Patrik Hollós

Novel Tools to Investigate and Control
JNK Function in Models of Anxiety
and Depression

The Author
Patrik Hollós did his Bachelors in Biology from University of Debrecen, Hungary. He received
Master’s degree in Biomedical Imaging from Åbo Akademi University, Finland in 2013. Since
then he has been working for his Ph.D thesis in the laboratory of Dr. Eleanor Coffey at Turku
Centre for Biotechnology, University of Turku and Åbo Akademi University.

Novel tools to investigate and control
JNK function in models of anxiety
and depression
Patrik Hollós
Turku Centre for Biotechnology, University of Turku and Åbo Akademi
University, Department of Biosciences
Åbo Akademi University
Åbo, Finland, 2019

From the Turku Centre for Biotechnology, University of Turku and Åbo
Akademi University, Faculty of Science and Engineering, Åbo Akademi
University, and Doctoral Network in Molecular Biosciences (MolBio)
Supervised by
Docent Eleanor Coffey, Ph.D.
Research Director
Åbo Akademi University
Turku Centre for Biotechnology
Turku, Finland
Reviewed by
Docent Claudio Rivera Baeza, Ph.D._
Research Director
Neuroscience Center
University of Helsinki
and
Docent Rashid Giniatullin, MD, Ph.D.
Professor of Cell Biology
Department of Neurobiology, A.I Virtanen Institute___________________
Kuopio, Finland
Opponent
Docent Maurizio Popoli, Ph.D.
Associate Professor at Department of Pharmacological and Biomolecular
Sciences, State University of Milan
Milan, Italy

ISBN (Printed version): 978-952-12-3776-8
ISBN (Digital version): 978-952-12-3777-5
Painosalama Oy – Turku, Finland, 2019

Table of contents

Innehållsförteckning / Table of contents
I. LIST OF PUBLICATIONS ....................................................................... V
II. ABBREVIATIONS .................................................................................VI
III. ABSTRACT ........................................................................................VIII
IV. FÖRORD / ABSTRACT IN SWEDISH ..............................................IX
1. REVIEW OF THE LITERATURE ............................................................. 1
1.1

Introduction to neurons.......................................................................... 1

1.1.1.

Neuronal function and structure .................................................... 2

1.1.2.

Dendritic spines ................................................................................ 2

1.1.3

Actin and its function in neurons................................................... 5

1.1.4

Neurogenesis ..................................................................................... 7

1.2.

Mood disorders and therapy .................................................................. 8

1.2.1

Major Depressive Disorder (MDD) and anxiety .......................... 9

1.2.2.

Molecular mis-regulation of depression and anxiety .................. 9

1.2.3

Brain circuitry involved in depression ......................................... 10

1.2.4

Internal circuitry of the hippocampus and the neurogenic niche
13

1.2.5

Neural oscillations .......................................................................... 14

1.2.5

Antidepressants ............................................................................... 15

1.2.6

Novel, rapid-acting antidepressants ............................................. 16

1.3.

Introduction to c-Jun N-terminal kinases .......................................... 18

1.3.1

The JNK family................................................................................ 19

1.3.2

Function and localization of JNK in the nervous system .......... 20

1.3.3

Mitogen-Activated Protein Kinases in psychiatric diseases ..... 21

1.3.4

Therapeutic potential of targeting the JNK pathway ................. 22

1.4.

Synaptic function and the synaptic density ........................................ 24

1.4.1.

LTP and LTD ................................................................................... 24

1.4.2.

AMPA and NMDA receptors ....................................................... 25

I

Table of contents

1.4.3.
1.5.

Role of JNK in synaptic plasticity ................................................. 27

Photonic tools and light control of cellular function ........................ 28

1.5.1

Fluorescent proteins as reporters.................................................. 29

1.5.2.

Optogenetics and biophotonics .................................................... 30

1.5.3.

FRET ................................................................................................. 34

1.5.4.

Fiber photometry ............................................................................ 35

2. AIMS OF THE STUDY ........................................................................... 37
3. MATERIALS AND METHODS .............................................................. 38
3.1

Plasmid constructs and virus production ........................................... 38

3.2

Antibodies ............................................................................................... 39

3.3

Primary neuronal cell cultures ............................................................. 40

3.4

Transfection ............................................................................................ 40

3.5

Microscopy.............................................................................................. 40

3.5.1

Live cell imaging.............................................................................. 41

3.5.2

Image analysis.................................................................................. 41

3.6

Animals and behavioural tests ............................................................. 42

3.6.1

Elevated Plus Maze (EPM) ............................................................ 43

3.6.2

Open Field ........................................................................................ 43

3.6.3

Light/dark......................................................................................... 43

3.6.4

Sucrose preference test ................................................................... 43

3.6.5

Forced swim test.............................................................................. 44

3.6.6

Social interaction............................................................................. 44

3.6.7

Enriched environment ................................................................... 44

3.7

Fiber photometry ................................................................................... 44

3.8

Statistical analysis ................................................................................... 45

4. RESULTS AND DISCUSSION................................................................ 46
Study I – OPTOGENETIC INHIBITOR REVEALS A ROLE FOR JNK IN
SYNAPSE RETRACTION IN MOLECULAR MODEL OF DEPRESSION
..................................................................................................................... 46

II

Table of contents

4.1

Modelling of optogenetic JNK inhibitor suggest functionality of the

tool

46

4.2

LOV2-JBD inhibits JNK efficiently in mammalian neurons ........... 46

4.3

JBD and LOV2-JBD lit state mutant reduces dendritic spine motility
47

4.4

In situ optogenetic inhibition of JNK reduces dendritic spine motility
48

4.5

Optogenetic inhibition of JNK rescues dendritic spine retraction by

anisomycin and NMDA ..................................................................................... 49
4.6

Pulsed JNK inhibition blocks the effect of corticosterone on AMPAR

dynamics and dendritic spine volume ............................................................. 50
4.7

Time dependent action of ketamine for preventing stressor effects of

corticosterone. ..................................................................................................... 51
Study II – JNK1 CONTROLS ADULT HIPPOCAMPAL NEUROGENESIS
AND IMPOSES CELL-AUTONOMOUS CONTROL OF ANXIETY
BEHAVIOUR FROM THE NEUROGENIC NICHE ................................. 52
4.8

Anxiety is reduced and neurogenesis is enhanced in Jnk1-/- mice 52

4.9

Infusion of JNK inhibitor (DJNKI-1) lowers anxiety and increases

neurogenesis in the ventral dentate gyrus ....................................................... 54
4.10

Inhibition of JNK promotes newborn neurons to mature in the DG
55

4.11

Specific inhibition of JNK in adult born granule cells reduces

depressive phenotype.......................................................................................... 56
Study III – JNK INHIBITION INDUCES ALTERED HIPPOCAMPAL
CIRCUIT DYNAMICS REVEALED BY FIBER PHOTOMETRY IN
AWAKE BEHAVING MICE ....................................................................... 58
4.12

A GCaMP6s based tool to measure calcium activity directly from

JNK inhibited cells .............................................................................................. 58
4.13

JNK inhibition modifies baseline calcium recovery rate after

stimulation in mammalian neurons ................................................................. 59

III

Table of contents

4.14

Inhibition of JNK in the DG alters calcium dynamics in CA3 revealed

by fiber photometry ............................................................................................ 60
5. CONCLUDING REMARKS .................................................................... 64
6. ACKNOWLEDGEMENTS ...................................................................... 65
7. REFERENCES.......................................................................................... 67
8. ORIGINAL PUBLICATIONS ................................................................. 89

IV

List of publications

I. LIST OF PUBLICATIONS
This thesis is based on the following research articles:

STUDY I: Manuscript 1: Hollos, P., John J., Lehtonen V.J., Coffey, E.T.
“Optogenetic inhibitor reveals a role for JNK in synapse retraction in
molecular model of depression"
STUDY II: Publication: Mohammad, H., Marchisella, F., Ortega-Martinez, S.,
Hollos, P., Eerola, K., Komulainen, E., Kulesskaya, N., Freemantle, E.,
Fagerholm, V., Savontous, E., Rauvala, H., Peterson, B.D., van Praag, H. and
Coffey, E.T. (2016). JNK1 controls adult hippocampal neurogenesis and
imposes cell autonomous control of anxiety behaviour from the neurogenic
niche. Mol Psychiatry. 2018 Feb;23(2):487. doi: 10.1038/mp.2017.21.
STUDY III: Manuscript 2: Hollos, P., Tiwari N., John J., Coffey, E.T. “JNK
inhibition induces altered hippocampal circuit dynamics revealed by fiber
photometry in awake behaving mice.”

V

Abbreviations

II. ABBREVIATIONS
AMPA

(+/-)-alpha-Amino-3-hydroxy-5-methyl-4
isoxazolepropionic acid

AMPAR

(+/-)-alpha-Amino-3-hydroxy-5-methyl-4isoxazolepropionic acid receptor

BrdU

bromodeoxyuridine

Ca2+

calcium ion

CA1

cornu ammonis area 1

CA3

cornu ammonis area 3

CAG

cytomegalovirus enhancer chicken beta actin promoter

CaMKII

Ca2+/calmodulin-dependent protein kinase II

CMV

cytomegalovirus

CNS

central nervous System

DCX

doublecortin

DG

dentate gyrus

DGGC

dentate gyrus granular cell

DIV

days in vitro

DJNKI-1

D-amino acid retro-inverso peptide inhibitor of JNK

DNA

deoxyribonucleic acid

EPM

elevated plus maze

EPSC

excitatory postsynaptic current

ERK

extracellular signal–regulated kinases

FP

fiber photometry

FRET

Förster’s resonance energy transfer

GC

glucocorticoid

GCaMP

green fluorescent cyclic adenosine monophosphate

GECI

genetically encoded calcium indicator

GEVI

genetically encoded voltage indicator

GFAP

glial fibrillary acidic protein

GFP

green fluorescent protein

GluA

glutamate transport ATP-binding protein
VI

Abbreviations

GluR

glutamate receptor

HC

hippocampus

HNK

hydroxynorketamine

HPA

hypothalamic–pituitary–adrenal axis

iGluR

ionotropic glutamate receptor

JBD

JNK binding domain of JIP

JIP

JNK interacting protein

JNK

c-Jun terminal kinase

LOV2

light, oxygen, voltage sensing domain 2

LTD

long-term depression

LTP

long-term potentiation

MAP2K

mitogen-activated protein kinase kinase

MAP3K

mitogen-activated protein kinase kinase kinase

MAPK

mitogen-activated protein kinase

MARCKSL1

myristoylated alanine-rich C-kinase substrate 1

MDD

major depressive disorder

MRI

magnetic resonance imaging

mRNA

messenger ribonucleic acid

NAc

nucleus accumbens

NES

nuclear export signal

NeuN

neuronal nuclear protein

NLS

nuclear localization signal

NMDA

N-Methyl-D-aspartate

NMDAR

N-Methyl-D-aspartate receptor

OF

open field

p-c-Jun

phospho-c-Jun

p.JNK

phospho-C-Jun terminal kinase

P(x)

