP producing capabilities demonstrated in Xenopus oocytes, C elegans and
hippocampal neurons (Gao et al, 2015; Scheib et al, 2015). This subchapter presents the
characterisation and validation as a novel optogenetic tool of the guanylyl cyclase from Catenaria
anguillulae as well as attempts to generate rhodopsin adenylyl cyclases via mutations in the GTP

binding site.

Figure 4.1. Model of the dimeric rhodopsin-guanylyl cyclases from
Q\ Catenaria anguillulae. The photo-sensitive rhodopsin domain (yellow)
o is directly connected to the guanylyl cyclase domain (blue) via a coiled-
coil stretch (red). Image from (Scheib et al., 2018).
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CaRhGC is a dimeric rhodopsin guanylyl cyclase that contains a light-sensing rhodopsin
domain directly connected to a guanylyl cyclase via a coiled-coil type linker (Figure 4.1). Unlike
other type | rhodopsins that have a 7 transmembrane helix structure, CaRhGC’s rhodopsin domain
harbors 1-2 extra helices on the N terminus (Scheib et al, 2018). In order to visualise the
distribution of the CaRhGC, the N terminus was labelled with the fluorescent protein YFP, which
did not change the protein’s enzymatic activity. Interestingly, adding the YFP to the cytosolic C
terminus caused dark activity that increased cGMP levels 10 fold (Scheib et al, 2018). To test its
cGMP producing capabilities, YFP-CaRhGC was co-electroporated together with cAMP or cGMP-
sensitive cyclic nucleotide-gated channels in hippocampal neurons (cGMP-sensitive CNGA2
channel K,;*"=36 pM, K, =13pM; cAMP-sensitive CNGA2 channel (C460W/E583M)
Ki,™MP = 0.89 pM, K.M= 6.2 uM (Rich et al, 2001)). Neurons expressing YFP-CaRhGC had normal
morphology as observed from the fluorescence of co-expressed fluorescent protein mtSapphire

(Figure 4.2 a).
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Figure 4.2 Characterisation of CaRhGC in hippocampal neurons. (a) and (b) Confocal images of
neurons 8 days after electroporation with DNA encoding YFP-CaRhGC and mtSapphire (scale bars 10 um).
(c) Top: Whole-cell response to current injections from —400 pA to 400 pA in 100 pA steps. Bottom: The
first, second and fifth currents evoked by repeated green light flashes (530 nm, 0.3 mW mm-2, 100 ms, ISI
405s). (d) Sample currents evoked by a 2s green light pulse (530nm, 27.3 mW mm-%) in neurons
expressing YFP-CaRhGC, CaRhGC or the guanylyl cyclase from Blastocladiella emersonii (BeRhGC)
together with the cGMP or the cAMP-sensitive CNGA2 channels. (e) Peak photocurrents (p) and the
sustained response (s) recorded from neurons expressing YFP-CaRhGC, CaRhGC, or BeRhGC and one of
the CNG channels. **p=0.0001, p=0.0006, **p =0.009; Mann-Whitney test, peak vs sustained response
of YFP-Ca/Ca/BeRhGC + CNG(cGMP). (f) Detail of photocurrent onset from neurons expressing YFP-
CaRhGC, CaRhGC or BeRhGC, and CNG(cGMP). (g) Sample photo-currents recorded from a neuron
expressing YFP-CaRhGC + CNG(cGMP) when stimulated with different intensities of 530 nm light. (h)
Light intensity-response relationship for YFP-CaRhGC + CNG(cGMP) fitted with a quadratic equation.
Photocurrents were normalized to the maximum current recorded for each neuron. Graphs show
individual data points, median and 25-75% interquartile range. Figure and legend from (Scheib et al,
2018).

The distribution of the construct itself was uniform in the membrane, as evident from the
fluorescence (Figure 4.2 b). Neurons expressing both the YFP-RhGC and the CNG channels had
normal membrane properties (spiking threshold, resting membrane potential) (Figure 4.2 ¢
Inward currents were observed when patched expressing cells were illuminated with 2 seconds
of green light. Light-activation of the YFP-RhGC produced cGMP that binds to the CNG channel|,
leading to opening of its pore and cation conductance (Figure 4.2 d). Currents were reversible and
reproducible as multiple flashes of green light delivered at 40 seconds intervals elicited the same
peak amplitude currents (Figure 4.2 ¢). Current amplitudes were very similar between YFP-
CaRhGC, untagged CaRhGC, and BeRhGC. Interestingly, light stimulation of CaRhGC generated
photo-currents in only 30% of transfected cells. When compared to the previously published
BeRhGC, RhGCs derived from Catenaria were faster, with 4 times faster currents as evident from
the slope calculation of recorded photocurrents (Figure 4.2 f). Currents were also light intensity
dependent, with an ECs, value of around 0.7 mW mm™.

Since cAMP is an important signaling molecule in virtually all cellular systems, converting
YFP-CaRhGC to an adenylyl cyclase would expand the toolbox for optogenetic manipulation of
intracellular cAMP. In hippocampal neurons, | tested untagged adenylyl cyclase variants, as well as
C or N-terminally tagged (Figure 4.4 and 4.5). The construct with an N terminal YFP tag, as well as
E497K/C566D mutations proved superior, as it's activation mediated currents in all (100%)
transfected neurons (BeRhAC 79%, CaRhAC 67%, CaRhAC-mycHis 40%). The mutated residues

were chosen as they exist in the GTP binding domain of the cyclase and anchor the guanine base.
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Mutations were made into aminoacids that naturally occur in adenylyl cyclases (E497 to K and
(566 to D). | characterised this new construct electrophysiologically in hippocampal neurons
where it had similar uniform membrane distribution as YFP-RhGC (Figure 4.3 a). Light pulses of
green light evoked large, transient, inward currents through co-expressed cAMP-sensitive CNG
channels (Figure 4.3 d-e). Neurons co-expressing the cGMP-sensitive variant of the CNG channel
had little to no light-evoked currents, showing a successful conversion from a GC to an AC (Figure
43 e-f). As with YFP-RhGC, photo-currents were light intensity dependent, retaining a similar EC
value (0.6 mW mm?) (Figure 4.3 g-h).
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Figure 4.3 Generation and characterisation of YFP-CaRhAC. Two photon images neurons expressing
YFP-CaRhAC alone (b) (scale bar 10 um) or with mtSapphire (a) (scale bar 50 um). (c) Whole-cell
response to current injections (-400 to 400 pA) of a hippocampal neuron expressing YFP-CaRhAC plus the
cAMP-sensitive CNGA2. (d) The first, second and fifth currents evoked by repeated green light flashes
(530 nm, 0.3 mW mm-2, 100 ms, ISI 20s). (e) Sample currents evoked by green light (27.3 mW mm-2) in
neurons expressing YFP-CaRhAC together with CNG(cGMP), CNG(cAMP) or alone. Insert shows the onset
and initial slope of the photocurrents. (f) Peak or slope of photocurrents recorded from neurons
expressing YFP-CaRhAC and one of the CNG channels or by itself. *p =0.023, **p =0.0016, Kruskal-Wallis
test vs YFP-CaRhAC+CNG(cAMP). (g) Sample currents from a neuron expressing YFP-
CaRhAC + CNG(cAMP) when stimulated with green light of different intensity. (h) Light intensity-response
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relationship of (g), fitted with a quadratic equation. Photocurrents were normalized to the maximum
current recorded for each neuron. Graphs show individual data points, median and 25-75% interquartile
range. Figure and legend from (Scheib et al., 2018).
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Figure 4.4 Characterization of adenylyl cyclases derived from RhGCs in hippocampal neurons. (a)
Two photon images of mtSapphire fluorescence of hippocampal neurons 6-8 days after electroporation
with: 25 ng pl-* DNA encoding BeRhAC (left), 100 ng ul-t DNA encoding CaRhAC (middle), 100 ng pl-*t DNA
encoding CaRhAC-mycHis (right), plus 25 ng ul-* DNA encoding CNG(cAMP) and 5 ng pl-! DNA encoding
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mtSapphire, scale bar 10 um. (b) Whole-cell responses of hippocampal neurons (as above) to current
injections of -400 pA to 400 pA. (c) Photocurrents evoked by 100 ms flashes of green light (530 nm) at 20
s intervals. Intensity (left to right): 27.3, 27.3, 0.019 mW mm-2. (d) Representative currents recorded in
response to 2 s green light flashes of different intensity. (e) Light intensity-response relationship fitted
with a quadratic equation. n's = 8, 7, 6 (left to right). Figure and legend from (Scheib et al., 2018).
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Figure 4.5 Comparison of photocurrents of adenylyl cyclases derived from RhGCs in hippocampal
neurons. (a) Sample responses to 2 s green light (530 nm, 27.3 (CaRhAC, CaRhAC-mycHis) / 19.2
(BeRhAC) mW mm-? of hippocampal neurons expressing the adenylyl cyclases together with CNG(cAMP)
and CNG(cGMP) channels (both channels 25 ng pll, BeRhAC 25 ng pl?, CaRhAC 100 ng pl1, CaRhAC-
mycHis 100 ng pl! electroporation DNA). (b) The first 200 ms of the evoked responses shown in (a) in
comparison to the response of YFP-CaRhAC. (c-d) Comparison of maximum peak (c) and slope (d) of
currents evoked by green light (530 nm, 2 s, < 27.3 mW mm-2) in hippocampal neurons expressing un-
tagged, c-terminal myc-His tagged and n-terminal YFP tagged RhACs; numbers next to the construct name
indicate the concentration of rhodopsin DNA electroporated (ng pl1). Channel DNA was always 25 ng pl?,
mtSapphire 5 ng pl-1. Note that comparable currents were evoked in neurons expressing rhodopsins with
or without a c-terminal myc-His tag. Addition of an n-terminal YFP improved expression or surface
localization of CaRhAC as comparable currents were obtained after electroporating 75% less DNA. n's =
11,6,7,5,6,9, 10, 6, 11, 7, 10, 10 left to right. Bars show median and interquartile range. Figure and
legend from (Scheib et al., 2018).
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4.1.2 Improved optogenetic cAMP control with Beggiatoa-derived

light activated cyclases

Disclaimer: The results presented in this subchapter are part of the publication:
e Yang % Constantin OM? Sachidanandan D* Hofmann H, Kunz TC, Kozjak-Pavlovic V,
Oertner TG, Nagel G, Kittel R), Gee CE, Gao S. PACmn for improved optogenetic control of
intracellular cAMP. BMC Biology 19:227 (2021). DOl 10.1186/512915-021-01151-9; * equal

contribution

The light-activated adenylyl cyclase bPAC is one of the first modulatory optogenetic tools
discovered and used in complex experimental procedures. Some of its useful features are its high
light sensitivity and compatibility of its excitation spectrum with other optogenetic tools. However,
there are two main aspects limiting its usability. First, it has been reported that bPAC has a low
but functionally significant activity in the dark (Stierl et al, 2011). This implies that even in the
absence of light, bPAC-expressing cells have a higher resting level of cCAMP due to the cyclase’s
activity. Second, bPAC is a soluble adenylyl cyclase. From all ten endogenous adenylyl cyclases,
only AC10 is soluble, while AC1-AC9 are transmembrane proteins. Furthermore, the soluble
endogenous ACs have functionally different roles as their signaling is regulated by bicarbonate
and does not depend on GPCR activity or intracellular calcium. As cAMP is highly
compartmentalised within the same cell, it would be ideal to have a powerful tool like bPAC
targeted to the plasma membrane. Therefore, the aims of this project were to develop a bPAC
variant with lower dark activity and to target it to the plasma membrane.