postnatal day X

PFC

prefrontal cortex

PSD95

postsynaptic density protein 95

SI

social interaction

SSRI

selective serotonin reuptake inhibitor

VTA

ventral tegmental area
VII

Abstract

III. ABSTRACT__________________________________
Anxiety and depressive disorders are the second largest cause of years lived
with impaired everyday life. Current understanding of underlying reasons of
the disease is expanding, as well as the discovery of cellular-molecular
processes responsible for alleviating stress and anxiety, core causes of
depression. On the other hand, most therapies are still targeting the same
mechanisms discovered in the last 50 years and they are often ineffective.
Effects of antidepressants are strongly associated with generation of new
neurons, and plastic changes, especially in the hippocampus. This thesis aims
to unravel roles of the multifaceted c-Jun N-terminal kinase (JNK) in mood
disorders, using both cellular and animal models. Stress-activated JNKs control
fundamental processes during brain development, including neuronal
migration and axo-dendritic architecture and neuronal death. JNKs are also
implicated in inflammation, malignant transformation and apoptosis. First, we
investigate the function of JNK in dendritic spines, which are synaptic subcompartments and their structural integrity is essential for normal brain
function. Using an optogenetic tool to locally inhibit JNK uniquely in spine
heads, we show that JNK is catalytically active there and elicits rapid control of
actin plasticity, while it prevents spine retraction in maladaptive conditions,
mimicked by an acute molecular stress model. Furthermore, we show that
rapid on-set effects of antidepressant drug ketamine can be potentiated by JNK
inhibition and that ketamine also acts acutely as a mild JNK inhibitor. Next,
we identify JNK1 as a regulator of neurogenesis in the dentate gyrus and show
that specific nuclear JNK inhibition of a few hundred adult-born granule cells
is sufficient to exert anxiolytic and anti-depressant effect in mice. Lastly, by
using calcium fiber-photometry in awake-behaving mice, we identify altered
neural activity dynamics of the JNK inhibited neurogenic niche, which confers
circuit-wide changes to CA3 by altering local oscillations. Altogether, our
results suggest that both cytoplasmic and nuclear pool of neuronal JNK plays
crucial roles in molecular and brain-circuit wise mechanisms linked to mood
disorders, therefore highlighting a new avenue for therapeutic potential.
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IV. FÖRORD / ABSTRACT IN SWEDISH
Ångest och depressionsstörningar utgör den näst största orsaken till år med
nedsatt livskvalitet, eftersom dessa sjukdomar ofta förblir obehandlade och
ibland även odiagnostiserade på grund av brist på effektiva terapier och
markörer. Vår nuvarande förståelse för de bakomliggande orsakerna till
sjukdomen ökar i takt med upptäckten av cellulär-molekylära processer
ansvariga för att lindra stress och ångest, kärnorsaker till depression. Å andra
sidan riktar sig de flesta terapier mot samma mekanismer som upptäckts under
de senaste 50 åren. Effekter av antidepressiva läkemedel är starkt associerade
med uppkomsten av nya neuroner (neurogenes), samt plastiska förändringar i
neuronala nätverk och inom lokala strukturer, särskilt i hippocampus. Denna
avhandling syftar till att klarlägga den mångfacetterade c-Jun N-terminal
kinasens (JNK) roll i affektiva störningar genom att använda både cellulära
modeller och djurmodeller. Stressaktiverade JNKs kontrollerar grundläggande
processer under hjärnans utveckling, inklusive neuronal migration,
axodendritisk arkitektur och neuronaldöd. JNKs är också inblandade i
inflammation, malign transformation och apoptos. Först undersökte vi JNKs
funktion i dendritutskott som verkar som synaptiska underavdelningar. Deras
strukturella integritet är avgörande för normal hjärnfunktion. Genom att
använda ett optogenetiskt verktyg för att inhibera JNK specifikt i
dendritutskottshuvudet visade vi att JNK där är katalytiskt aktiv och utövar
snabb

kontroll

av

aktinplasticitet,

samtidigt

som

det

förhindrar

tillbakabdragandet av dendritutskottt vid ett maladaptivt tillstånd, inducerat
av en akut molekylär stressmodell. Vidare visade vi att snabba on-set effekter
av det antidepressiva läkemedlet ketamin kan potentieras genom JNKinhibering och att ketamin också fungerar akut som en mild JNK-hämmare.
Därefter identifierade vi JNK1 som regulator av neurogenes i gyrus dentatus i
hippocampus. Vi visade att specifik inhibering av JNK i cellkärnan hos några
hundra nyfödda kornceller i gyrus dentatus i den vuxna hjärnan är tillräcklig
för att utöva anxiolytisk och antidepressiv effekt hos möss. Slutligen påvisade
vi med hjälp av kalciumfiberfotometri hos vakna möss under beteendeexperiment en förändrad neural aktivitetsdynamik hos den JNK-hämmade
neurogena nischen som ger upphov till neuronala nätverkseffekter i CA3
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genom att förändra lokala oscillationer. Sammanfattningsvis tyder våra
resultat på att både den cytoplasmiska och den nukleära poolen av neuronal
JNK är viktiga för molekylära mekanismer och neuronala nätverk kopplade till
ångestsjukdomar, vilket pekar på en ny aveny för terapier mot dessa.
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1. REVIEW OF THE LITERATURE
1.1

Introduction to neurons

An average human brain weights approximately 1,3 kilograms and probably it
is the most extraordinary and complex organic machine on the Earth. It
comprises approximately 86 billion cells (Azevedo et al. 2009), which all make
thousands of electrical or chemical connections called synapses that makes us
able to cope with daily life, controlling tasks as simple as breathing, but also
more complex cognitive aspects, such as studying our own brains for example.
A neuron or nerve cell is the elementary, single unit of the central nervous
system (CNS). Neuronal structure is essential for its ability to make the
communication possible with thousands of other units (Byrne 2016). A
typical, mature neuron comprises a cell body (also called as the
somatodendritic compartment), a long axon (with pre-synaptic terminals) and
dendrites (with post-synaptic terminals).

Figure 1. Structure of a typical cortical neuron with multiple dendrites and a long
axon. Mature dendrites are decorated with dendritic spines. (Adapted from:
Fundamental Neuroscience for Basic and Clinical Application)

1
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1.1.1.

Neuronal function and structure

Neurons are characterized with a uniquely structured, polarized morphology,
which is attained during their development by extending cytoplasmic
processes, namely axons and dendrites (Whitford et al. 2002). The inputs that
neurons receive are determined by multiple factors, including the extent of
arborisation and orientation of dendrites, which integrate the input
dynamically. Genetic factors and molecular signals together are key players in
the morphological development of dendritic systems, while ongoing neuronal
activity itself provides plasticity to the structure, even after maturation of the
cells (Libersat and Duch 2004; Björkblom et al. 2005). One can categorize
neuronal cell types by many aspects, but most important factors include the
location, structure and function of a given neuronal cell. Based on receptor
composition, neurons are further categorized as excitatory neurons (e.g
glutamatergic) or inhibitory neurons (e.g. gamma-Aminobutyric acidergic
(GABAergic), giving rise to positive or negative change in membrane potential,
respectively. A simple, but functionally important distinction is between
projection neurons, which send their axon from the structure proximal to their
soma, and intrinsic neurons, which make synapses only close to their soma.
Alternative terms for these cells are principal cells and interneurons (Masland
2004). Recent research has identified a highly complex structure of different
interneuron types and a reasonable classification is based on morphologicalfunctional differences (e.g. dendritic distribution, axonal arborisation,
receptor and co-transmitter content). From a functional perspective it is
important to understand input to output properties, as this will identify what
afferents drive specific cell types and where these elicit inhibitory action
(Freund and Buzsáki 1999).

1.1.2.

Dendritic spines

During the development of the brain, synaptic connections are made and
strengthened, or maintained in a processed termed synaptogenesis (Scott and
Luo 2001). In the adult mammalian brain neuronal processes have to be tightly
2
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regulated in order to sustain the optimal circuitry (Heidemann 1996). Since a
main feature of the nervous system is responsiveness, these changes can be very
plastic even at a matured stage (Sanchez et al. 2000). Changes in structure and
synaptic transmission are all underlying aspects of learning, memory or injury
recovery. A highly dynamic cytoskeleton is crucial during all stages in neuronal
plasticity, especially while morphogenesis, when really high forces are required
for elongation of neurites, migration, and polarized formation and later
stabilization of dendrites and axons (Dotti et al. 1988). In contrast to the
development of synapses, the shaping of connections by means of elimination,
or ‘synaptic pruning’ is also essential to maintain functional neuronal
networks. Glial cells, primarily microglia are main effectors of synaptic
pruning, believed to identify and remove redundant synapses (Neniskyte et al.
2017). Pruning is associated with many high-order executive functions that are
developed during adolescence, for example decision making, working memory
and goal flexibility (Crews et al. 2007). Tiny subcellular components known as
dendritic spines are essential for normal brain function. These structures
protrude from the dendritic shaft and their primary function is to cluster
postsynaptic molecules to small compartments (Nimchinsky et al. 2002;
Gipson and Olive 2017). Dendritic spines can vary in their size and shape
(Figure 2.). It is believed that larger, mushroom-type spines with larger head
and a thin neck are associated with mature neurons and stabilized synaptic
connections, while more motile, thinner spines with smaller heads are
‘learning spines’, having important function in early stages of neuronal
development or during formation of new memories (Chicurel and Harris
1992). Dendritic spines are thought to transform from dendritic filopodia,
which are very dynamic, thin and elongated protrusions observed mainly in
early developmental stages of neurons (Hayashi and Majewska 2005).

Several studies have revealed that variations in the morphology or number of
dendritic spines affects biological attributes of synapses (Newpher and Ehlers
2008), but abnormalities are also associated with neurodegenerative diseases
3
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and cognitive disorders (Mancuso et al. 2014). Although multiple regions can
be affected, samples from schizophrenic patients showed consistently lower
dendritic spine density on pyramidal cells in the layer 3 of the neocortex
(Glausier and Lewis 2013). Spine density is also negatively affected in animal
models of depression (Norrholm and Ouimet 2001) and in Alzheimer’s disease
with additional alternation in synapses (Penzes et al. 2011). Immature-like
spine morphology in fragile-X syndrome is well studied and reproduced in
mouse using Fmr1 knockout models (reviewed in Kazdoba et al. 2014), where
mushroom shaped spines are rare and existing spines are abnormally long and
thin, missing the features of normal development (Galvez and Greenough
2005).

Figure 2. Different types of dendritic spines. Thin spines are generally considered
more dynamic, while mushroom types are more stable.