| started by evaluating the resting dark activity of bPAC in hippocampal neurons.
Theoretically, there are a few ways one can look at resting cAMP levels in hippocampal neurons
under the conditions we use in the lab (5-20 neurons electroporated/slice), such as using
genetically-encoded cAMP Forster resonance energy transfer (FRET) sensors. Unfortunately, the
toolbox available for monitoring cAMP is not as diverse as that for Ca*". From the few sensors
available, most are incompatible with bPAC as they rely on cyan/yellow fluorescent protein pairs
for FRET (bPAC would get activated by the light used to excite the sensor), or they express poorly
in our cultures (Pink Flamindo, RFlincA (Harada et al, 2017; Ohta et al, 2018)). For these reasons,
instead of looking at resting levels of cAMP, | evaluated the activation of PKA, one of the main

downstream effectors of cAMP. | co-electroporated bPAC with Booster-PKA, an orange-red PKA
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activity FRET sensor (Watabe et al, 2020). Booster-PKA sensor uses an orange fluorescent protein
(mKOK) as donor and a red fluorescent protein (mKate2) as acceptor, making it compatible with
bPAC as the 559 nm light used to excite mKOK will not activate the cyclase. Upon sensing the
signal (PKA activity), the sensor domain changes its conformation and interacts with the ligand
domain. This induces further conformational changes that will bring the donor and acceptor
molecules closer together, enabling FRET between the two molecules (Figure 4.6 A). Thus, a
change in the ratio between the donor and the acceptor molecule (or vice versa) would be an

indicator of lower or higher PKA activity.
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Figure 4.6 Low dark activity of bPAC is sufficient to induce PKA activity. (A) Working mechanism of
the PKA activity FRET sensor Booster-PKA. (B) Representative ratio images (mKate2/mKok) of
hippocampal neurons expressing BoosterPKA alone or together with bPAC (scale bar soma 10 pm,
dendrite with spines 1 um). (C) mKate2/mKox ratio values (bars show median and interquartile range).
***p < 0.0001, **p < 0.001, unpaired t-test soma bPAC(+) vs soma bPAC(-), unpaired t-test dendrite
bPAC(+) vs dendrite bPAC(-). Image from (Yang etal., 2021).

In bPAC expressing cells, resting levels of PKA activity were increased, as the
mKate2/mKOKk ratio was higher than in cells expressing only the sensor (Figure 4.6 B-C). This
difference in PKA activation levels was apparent in both the cell bodies and in dendrites. The
donor fluorescence was excited with 559 nm light, which does not get absorbed by the BLUF
domain of bPAC (absorbance range between 350 and 520 nm) (Stierl et al, 2011). Thus, cross-
activation of bPAC while stimulating donor fluorescence could not contribute to the higher resting
FRET ratio, suggesting that bPAC raises cAMP in the absence of direct light stimulation when
expressed in hippocampal neurons. This is sufficient to induce downstream signaling and activate
PKA. This finding also indicates that the dark activity is quite significant, since intracellular PDEs
are not able to quickly degrade all cAMP produced.

Structurally, bPAC is a dimer, each monomer comprised of an adenylyl cyclase (AC)

domain connected by a coiled coil to a BLUF domain (Figure 4.7). Light absorption by BLUF
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4. Results

generates changes enabling catalytically-competent AC conformations. To reduce bPAC dark
activity we introduced point mutations in either the BLUF domains, limiting their interaction
(L123) or in substrate accommodating residues of the AC domains (K197, F198, H266, T267). Cyclic
AMP measurement in oocytes (performed by our collaborators) (Yang et al, 2021) showed that the
F198Y mutation in the substrate binding domain reduced dark activity to 4% of that of bPAC (dark
turnover < 0.0024 min™), while maintaining a relatively high light activity in comparison to the
other variants tested (light-dark ratio >7000). Additionally, adding the fluorescent protein
Venus/eYFP on the N or C terminus of bPAC further reduced its activity in dark conditions (cAMP
concentration in the dark 24.7 pM bPAC, 9.7 pM for both Venus-bPAC and bPAC-eYFP).

)

© A My R & . .

2 ) oy .)\.f:‘/: ‘57{3:04

£l &/5“7"’/6 A 7" Figure 4.7 Model of bPAC structure. bPAC, (SMBK,
E[ llifi;\ ! 26‘1/ = <+ 5M2A), a parallel homodimer (chain A and B colored in
2 ﬁ }" ) \U} 3 f\\[‘hw")m\g‘j light and dark shades), marked with the “FAD”
5 \:‘ - *f""a,vl\sé-\“ffv, : é__::fpj_zp_q J .. . chromophore, ATP substrate and residues of interest.
= o Sk Asterisks indicate residues from the other chain of the

dimer. Green spheres represent the two catalytic Mg2+
ions. Marked are the key residues that were screened
(L123R, F198Y, F198W, H266W and T267Y, K197A,
K197A/D201A and R278A). Image from (Yang et al,
2021).

Next, multiple strategies were used to target bPAC to the plasma membrane, such as
fusing it to CD8, Gap43, CAAX peptide or a segment of the transmembrane protein Glycophorin.
However, expression of these constructs was not optimal in hippocampal neurons (Yang et al,
2021). Successful targeting was achieved by adding on the N terminus two 11 amino acid long
peptides from Lyn kinase, a tyrosine kinase from the Src family (Kasahara et al, 2004; Tsvetanova
& von Zastrow, 2014). Together with the addition of Venus and the F198Y mutation in the bPAC
segments, this construct was named PACmn and was electrophysiologically characterised in
hippocampal neurons (Figure 4.8). PACmn-expressing pyramidal neurons had normal
morphological and electrophysiological characteristics (Figure 4.9 A-D). Antibody staining against
Venus revealed PACmn’s uniform expression along the plasma membrane, as well as regions
with high density of expression (Figure 4.9 A). This patchy appearance is most probably due to the
peptide Lyn, as it is known to target Src family kinases to the plasma membrane, preferentially to

lipid rafts (Sohn et al, 2008).
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Figure 4.8 PACmn construct design.
Membrane targeting of the construct was done
via two lynll sequences, while the dark
activity was reduced by introducing the F198Y
mutation in the AC domain of bPAC, as well as
adding a Venus fluorescent protein between

ATP  cAMP lyn11 and bPAC domains.

In order to read-out of the levels of cAMP produced by light stimulation, PACmn was
electroporated together with a cAMP-sensitive cyclic nucleotide-gated channel (CNGA2
C460W/E583M; K., =0.89 pM) (Rich et al, 2001). A brief pulse of blue light of low intensity
generated cAMP and opened the co-expressed channel, generating inward currents (Figure 4.9 E).
Currents were fully reversible (due to the degradation of the produced cAMP by PDEs) and
repeatable. Photo-currents were light dose dependent. By changing the light intensity delivered
but keeping the light pulse length the same, an ECso of 41 mW mm™ could be calculated (Figure
4.9 F). Similarly, by using a sub-ECs light intensity, photo-currents were saturated with light
flashes as short as 500 ms (Figure 4.9 G). The decay of the saturated photo-currents (500, 5000
and 15000 ms) varied with the pulse length, indicating that more cAMP was produced in the
longer light pulse conditions even if the peak and slope of the currents saturated (probably due to
channel saturation).

In comparison to bPAC-generated photocurrents, PACmn induced smaller inward currents
in response to 50 ms light flashes of the same intensity (Figure 4.10 A). However, when the light
intensity was increased 10 times, similar current amplitudes could be achieved (Figure 4.10 B-C).
Similarly, by lengthening the light duration of PACmn activation light pulse resulted in similar
photocurrents (-0.87 nA, 500 ms 1ImW mm? from Figure 4.9 G) as when stimulating bPAC
expressing cells with the same intensity light but 10 times shorter pulse (-1.21 nA, 50 ms 1 mW
mm?, Figure 4.10 A, B). That shows that even with a lowered enzymatic activity, PACmn light
activation can result in cAMP increases similar to that of bPAC by lengthening the light pulse
duration or increasing the light intensity. PACmn photocurrents had similar kinetics as bPAC
photocurrents, with current peaking within 17 s (PACmn) and 12 s (bPAC(wt)) from the start of
illumination and decaying with a half-time of 6.4 s and 10 s, respectively (Figure 4.10 D). And
similarly to bPAC (Stierl et al, 2011), PACmn photocurrents were larger than those generated by

chemical stimulation of endogenous ACs and block of PDEs (Figure 4.10 E).
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Figure 4.9 Characteristics of the light-evoked responses in expressing hippocampal neurons. (A)
Confocal projection images of stained hippocampal neurons co-expressing PACmn (2xLyn-Venus-
bPAC(F198Y)) and mKateZ2, together with close-up of an apical dendrite. Overview scale bar 25 pM, close
up 10 pM. (B) Whole-cell responses to somatic current injections from -400 pA to 700 pA in a PACmn
expressing neuron in the dark (resting membrane potential -70 mV). (C-D) Membrane resistance and
holding current of non-transfected (NT) or PACmn/bPAC-expressing neurons when clamping the
membrane voltage at -70 mV. (E) Photocurrents evoked by five consecutive light flashes (50 ms, 1 mW
mm-2, ISI 100 s) in a PACmn + mCNG-A2 expressing neuron. (F) Representative currents recorded from
PACmn and mCNG-A2 expressing hippocampal neurons in response to 50 ms light pulse of varying
intensity of 470 nm light together with the light intensity-response relationship fitted with a quadratic
equation. Currents were normalized to the maximum current recorded for each neuron. (G)
Representative currents recorded from PACmn and mCNG-A2 expressing hippocampal neurons in
response to 1 mW mm-2 blue light pulses of varying duration (5 ms to 15 s) together with light duration-
response relationship (total charge). The maximum charge from each neuron was set to 100%. Image
from (Yang et al,, 2021).

Having established the functionality of PACmn in cultured hippocampal neurons, resting
PKA activity in PACmn expressing cells was evaluated by co-expressing it with Booster-PKA.
Additionally, we compared resting PKA activity of PACmn with that of bPAC(wt) and other
intermediate constructs we created: soluble bPAC with the F198Y mutation (Venus-bPAC(F198Y))
and membrane-targeted bPAC without the F198Y mutation (2xLyn11-Venus-bPAC). Remarkably,
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expression of PACmn was the only condition tested in which basal PKA activity was not affected
(Figure 4.11 A). We reconfirmed the dark activity of bPAC, as well as that of its plasma membrane-

targeted version (without F198Y mutation).
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Figure 4.10 PACmn raises cAMP in hippocampal neurons. (A) Sample currents elicited by a 50 ms 470
nm light pulse (arrow) in neurons expressing either bPAC(wt) or PACmn together with mCNG. (B)
Photocurrent amplitude and (C) slope recorded in neurons expressing PACmn or bPAC(wt) together with
mCNG in response to 50 ms 470 nm light pulses of varying intensity. (D) Time from stimulation to onset,
peak, and time from the peak to decay to 2 peak of responses to 50 ms, 1 mW mm-2 470 nm light pulses.
(E) Currents recorded from a neuron expressing PACmn together with mCNG in response to 50 ms, 1 mW
mm-2 470 nm light pulses (arrows), before and 15 min after wash-in of forskolin (FSK; 100 uM) and IBMX
(75 uM). Plotted are median and interquartile range. Image and legend from (Yang et al., 2021).