As both filopodia and dendritic spines generate protrusions via a dynamic
network of actin (Hotulainen and Hoogenraad 2010), it is evident that the
actin cytoskeleton is a major contributor to spine function and synaptic
transmission (Cingolani and Goda 2008). Modifications in spine size and
spine density are often studied in vivo and in organotypic slices, and usually
identify larger structural changes in the time scale of days (Halpain et al. 2005;
Kasai et al. 2010; Hayashi-Takagi, & Noguchi, 2010). However, rapid, actinbased plasticity of dendritic spines is observed in a matter of seconds,
4
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indicating that synaptic plasticity can be fairly rapid (Fischer et al. 1998 &
Matus, 1998).

1.1.3

Actin and its function in neurons

Actin is one of the most dynamic components of the cytoskeleton, which can
either exist as filamentous structures or globular monomers (F-, and G- actin,
respectively). Together with microtubules, restructuring and regulation of
actin form the essence of dendritic growth and remodeling. In the adult cortex,
β-actin is abundant in dendritic spines, which are known for their capability to
re-structure once established (Micheva et al. 1998). β-actin-FP fusions have
been shown to participate in actin polymerization, and arithmetical difference
projection generated images can report about baseline and altered, or arrested
dynamics of actin (Fischer et al. 1998). Dendritic spines rapidly change their
shape with fine changes within a time window of a few seconds, while drastic
re-organization of shape and volume can happen within a few minutes. Also,
complete reappearance and disappearance of spines are natural events in the
brain. Fluorescence recovery after photobleaching (FRAP) experiments have
revealed, that the turnover of filamentous actin (F-actin) in dendritic spines is
less than 1 minute, while actin monomers (G-actin) diffuse through the length
of a spine within a few hundred milliseconds in cultured rat hippocampal cells
(Koskinen and Hotulainen 2014). Thus, this dynamic pool is capable to assist
in anchoring and re-organizing components of the synaptic density. Imaging
of rat neurons in vivo revealed that dendritic spines are also very dynamic in
adult animals, changing length and shape within ten minutes, while in the
youngest animals measured (postnatal day 8) spines were more dynamic, and
protrusions emerged and disappeared within minutes (Lendvai et al. 2000). In
cultured hippocampal cells, imaging at 16 Hz revealed that sub-second Ca2+
transients induce a rapid, 1-2-second-long actin-dependent twitching of
spines together with a reduction of spine volume (Korkotian and Segal 2001).
The twitching time extends when transients are enhanced by treatment with
bicucullin, a GABA receptor antagonist. This suggests a direct link between
5
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spine head twitching and synaptic activity. The effect is blocked by an actin
polymerization antagonist, latrunculin-B indicating that F-actin turnover is
involved. Twitching might be a fine modulator of synapses, as the immediate
response to latrunculin-B treatment involves the specific block of this motility,
which is followed by reduced glutamate response and disappearance of
excitatory postsynaptic potentials (EPSPs) (Zhou et al. 2001).
While actin filament polymerization in general has shown to be fundamental
for spine head formation and shape changes, how actin filaments are organized
in the three-dimensional space is also a major determinant for these processes.
Myosin IIB, a molecular motor which binds and contracts actin filaments is an
important regulator of dendritic spine morphology and dynamics. Either
genetic or chemical inhibition of myosin IIB modifies protrusive motility of
dendritic spines and disrupts their morphology while impairing synaptic
transmission. Myosin II inhibition by blebbistatin specifically unfurls existing
spines into long, filopodia-like protrusions within minutes. This suggest that
myosin IIB activity is required to maintain mature spine morphology and can
have an action over the timeframe of minutes (Zhang and Rao 2005; Ryu et al.
2006). Actin cross-linking proteins (espin, fascin, scruin, α-actinin, heavy
meromyosin and filamin) and proteins with cross-linking properties such as
CAMKIIb, drebrin A, Neuroabin I and others might be more significant for
the stabilization and adjustment of head morphology (Terry-Lorenzo et al.
2005; Okamoto et al. 2007; Ivanov et al. 2009). For example, F-actin decorated
drebrin A is concentrated centrally in the head of dendritic spines and this pool
exits and re-enters rapidly upon NMDA receptor-mediated Ca2+ influx. This is
likely to contribute to F-actin polymerization and spine enlargement
associated with LTP (Shirao et al., 2017). Tight regulation of cofilin activity is
also essential for the stabilization and morphological modification of spines,
specifically capping is important to establish the optimal shape of the spine
head, while inhibiting the formation of new protrusions. Additional minus and

6
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plus-end capping proteins support further stabilization of the spines.
(Hotulainen et al. 2009)

Several studies show that rapid and sometimes persistent reorganization of the
actin cytoskeleton in the spine is a hallmark of synaptic plasticity (Cingolani
and Goda 2008). For example, sequestering available actin monomers by
latrunculin-A blocks LTP expression, implicating that actin polymerization is
required for LTP (Fukazawa et al. 2003; Okamoto et al. 2004; Chen et al. 2007;
Ramachandran and Frey 2009). The Arp2/3 complex induces spine head
enlargement by relocalizing cofilin 10 minutes after LTP induction, an action
that is accompanied by AMPAR insertion (Gu et al. 2010). Interestingly, the
actin cytoskeleton is stable and resistant to the effects of latrunculin A during
LTP expression (Ramachandran and Frey 2009). Spine heads remain stabilized
by actin cross-linking of CaMKII and other molecules during LTP formation
(Okamoto et al. 2007). The geometry of the spine neck is regulated by
contractility of myosin II which is an important factor for synaptic
strengthening and additional morphological changes in the spine head, as it
regulates diffusion from and to the dendritic shaft (Nimchinsky et al. 2002).

1.1.4

Neurogenesis

For more than hundred years, the majority of researchers hypothesized that
new neurons are not added to the brain. First discovered by Altman and Das
in 1965, a neglected study until Nottebohm relates avian neurogenesis in 1985,
followed by many others in the nineties showed beyond doubt, that the
production and integration of newborn neurons in the mammalian brain is
indeed taking place (Gould and McEwen 1993). Furthermore, as new
immunostaining techniques progressed, BrdU injection of primates showed
that neurogenesis is continuous in the formation dentate gyrus (DG)
formation of the hippocampus (HC) (Kornack and Rakic 1999). Newborn
neurons proliferate from the progenitor cells located in the subgranular zone
of the DG (Christie and Cameron 2006). These cells express the astroglial
7
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marker GFAP before they differentiate, but only a small percentage will
convert to actual glia cells (Steiner et al. 2004). Before fully matured, they
express markers such as doublecortin (DCX), polysialated neuronal cell
adhesion molecule (PSA-NCAM) and class III beat-tubulin (Tuj1). At their
latest stage in development, they express proteins specific to matured granule
cells, most prominently Neuronal nuclei (NeuN) and Calbindin (Schoenfeld
and Gould 2012). Newly generated adult neurons have been shown to have an
overall inhibitory effect on DG activity by recruiting local interneurons (Song
et al. 2012; Drew et al. 2016). This function of adult hippocampal neurogenesis
has been linked to cognitive processes, such as spatial memory (Yau et al. 2015)
and it is proposed, that neurogenesis-mediated inhibition can impair memory
interference and enable reversal learning, both in physiological and in
emotionally impacted situations (Anacker and Hen 2017). Consisting a
relatively large pool, approximately 9000 neurons are generated daily in the
DG of young rats (Cameron and McKay 2001). Humans diagnosed with
depression exhibit a shortfall of neurogenesis which is often accompanied by
recollection memory deficits, a hallmark of hippocampal damage (MacQueen
et al. 2003). Although these pioneering studies have shown the functional
importance of neurogenesis, a very recent debate emerged to challenge the
hypothesis of newly born neurons in humans. For example, a study from
Sorrells et al., 2018 concludes that recruitment of new neurons in the human
hippocampus rapidly decreases in early childhood and neurogenesis in the
adult DG is either absent or down to very sparse levels by adulthood.
Conversly, another work from the same year reports occurrence of
neurogenesis, declining with age by examining ages 14-79, using very similar
immunohistochemical markers (Boldrini et al. 2018).

1.2.

Mood disorders and therapy

Mood disorders are a subgroup of psychological conditions where disruption
in a person’s mood is the main clinical diagnosis. This is assessed using the
Diagnostic and Statistical Manual of Mental Disorders (DSM) and with the
8
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International Classification of Diseases (ICD). Generally, mood disorders have
to be treated, especially if it is affecting one’s everyday life. Many different
types of treatments are available, including medications and therapy – usually
accompanying each other. In milder cases, the first-line treatment approach is
Cognitive behavioral therapy (CBT), which is an evidence based short-term
psychotherapy, providing improvement in conditions such as anxiety
disorders, substance abuse, depression and sleep disturbances. The aim of the
therapy sessions is to change behavioral or thought patterns (cognitive
processes) triggering the psychological problems (Ellis 1957; Beck 1970;
Hofmann et al. 2012).

1.2.1

Major Depressive Disorder (MDD) and anxiety

Depression and anxiety comprise the largest prevalence among affective
disorders, and accounts for the second biggest cause of years lived with
disability on the globe. By intervening with day-to-day activities, it also implies
a major economic burden (Whiteford et al. 2015). Depression has a complex
and varied etiology, environmental, genetic and epigenetic factors all
contribute to the disease. Stress-response has been cited as the most common
cause of their condition by depressed patients (Schüle 2007). Due to the lack of
effective remedies, patients often remain with incomplete remission, while the
absence of direct biomarkers delays the diagnosis. Multiple theories of
depression have been proposed, including misregulation of monoaminergic
neurotransmission, changes in neurotrophic factors, and alternations in the
rate of adult hippocampal neurogenesis (Hanson et al. 2011; Wainwright and
Galea 2013).

1.2.2.

Molecular mis-regulation of depression and anxiety

How can we translate these complex disorders into laboratory settings in order
to understand the underlying pathways to provide a framework for developing
more reliable antidepressant treatments? Elevated levels of glucocorticoids
(GC) are found in multiple animal models of depression (Krishnan and Nestler
9
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2011; Sturm et al. 2015) and associated with the dysfunction of the
hypothalamic pituitary adrenal (HPA) axis in human patients (Binder et al.
2009). Chronic corticosterone treatment can be used to develop a mouse model
to exhibit the characteristics of anxiety and depression, which can be reversed
by chronic fluoxetine, desipramine or phenelzine treatment (David et al. 2009).
In addition, plenty of newer studies suggest that the glutamatergic system is
abnormally affected in depression. Glutamate levels have been found increased
in blood, cerebrospinal fluid and brain tissue from patients with MDD, in
contrast with patients who have received antidepressant treatment (Tokita et
al. 2012). Anomalies in the expression of glutamate receptors (AMPA, NMDA,
mGluR) are reported in postmortem brains of depressed patients (Tokita et al.
2012). Specifically, NR1 mRNA, NR2A and NR2B protein were found to be
lower in the PFC of patients with MDD (Law and Deakin 2001), while
amygdalal NRA2, but not NR1 was shown to be increased (Feyissa et al. 2009).
MRS neuroimaging have revealed decreased glutamate/glutamine (Glx) levels
in the PFC, as well as in the left amygdala (Sanacora et al. 2004). Rodent studies
correlated chronic, stressful events with regionally distinct changes in the
expression of glutamate receptors. Mice exposed to repeated sub-chronic stress
show impaired neurotransmission and decreased surface expression of NR1
and GluR1 in the PFC (Yuen et al. 2012). Surprisingly, acute stress exerted
reversed effects and that is associated with working memory (Yuen et al. 2009).

1.2.3

Brain circuitry involved in depression

Many studies correlate reduced hippocampal volume in depression and other
anxiety illnesses (Bremner et al. 1995; Videbech and Ravnkilde 2004; Frodl et
al. 2006), although this seems to be prominent only in elderly and middle-aged
subjects. The majority of the reduced volume is due to synaptic and glial loss
in post-mortem brains of depressed patients (reviewed by Czéh and Lucassen
2007). However, how hippocampal activity alters in depression is open to
discussion and reports are sometimes conflicting. Hippocampus has a dense
reciprocal connectivity with nucleus accumbens (NAc) and ventral tegmental
10
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area (VTA) and it is thought to strengthen memory encoding in response to
the extent of a stimulus. The erroneous engraving (or either recalling) of these
memories could result in misinterpretation or exaggeration of events, giving
rise to mood or anxiety disorders (Campbell et al. 2004). Use of optogenetic
tools in rodent models can help to unravel circuitry: a recent study has shown
that activation of VTA dopaminergic neurons, which project to the NAc exerts
antidepressant effects in mice exposed to chronic unpredictable stress and they
perform better in some behavioural tasks (Bagot et al. 2015).

Circuit connectivity between the HC and prefrontal cortex (PFC) have been
demonstrated in rodents (Thierry et al. 2000; Varela et al. 2014), primates
(Zhong et al. 2006) and also in humans (Croxson et al. 2005). Using retrogradelabelling it was shown that projections from the medial prefrontal cortex
(mPFC) markedly labels neurons in the VTA, while anterograde labelling
revealed several connections between cornu ammonis 1 (CA1) and medial
frontopolar cortex (mFPC). Figure 3 Summarizes findings of circuitry in
rodent models. Recently, (Finkelmeyer et al. 2016) have shown that depression
is associated with blood oxygen-level dependent (BOLD) signal-reduction in
the right hippocampus during a positive word encoding task, postulating that
the hippocampus fails to properly encode reward memories for positive
information, leading to lethargic, depressive mood. Interestingly, an earlier
study showed that the firing of the same circuit increases in animals, which are
susceptible to chronic social defeat stress (CSDS), highlighting that underlying
neural activity in relation to BOLD signal is not yet conclusive (Chaudhury et
al. 2013).

11
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Figure 3. Hippocampal – prefrontral circuitry associated with anxiety and depression
in rodents. (1) Projection of the dorsal CA1 to the mPFC. (2) PFC relays signals to the
hippocampus indirectly through the thalamus. (3) The NAc-vTA-PFC loop is
associated with HC dependent learning, while adapts short-term memory from the
loop to the PFC. (4) The ventral HC-BLA-PFC loop is associated with fear and social
behavior. (5) The HC-thalamus-PFC loop is associated with attention and memory
retrieval. Blue dashed lines highlight projections considered to be relevant in MDD
and anxiety. Lines with two lines highlight reciprocal projections. Adapted from
Sampath, 2017, background from Brain Atlas - Allen institute. © 2004 Allen institute
for Brain Science. 131

Multi-region mapping studies in humans have confirmed the involvement and
increased functional coupling of the anterior cingulate cortex, superior frontal
gyrus, posterior cingulate cortex, temporal lobes and the amygdala for emotion
recognition across depressed and healthy individuals (Chase et al. 2014; Lord
et al. 2017). When the attention of the participants shifted from emotional
content, activation was more prominent in the PFC and in parietal regions.
These studies also showed that depressed patients performed worse in
emotional faces tasks compared to controls, implicating a defect in the
attentional and recognition regulation of emotion. This reduced response is
prominent in the anterior insula, which again suggest deficits of working
memory.
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Recent optogenetic studies demonstrated that photoactivation of specific
projections in the mPFC have antidepressant-like effects in rodent models of
depression, including chronic social defeat and forced swim test (Challis et al.
2014). Photoactivation of the basolateral amygdala induced fear, and stimulus
paired together with activation became a fear-inducing memory in rats,
supporting the amygdala as a classic region involved in fear learning (Huff et
al. 2013). Optogenetic approaches can also help to unravel the role of more
discrete projections. In a significant study, Kheirbek and colleagues (2014)
have demonstrated that photoactivation of the ventral dentate gyrus evokes
rapid anxiolytic effects, while the dorsal sub region is involved in encoding and
exploratory drive.
1.2.4

Internal circuitry of the hippocampus and the neurogenic

niche
Inside the hippocampus, the DG marks the first processing synapse of a
unique, “tri-synaptic” pathway, which comprises a circuit relying down signals
from associative cortices to the granule cells of the DG, from where they are
streamed towards through CA3 to CA1. Interestingly, these signals are not
unidirectional, they can “ping-pong” between the components (Schwartzkroin
et al. 1990) and also backward signalling has been observed from the CA3 to
the DG (Scharfman 2007). The entorhinal cortex also provides direct synapses
both to CA1 and CA3, which circumvents the hippocampal processing (Witter
and Amaral 1991). As CA3 processes the same input from the associative
cortices as the DG, an interesting question is what is the exact role of the
neurogenic DG in the signal processing and how its sparse activity contributes
to hippocampal dependent tasks, such as memory encoding. It is suspected,
that DG transforms the signal to change its activity pattern downstream
towards the CA3. Currently, two views are emerging on the function of
immature granule cells of the DG. They could either carry the ‘message’ signal
down to the CA3 by being hyperexcitable, sparse active cells of the DG
network, or alternatively, they could set the tone in the circuit by interacting
with interneurons that contribute to the sparse coding. This could mediate the
13
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sparse coding pattern in the local circuit and select correct cells to transmit the
signal message (Sahay et al. 2011).
In 2014 a functional magnetic resonance imaging (fMRI) study on 27
volunteers investigated pattern separation-related activity in the scanner for
the phases of encoding delay and retrieval (Fujii, 2014). In each session, the
subjects learned a pair of sample cues while scanning MR images of the
hippocampus with high spatial resolution. They found that DG/CA3 activity
and medial CA1 was changed only during encoding, and DG/CA3 activity was
more active throughout a successful encoding phase. Furthermore, these
activities were negatively correlated with Beck Depression Inventory (BDI)
scores, which the subjects completed before the fMRI task. Altogether, these
suggest that the DG/CA3 region is important for pattern separation during
encoding phase, it is connected with CA1 in a stimulus dependent context, and
impaired DG/CA3 activity is associated with depressive symptoms even in
patients, who score less than 20 on the BDI scale, indicative of subclinical, mild
depression.
1.2.5

Neural oscillations

Measurements from local field potential (LFP) or electroenchelography (EEG)
recordings are capable to reveal oscillatory changes in the brain, originating
from its electrical activity. Typically defined ‘rhythms’ include low-frequency
delta (< 4 Hz), theta (4-8 Hz), alpha (8-12 Hz), beta (12-30 Hz) and gamma
waves (30-100 Hz). Generally, low-frequency theta oscillations are believed to
promote synchronization of more distal brain regions to promote plasticity,
while oscillations at higher frequency are thought to link local circuitries,
necessary for cognitive functions (Buzsáki and Draguhn 2004). In some cases,
high frequency oscillations (HFO) in the 75-200 Hz range are referred as ‘high’
gamma waves. Since these measurements are relatively easy to conduct,
searching for biomarkers of neuropsychiatric disorders by means of altered
oscillations have been investigated. For example, when measured with EEG,
corticocortical (one cortical area communicates with the other by exciting
target neurons) resting-state oscillations of patients diagnosed with MDD are
characterized by dominant beta frequencies relative to alpha, delta and theta
14
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oscillations (Fingelkurts 2015). Recently, gamma oscillations gained attention
as a possible biomarker for depression. Some emerging studies suggest that
these rhythms can distinguish healthy and depressed patients, moreover some
amplitude characteristics have been shown distinguishable in unipolar and
bipolar disorder (Fitzgerald and Watson 2018). Additionally, animal models of
depression showed decreased gamma power, which recovered with the
administration of reboxatine, a noradregnic drug (Puig et al. 2010).
1.2.5

Antidepressants

Most antidepressants still target the same core mechanisms discovered 50 years
ago, indicating a need for a paradigm shift (Berton and Nestler 2006;
Covington et al. 2010). Selective serotonin reuptake inhibitors (SSRIs) and
Monoamine oxidase inhibitors (MAOIs) are the most frequently prescribed
drugs for therapy of mood disorders, even though little is known about the
exact molecular mechanisms and specific brain circuits altered by the effects of
these drugs (Svenningsson et al. 2013). Several classes of drugs are currently
available for treatment of depression. Table I. summarizes the different groups
of the most generally used and clinically approved antidepressants.
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Common
Tricyclic antidepressants

Less common

Rare

Alpha-2-blockers

Trazodone

Selective serotonin

Monoamine oxidase

Lithium

reuptake inhibitors

inhibitors (MAOis)

(TCAs)

(SSRIs)
Selective serotonin

Selective noradrenaline

St. John’s wort

noradrenaline reuptake

reuptake inhibitors

(Hypericum perforatum

inhibitors (SSNRIs)

l –HYP)
Selective
noradrenaline/dopamine
reuptake inhibitors
Melatonin receptor
agonists and serotonin 5HT2C receptor antagonists

Table 1. ‘Classical’ antidepressants used for treatment of depression.