Surprisingly, Venus-bPAC(F198Y) also increased PKA activity in hippocampal neurons,
despite having no effect in the oocytes or on Drosophila behavior. In comparison to the slow and
almost irreversible effects of forskolin, a brief 2 second activation of PACmn was able to rapidly
increase PKA activity which decayed back to baseline in about 10 minutes (Figure 4.11 B-F). These
results show the much lower dark activity of PACmn in comparison to bPAC and that PACmn is an
appropriate optogenetic tool for fast and reversible manipulation of cAMP with high temporal and
spatial resolution. These results show that in comparison to bPAC, PACmn has virtually no dark
activity and that it can be used to activate cAMP-dependent intracellular signaling cascades in

individual cells with high temporal and spatial resolution.
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Figure 4.11 PACmn activates PKA when illuminated without altering basal activity in hippocampal
neurons. (A) Resting FRET ratios (soma) in hippocampal neurons expressing Booster-PKA alone or
together with bPAC variants. Note that only PACmn does not change resting PKA activity. Shown are
median and interquartile range. ***p < 0.0001, ns = not significant, Dunnett’s multiple comparisons vs
sensor only following one-way ANOVA (p < 0.0001). n = 52, 43, 31, 29, and 18 somata. (B) Representative
ratio images (mKate2/mKox) of the hippocampal neurons (soma and dendrite with spines) expressing
BoosterPKA before and after foskolin (FSK). (C) PKA activity in Booster-PKA expressing hippocampal
neurons. Bar indicates time of FSK application. (D-E) Representative ratio images (mKate2/mKoxk) of
hippocampal neurons expressing Booster-PKA together with bPAC(wt) (D) or PACmn (E) before and after
being illuminated for 2 s with 1 mW mm-2 470-nm blue light. (F) PKA activity in Booster-PKA neurons co-
expressing bPAC(wt) or PACmn. Arrow indicates a 2 s blue light pulse. In both (C) and (F), the solid lines
are from the soma, dashed lines from the dendrites and spines. n (somata): 10 (Booster-PKA), 7
(+bPAC(wt)), 11 (+PACmn); n (dendrites and spines): 10 (Booster-PKA), 18 (+bPAC(wt)), and 14
(+PACmn). Shading indicates SEM. Image and legend from (Yang et al., 2021).
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4.1.3 Cyclic AMP-derived silencing optogenetic tools

Manipulating neuronal activity has paved the way for numerous scientific advancements
in the field of neuroscience. Controlling if and when specific neurons or circuits are active has
been especially useful in revealing the functional roles of network activity in distinct brain areas.
While the toolbox of excitatory optogenetic tools is constantly expanding (Gradinaru et al, 2010;
Hochbaum et al, 2014; Klapoetke et al, 2014; Mager et al, 2018), the development of tools that
silence the activity of neurons has had a slower pace (Wiegert et al, 2017). The current tools
available for neuronal silencing require a high expression level and relatively high light intensities
which might lead to tissue heating and damage. Furthermore, their activation could lead to
paradoxical effects (Mahn et al, 2016, 2018; Malyshev et al, 2017; Raimondo et al, 2012; Wiegert et
al, 2016). Light-driven potassium channels could overcome these limitations, given that potassium
channels underlie the inherent membrane hyperpolarization process. We took advantage of a
recently published cAMP-gated K* channel and engineered an uni-molecular light-gated
potassium channel consisting of the cAMP-gated K* channel SthK from Spirochaeta thermophila
(Brams et al, 2014; Kesters et al, 2015) fused to bPAC, a bacterial photoactivated adenylyl cyclase
(Stierl et al, 2011).

To further develop this initial construct that we published in 2018 (Beck et al, 2018), we
lowered its cAMP-binding affinity to avoid activation by resting levels of cCAMP, a clear limitation in
its usability. Different point mutations were introduced in the cyclic nucleotide binding domain
(CNBD) of the SthK channel. Additionally, the Ciem sSegment of the CNBD domain was shortened,
as to restrict its interaction with cAMP. The final construct that contains a T378V mutation in the
CNBD and a 418 amino acid long Ciem domain, was named KPAC and characterised
electrophysiologically in hippocampal neurons (Figure 4.12 A).

A short flash of blue light induced large outward currents in expressing neurons that
peaked after 6 seconds and half-decayed in 21 seconds (Figure 4.12 B-(C). The currents reversed at
-105 mV, the calculated reversal potential for K*, validating the K* conductance of the channels
(Figure 4.12 D). Photo-currents were also light dose dependent. By changing the light intensity
delivered but keeping the light pulse length the same, an ECs of 042 mW mm? could be
calculated (Figure 4.12 E).

To check whether the light-driven K* conductance is sufficient to block action potential

firing, expressing cells were current-clamped and somatic current injections (700 pA) were

67


https://paperpile.com/c/JqaI1e/16VO+0gGe+FWxI+K5em
https://paperpile.com/c/JqaI1e/16VO+0gGe+FWxI+K5em
https://paperpile.com/c/JqaI1e/Ywa8
https://paperpile.com/c/JqaI1e/Yl2T+sUED+FawS+NOPG+RDjU
https://paperpile.com/c/JqaI1e/Yl2T+sUED+FawS+NOPG+RDjU
https://paperpile.com/c/JqaI1e/OBpq+D5H0
https://paperpile.com/c/JqaI1e/6kmC
https://paperpile.com/c/JqaI1e/e9kV

4. Results

delivered every 5 seconds in order to elicit action potentials. Five light stimulation conditions were
tested, by keeping the dose constant but increasing the pulse length (5 ms to 50 seconds) and
decreasing the light intensity (10 mW mm? to 0.001 mW mm™) (Figure 4.13 A). Light activation of
KPAC was able to suppress action potential generation in all tested conditions. On average, the
membrane potential hyperpolarized by around -15 mV. Blocking of APs was quick and sustained,
starting at around 5 seconds after the light was applied and lasting up to 20-30 seconds (Figure
4.13 B). KPAC activation was able to suppress even high-frequency firing. Somatic current was
injected (from O pA to 1400 pA) in order to drive spiking. Blue light intensities as low as 0.001 mW
mm? were able to completely block spiking rates up to 100 Hz, demonstrating the efficient
inhibition capabilities of KPAC (Figure 4.13 C). Thus, KPAC can be used for chronic silencing by
using either repeating short pulses of high intensity blue light (50 ms at 1 mW mm?, every 30
seconds) or by applying very low intensity light for the whole duration that silencing is wanted
(0.001 MW mm? for 5 minutes).

A B peak 50 ms C 105

syn 2 3

baseline |.UC> —~ 4

%)
Al > ._E, 10
t nset g 3
= 10

o
"""""""""""""""" —_ 2
A 4 b ul 3 10
s0ms o © 5s
1 mW mm-?

K

BV !T! D o ] 100-0

X SthK L0 75 g

Venus ,.‘ 05 —~ L 50 $

8bPAC ," L 025~ g

! % S =9 0 ﬁ

ATP  [CAMP -1209-100 80 20 1'0-2 1'00 LN
KPAC ® v(mv) 025 1 50 ms 5s Intensity (mW mm-2)

Figure 4.12 Characterization of KPAC photocurrents in hippocampal neurons. (A) Illustration of
KPAC design and expression in organotypic hippocampal cultures. (B) Sample outward current elicited by
a short 470 nm light pulse in neurons expressing KPAC; inset shows a zoom-in on the initial response
segment. (C) Time characteristics of currents in subpanel (B). (D) I-V curve for KPAC photocurrents; a
non-linear fit was applied to determine the reversal potential (-105 mV, K+ equilibrium potential -105
mV). (E) Sample currents recorded from a KPAC-expressing neuron when stimulated with different
intensities of 470 nm light; Light intensity-response relationship fitted with a quadratic equation
(normalization was performed to the maximum peak of currents recorded for each neuron).
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Figure 4.13 KPAC mediated silencing of firing in hippocampal neurons. (A) Example recordings
where action potentials generated by somatic current injections (700 pA 600 ms) can be blocked by KPAC
activation with extremely low light intensities by increasing the duration of the light pulse. (B) Up: Time
characteristics of action potential block and return in conditions i-v depicted in subpanel A; Down:
membrane potential changes in conditions i-v. (C) Light activation of KPAC efficiently blocks high-
frequency action potentials generated by somatic current injections (0 to 1400 pA); n = 9 neurons, spiking
rate calculated based on the time between the first two APs; graph depicts median spiking rate of all
neurons. (D) Strategies for long-term block of firing using KPAC: very short, repetitive higher light
intensities (upper example) or continuous very low-intensity light (lower example trace); insets show
magnification of the responses during the current injection before, during and after light.

An enormous advantage given by bPAC's light-sensing BLUF domain is its insensitivity to
wavelengths longer than 520 nm. This property makes possible combining bPAC with other
optogenetic tools that are activated by green-red light. An inhibitory tool with this characteristic
can be used together with an excitatory opsin to enable push-pull type experiments, where two

colors are used to drive excitation and inhibition within the same cell (Figure 4.14 A.
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Figure 4.14 KPAC/ChrimsonR pair for dual colour inhibition/excitation. (A) Left: wavelength-

dependent activation of KPAC and ChrimsonR, a red-shifted Channelrhodopsin; to minimize cross-
activation, the indicated wavelengths were used for activation; Right: Illustration of the experimental
design: KPAC and ChrimsonR expressing CA3 neurons were patch-clamped while stimulated with 595 nm
laser light and 400 nm LED light. (B) AP firing evoked by ChrimsonR activation was blocked by KPAC
generated hyperpolarization using medium to very low intensity of 400 nm light. Inset shows the start of
KPAC activation and subsequent cross-activation of ChrimsonR at higher violet light intensities. (C)
[llustration of the experimental design: ChrimsonR evoked EPSCs were recorded in non-transfected CA1
neurons. To block synaptic activity, 400 nm light was shined over the CA1 region (str. pyramidale and str.
radiatum). (D) KPAC activation at the axon and terminals blocks synaptic currents in area CA1.

To validate the dual color approach, CA3 cells were electroporated with both KPAC and
the red-shifted channelrhodopsin ChrimsonR (Klapoetke et al, 2014). Cells were stimulated with a
1 ms long 595 nm laser pulse every 5 seconds in order to elicit ChrimsonR-generated spiking.
Because the activation spectrum of ChrimsonR covers a wide range of wavelengths, careful
considerations were taken regarding the stimulation conditions of KPAC. To minimize any cross
activation of ChrimsonR while attempting to activate KPAC, 400 nm light was used for silencing.
Light-activation of KPAC with varying intensities and lengths of light successfully inhibited action

potential firing generated by activation of ChrimsonR. The light intensities that were sufficient for
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silencing spanned 3 orders of magnitude and were as low as 0.001 mW mm™=. Interestingly, violet
light in the 01-1 mW mm? range depolarised the cells at the beginning of the light pulse,
indicating that ChrimsonR can get activated even at these low intensities (Figure 4.14 B, zoom-in
box). Next, with both ChrimsonR and KPAC expressed presynaptically, | investigated whether
KPAC would be able to block synaptic transmission in CA1 generated by presynaptic ChrimsonR
currents and spiking (Figure 4.14 Q). For this, | patched non-transfected CA1 neurons and recorded
yellow-light evoked EPSC. Violet light shined over area CA1 (which will activate KPAC in CA3 axons
from stratum radiatum) generated a fast and reversible block of synaptic transmission (Figure 4.14

D).
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4.2 Assessment of cAMP modulation in hippocampal

synaptic transmission

Chemical stimulation of endogenous adenylyl cyclases at the Schaffer
collateral synapses increases transmission and induces immediate early gene

expression

To examine the contribution of cCAMP signaling to synaptic activity and gene expression |
stimulated endogenous adenylyl cyclases with the diterpene forskolin, a chemical that has been
extensively used to study cAMP signaling in the hippocampus. | confirmed that a forskolin-driven
rise in intracellular cAMP increases the frequency (61%) but not amplitude of miniature EPSCs
(MEPSCs) at the Schaffer collateral synapse in rat organotypic slice cultures (Renner et al, 2017;
Sokolova et al, 2006) (Figure 4.15 A-F). Next, | observed that field excitatory postsynaptic potentials
(fEPSPs) in mouse acute hippocampal slices were potentiated for at least one hour after 10 min of
forskolin (50 pM) and the phosphodiesterase inhibitor IBMX (75 pM) (Figure 4.15 G-H). In addition,
forskolin stimulation lead to expression of the immediate-early gene cFos presumably by
activation of the cAMP-PKA-CREB signaling pathway (Figure 4.15 |-). For this, | confined the
analysis to CA1 neurons that 7-9 days previously were electroporated with a plasmid encoding the
red fluorescent protein mKate2. An hour after treatment with forskolin, di-deoxy forskolin or
DMSO, slices were fixed, stained and the intensity of cFos labelling was measured in mKate2-
positive cells. Forskolin-stimulated cAMP induced strong cFos expression, which was not evident
when di-deoxy-forskolin or vehicle alone (DMSO) was applied to the rat slice cultures (Figure 4.15

-)).