1.2.6

Novel, rapid-acting antidepressants

In the pursuit of better therapies to treat depression, attention has shifted to
atypical, rapid-acting research and preclinical drugs, including N-methyl-daspartate (NMDA) receptor antagonists. Among these, ketamine marks a
major improvement over standard monoaminergic agents, as it relieves
symptoms rapidly in two-thirds of treatment resistant patients after a single
low-dose intravenous injection (Wan et al. 2015), moreover it elicits robust
anti-suicidal effects in patients diagnosed with MDD within 40 minutes, lasting
up until 2 weeks (Diazgranados et al. 2010; Zarate et al. 2012). Despite this,
ketamine has drawbacks that limit widespread clinical use in its current form.
Misused also as a party-drug, ‘Special-K’ produces dissociative and
psychomimetic side effects in the initial post-administration period (1-2h) and
higher doses are associated with the potential of abuse (Liu et al. 2016). MRI
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studies have assessed that frequent, high dose ketamine users suffer from
cortical atrophy and neurotoxicity (Wang et al. 2013; Yan et al. 2014), however
ketamine in controlled settings exerts neuroprotective effects (Yan and Jiang
2014; Bell 2017). To tackle the antidepressant properties of ketamine, it is
important to understand underlying functions in the brain evoked by it, in
order to use that knowledge for the development of new line of therapies that
are safe for widespread application. Ketamine elicits a dynamic increase in
protein synthesis and increases excitatory synaptic transmission in cortical
slices, which is also accompanied by the rapid activation of the mammalian
target of rapamycin (mTOR) pathway, a major event believed to underlie the
antidepressant effect of ketamine (Li et al. 2010; Autry et al. 2011). Mice with
a knock in mutation of GSK-3 preventing its phosphorylation are insensitive
to ketamine treatment in the LH model, suggesting that some of the efficacy is
mediated by GSK-3 inhibition (Beurel et al. 2011). Furthermore, combination
of GSK-3 inhibitor and ketamine shows additivity, markedly reducing
immobility in FST and at the molecular level, increasing dendritic spine
density. Interestingly however, a latter study has shown that ketamine has very
limited effects on GSK-3 expression in the hippocampus (Müller et al. 2013).
Although it is still a question how suppression of NMDA receptor activity
promotes protein synthesis, a recent discovery has shown that one of the
ketamine metabolites, hydroxynorketamine (HNK) facilitates not NMDA, but
AMPA receptor (AMPAR)-mediated transmission, and that the metabolite
itself is sufficient to exert antidepressant effects (Zanos et al. 2016). However,
the exact molecular targets and mechanisms of HNK are largely unknown, and
conflicting reports about the effectiveness of HNK have emerged. (Zhang et al.
2018) have shown that intracerebroventricular injection of HNK could not
induce antidepressant effects in CSDS model of depression, suggesting distinct
mechanisms of either HNK or CSDS induced molecular changes in
glutamatergic pathways. The AMPAR antagonist 2, 3-dihydroxy-6-nitro-7sulfamoyl-benzo[f]quinoxaline-2,

3-dione

(NBQX)

completely

blocks

ketamine’s antidepressant effect, supporting the role of AMPAR in its
17
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mechanism of action. (2R, 6R)-HNK impairs LTP in the NAc, while
dopaminergic neurons of the VTA show repressed AMPAR mediated
responses without altering NMDARs, which is a sign of LTD. This was shown
by measuring the ratio of excitatory postsynaptic currents (EPSC) of
AMPA/NMDA components. EPSC was measured at − 80 mV (AMPA-EPSC)
while the amplitude of the EPSC was measured at +40 mV in the presence of
CNQX (NMDA-EPSC) (Yao et al. 2017). Altogether this shows that ketamine
or HNK injections induce alteration in synaptic plasticity and in AMPAR
function in brain regions involved in both depression and reward-associated
behaviours. With this in mind, the use of AMPA potentiating agents might
represent a focused strategy to induce ketamine-like antidepressant effects.

1.3.

Introduction to c-Jun N-terminal kinases

When cells respond to an extracellular stimulus (whether it be environmental,
stress related, immune or homeostatic), a cascade of events take place across
the cell membrane and signal transduction pathways are activated through the
cytoplasm down to the nucleus. Mitogen-activated protein (MAP) kinases are
important regulators of signal transduction and they play a main role in
regulation of crucial processes, such as cell growth, differentiation,
proliferation and apoptosis. Three major groups of MAP kinases are the
following: c-Jun N-terminal kinase (JNK), extracellular signal-regulated kinase
(ERK) and the p38 MAP kinase. ERK is activated mostly by growth-related
signals, whilst JNK and p38 typically by various stress stimuli (Cargnello and
Roux 2011). While MAP kinases are well characterized in cancer cells, all MAP
kinases are also abundantly expressed throughout the central nervous system
(CNS), where ERK contributes to functions related to neuronal plasticity and
memory consolidation. The role of MAP kinases and JNK in the nervous
system and in various maladaptive states are not so well understood, but
studies in the recent years have advanced, and signalling components of this
pathway have been associated with neuronal development, and with

18

Review of the literature

psychiatric disorders as well (reviewed in Coffey 2014).

.

Figure 4. The MAPK family and their transduction cascade are shown. MAPKs
typically are activated by extracellular stimuli reaching the cell membrane, where
signal is relayed down through the cytoplasm to the nucleus.

1.3.1

The JNK family

There are three different JNK gene expressed in the mammalian brain, which
comprise ten splice variants, identically 46, or 54 kDa in size. Mouse studies
have demonstrated that Jnk1 (Mapk8) and Jnk2 (Mapk9) are ubiquitously
found throughout the body, while Jnk3 (Mapk10) expression is restricted to
the brain, together with low mRNA expression levels detected in the testes
(Kuan et al. 1999). Jnk1/2/3 levels are highest in the neocortex, followed by the
hippocampus, thalamus and the midbrain. JNK expression is developmentally
regulated, Jnk1 mRNA levels are higher during rat brain development and
decline postnatally (Carboni et al. 1998). Interestingly, Jnk1 levels stay high in
the olfactory bulb in adult rats. Jnk3 has been found as the most highly
expressed transcript in the rat and mouse brain, followed by Jnk2 and Jnk1
according to in situ hybridization studies. These levels are also corresponding
to the extent of protein levels reported from mouse brain (Coffey 2014). JNK1
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expresses highly in the cortex, while in the hippocampus it is mostly reduced
to the DG hilus and the CA3, CA4 areas. JNK3 is found in the pyramidal
neurons of the hippocampus (Lee et al. 1999), whereas JNK2 has relatively low
levels throughout different brain regions (Brecht et al. 1995).

1.3.2

Function and localization of JNK in the nervous system

Targeted gene knockout studies in rodents have clarified some biological roles
of JNKs and the downstream effectors in the JNK pathway. In brain, expression
of JNK3 levels are high relative to other tissue, suggesting a specific role there.
jnk3 knockout mice survive; moreover, they do not show a physical phenotype.
Nonetheless, sensitivity to kainite-induced seizures is reduced (Bogoyevitch
and Court 2004) and their hippocampus is better protected from excitotoxic
glutamate levels. Exalted glutamate levels lead to over-activation of apoptotic
pathways through the c-Jun/AP-1 transcription factor complex, proposing that
JNK3 uniquely evolved to transduce propapoptotic stress signals in neuronal
cells (Sabapathy et al. 1999; Sabapathy 2012). Ablation of JNK1 or JNK2 show
distinct effects. While silencing either JNK1 or JNK2 produces changes in Tcell differentiations (Suzuki et al. 2008), JNK1 has been also shown to regulate
thromospondin-1 driven neovascularization (Naito et al. 2004) and insulin
resistance induced by obesity (Tuncman et al. 2006).

The constitutively active JNK1 is a main determinant of microtubule
homeostasis (Chang et al. 2003) and shapes dendritic architecture (Björkblom
et al. 2005; Tararuk et al. 2006). JNK1 null mice exhibit motor defects together
with learning impairment (Komulainen et al. 2014). JNK1 is highly active in
cerebellar granule neurons, where selective cytoplasmic inhibition of JNK
increases both radial migration rate and the frequency of exit from the
multipolar stage, leading to an altered cellular organization. This is mimicked
in jnk1(-/-) mice, where these changes are accompanied with phosphorylation
changes of SCG10 (stathmin-2), a dynamic regulator of microtubules.
Expressing a JNK pseudo-phosphorylated form of SCG10 in the brain by viral
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transduction restores the normal migration rate in the jnk1(-/-) mice
(Westerlund et al. 2011). MARCKSL1, an actin binding protein, which deletion
results in neural tube defects (Chen et al. 1996) have been shown to be
phosphorylated by JNK at three residues and JNK mediated MARCKSL1
activity regulates actin homeostasis, filopodial formation and dynamics in
neuronal cells (Björkblom et al. 2012). By phosphorylating Kif5C at a serine
residue, JNK also regulates microtubule binding and transport efficiency in
neurons (Padzik et al. 2016).

1.3.3

Mitogen-Activated Protein Kinases in psychiatric diseases

The JNK pathway and its upstream regulators are dysregulated in a range of
psychiatric disorders. Specifically, IL1RAPL1, ULK4, TAOK2, MKK7, JIP2/3
and JNK itself are associated with schizophrenia, autism spectrum disorders
and intellectual disability (Baptista et al. 2008; Coffey 2014; de Anda et al. 2012;
Lang et al. 2014; McCarthy et al. 2009; Pavlowsky et al. 2010; Shoichet et al.
2006; Winchester et al. 2012). Both ULK4 and TAOK2 regulate dendrite
growth (de Anda et al. 2012; Mochizuki et al. 2011), while JNK1 has been
shown to be a major effector of dendritic architecture in vivo (Björkblom et al.
2005; Chang et al. 2003; Komulainen et al. 2014). As both environmental and
genetic factors contribute to depression, gene anomalies predisposing to the
disease are continuously looked for, however no major genome-wide
associations linking JNK to depression have been found yet. Nonetheless,
single nucleotide polymorphisms (SNPs) were identified in JIP2 (Severinsen et
al. 2006) and in JNK3 (GWAS Group 2011) in recent patient cohorts, although
they do not show significant genome-wide association. Given that depression
is characterized by a heterogeneous etiology, these associations might be
obscured, and future studies would need to work with larger sample sizes to
achieve sufficient resolution of genetics underlying depression (Mullins and
Lewis 2017). It is estimated from twin studies that the heritability of MDD is
close to 37% (Sullivan et al. 2000), while SNPs share around 9% variation in
liability (GWAS Group 2011).
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1.3.4

Therapeutic potential of targeting the JNK pathway

Animal models of anxiety and depression have implicated that alternations in
the JNK pathway might have a role in these disease. Table 2 summarizes these
findings up to date. Although these studies provide specific molecular actions
to some extent, inhibitors for downstream effectors are rarely tested or
developed, while a growing number of peptide or small molecule inhibitors of
JNK are readily available. Systemic inhibition of JNK could be associated with
side effects, as being a broad-function kinase. For example, JNK1 and JNK2 are
crucial for immediate immune response and all JNK isoforms play important
roles during brain development. In adulthood however, JNK is mainly silent
and only activated by stress, indicating that expected side effects might be
minimal. On the other hand, responses to cellular stress contribute to
homeostatic functions. This highlights the fact that broad-spectrum JNK
inhibitors would not be ideal choice in clinical use. Albeit - as JNKs share
important homeostatic functions - a strictly isoform-specific inhibitor could
be well tolerated for human use. Peptide and small molecule inhibitors of JNKs
exist, however the development of splice variant and isoform-specific ones are
still in infancy and some trials of ATP competitive blockers have been already
terminated

[Trial

Identifiers

NCT00126893,

NCT01466725

and

NCT01203943]. A new trial using DJNKI-1 (with the product pipeline name
XG-102) produced no side effects after a single intravenous infusion, while
showing similar positive effects for post-surgical ocular inflammation as using
dexamethasone 4 times over 21 days per standard treatment. Moreover, this
product is currently undergoing preclinical development phase for treatment
of Alzheimer’s disease.
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MODEL

JNK ACTIVITY

BEHAVIOUR

CORT

STUDY

CHRONIC STRESS
Corticosterone 40 day

↑↑ HC

Cognitive

deficit

n.a

reversed by DJNKI-1
Random varied

↑ HC

2013)
↑

n.a

(Solas et al.