Optogenetic Elevation of cAMP Levels in hippocampal neurons

The recently published membrane-targeted photoactivatable adenylyl cyclase, PACmn
raises intracellular cAMP and increases PKA activity in neurons (Yang et al, 2021). | confirmed that
hippocampal neurons electroporated with plasmids encoding PACmn, PACmn_dV (with a point

mutation to decrease Venus fluorescence) or transduced with rAAV2/9 CaMKII-PACmn_dV
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Assessment of CAMP modulation in hippocampal synaptic transmission

produced similar responses to short light stimulation in CAl neurons also expressing a cAMP
preferring CNG channel (Figure 4.16 A-B, G-H). There were not obvious differences in morphology
and basic cell properties such as resting membrane potential, action potential threshold,
membrane resistance or holding current were not different between the three conditions (Figure
4.16 C-F). Prolonged illumination with blue light (10 minutes 1 mW mm?) evoked inward currents

for the whole duration, indicating a continuous production of cAMP (Figure 4.16 ).
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Figure 4.15 Forskolin stimulation of endogenous adenylyl cyclases at the Schaffer collateral
synapse increases transmission and induces immediate early gene expression. (A) Miniature
excitatory postsynaptic currents (mEPSCs) recorded in a CA1l neuron before and after wash-in of the
adenylyl cyclase stimulator forskolin (FSK). (B) Forskolin application did not affect the median amplitude
of mEPSCs (n = 9 cells). (C) Forskolin application induced a significant increase in the frequency of
mEPSCs events (n = 9 cells). (D) Amplitude and frequency change from baseline 10-15 minutes after
wash-in of forskolin solution. (E) and (F) Cumulative distribution of mEPSC amplitude and inter-event
interval before and 10-15 minutes after forskolin. (G) Field excitatory postsynaptic potentials evoked by
electrical stimulation of Schaffer collaterals from CA1 stratum radiatum of an acute hippocampal slice
(mouse) before and 60 min after forskolin/IBMX. Red line indicates slope measured. (H) Quantification of
experiments as in G. Points and error bars represent mean and SEM. (n = 4 slices). (I) Confocal images of
hippocampal slice cultures (CA1) stained against cFos after application of forskolin, 1,9-dideoxy-forskolin,
or vehicle (DMSO). (J) Intensity of cFos signal in nuclei of mKate2-positive CA1 neurons. FSK: n = 188 cells
(11 slices); ddFSK: n = 84 cells (7 slices); vehicle: n = 109 cells (7 slices).
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Figure 4.16 Optogenetic elevation of cAMP with photoactivated adenylyl cyclases. (A) PACmn
construct design and hippocampal slice culture transfection strategy. (B) Representative currents
recorded in response to 470 nm light from CA3 hippocampal neurons expressing mCNG together with
PACmn, PACmn_dV (single-cell electroporation) or PACmn_dV (virus transfection). (C-F) Resting
membrane potential (C), action potential threshold (D), holding current (E) and membrane resistance of
recorded expressing neurons. (G-H) Photocurrent amplitude (G) and time from stimulation to peak (H) in
response to 50 ms 470 nm light of 1 mW mm-2 intensity. (I) Example photocurrents in response to 10
minutes of 470 nm light (1 mW mm-2). Neurons were clamped at -70 mV. Error bars show median and
interquartile range. n (neurons) = 9 PACmn, 8 PACmn_dV, 10 PACmn_dV AAV. n.s. = not significant, Dunn’s
multiple comparisons vs control following Kruskal-Wallis test (p = 0.058).

Pre- and postsynaptic cAMP increase AMPA mEPSCs

My next aim was to determine the site of cCAMP-induced changes in miniature excitatory
postsynaptic currents (mEPSCs), which are AMPA receptor-mediated currents generated by the
spontaneous release of neurotransmitter vesicles. PACmn was expressed using an AAV vector in
entire slice cultures or using local injection of AAV either in the CAL (postsynaptic) or CA3

(presynaptic) neurons (Figure 4.17 A-B). When the AAV was applied on the slice, PACmn was
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expressed in all regions whereas after local CA3 or CAl injection PACmn signal was confined to
neurons in the CA3 cell body layer or in CA1, respectively (Figure 4.17 B). As observed using
forskolin, light-induced cAMP increased the mEPSC frequency but not amplitude (Figure 4.17 C-D).
Interestingly, there were differences depending on the extent of AAV application. When PACmn
was expressed everywhere in the slice, the mEPSC frequency increased 2.2 fold (relative to
baseline) during the light stimulation and decayed to 1.6 fold after the light was off (Figure 4.17 D-
F). When cAMP was raised only in presynaptic CA3 neurons, mEPSC frequency again increased
during the light (1.8 fold baseline) and returned to 1.2 fold baseline when the light was off. In
contrast, when cAMP was raised only in postsynaptic CAl neurons, there was a smaller increase in
frequency during the light that persisted when the light was off (median fold change during light
1.2, after light 1.3) (Figure 4.17 D-F).
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Figure 4.17 Optogenetic elevation of cAMP increased mEPSC frequency at CA3-CA1 synapse. (A)
Organotypic hippocampal slice cultures were transfected with an adeno-associated virus (AAV9 serotype,
promoter CaMKII) encoding PACmn, a photoactivated adenylyl cyclase. The virus was delivered either on
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the whole slice or was locally injected in areas CA1 or CA3. (B) Expression of PACmn in areas of interest
was confirmed by immunohistochemistry. (C) Examples of CA1 miniature recordings in slices where
PACmn was expressed everywhere (grey), in CA3 (magenta) or in CA1 (turquoise), before and during its
activation with 1 mW mm-2 of 470 nm light for 5 minutes. (D) Amplitude and frequency change from
baseline during and after the light-activation of PACmn. n’s = 9, 8, 12 cells, only 1 cell was recorded per
slice. (E) Timeline of baseline-normalised frequency of mEPSCs in all conditions. (F) Cumulative
distribution of mEPSC inter-event interval before, during and after light activation of PACmn. All data are
shown as median and interquartile range.

Thus, postsynaptic cAMP produces a slowly rising and persistent change in mEPSC
frequency whereas presynaptic cCAMP rapidly and transiently increases mEPSC frequency. When
activated together, the PACmn-induced rise in cAMP has effects on mEPSCs that reflect the
addition of pre- and postsynaptic contributions and that closely approximate but are more rapid

than the forskolin-induced changes.

Increasing postsynaptic cAMP potentiates CA3-CA1 synapses

| next performed localized injection of PACmn rAAVs into the hippocampus of wildtype
mice to achieve expression in all regions (DG, CA3 and CA1) or confined to CA3 (presynaptic) or
CA1 (postsynaptic) (Figure 4.18 A-B). In acute slices made from the injected mice, light-driven cAMP
had immediate and prolonged effects on CA3-CA1 fEPSPs (Figure 418 C-F). Increasing only
presynaptic (CA3) cAMP potentiated fEPSPs during the light in most slices (127 x baseline) but did
not lead to significant LTP of CA3-CA1 synapses (Figure. 4.18 D-F). Due to the high variability of
recorded responses, more experiments are needed in this group. A similar rapid and reversible
potentiation of release in response to presynaptic CAMP has been reported at hippocampal
mossy fibre synapses (Oldani et al, 2021). When PACmn was confined to CAL or expressed in all
regions, the effects on fEPSPs were very similar. fEPSPs were first reduced during the light (0.18
and 0.11 x baseline, respectively) but then LTP lasting at least two hours was apparent (Figure 4.18
C, E-F). The LTP after raising cAMP in CA1 or throughout the slice is similar to forskolin-induced
LTP (Figure 4.15 H). The stronger LTP after forskolin suggests that there is a cAMP-dependent
contribution to LTP from non-neuronal cell types. All in all, PACmn activation induced
strengthening of synapses (short or long lasting) both when expressed exclusively in areas CA1 or
CA3, even if cAMP-dependent LTP has long been considered a postsynaptic process at the
Schaffer collateral synapse. These results suggest that cAMP can influence synaptic transmission

through both pre and postsynaptic mechanisms.
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The fEPSP reduction during light when PACmn is expressed in CAl neurons is most
probably due to cAMP-dependent endogenous inward currents that are transiently activated
when the light is on (Udwari, 2014). CA1 neurons will thus depolarize, reducing the electrotonic
driving force for Na* entry through AMPA receptors and therefore decreasing EPSP amplitudes.
Increasing cAMP in CAl neurons evokes endogenous slow inward currents that reverse at a
holding potential of -47 mV and that are significantly reduced with inhibitors of the
hyperpolarization and cyclic nucleotide-gated (HCN) channel (ZD7288) (Udwari, 2014). Thus,

intracellular cAMP leads to HCN channel mediated inward currents at the resting membrane

potentials.
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Figure 4.18 Optogenetic elevation of cAMP enhances synaptic transmission between CA3 and CA1
neurons. (A) Experiment design: PACmn-encoding adeno-associated virus was injected in vivo in either
CA3, CAl orin CA3 + CA1 + DG (everywhere). Field recordings in area CA1 were performed in acute slices
7-10 days after injections. (B) Expression of PACmn in areas of interest was confirmed by
immunohistochemistry. R: recording electrode, S1-S2: stimulating electrodes. (C) and (D) Timeline of
baseline-normalised fEPSP recordings where PACmn was activated with 0.2 mW mm-2 of 470 nm light for
10 minutes; n’s (recordings, slices, animals) = 14, 7, 2 (everywhere); 9, 6, 2 (CA1); 9, 6, 3 (CA3). (E)
Change in slope of fEPSPs (relative to baseline) during and 2 hours after PACmn. (F) Examples of CA1
field EPSPs responses in slices before, during and 2 hours after light. PACmn was expressed everywhere
(grey), in CA3 (magenta) or in CA1 (turquoise). Data shown as median and interquartile range.
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4. Results

Pre and postsynaptic cAMP induces postsynaptic cFos expression

Next, | confirmed that light activation of rAAV-expressed PACmn increases cFos
expression in CA1 neurons that were electroporated with mKate2 plasmid on the same day as the
rAAV injections (Figure 4.19 A). A week after expression, slice cultures were stimulated with blue
light for 10 minutes and 1 hour later fixed and stained against cFos (Figure 4.19 B). Light elevation
of cAMP in only pre-, only postsynaptic or throughout the slice induced equally strong cFos
expression in mKate-positive CAl neurons as did forskolin (Figure 4.19 C-D, Figure 4.15 ).
Expression of cFos was due to production of cAMP, as slices expressing PACmn but kept in the
dark had little cFos expression. Interestingly, the combined effect of simultaneous pre and
postsynaptic cCAMP was not additive, as | observed with the cAMP effect on mEPSC frequency, but
the intensity of cFos labelling was the same regardless of expression pattern. Also different to the

effects on fEPSPs both presynaptic and postsynaptic CAMP increased cFos expression.
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Figure 4.19 Optogenetic elevation of cAMP induces IEG expression in CA1 neurons. (A) Individual
CA1 neurons expressed mKate2 (single-cell electroporation) in hippocampal slice cultures that were
transduced with AAV to express PACmn in neurons in the entire slice or selectively in CA1 or CA3 regions.
(B) 5-8 days later PACmn was activated and 1 hour later slices were fixed and stained for cFos. (C)
Confocal images of CA1 hippocampal neurons stained against cFos after being treated with light or kept in
the dark. (D) Intensity of cFos signal in nuclei of mKate2+ CA1l neurons. n’s (neurons) = 107
(everywhere); 67 (CA3); 45 (CA1); 35 (everywhere dark); Red dotted line represents the median FSK-
elicited intensity from Figure 4.15].
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Elevation of cAMP in single postsynaptic neurons does not increase AMPAR

currents and is insufficient to induce synaptic strengthening

While there is a vast literature describing the molecular players and mechanisms involved
in cAMP-dependent induction of LTP, no studies have achieved single cell resolution. To achieve
this, | used single-cell electroporation to express PACmn or soluble bPAC in a few CA1 pyramidal
neurons per organotypic slice culture. Given that mEPSC frequency increased when cAMP was
elevated with forskolin or PACmn in either pre or postsynaptic neurons, | was surprised that
raising cAMP in individual CA1 neurons had no effect on mEPSC amplitude or frequency (Figure
420 B-D) (median amplitude fold change after light PACmn 0.91, bPAC 0.94; median frequency
change after light PACmn 1.01, bPAC 0.95). Likewise, there was no effect of increasing cAMP on
evoked EPSCs when individual CA1 neurons expressed either PACmn or soluble bPAC (Figure 4.20
E-I). This lack of effect was not due to an inability of the patched neurons to exhibit synaptic
plasticity as forskolin increased EPSCs. Thus, cAMP-dependent changes in the strength of
synaptic transmission require global increases in many neurons. These observations suggest that
additional unknown intercellular signaling factors are triggered by cAMP and are required for the

functional changes.

cAMP does not induce cFos expression when elevated in single cells

| next investigated whether, as for synaptic function, cCAMP raised in individual neurons is
also unable to stimulate cFos expression. A week after electroporating up to 20 CAl neurons,
cAMP was increased with light (Figure 420 A). Neither PACmn nor bPAC activation led to cFos
expression even when phosphodiesterases were inhibited with IBMX (Figure 4.20 J-K). These
results further suggest that known downstream effects of cAMP are not mediated by cell

autonomous signaling pathways.
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Figure 4.20 Optogenetic elevation of cAMP in single cells does not influence synaptic transmission
at CA3-CA1 synapse nor cFos expression. (A) Experimental design: CA1 neurons of organotypic slice
cultures were single-cell electroporated with plasmids encoding one of the photo-activatable adenylyl
cyclase PACmn or bPAC. After expression, slices were stimulated with blue light and either recorded from
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(for miniature EPSCs or evoked EPSCs recordings) or stained against cFos. (B) Examples of CA1 miniature
recordings in neurons expressing PACmn or bPAC before and during light activation; only 1 cell was
recorded per slice. (C) The median amplitude and frequency of events detected in 5 minute intervals
before, during and after light. Grey points show raw values, n's (neurons) = 11 (PACmn), 7 (bPAC). (D)
Amplitude and frequency change from baseline 5-10 minutes after the start of the light stimulation. Data
shown as median and interquartile range. (E) Timeline of baseline-normalised slope of evoked EPSCs
recorded in CA1 neurons before and after treatment (10" light stimulation for PACmn or bPAC expressing
CA1 neurons and 10' Forskolin for WT CA1 neurons). Light intensity 1 mW mm-2 (470 nm), forskolin 50
UM. n's (neurons) = 6 (PACmn), 6 (bPAC), 3 (FSK). Every time point is an average of 3 measurements (ISI
20 s). (F) Examples of CA1 evoked EPSC responses before and after treatment. (G) Average EPSC slope 5
minutes before and 10-15 minutes after the start of treatment. (H) Timeline of baseline-normalised area
under curve of evoked EPSCs before and after treatment. Every time point is an average of 3
measurements (ISI 20 s). (I) Average area under curve of EPSCs 5 minutes before and 10-15 minutes after
the start of treatment. Data shown as median and interquartile range. (J) Confocal images of CA1l
hippocampal neurons stained against cFos after being treated with light, light + rolipram pre-treatment or
kept in the dark. (K) Intensity of cFos signal in nuclei of PACmn or bPAC expressing CA1 neurons. n’s
(from left to right) = 23, 19, 48, 31, 29, 22 neurons. Red dotted line represents the median FSK-elicited
intensity from Figure 4.15]. Data shown as median and interquartile range.

cAMP dependent cFos expression is not cell autonomous and requires a

synaptically connected network

To examine the signaling downstream of cAMP | focussed on cFos as the readout and
applied forskolin to raise cAMP throughout the hippocampal slices. Inhibiting the two main
effectors of cAMP (PKA and EPAQ) reduced but did not abolish cFos expression (Figure 4.21 A).
Interestingly, inhibiting MEK1/2 phosphorylation of ERK (U0126) was more effective, suggesting
the ERK rather than PKA activity drives cFos expression (Figure 4.21 A). Surprised that inhibiting
PKA and EPAC was not more effective at preventing cFos expression, | tested whether HCN
channels might be important. Unexpectedly, inhibiting HCN channels completely abolished cFos
expression, indicating that membrane depolarization and activation of an entire network of
neurons, and not the classical cCAMP-PKA-CREB pathway drives cFos expression (Figure 4.21 A
Indeed, preventing action potentials or fast synaptic transmission were sufficient to completely
abolish cFos expression (Figure 4.21 B-D). When light activation of PACmn was used to raise cAMP,
action potentials were also required (Figure 4.21 B-D). Together these data suggest that, at least in
neurons, the signaling pathways from cAMP leading to changes in synaptic properties or
immediate early gene expression are not cell-autonomous. Rather, signaling between neurons,
possibly also involving other cell-types such as astrocytes or glia is necessary (Figure 4.22). The

transmitters and receptors involved are yet to be identified.
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Figure 4.21 Optically induced cAMP-dependent cFos expression is not controlled by the typical
cAMP signaling pathway, but by neuronal firing and synaptic transmission. (A) Intensity of cFos
signal in nuclei of mKate2-positive CA1 neurons 1 hour after being treated with Forskolin. Slices have
been treated overnight with combinations of inhibitors of PKA (KT5720), EPAC (ESI09), MEK1/2
(U0126), HCN channels (ZDF7288). n (neurons) = 188, 74, 46, 27, 70. (B cFos intensity in FSK treated CA1
neurons that have been incubated overnight with TTX and/or inhibitors of fast synaptic transmission
(NMDAR, AMPAR and GABAR blockers). n (neurons) = 188, 74, 46, 27, 70. (C) cFos intensity in light
stimulated, PACmn AAV-transduced CA1 neurons (entire slice or selectively in CA1 or CA3) that have
been incubated overnight with TTX. n (neurons) = 107, 69, 72, 36. (D) Confocal images of CA1l
hippocampal neurons expressing mKate2 (alone or together with PACmn via AAV transduction) stained

against cFos 1 hour after being treated acutely with light or Forskolin. All conditions were treated
overnight with TTX.
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5. Discussion

5.1 Development of photoactivated tools

In Chapter 4.1 | presented the development and characterization of new photoactivatable
tools for modulating cellular activity. These were the rhodopsin guanylyl and adenylyl cyclases
CaRhGC and CaRhAC, PACmn a bPAC-based membrane-targeted adenylyl cyclase with no
constitutive activity and KPAC, a highly efficient hyperpolarizing tool based on combining bPAC

with a CAMP activated potassium channel.

5.1.1 Comparison between PACmn and CaRhAC strategies to
optically raise cAMP

Genetically encoded, photo-activated cyclases offer the possibility of precisely
manipulating intracellular cAMP with improved spatio-temporal resolution. As stated in previous
chapters, the ideal optogenetic tool for cAMP manipulation in mammalian systems should be able
to meet the following requirements: fast onset of cyclase activity, encoded by a single gene, small
molecular size, insignificant activity in the absence of light, high light sensitivity, high light/dark
ratio, narrow activation spectrum, no toxicity when expressed in mammalian cells.

The most popular tool for optical cAMP manipulation has been the soluble adenylyl
cyclase bPAC, which meets all requirements with the exception that it exhibits enzymatic activity
even in dark conditions. Despite bPAC having one of the lowest dark turnovers (0.057; defined as
molecules of cAMP produced by 1 molecule of enzyme per minute) compared with PACs from
other species (EuPAC, mPAC), its dark activity is sufficient to activate PKA in hippocampal neurons
and to generate changes in Drosophila behaviour (Yang et al, 2021). However, its high light
sensitivity and thus high light/dark ratio (L/D 1630), made it an ideal candidate for further
development and by introducing the F198Y mutation in the substrate binding domain, ATP access

was reduced, resulting in a bPAC variant with little to no dark activity (4% of that of bPAC) that still
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retains a high L/D ratio (>7000). Incorporating the small anchor peptide from Lyn kinase targeted
the expression of the construct to the plasma membrane, resulting in PACmn, a highly light
sensitive membrane-targeted adenylyl cyclase with virtually no dark activity. While in neurons
PACmn (2xLyn11-Venus-bPAC(198Y)) photocurrents were smaller than that of bPAC, saturating
light intensities (around 10 times more for PACmn) generated similar amplitude currents,
demonstrating that despite the reduced light activity similar increases in cAMP can be achieved.
Furthermore, expression of PACmn does not induce PKA activity, confirming the significant
reduction in dark activity.

Another option to optically stimulate cAMP production is using rhodopsin-based cyclases.
During my PhD, | contributed to the validation of the photoactivatable guanylyl cyclase from the
aquatic fungi Catenaria anguillulae as a novel optogenetic tool to increase cGMP (Scheib et al,
2018). Additionally, we generated a rhodopsin adenylyl cyclase by introducing point mutations in
the nucleotide binding site that we named CaRhAC. While activation of CaRhAC specifically raises
cAMP and not cGMP, quantification of CAMP in oocytes revealed significant residual activity in the
absence of light in comparison to control non-injected oocytes (CaRhAC 7.9 pmol cAMP/oocyte;
non-injected 3.2 pmol cAMP/oocyte. However, the dark activity measured is lower than that of the
first adenylyl cyclase we generated in this study, which was from Blastocladiella emersonii (dark
turnover YFP-CaRhAC 0.14, YFP-BeRhAC 0.19).

While the dark activity of both PACmn and CaRhAC was measured in oocytes, direct
measurements need to be performed in the experimental expression system. When patching
neurons expressing both the cyclase and cAMP-sensitive cation channels, a high dark activity
should be recorded as lower holding current and membrane resistance. Such differences were
not evident in my measurements (Figure 4.9). However, the dark activity of bPAC in neurons was
revealed by imaging PKA activity, where just the expression of bPAC increased resting PKA
activity. Such measurements are not possible with rhodopsin-based tools (CaRhAQ) as their
activation spectrum overlaps with the wavelength necessary to image the FRET sensor. This will
lead to unwanted CaRhAC activation, defeating the purpose of the experiment. My expectation is
that CaRhAC increases PKA activity. Thus, | would recommend PACmn for optogenetic control of
adenylyl cyclase.

PACmn is a smaller protein (625 amino acids vs 867 amino acids) and the soluble nature
of its main component, bPAC, leaves open the possibility of more specific subcellular targeting.

Probably the most important difference is the extremely low dark activity of PACmn in
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comparison to CaRhAC. Furthermore, PACmn’s light sensing domain is based on BLUF, an
extremely light sensitive photoreceptor offering the possibility of using very low doses of light to
initiate cyclase activity. Additionally, the BLUF domain is activated by photons in the 400-520 nm
visible wavelength range, leaving open a sufficiently wide visible wavelength band (i.e. >530 nm)
to combine it with other tools (such as the PKA FRET sensor BoosterPKA or with red-shifted
channelrhodopsin). In contrast, the activation wavelengths of CaRhAC occupy most of the visible
spectrum, making it hard to use a second tool without inadvertently activating the cyclase. On the
other hand, the main advantage of CARhAC over PACmn are the faster kinetics (time from start of

light to current onset 20 ms vs 60 ms; time to half decay 1 s vs 6.4 s).