(EspinosaOliva et al.
2011)

Random varied+LPS

↑↑ HC

Social defeat (mice)

↑PFC

susceptible

↑Social

avoidance

n.a

↓Social avoidance

mice,

(Rosa et al.
2018)

↓PFC resilient mice

SOCIAL ISOLATION
Social isolation 21 day (rat)

Social isolation 21 day+

↓ PFC

n.a

No

(Filipović et

change

al. 2012)

↓ PFC

n.a

↑

↓ HC/PFC

n.a

↑

acute immobilization
Social isolation 21 day (rat)

(Adzic et al.
2009)

ACUTE STRESS
Cold (mice)

No effect HC/PFC

Anxiogenic

↑

(Zheng et al.
2008)

↑

Cold /rewarming

↑↑ HC/PFC/EC

Forced swim

No effect HC, ↑

Depressive

n.a

PFC

(Galeotti
and
Ghelardini
2012)

Tail suspension

↑ HC/PFC

Depressive

Cold (rat)

No effect

n.a

↑

(Filipović et
al. 2012)

Immobilization

No effect

n.a

↑

Immobilization (rat)

↑↑ HC/PFC

n.a

↑

(Adzic et al.
2009)

LPS

n.a

↑HC

↑

(EspinosaOliva et al.
2011)

Table 2. Different stressor models in rodents and their effect on JNK activity,
behaviour and corticosterone levels. ↑ Upregulation ↓ Downregulation. Adapted
from Hollos et al., 2018.
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1.4.

Synaptic function and the synaptic density

A highly structured machinery is essential to anchor all the components
required for neuron-to-neuron communication, called the synapse. Synapses
are usually located on dendritic spines, but some of these micro compartments
can be localized on the membrane, such as inhibitory synapses. The
postsynaptic membrane is rich in signalling proteins, organelles involved in
trafficking, calcium metabolism and protein synthesis (Sheng and Kim 2011)
– this clustering is known as the postsynaptic density (PSD) – which can
dynamically change its composition and structure in response to synaptic
activity, when inputs are released and received from the pre-synaptic density
of the active zone of an axon. PSDs vary in size and composition, but an average
number of 300-400 copies of PSD-95 and membrane associated guanylate
kinase (MAGUK) molecules are found in one PSD in rodent brain (Chen et al.
2005). PSD-95 works as an anchoring molecule keeping the cytoskeleton intact
through interaction with spine-associated Rap-specific GTPase-activating
protein (SPAR), while also scaffolds nitric oxide synthase (NOS). Other
cytoplasmic signalling components held together by the PSD include kinases
(e.g., CaMKIIα and receptor tyrosine kinases), serine/theorine protein
phosphatases. A GTP activating protein, synGAP is also highly enriched in
PSD and its function is believed to regulate Ras/ERK cascade precisely at
synapses (Sheng and Hoogenraad 2007).

1.4.1.

LTP and LTD

Long-term structural and molecular changes, which lead to the alternation of
the strength of synaptic transmission in the brain, are essential for cognitive
functions such as memory, learning and activity-dependent development.
These changes also pave the way for the formation of new and long-lasting
neuronal circuits (Kessels and Malinow 2009; Shepherd and Huganir 2007;
Huganir and Nicoll 2013). The regulation and the number of receptors at the
synapses are seen as the main determinant of synaptic strength and it is
thought to control multiple forms of synaptic plasticity, including long-term
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potentiation (LTP) and long-term depression (LTD) (Anggono and Huganir
2012; Kessels and Malinow 2009; Shepherd and Huganir 2007). The most
widely studied type of synaptic plasticity is the NMDA dependent LTP. In this
form of plasticity, NMDARs are activated followed by calcium influx and
activation of CaM Kinase II, which in turn leads to the recruitment of AMPARs
to the synaptic surface (Anggono and Huganir 2012; Kessels and Malinow
2009; Shepherd and Huganir 2007). Modest activity of NMDARs which
slightly increase postsynaptic Ca2+ favours triggering of LTD, while much
larger, repeated Ca2+ influx is required to trigger LTP (Malinow 1994).
Downstream signalling consequences of NMDAR activation includes the
phosphorylation of Small G proteins such as RhoA, Rac1, Ras, and Cdc42,
which are all crucial modulators of synaptic structure and strength during
NMDAR-dependent LTP. A study investigating the temporal aspects of
NMDAR-dependent LTP have shown that RhoA, Rac1 and CaMKII gets
phosphorylated rapidly within 9-10 seconds, while Cofilin and Ras fold activity
change have a peak at 1 minute, after which their activity slowly decays. MAPK
activity gradually increases over the time course of minutes (Schwechter et al.
2013)

1.4.2.

AMPA and NMDA receptors

Glutamate serves as an almost ubiquitous chemical transmitter in the nervous
system, where it regulates a plethora of physiological events. Seamless
glutamatergic signalling is essential for the normal functioning of the CNS
circuitry, including cell viability and responses to environmental stimuli,
challenges, and subsequent behavioural feedback for these. As glutamate being
an ‘universal’ neurotransmitter in the CNS, it poses a great challenge to nerve
cells to decode information from a single chemical signal, which regulates that
broadly different molecular events (Willard and Koochekpour 2013). The
Ionotropic Glutamate Receptor (iGlur) family consists of NMDA, AMPA and
kainate receptors, which largely have similar structures (Furukawa 2012).
Glutamate elicits excitatory currents with well defined, type-specific
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characteristics, thus a heterogenic postsynaptic current will reflect the mixture
of AMPARs and NMDARs on synapses (Watt et al. 2000). Intracellular
scaffolding proteins and cytoskeletal stabilizing elements are thought to be
important in concentrating AMPARs at PSDs (Braithwaite et al. 2000; Nusser
2000; Scannevin and Huganir 2000). AMPARs continuously and rapidly cycle
in and out of the postsynaptic membrane by endocytosis and with the delivery
of endogenous synapses, which have been considered the main aspect of
receptor trafficking at dendritic spines (Malinow and Malenka 2002). More
recent studies however have shown that lateral diffusion into and from the
synaptic sites is a prerequisite during activity dependent AMPAR trafficking
(Triller and Choquet 2005). Ashby and colleagues have demonstrated that
lateral movement of AMPARs drive receptor exchange at spine in a
constitutive manner, an action that is rarely happening during directed
exocytosis. Thus, lateral diffusion might serve as a special mechanism that
allows new receptors to enter to synaptic sites from extrasynaptic locations,
while internalized sites make room for ‘freshly’ expressed receptors. Tardin et
al. (2003) shown in a study using single-molecule fluorescence microscopy,
that a substantial amount, approximately 40-45% of AMPARs exhibit lateral
movement. This process is more tightly regulated compared to extrasynaptic
diffusion and may account for the marked variations observed in the receptor
molecule composition of the PSD during synaptic plasticity (Reviewed in
Carroll et al. 2001; Malinow and Malenka 2002; Sheng and Kim 2002).
AMPARs can be trafficked through surface diffusion which markedly impairs
the synaptic potentiation of Schaffer axon collaterals and commissural inputs
to the CA1 region both in slices and in mouse in vivo. This indicates that the
temporal profile of synaptic potentiation is dependent on distinct AMPAR
trafficking routes. Moreover, immobilization of AMPAR in the dorsal
hippocampus inhibits fear conditioning, suggesting that diffusion of AMPAR
is necessary for contextual learning in the early phase (Penn et al. 2017).
AMPAR mobility is altered upon corticosterone treatment and facilitates
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bidirectional synaptic plasticity (Martin et al. 2009), altogether underlining
that receptor shuffling by surface diffusion is a critical mechanism for
hippocampal learning.

1.4.3.

Role of JNK in synaptic plasticity

Studies using rodent models to investigate the effect of stress in the context of
JNK regulation focused mostly on the hippocampus. Acute stress increases
phosphorylation and activity of JNK in the hippocampal, cerebral cortex and
PFC regions in rat (Meller et al. 2003; Shen et al. 2004; McEwen 2000; Sherrin
et al. 2010). This raises the possibility that stress-induced activation of the JNK
pathway in the hippocampus plays a role in the stress-response-induced deficit
of emotional memories. In line with this hypothesis, treatment with small
molecule inhibitors of JNK, either with SP600125 (Bennett et al. 2001) or DJNKi1 (Dickens et al. 1997; Borsello et al. 2003) prevented the impairment of
conditioned fear in the conditioning context, when administered to the CA1
region of the dorsal hippocampus prior to stressor exposure (Sherrin et al.
2010). Hippocampal LTP has been shown to be impaired upon the activation
of the JNK pathway by β-amyloid peptide and IL-1b (Curran et al. 2003;
Costello and Herron 2004), while low frequency stimulation dependent LTD
experiments identified a role for JNK in the dentate gyrus (Curran et al. 2003).
Inhibition of JNK by SP600125 increased baseline synaptic transmission, while
it reduced paired pulse facilitation (PPF) with no alternations in LTP,
suggesting that active JNK can alter synaptic plasticity: while LTP is associated
with acute over-activation of the kinase, basal JNK activity is sufficient for the
induction of LTD (Costello and Herron 2004). However, it is worth
mentioning, that SP600125 is not a specific inhibitor for the JNK isoforms
(Tanemura 2010).

To unveil which JNK isoform is involved in the stress-induced memory deficit,
Chen and colleagues used JNK isoform null mice. Interestingly, jnk2-/- showed
stress-induced alternations of LTP and contextual fear conditioning during
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early adolescence only, however both deficit was evident in mice. JNK also
serves as an important regulator of synaptic AMPA receptor trafficking during
LTD (Zhu et al. 2005) and contributes to mGluR dependent LTD in the
hippocampal CA1 region (Li et al. 2007). Recently, the role of JNK activation
mediated by JIP1 was investigated in the context of synaptic plasticity by
comparing wild type mice with a mouse model exhibiting a point mutation in
the Jip1 gene, which selectively abolishes JIP1-mediated JNK activation (Morel
et al. 2018). These mice harbour increased NMDAR currents together with
increased NMDAR-mediated gene expression, while having a lower threshold
for the induction of hippocampal LTP. Moreover, the JIP1 mutant mice show
improved associated fear conditioning and enhanced hippocampus-dependent
spatial memory. These results were replicated in an experiment where they
used an additional JIP1 mouse model that disrupts the JBD site of JIP1,
suggesting that JIP1-mediated JNK activation might contribute to the
NMDAR-mediated synaptic plasticity and learning in the hippocampus.