5.1.2 Possible future developments of photo-activated adenylyl

cyclases

Although a small and diffusible molecule, CAMP has restricted access to its downstream
effectors, leading to compartmentalised cAMP signaling. This is based on the availability of its
targets in different cellular compartments, as both PKA and EPAC have been found to exist in
multiple isoforms that have a preferred cellular localisation. Similarly, cCAMP degradation is
accomplished by a large family of phosphodiesterases with affinities ranging from 10-100 nM to
more than 10 pM. This implies that although it is a freely diffusing molecule, cyclic AMP’s function
is requlated by the existence of physical barriers such as cell membranes, the availability of a
certain effector molecule (by association to AKAP scaffold complexes) and its uneven degradation
by PDEs (Conti et al, 2014). One interesting set of studies looked at differential cAMP
concentration within the cell compartments and found that cAMP concentrations at the
membrane are insensitive to changes of cytosolic cAMP. This suggests that the two
compartments do not equilibrate and that cAMP does not freely diffuse within the cell (Rich et al,
2000, 2001). Multiple studies have since reported similar findings (Agarwal et al, 2016; Richards et
al, 2016). For this reason, it would be ideal if one could choose the location of cAMP production in
order to determine the roles of subcellular cAMP signaling patterns. To achieve this level of spatial
resolution, optogenetic tools can be targeted to subcellular compartments and intracellular

organelles by using various targeting sequences. Employing this strategy, bPAC variants were
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developed that were targeted to the endosome limiting membrane and the plasma membrane
using Hrs and Lyn-derived targeting sequences (Tsvetanova & von Zastrow, 2014). Activation of
these constructs in HEK cells revealed the differences in transcriptional signaling based on the
origin of cCAMP generation. While optogenetic endosomal and cytosolic cAMP elevation induced
CREB phosphorylation and transcription of PCK1, a cAMP-regulated enzyme, cAMP generated at
the plasma membrane was disconnected from downstream transcription. In @ more recent study,
bPAC was targeted to synaptic vesicles by fusing it to synaptophysin, a synaptic vesicle protein
(Oldani et al, 2021). This new construct, named synaptoPAC, was used to demonstrate light-driven
presynaptic potentiation of synaptic connections between dentate gyrus granule cells and CA3
pyramidal neurons in the hippocampus. These experiments show the type of specificity that
optogenetic manipulation can provide and highlight the necessity and possibility of subcellular
targeting.

Another point of interest for future developments of photoactivatable cyclases is related
to their activation spectra. Most naturally-occuring or engineered PACs are based on light-sensing
domains that absorb shorter wavelengths of light (BLUF, rhodopsins). This characteristic
complicates more complex experimental applications (/7 vivo stimulation), as shorter wavelengths
show low tissue penetration and phototoxicity. These issues can be considerably reduced with
cyclases that can be activated by light of longer wavelengths. One option for such tools is
represented by the engineering of red-shifted photoactivated cyclases. By mutating a key residue
(527A) in the BLUF domain, a bPAC variant with modified absorbance spectra has been developed
(Stierl et al, 2014). While its light-modulated enzymatic activity remained unchanged, bPAC-S27A
showed a 15 nm shift in its absorption spectra. However, this small spectral change is not
sufficient to avoid short-wavelength light challenges and despite efforts, larger shifts in the color
tuning of BLUF receptors have not been reported. Another option is the development of
phytochrome-based photo-activated cyclases, which can sense light in the red-far red range (600-
800 nm). Multiple attempts have been made to engineer such optogenetic tools by fusing the
light-sensing domain from several phytochromes to adenylyl cyclase domains (Etzl et al, 2018;
Ryu et al, 2014; Stlven et al, 2019). The tools successfully increased cAMP levels and controlled
behaviour when expressed in C elegans after red light stimulation. However, the animals
exhibited changes in behaviour even in the absence of light, indicating a high enzymatic activity
in the dark. While red-light activatable tools can overcome previous shortcomings such as

phototoxicity and low penetration of light, there is a clear need to further develop these tools with
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regard to their low light activity and high dark activity. Furthermore, the cofactor biliverdin needs

to be exogenously added in the case of plant phytochromes as it is not present in animal cells.

5.1.3 Potassium-driven silencing of neurons: advantages, limitations

and perspectives

Manipulation of neuronal activity allows us to uncover the function of neurons in relation
to a circuit or behaviour. At single cell level, loss-of-function can be achieved either through the
block of action potential generation or by the suppression of neurotransmitter release. During the
course of my PhD work | contributed to the development of optogenetic silencing tools, SthK-
bPAC (Beck et al, 2018) and an improved variant called KPAC (unpublished). The conceptualisation
of these optogenetic silencers takes inspiration from the neuron’s inherent method of stopping an
action potential, namely K* conductance. Given that in most neurons the reversal potential of K* is
even more negative than the resting membrane potential, engineering a light activated K*
channel would enable efficient block of action potentials.

Over the years there have been a couple of attempts to engineer a light-activatable K*
channel. The first of such tools designed used a photopharmacogenetic approach, where
engineered K*-selective channels or subunits would open upon binding of a synthetic
photoswitchable tethered ligand (Banghart et al, 2004; Fortin et al, 2011; Janovjak et al, 2010).
While this strategy offers light-controlled, reversible K* conductance, it relies on the continuous
presence of the chemical ligand to block the channel's opening. Another remarkable attempt at
creating a light-gated K* channel is represented by the development of BLINK1 and BLINK2,
miniature viral K* channels (Kcv) that are fused to a light-activated LOV2 domain (Alberio et al,
2018; Cosentino et al, 2015). These first light-gated K* channels did not require additional cofactors
and their activation with blue light generated changes in behaviour of Drosophilalarvae. However,
their poor expression in mammalian cells hampared their widespread application by the
neuroscience community.

By fusing a cAMP-gated K* channel (SthK) to bPAC, we were able to develop a light-
activatable K* channel that relies on light-driven cAMP production that will then bind and open

the channel, allowing K* ions to flow outside the cell (Beck et al, 2018). At the same time, a tool
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with a similar configuration (SthK and bPAC, unfused; named PAC-K) was developed and
characterised in neurons, cardiomyocytes and zebrafish embryos (Bernal Sierra et al, 2018). The
original construct we described in (Beck et al, 2018) displayed hyperpolarizing activity even in the
absence of light (when measured in oocytes), a clear indication that the SthK channel opens at
resting levels of cCAMP. To lower the high cAMP affinity of the channel and avoid its activation at
resting cAMP, we developed an improved construct that we named KPAC. By introducing the
1378V mutation in the cyclic nucleotide binding domain (CNBD) of the SthK channel and
shortening the Ciem segment of the CNBD domain we were able to restrict cAMP binding and thus
resting level opening of the channel.

However, the reduction in cAMP binding affinity did not affect photocurrent generation.
Indeed, hippocampal neurons displayed cell membrane hyperpolarization of up to 20 mV upon
light stimulation. Moreover, due to the high light sensitivity of bPAC, light as little as 0.001 mW
mm? was able to stop action potential generation. The hyperpolarization was so robust that high-
frequency firing (100 Hz) generated by somatic current injections of up to 1.5 nA was completely
abolished by light intensities as low as 0.001 mW mm® This level of silencing efficiency is
unprecedented, as all anion-conducting inhibitory optogenetic tools show a shift in the rheobase
(minimum current injection necessary to elicit an action potential) of maximum 600 pA upon light
stimulation (1-10 mW mm?), and almost no shift when using low light-intensity pulses
(Govorunova et al, 2015; Wietek et al, 2015). In contrast, KPAC is able to shift the action potential
threshold by ~700 pA when using only 0.001 mW mm? blue light and blocks firing completely
(maximum current injection 1400 pA) when using 0.01 mW mm?. One major limitation of KPAC in
contrast with anion-conducting rhodopsins, is that due to the slow closing kinetics of bPAC, its
activation cannot suppress single action potentials within trains. However, the long-lasting effects
of bPAC activation provide the valuable property of long-term sustained silencing with low doses
of light. Indeed, prolonged inhibition of spiking can be achieved with KPAC either by using short,
repetitive pulses of light, or by prolonging the illumination for the whole duration that inhibition is
needed (at lower light intensities).

An enormous advantage given by bPAC’s light-sensing BLUF domain is its insensitivity to
wavelengths longer than 520 nm, which enables push-pull type experiments, where two colors
are used to drive inhibition and excitation within the same cell. However, most red-shifted
excitatory opsins (Chrimson, ChrimsonR, ChRmine) retain a significant absorption of 400-470 nm

light. For this reason, careful considerations must be taken in order to minimize any cross
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activation of the excitatory opsin while activating the silencer. | show that 0.1 mW mm= of 400
nm light is sufficient to activate co-expressed ChrimsonR and lead to depolarisation, while 1 mW
mm? (@ commonly used intensity to activate anion-conducting rhodopsins) generates action
potentials. However, due to the high light sensitivity of KPAC, this issue is circumvented by
adjusting the light dose parameters (increasing pulse length and lowering its intensity).

The main motivation for silencing neurons is blocking their contribution to circuit activity
by inhibiting synaptic transmission. As previously stated, this can be achieved by either blocking
action potential generation or by suppression of neurotransmitter release. Due to the higher
concentration of chloride at synaptic terminals in comparison to the somatodendritic
compartment, the anion-conduction rhodopsins silence action potentials when activated at the
soma but increase transmitter release when activated at terminals (Mahn et al, 2016, 2018;
Malyshev et al, 2017; Wiegert et al, 2016). While this is not yet tested for KPAC it may be that
hyperpolarizing only axon terminals will be effective at blocking transmitter release even when
the neuron has fired an action potential.

While KPAC is a highly promising optogenetic tool for silencing neuronal activity, there
are two main concerns that could hinder its widespread application. While measurements in
KPAC-expressing oocytes did not show any cAMP production in the dark (due to bPAC being
fused the the SthK channel), a recent study using PAC-K silencer to study seizures in healthy and
epileptic mice showed light-independent effects (generalised seizures and pyramidal cell
dispersion in healthy animals) (Kleis et al, 2021). The effects observed in the absence of light
might be due to the two component system used, where bPAC is soluble and unattached to the
SthK. However, further measurements in KPAC-expressing neurons need to be performed in order
to measure the dark activity of KPAC in neurons. Since there are no working cAMP sensors
spectrally compatible with KPAC, one can measure PKA activity as a proxy for enzymatic dark
activity. Another limitation of KPAC comes from the design of the construct that relies on
intracellular cAMP production that will bind and open the SthK channel. This increase in
intracellular messenger could trigger cAMP-mediated activation of signaling cascades, affecting
molecular pathways and metabolic processes. A more elegant design that could circumvent some
of these issues would be the development of cGMP-based silencers using a similar design as
KPAC. In neurons, intracellular cyclic GMP concentration is extremely low, indicating that the
activation of a cGMP-based silencer by resting cGMP levels could be avoided. Additionally, cGMP

signaling is not as complex as that of cAMP, suggesting that cyclic nucleotide signaling side

89


https://paperpile.com/c/JqaI1e/Yl2T+sUED+FawS+RDjU
https://paperpile.com/c/JqaI1e/Yl2T+sUED+FawS+RDjU
https://paperpile.com/c/JqaI1e/dVfH

5. Discussion

effects might also be reduced. Recently, such a tool has been developed, where a cGMP-gated K*
channel (BeCNG1) from Blastocladiella emersonii was combined with the photoactivated cyclase
BeRhGC (HenB et al, 2021). While the system was capable of small hyperpolarization of body wall
muscle in C elegans, its potential to hyperpolarize other cell types is yet to be investigated.
Ultimately, a “perfect” K*-based optogenetic silencer would not need to rely on intracellular cyclic
nucleotide synthesis. Long sought for, a naturally-occurring K*-conducting channelrhodopsin has
recently been discovered and characterised in cortical neurons (Govorunova et al, 2021). The
question still remains if this new tool is suitable for long range projection silencing of transmitter

release.

5.1.4 Advantages and constraints of optogenetic modulators

Since their advent, optogenetic techniques have proven very powerful experimental
methods, especially in the field of neuroscience. Their use brought the possibility of dissecting
and interrogating neuronal functions with better specificity and temporal resolution. In chapter 4.1
| have presented the development and testing of multiple light-activated modulators. The use of
optogenetic modulatory tools (light-activated enzymes) offers several advantages over classical

pharmaceutical manipulations, but also carries some limitations and experimental constraints.

Advantages

An important advantage of optogenetic tools when compared with pharmacology is that
of effect specificity, as their activation results in effects that are well understood and studied.
While a drug can have multiple, unknown binding sites within a cell, activation of a light-gated
cyclase will only produce cyclic nucleotides and any other effects observed will be due to cyclic
nucleotide signaling. For example, a clear advantage of light-activated cyclases over forskolin is
that their activation will only lead to cAMP production, while forskolin binds not only to
endogenous cyclases to stimulate their activity, but also exhibits cAMP-independent effects, such
as binding to voltage-gated potassium channels or acetylcholine receptors (Allgaier et al, 1990;
Hoshi et al, 1988; White, 1988).

Another advantage of optogenetic tools is the high temporal and spatial resolution given

by their activation kinetics and targeting possibilities. Actuators (excitatory and inhibitory opsins)
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and modulatory tools are activated on a millisecond to second time range, allowing their
activation to be timed with the observation of other phenomena (spiking) or even behaviour.
Furthermore, by using gene delivery techniques such as single-cell electroporation or virus
injections, the engineered protein can be very specifically targeted to particular brain regions and
subregions and its activation constrained not only to the expression site but also to the
illuminated area. Using optogenetic tools to investigate synaptic connectivity for example, one is
able to selectively target either the pre or the postsynaptic compartment, a feature that is
unavailable with classic pharmacological manipulation.

Probably the most important advantage of optogenetics is being able to achieve cell type
specificity of effects. While drug application will generate effects in all cells regardless of their
type, by using cell-specific promoters in the gene delivery design, one is able to target the
optogenetic tool's effects to the cell type of interest while keeping the rest unaffected. For
instance, when applied on a hippocampal slice, forskolin stimulates cAMP production in all
pyramidal neurons, interneurons, microglia and astrocytes. By transfecting tissue with AAVs that
encode PACmn under a cell type-specific promoter (GFAP for astrocytes, synapsin for neurons,
CaMKIl for excitatory neurons), expression and activation of the construct is limited to that
particular cell type. This enables more sophisticated experimental designs where one can
investigate cell type-specific cAMP-dependent processes without stimulating cAMP production in

all other cells, thus avoiding the introduction of signaling “artefacts” originating from other cell

types.

Constraints

Perhaps the biggest constraint in successfully using photoactivatable adenylyl cyclases is
the activity of the enzyme even in the absence of light. Dark activity has been a limiting factor
starting with the earliest discovered light-activated cyclases (EUPAC), which has a measured
turnover in the dark of 0.38 (defined as molecules of cAMP produced by 1 molecule of enzyme per
minute). Its successor, bPAC (and one of the most widely used modulatory optogenetic tools), has
a 7 times lower intrinsic dark activity, with a measured turnover rate in the dark of 0.057. However,
even in this low range, the dark activity leads to unstimulated cAMP signaling, as PKA activity in
neurons expressing bPAC and kept in the dark was higher than in neurons without bPAC (Figure

4.6). This makes the interpretation of experimental results a very difficult task, as there is no clear
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baseline condition before photo-manipulation.

Another important limitation deals with phototoxicity and tissue heating. Albeit more
relevant for in-vivo experiments, these issues stem from the need of high-power light sources
(such as an implanted light fiber) to activate the expressed optogenetic tool. High intensity or
prolonged illumination leads to tissue damage, heating and activation of endogenous light-
sensitive proteins, particularly when using highly energetic shorter wavelengths (Godley et al,
2005; Hockberger et al, 1999). One way to reduce these effects is to use longer wavelengths for
activation, which will also penetrate tissue better. However, most modulatory tools rely on light
between 400 and 530 nm for activation.

Another consideration to keep in mind when designing experiments that rely on
optogenetic stimulation is the availability of intracellular factors necessary for activation. In the
case of photoactivatable cyclases, the availability of intracellular ATP and GTP is the rate limiting
factor of the enzymatic process. Furthermore, microbial rhodopsins (such are the RhGC/AC
presented in this thesis) rely on the availability of retinal for light-activation. A//-trans retinal acts
as the chromophore for microbial rhodopsin-based optogenetic tools and while it is produced as
part of the vitamin A metabolism in most mammalian tissue (including the brain), lower order
organisms that are commonly used in research (C elegans, D. melanogasten lack all-trans retinal

and need supplementation through food (Nagel et al, 2005; Schroll et al, 2006).
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5.2 Assessment of cAMP modulation of hippocampal

synaptic transmission

During my PhD | sought to assess the role of cAMP signaling in hippocampal synaptic
transmission by using photo-activated cyclases that offer a more specific spatial and temporal
manipulation of cAMP. The questions | sought to answer are: (1) Can synaptic transmission be
enhanced at the Schaffer collateral synapse by elevating cAMP optogenetically? (2) Does the
locus of cAMP elevation matter? Does cAMP induce synaptic plasticity when elevated
presynaptically or postsynaptically? (3) Does intracellular cAMP elevation lead to gene expression,

a marker of synaptic plasticity maintenance mechanisms?

Optical LTP induction with photoactivatable cyclases

While the "chemical LTP” protocol has been widely used and enables the study of cAMP-
dependent hippocampal plasticity, it suffers from certain limitations, such as drug target
specificity (forskolin exhibits cAMP-independent effects, such as binding to voltage-gated
potassium channels or acetylcholine receptors (Allgaier et al, 1990; Hoshi et al, 1988; White, 1988)),
lack of temporal control due to wash in and wash out, lack of cell-type specificity and spatial
resolution. Alternative techniques, such as using transgenic animals with a certain gene (encoding
adenylyl cyclase, PKA etc) knocked out or overexpressing produced valuable knowledge on the
topic (summarised in chapter 13.2) but require the complex and lengthy process of generating
transgenic animals.

My results show that global optogenetic elevation of cAMP in excitatory neurons is
sufficient on its own to enhance transmission at hippocampal Schaffer collateral synapses. In
order to simulate the global elevation in cAMP that is generated with the chemical approach, |
used a viral vector containing PACmn_dV under the control of CaMKIl promoter to transfect all
areas of the hippocampus (dentate gyrus, CA3 and CAl. Light activation of PACmn led to a
massive increase in the slope of field EPSPs recorded in area CA1 of hippocampal acute slices,
demonstrating that an increase in cAMP is sufficient on its own to enhance synaptic strength at
Schaffer collateral synapse, confirming previous studies (Frey et al, 1993; Huang & Kandel, 1994).

Furthermore, the enhancement lasted for more than 2 hours, indicating that the effects observed
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can be assigned to the late stage of LTP. In contrast to chemical LTP protocols, potentiation of
synapses occurs even without blocking the activity of phosphodiesterases, a typical constraint of
chemical LTP protocol success (Bolshakov et al, 1997; Duffy & Nguyen, 2003; Frey et al, 1993; Lu &
Gean, 1999; Otmakhov et al, 2004). This demonstrates the efficiency of optical CAMP generation in
transfected cells and validates optogenetic manipulation of cCAMP as an equally effective method
for plasticity induction as chemical LTP. Indeed, optical induction of LTP using photoactivatable
adenylyl cyclases has been recently reported in other synapses in the hippocampus (medial
perforant path to dentate gyrus synapse and mossy fiber-CA3 synapse) (Luyben et al, 2020;

Oldani et al, 2021).

Pre versus post debate

The locus of induction and expression of cAMP-dependent LTP is still a matter of debate,
mainly due to the difficulty of selectively disrupting signaling pathways only in the pre or the
postsynaptic compartments. Using photoactivatable cyclases, one is able to selectively target
either the pre or the postsynaptic compartment, a feature that is unavailable with classic
pharmacological manipulations. The results | present in chapter 4.2 show that global optogenetic
cAMP elevation mimics the effects of the chemical LTP protocol. However, the effects are not
restricted to a postsynaptic cAMP increase as a presynaptic cAMP elevation also induces
potentiation at the Schaffer collateral synapse, albeit only transiently. Similarly, the frequency of
miniature AMPA currents increases upon light activation, with differences depending on the
extent of AAV application. The fast but transient increase in the frequency of events when cAMP is
elevated presynaptically and the slow, sustained increase when elevated postsynaptically show
the existence of parallel signaling mechanisms in the pre and postsynaptic compartment. The
summation of these two components closely reflects the effect of stimulating PACmn in all
regions (DG, CA3 and CA1). This shows that simultaneous activation of these mechanisms (like in
the case of pharmacology) cannot clearly differentiate between pre and postsynaptic
mechanisms. These findings fit very well with existing literature, as both pre and postsynaptic
cAMP-dependent changes in spontaneous and evoked transmission have been reported
(Bolshakov et al, 1997; Carroll et al, 1998; Castillo, 2012; Chavez-Noriega & Stevens, 1994; Duffy &
Nguyen, 2003; Otmakhov et al, 2004; Renner et al, 2017; Sokolova et al, 2006). Moreover, a recent

study using synaptic vesicle-targeted bPAC to investigate cAMP modulation of mossy fiber-CA3
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synaptic transmission showed only a transient increase in transmission that decayed to baseline
30 minutes after light stimulation (Oldani et al, 2021). Albeit a different hippocampal synapse, their
finding that presynaptic cAMP induces only a rapid potentiation of release suggests that the
timeline of the presynaptic effects | observed at Schaffer collateral-CAl synapse might not be
specific only to this synapse.

Previous studies have mostly relied on electrophysiological measurements of
postsynaptic responses as a reporter of synaptic changes, with cAMP-elevating treatments not
being restricted to a specific synaptic compartment. The interpretation of results and the
conclusions drawn regarding cAMP’s locus of action included assumptions about basic synaptic
properties that have since been called into question. These assumptions include the constantness
of release site number (silent synapses lack functional AMPA receptors but become functional
with potentiation), paired pulse ratio as a proxy for release probability (it is also influenced by
lateral diffusion or AMPA receptor desensitisation), and a stable AMPANMDA ratio as a proxy for
presynaptic mechanisms (Heine et al, 2008; Isaac et al, 1995; Liao et al, 1995; Trussell et al, 1993).
While the results presented in this thesis are based on similar experimental design, the locus of
cAMP elevation is predefined by the expression of the photoactivatable cyclase, thus simplifying

the interpretation.

No direct pathway between cAMP and LTP/cFos expression

The results presented in chapter 4.2 show that global optogenetic cCAMP elevation mimics
the effects of the chemical LTP protocol and induces potentiation at the Schaffer collateral as well
as cFos expression in CA1 neurons. However, the results also show that it is not possible to induce
cFos expression nor LTP by optogenetically elevating cAMP in individual CA1 pyramidal cells. This
was an unexpected finding, as postsynaptic cAMP is thought to be sufficient on its own to induce
LTP and gene expression at CA3-CA1 synapses. This implies that the signaling pathway that is
activated in the case of global cAMP elevation is more complex than the simplistic CAMP-PKA-
CREB. Similar findings were observed by (Udwari, 2014), where a photoactivatable adenylate
cyclase (bPAC) was used to investigate cAMP contribution to LTP in individual CAL neurons for the
first time. His work revealed that elevation of cAMP in single neurons is not sufficient to drive
synaptic potentiation. Additionally, elevating cAMP postsynaptically could not change the

threshold for LTP induction by theta burst stimulation protocol in paired recordings of pre and
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5. Discussion

postsynaptic neurons. Interestingly, similar results were reported even when using chemical
stimulation of adenylyl cyclases. One of the earliest indications that cAMP elevation in multiple
neurons does not reflect the changes in single neurons came from (Blitzer et al, 1995). They
observed no change in the EPSP when postsynaptic neurons were patched with the cAMP
analogue Sp-cAMPS in the intracellular solution, in contrast to when the analogue was applied on
the whole slice (Frey et al, 1993).