1.5.

Photonic tools and light control of cellular function

Fluorescence is the term used to describe light emission that has undergone
Stokes shift, where a longer-wavelength photon (with lower energy or
frequency) is emitted from a molecule that absorbed a photon with a shorter
wavelength (with higher energy or frequency). Excitation and emission
energies (and their wavelengths) are distinctive for each fluorescent molecular
structure and it is an important property to take into consideration when used
in biological systems. Fluorescent and light-sensitive proteins belong to the
most important research tools used in the field of life sciences. By fusing a
fluorophore unit to enzyme targets or to different proteins, one can visualize a
plethora of cellular or even whole-organ processes, including gene expression
or changes in ionic or enzymatic concentrations.

Green fluorescent protein (GFP) was discovered in the early 1970’s by
Shimomura when they first tried to isolate a different chemiluminescent
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protein, aequorin, from the jellyfish species Aequorea victoria, from which the
structure of the cromophore was discovered (Shimomura 1979). Aequorin
belongs to luciferase enzymes, which catalyze the oxidization of the substrate
coelenterazine in a calcium-dependent reaction, which subsequently leads to
emission of blue light. Luminescent organs of the jellyfish produce green light,
so the discovery of the blue light emitting aequorin was surprising. However,
later during purification processes, Shimomura had observed a protein in the
jellyfish extracts “exhibiting a very bright, greenish fluorescence” – under
ultraviolet (UV) light. Later it was discovered, that this green autofluorescent,
also calcium-dependent protein was a companion protein for the aequorin,
and it was named as GFP (Chalfie et al. 1994). A broad range of genetic variants
from sea organisms have been engineered since discovery GFP over 50 years
ago, and the entire palette of colours as well as fluorescence emission spectral
profiles is presently extending into the full visible light spectrum and beyond.

1.5.1

Fluorescent proteins as reporters

Up to now, thousands of different FP reporters have been published and are
continuously being developed. Ranging from simple labels in the spectra of
visible wavelengths (eCFP, eGFP, Clover, eYFP, mCherry, mRuby and many
others) to calcium reporters (e.g GCaMP variants), FRET probes (e.g CFPEYFP and many others on a functional reporter), translation reporters (MS2,
SunTag), singlet oxygen generators (miniSOG) and more rarely used variants
are all different modifications and fusions of usually 25-27 kDa fluorescent
proteins derived sea species, but also from plants. Depending on the use and
target cell type, monomeric variants are preferred, as multiple tags of FPs might
lead to protein aggregation and unwanted protein folding. As a companion
palette for FPs, a plethora of fluorescent dyes, ranging from synthetic small
molecules, quantum dots and more complex naturally occurring compounds
are available for direct tagging and localization highlighting in cells and in vivo.
An advantage of these is that they allow marking of processes without much
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interfering of protein folding and problems associated with over-expression
can be avoided.

1.5.2.

Optogenetics and biophotonics

The term optogenetics generally refers to the use of optical actuators of
neuronal activity, utilizing microbial ion pumps from Channelrhodopsins
(ChRs), which are light-gated ion channels that passively conduct ions along
membrane gradients (Nagel et al. 2002; Nagel et al. 2003). The first ChR, ChR2
was isolated from Chlamydomonas reinhardtii, and is the prototype of
depolarizing ChRs, which are used to induce neuronal firing with precisely
defined temporal patterns. (Boyden et al. 2005; Ishizuka et al. 2006). Initially
ChR2 was used to induce LTP (Zhang and Oertner 2007) and to probe
neuronal circuits (Petreanu et al. 2007), and since it has been applied in many
pioneering studies which investigate function or connectivity of different brain
sub-regions (Li et al. 2005; Boyden et al. 2005; Schroll et al. 2006; Arenkiel et
al. 2007). Until today, multiple ChR variants have been generated, both by
engineering approaches and by genome mining (Schneider et al. 2015).

A different branch of optogenetic tools refer to ‘protein function’ actuators
which are mostly derived from phytochromes, and also known as biophotonic
tools or ‘phytochrome-based optogenetics’. Phytochrome systems are found all
over the plants and identified first as photoreceptors, regulating vital functions
such as photomorphogenesis using light (Gorostiza and Isacoff 2008). More
primitive phytochromes have been described and characterized in prokaryotes.
The core of each phytochrome is a covalently bound open-chain tetrapyrrole
chromaphore that can interact with the neighbouring ‘sensing’ protein, such
as the Light, Oxygen, Voltage (LOV) domain (Gorostiza and Isacoff 2008).
AsLOV2, a well-characterized LOV domain was first identified in a class of
light-activated serine/threonine kinase complex, derived from Avena sativa. Its
function is to relay signals related to phototropism and other processes in
response to blue light (Huala et al. 1997). LOV2 has an α/β fold similar to the
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Per-ARTN-Sim class of environmental sensors and utilizes the same
chromophore (FAD or FMN), which absorbs blue light across a broad
spectrum (Song et al. 2011). Upon photoexcitation, a covalent adduct is
generated between a cysteine residue and the chromophore’s C4α atom, which
results in a characterized unfolding of the Jα helix of the LOV2. The helix
remains unfolded during ‘lit-state’ and upon termination of the light source; it
decays back to the folded ‘dark state’. In purified asLOV2, the adduct decay
time of the Jα helix is approximately 80 seconds (Zoltowski and Gardner 2011).
Up to date a good number of LOV2 based optogenetic systems have been
created to control cellular function (see summary of the reported tools in Table
3), and majority of them utilizes a small peptide fused to the C-terminal of the
Jα helix, which can reversibly interact with binding partners upon light
activation.

Other phytochrome-based tools include the red-light sensitive phyochrome-B
(PhyB) – phytochrome interaction factor 3 (PIF3) coupled systems, where
PIF3 tagged peptides are recruited to PhyB upon illumination. This was the
first system which enabled light-controlled proteins translocation and also
used to recruit proteins to the membrane, nucleus, endosomes, peroxisomes
or to mitotic celluar structures (Levskaya et al. 2009; Yang, 2013). Although
PhyB-PIF3’s red shifted spectral window for optogenetic activation is
favourable for deep penetration and in vivo use, the system is rarely used in
multicellular organisms, as bilin chromophores are obligated either by
synthesis or by multiple modifications steps from heme or medium
supplementations. Despite its drawbacks, PhyB-PIF-6 use was presented in
zebrafish embryos by (Beyer et al. 2015), where they applied phycocyanobilin
(PCB) to the medium, which diffused into embryos in sufficient level to
activate nuclear protein import using whole-embryo illumination.

Cryptochromes (Crys) as LOVs belong to photoreceptors with FAD
chromophore that is reduced by blue-light exposure and also the most widely
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distributed photoreceptor family among plants, algae, bacteria and animals.
Plant Cry2 undergoes light-triggered homo- and heterodimerization, which
has been utilized in a number of optogenetic tools, such as Cry2-CIB
dimerizations systems. (Kennedy et al. 2010) engineered a peptide recruitment
system based on the Cry2-CIB1 interaction, where CIB1 tagged peptides could
join to e.g membrane tethered Cry2 upon light exposure, similarly to Phyb-PIF
systems described before. The same group has reported the ‘split protein
approach’, where a protein or peptide of interest is expressed separately as two
silent fragments that reconstitute a fully functional protein upon light
activation. A disadvantage of Cry based systems is their slow half-life (15
minutes for wild-type), which reduces their use in applications where finer
temporal resolution is needed (Herbel et al. 2013).
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Name

Function of the tool

Reference

LOVInC

Protein trans-splicing

(Wong et al. 2015)

LOVTRAP

Photoinduced protein

(Wang et al. 2016)

dissociation
LINuS

Nuclear protein import

(Wehler et al. 2016)

LOVpep+BICDN-

Organelle transport and

(van Bergeijk et al.

PDZ

positioning

2016)

PACR

Localized Ca2+ release

(Fukuda et al. 2014)

PSD (photosensitive

Protein degradation

(Hermann et al. 2015)

Photoinactivtation of

(Hattori et al. 2013)

degron)
PI-Luc

luciferase
LOV-Rac

Rac1 activation

(Wu et al. 2009)

LOV-DAD

Formin activation

(Rao et al. 2013)

through mDia
LOV-PKI

Cyclic-AMP dependent

(Yi et al. 2014)

kinase (PKA) inhibitor
PA-MKI

Myosin light chain kinase (Yi et al. 2014)
(MLCK) inhibitor

Opto-T7RNAPs

paAIP2

Spatiotamporal gene

(Baumschlager et al.

expression control

2017)

CaMKII inhibitor

(Murakoshi et al.
2017)

Table 3. Optogenetic tools developed using the LOV2 domain.
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1.5.3.

FRET

Förster resonance energy transfer (FRET) is a phenomenon described first by
Theodor Förster in 1945, in which an excited donor fluorophore transfers its
excitation energy to a nearby acceptor fluorophore in a non-radiative fashion,
causing the acceptor to emit fluorescent light with its own spectral
characteristics. Small distances between donor and acceptor is essential for
FRET to happen, dipoles within 1-10 nm range have been also coined as
spectroscopic rulers, as in this proximity protein-protein interactions, changes
in ion concentrations, molecular conformations and other enzymatic
properties can be monitored and measured. As FRET is an optical sensing
method, it holds an advantage over standard biochemical assays which often
can be invasive or destructive, especially in live-cell experiments. FRET sensors
can be grouped into two categories, depending whether the two fluorophores

Figure 5. The very basic principle of FRET. Interacting molecules are tagged with
fluorescent proteins. Excitation of the donor (here CFP) molecule results in
fluorescence which excites the acceptor (here YFP) if the two molecules are close
enough, e.g. within 1-10 nm.

are fused to the same molecule (intramolecular) or where donor and acceptor
fluorophores are conjoined to different molecules (intermolecular). In an
intramolecular setup, conformational changes in the molecule will induce
FRET changes, e.g. when a substrate linker between the donor and acceptor
gets phosphorylated, while in the intermolecular arrangement, the close
proximity of the two fluorophores will give rise to the energy transfer
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(Broussard and Green 2017); Figure 5). For all FRET probes, choosing optimal
fluorophore pairs is essential for good performance, dynamic range and signal
to-noise ratio (Common and more novel FRET probe pairs of fluorescent
proteins and their properties are summarized in Table 4).