Similarly surprising was the fact that, while forskolin and global optogenetic cAMP
elevation induces cFos expression, CAMP increases in single CAl neurons does not. These results,
together with the fact that PACmn activation leads to cAMP downstream effector activation
(Figure 4.11 E-F), indicate that pathways leading from cAMP via PKA/EPAC to CREB activation and
immediate early gene expression are not functional in resting neurons. This was further
confirmed by the fact that forskolin-driven cFos expression could not be blocked by PKA inhibitors
or EPAC inhibitors, the main cAMP effectors. What is absolutely required for cAMP-driven cFos
induction is action potential firing and synaptic transmission, suggesting that CRE-CREB
activating pathways may only become functional if intracellular calcium levels are elevated. The
finding that induction of LTP by chemical agents cannot be attributed directly to the activation of
cAMP-dependent signaling pathways has been previously reported in hippocampal acute slices
(Otmakhov et al, 2004). They reported that forskolin-driven potentiation of synapses is a NMDA-
dependent process and that it requires presynaptic activity and NMDA receptor activation. In my
work | could show similar findings, as TTX or blockers of fast synaptic transmission blocked the
expression of cFos both when cAMP was elevated chemically or optogenetically. Furthermore, as
cAMP activates a depolarizing current in neurons via activation of HCN channels and blocking
them hindered cFos expression, it is even possible that global cAMP-driven LTP and cFos

expression are simply a consequence of synchronized firing.

Consideration of limitations

The approach used in this study revealed new insights about the mechanisms of cAMP
signaling in plasticity-related processes. However, the surprising result of a lack of LTP and cFos
expression when PACmn was expressed and activated in single-cells, obliges us to consider the
possible limitations of the experimental approach. One first concern is that due to the long

exposure time, forskolin is able to stimulate a more robust increase in cAMP than the optogenetic
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Assessment of cAMP modulation in hippocampal synaptic transmission

tools used. However, | have shown that PACmn, when co-expressed with the cCAMP-sensitive CNG
channels, generated photocurrents that obscured forskolin-generated drop in holding current
(Figure 4.10 E). Furthemore, even when illuminated for 10 minutes (the same stimulation protocol
used in synaptic plasticity experiments), PACmn generates stable photocurrents, a clear indication
of continuous cAMP production (Figure 4.16 I). Another limitation could come from the dilution of
intracellular contents that is associated with whole-cell patch clamp electrophysiology, a
phenomenon that might affect the normal functioning of intracellular signaling. While this is a
valid concern, the lack of LTP was not due to an inability of the patched neurons to exhibit
synaptic plasticity, as forskolin increased EPSCs. Furthermore, a previous attempt at optogenetic
LTP in single cells using bPAC has used sharp recordings to avoid dilution of intracellular

contents, with similar results to mine (Udwari, 2014).

Prospects for future work

It is becoming more apparent that cAMP is insufficient on its own to induce synaptic
transmission or cFos expression, even if effector proteins such as PKA are activated. | hypothesise
that synchronised firing due to HCN channel activation is the cause for cAMP-dependent
potentiation, not the activation of cCAMP-PKA-CREB pathway in the same cell. However, while the
inhibition of cFos expression when using HCN channel blockers points in this direction, direct
measurements of high neuronal activity must be performed. A direct measurement of increased
activity could be achieved by imaging postsynaptic calcium. As HCN channels are also permeable
to calcium, | would expect an increase in intracellular calcium during light activation. However, my
results also suggest that retrograde signaling molecules might be involved in this process, as
global postsynaptic cAMP-dependent LTP and cFos expression do not occur when firing and
synaptic connectivity are blocked. So far | have not tested any candidate, but one can start by
rounding up the usual suspects: nitric oxide, as its synthesis by nitric oxide synthase is a calcium-
dependent process (Arancio et al, 1996; Huang, 1997; Pigott & Garthwaite, 2016; Schuman &
Madison, 1991); BDNF, as its expression is CREB-dependent and presynaptic TrkB receptor
activation by BDNF leads to an increase in neurotransmitter release (Lin et al, 2018; Tao et al,
1998; Zakharenko et al, 2003).

Furthermore, in the light of the new findings, some established hallmarks of cAMP

elevation should be reassessed. For example, activation of cAMP signaling pathways has been
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5. Discussion

associated with changes in dendritic spine density. While an acute activation of PKA activity can
increase spine density, chronic PKA stimulation reduces it in apical dendrites of CA1 neurons (Lu
et al, 2011). These findings are based on chemical activation or block of PKA activity. An interesting
experiment would be to assess spine morphology and density changes by using either a global or
a single-cell optogenetic elevation of cCAMP and evaluate if any potential changes are due to cell-
autonomous mechanisms or if, similar to my findings, they rely on global activation of synaptic
connections.

By using a global approach to elevate cAMP | was able to validate previous studies that
reported LTP upon chemical stimulation of adenylyl cyclases. However, non-neuronal cAMP
signaling effects cannot be ruled out, as pharmacology cannot differentiate between neurons and
glia. Additional cAMP-dependent mechanisms in non-neuronal cells that can influence synaptic
transmission efficiency can coexist with reported neuronal pathways. A recent study evaluated
the effect of astrocytic cCAMP signaling on synaptic transmission (Zhou et al, 2021). Using a bPAC
transgenic mouse line, optogenetic elevation of astrocytic cCAMP was sufficient to induce synaptic
plasticity at CA3-CA1 synapse, cFos expression and to modulate memory and behaviour. These
new findings demonstrate that cAMP signaling and its role in synaptic plasticity is not as simple
as previously thought and that multiple mechanisms can coexist. With the development of more
specific methods of manipulating cAMP signaling pathways, we are able to understand its

complex role in synaptic transmission and plasticity.

98


https://paperpile.com/c/JqaI1e/4tIk
https://paperpile.com/c/JqaI1e/4tIk
https://paperpile.com/c/JqaI1e/F6pw

6. Summary

English

The second messenger cAMP is an ubiquitously important molecule that controls an
impressive number of intracellular functions, from cell division, motility, metabolism and gene
expression. In the hippocampus, cAMP is thought to induce long term-potentiation of synaptic
connections, a process considered to represent the cellular correlate of learning and memory
storage. At the Schaffer collateral CA1 synapse, cAMP-dependent induction of LTP is thought to be
a postsynaptic process, characterised by an increase in glutamate receptor number and
conductance, as well as expression of immediate-early genes. However, due to the lack of spatial
and temporal resolution of classical pharmacology, it cannot be differentiated between pre and
postsynaptic CAMP sites of action, nor can individual cell contributions be evaluated.

For this reason, during my PhD | have worked on the development of photoactivatable
adenylyl cyclases that can be expressed and activated in cell types of interest and specific
synaptic compartments, ensuring a higher spatial resolution of cCAMP manipulation. In this work |
present the development and characterisation of multiple optogenetic tools with which one can
optogenetically elevate intracellular cAMP with high spatial and temporal resolution (PACmn,
RhAQ).

To establish if optogenetic elevation of cCAMP in excitatory neurons is sufficient on its own
to enhance transmission at hippocampal Schaffer collateral synapse, | expressed PACmn in
population and single cells. While global optogenetic cAMP elevation mimics the effects of
pharmacological treatment, the effects are not restricted to postsynaptic cAMP, as presynaptic
cAMP elevation also induces transient potentiation at the Schaffer collateral. Furthermore, global
optogenetic cAMP induces cFos expression in CAl neurons, regardless if elevated pre or
postsynaptically. However, it is not possible to induce cFos expression or LTP in individual CA1
pyramidal cells, indicating that the pathways leading from cAMP via PKA/EPAC to CREB activation
and immediate early gene expression are not functional in resting neurons and that action

potential firing and synaptic transmission are required.
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6. Summary

Deutsch

Der Second Messenger cAMP steuert eine beeindruckende Anzahl intrazellularer
Funktionen, von Zellteilung und Motilitat Uber Stoffwechsel bis zu Genexpression. Es wird
angenommen, dass cAMP im Hippocampus die langfristige Potenzierung synaptischer
Verbindungen (LTP) induziert, ein Prozess, der als zellulares Korrelat von Lernen und Gedachtnis
angesehen wird. An den Synapsen zwischen CA3- und CA1-Pyramidenzellen (Schaffer Kollaterale)
wird die cAMP-abhangige Induktion von LTP als postsynaptischer Prozess angesehen, der durch
eine Zunahme der Anzahl und Leitfahigkeit von Glutamat-Rezeptoren sowie durch Expression
von Immediate-Early-Genen gekennzeichnet ist. Aufgrund der breitbandigen Wirkung klassischer
Pharmakologie besteht jedoch Unsicherheit, ob cAMP pra- oder postsynaptisch wirkt, und eine
eventuelle Beteiligung nicht-neuronaler Zellen (Astrozyten, Microglia) kann ebenfalls nicht
ausgeschlossen werden.

Um die Mechanismen cAMP-abhangiger Plastizitat besser untersuchen zu konnen, habe
ich wahrend meiner Promotion an der Entwicklung photoaktivierbarer Adenylylzyklasen
gearbeitet, die in genetisch definierten Zelltypen und spezifischen synaptischen Kompartimenten
exprimiert und aktiviert werden konnen, um zellspezifische und zeitlich prazise cAMP-
Manipulation zu ermoglichen. In dieser Arbeit prasentiere ich die Entwicklung und
Charakterisierung mehrerer optogenetischer Werkzeuge, mit denen man intrazellulares cAMP mit
hoher raumlicher und zeitlicher Auflésung optogenetisch erhdéhen kann (PACmn, RhAQ). Dartber
hinaus war ich an der Entwicklung eines neuartigen Werkzeugs zur neuronalen Hemmung
beteiligt, in dem eine photoaktivierbare Cyclase mit einem zyklischen Nukleotid-gesteuerten
Kaliumkanal kombiniert ist.

Um festzustellen, ob die optogenetische Erhohung von cAMP in exzitatorischen
Neuronen allein ausreicht, um die Ubertragung an der hippocampalen Schaffer-Kollateral-
synapse zu potenzieren, exprimierte ich PACmn in einzelnen Zellen oder viral in gréBeren
Zellgruppen. Obwohl globale optogenetische cAMP-Erhohung ahnliche Konsequenzen wie die
pharmakologische cAMP-Erhohung hatte, ist die Wirkungen nicht durch postsynaptisches cAMP
zu erklaren, da eine cAMP-Erhohung in den prasynaptischen Zellen (CA3) auch eine transiente
Potenzierung der Schaffer-Kollateralsynapse induzierte. Expression von cFos in CA1-Neuronen
war unabhangig davon, ob cAMP pra- oder postsynaptisch erhoht wurde. Es ist jedoch nicht
maoglich, cFos-Expression oder LTP in einzelnen CA1-Pyramidenzellen zu induzieren, was darauf
hindeutet, dass die klassischen zellautonomen Signalwege, die von cAMP uUber PKA/EPAC zur
CREB-Aktivierung und Expression von Immediate-Early-Genen fuhren, cAMP-induzierte
synaptische Plastizitat nicht erklaren konnen. Meine Arbeit legt nahe, dass die konzertierte
Aktivitat vieler Neuronen und Glutamat-Freisetzung fur die Aktivierung von CREB notwendig sind.
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