FRET Pair

ECFP-EYFP
mTurquoise2sEYFP
mTurquoise2mVenus
EGFP-mCherry
Clover-mRuby2
mClover3mRuby3
mNeonGreenmRuby3
eqFP650-iRFP
LSSmOrangemKate2 d
EGFP-sREACh
EGFP-ShadowG
EGFP-activated
PA-GFP

Quantum
yield
0.4
0.93

Acceptor
excitation
coefficient
83
101

Förster
radius (nm)
4.9
5.9

0.93

92

5.8

0.6
0.76
0.78

72
113
128

5.4
6.3
6.5

0.8

128

6.5

0.24

105

5.8

0.45

63

7.0

0.6
0.6
0.6

115
89
17

5.8
4.7
4.4.

Table 4. Properties of common and some novel FRET fluorescent protein pairs. Data
gathered from Bajar, 2016.

1.5.4.

Fiber photometry

Fiber photometry (FP) in the context of neuroscience refers to a system for
optical recording of real-time activity of neuronal cells in restraint, or freebehaving animals, mostly using calcium ion (Ca2+) fluorescent sensors from
the brain of transgenic, or virally transduced animals (first reported by
35

Review of the literature

Gunaydin et al. 2014 from Deisseroth lab). A common setup for FP consists a
laser or LED based light source, dichroscope, optical couplers, patch cables,
photo-multiplier tubes or ultra-sensitive photodetectors, a signal generator
interface and a computer. FP detects minor, relative changes in fluorescence
emitted from reporters such as BAPTA-AM, Fura2-AM, Fluo3-AM, Fluo4AM, but more commonly from newer GECIs: GCaMP3, GCaMP6, RCaMP,
RGECO variants. With more advanced and sensitive systems, ratiometric and
multi-regional measurements are also possible. Fluorescence is converted to a
DC or AC signal through the photodetector and sampled at the acquisition
console with a high sampling rate (few hundred Hz to kHz). As the
measurement is made in an autofluorescent and living environment which is
prone to further artefacts, a reference signal or using lock in amplification is
required to acquire valid signal. Most common sources for a reference includes
recording of autofluorescence, isobestic point of the reporter, or emission from
a second fluorescent protein, spectrally separated from the reporter. Acquired
data usually is post-processed, which includes correcting for bleaching, high
frequency noise, motion and fiber bending artefacts.
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2. AIMS OF THE STUDY
During my PhD thesis work, I studied underlying features of depression and
anxiety in the context of synaptic plasticity and JNK regulation using standard
and more advanced imaging and optical modalities. Understanding specific
molecular mechanisms involved in these diseases are important for the
development of more refined therapies. Specifically, the following aims were
set for the studies:
·

To establish and optimize optogenetic JNK inhibition

·

To investigate JNK activity in dendritic spine compartments and study
its function there using optogenetic tool

·

To investigate the consequences of JNK inhibition both in cellular and
animal models of depression and anxiety, focusing on mechanisms
linked to neuronal activity.
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3. MATERIALS AND METHODS
This section contains a summary of the materials and methods used
throughout the thesis studies. More detailed descriptions and protocols are
available in the original publications and manuscripts (Section 8).

3.1

Plasmid constructs and virus production

mCherry-β-actin (referred as mCherry-actin) was prepared by exchanging
the GFP from GFP-β-actin, described previously (25), using NheI/BsrGI
restriction sites. mCherry-NES-Jun (1-146) was prepared from GFP-NES-cJun(1-146)

using

LOV2WTJαWT-JBD

the

same

sites.

(‘LOV2-JBD’),

The
the

photoactivatable
‘lit-state’

mutant

pLucpLuc-

LOV2WTJαIE-JBD and the ‘dark-state’ mutant pLuc-LOV2C450AjαWTJBD, were prepared as described in Melero, 2017. GFP-LOV2WTJαWT was
prepared by PCR insertion of wild-type LOV2 into the pEGFP-C1 vector
with overhanging SalI/SacII sites. JNKAR1EV probe (provided by Michiyuki
Matsuda, Kyoto University) was modified by inserting mRuby2 and Clover
tags (gifts from Michael Lin, Addgene plasmids #40260 and #40259
respectively), in place of ECFP and YPET using EcoRI/XhoI and NotI/SalI
sites respectively. Flag-JBD (pCDNA3-JIP-JBD) where JBD encodes mouse
JIP1a (127-281), and GFP-JBD, where JBD encodes mouse JIP1a (1-277),
were previously described (Dickens, 1997; Tararuk, 2006). pCI-SEP GluR2
was a gift from Robert Malinow (Addgene plasmid # 24001). Generation of
MARCKSL1S120D/T148D/T183D, MARCKSL1S120A/T148A/T183A and
MARCKSL1WT were previously described (Björkblom et al. 2012). To
create incompetent Moloney murine leukemia virus retroviral vectors
expressing cytosolic and nuclear targeted inhibitors of JNK, GFP-NES-JBD
and GFP-NLS-JBD (previously described in) were ligated into the AgeI and
DraI sites of CAG-GFP (a gift from Fred Gage, Addgene plasmid #16664) to
yield CAG-GFP-NES-JBD and CAG-GFP-NLS-JBD. pGP-CMV-GCaMP6s
was a gift from Douglas Kim (Addgene plasmid #40753). pCru5-/UAA38
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mEGFP-IRES-mCherry was a gift from Clifford Wang (Addgene plasmid
#49225). CAG-GCaMP6s-IRES-mCherry-NLS-JBD was generated by
replacing GFP with GCaMP6S and fusing NLS-JBD downstream of mCherry
in the pCru5-/UAA-mEGFP-IRES-mCherry plasmid, from which the
GCAMP6s-IRES-mCherry-NLS-JBD cassette was inserted into the CAGGFP vector by PCR. CAG-GFP-IRES-mCherry and CAG-GCaAMP6sIRES-mCherry control plasmids were created in the same fashion. Ready-toinject AAV-CaMKII-GCaMP6s was from Penn Vector Core (Philadelphia,
PA, USA)

3.2

Antibodies

Phosphorylated c-Jun (p-Jun) was detected using (1:200) anti-phospho-cJun Ser 63 II (# 9261) from Cell Signalling Technology (Danvers, MA, USA),
with secondary antibodies –rabbit-Alexa-488, -568 or -405 (1:500) as
indicated, from Invitrogen Corporation (Carlsbad, California). Hoechst33342 and Mowiol mounting media were from Molecular Probes (Eugene,
OR, USA). For staining of brain slices of mice, the following antibodies were
used: 1:500 rabbit anti-DCX (Cell Signalling Technologies, Denvars, MA,
USA), 1:1000 anti-Prox1 (Millipore, Darmstadt, Germany), (1:100) rabbit
anti-Ki67 (#NCL-Ki67, Novocastra, Leica Biosystems, Leica), (1:2000) rabbit
anti-GFP (#632460, Cell Signaling Technologies) or (1:200) mouse IgG2a
anti-BrdU (#MA3-071, Thermofisher Scientific, Waltham, MA, USA).
Biotinylated anti-mouse IgG2a (1:1000) or biotinylated anti-rabbit
secondary antibody (1:1000), Vector Laboratories, Burlingame, CA, USA)
followed by streptavidin horseradish peroxidase (1:2000) (Invitrogen,
Burlingame, CA, USA) were used for signal amplification. For
immunoreactivity detection, K3468 kit (Dako, Glostrup, Denmark) was used
according to the manufacturer’s instructions.
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3.3

Primary neuronal cell cultures

Hippocampi of P0-P1 Sprague-Dawley rat pups were collected and neurons
were isolated as previously described (Tararuk 2006). Briefly, newborn rats
were decapitated and the hippocampus was rapidly removed into dissection
media (containing 1 M Na2SO4, 0,5 M K2SO4, 1 M MgCl2, 100 mM CaCl2, 1
M Hepes (pH 7,4), 2,5 M Glucose, 0,5 % Phenol Red). Excess tissue was
removed and isolated hippocampi were collected into dissection media
containing 10 % KyMg, followed by washing. Tissues were dissociated using
10U/ml papain (Worthington, 3119) for 15 min at 37C and repeated two
times. Papain was inactivated by incubation with 10mg/ml trypsin inhibitor
(Sigma, T9128) for 2 x 5 min at 37C. Tissue was then homogenized to yield
a solution of single neurons. Hippocampal neurons were plated and
maintained in Neurobasal-A (Thermo Fisher Scientific), supplemented with
2 mM glutamine, 50 U/ml penicillin, 50 μM streptomycin and B27 Neuronal
supplement (Gibco, Thermo Fisher Scientific.)

3.4

Transfection

Cells were transfected with a DNA mix comprising 30-50 % of transgene
vector of 0.5 µg DNA total per 24-well plate well or 2.5 µg DNA total per 3.5
cm glass bottom dishes. Transfection was carried out from 7-10 days in vitro
(DIV) using Lipofectamine 2000 (Thermo Fisher) following the
manufacturer’s instructions with modifications to incubation times
(Lipofectamine – medium mix: 10 minutes; Lipofectamine-medium mix
with DNA: 20 minutes; transfection media on cells: 45 minutes).
Experiments were carried out at 16-18 DIV.

3.5

Microscopy

Images of p-c-Jun and mCherry-NES-Jun were obtained with a Leica DMRE
microscope using 40-x objective. Tiled images of immunofluorescent brain
section were acquired with a Zeiss-LSM 780 confocal microscope, using 10x,
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20x, or 40x objectives and final images were obtained from maximum
projection of 5 z-planes.

3.5.1

Live cell imaging

Imaging of live hippocampal neurons was done with a Zeiss-LSM 780 or 880
microscope equipped with an incubation chamber using 40-x or 63-x
objective. Laser line 543 nm was used at 3% maximum excitation power to
image mCherry or mRuby2 channels and 488 nm with 6% of maximum
excitation power was used to image GFP or Clover channels. After
optimization, photoactivation of LOV2 based tools was achieved using the
458 nm laser line with 1.5% of total laser power, which approximately
translates to 450 µJ/mm2 irradiance with the scan settings used. Stimulation
power on LSM-880 Airyscan microscope was adjusted to be equal as the laser
percentages in experiments using the standard confocal mode of the LSM780. For testing GCaMP6s constructs, a Nikon Eclipse wide field microscope
was used with Plan Apo λ 20-x objective, using 100 ms exposure /channel,
GFP/RFP filters and capturing to a Hamamatsu C11440-22C camera.

3.5.2

Image analysis

Spine and filopodial motility was quantified using arithmetic difference
projection as previously described (Fischer et al. 1998; Björkblom et al.
2012). Briefly, projections of differences between constitutive frames were
produced to provide a 2D quantitative view of all displacements across a
time lapse recording. Inverted arithmetic projections are shown in final
images. “Motility index” describes the average intensity from arithmetic
projections obtained from fields of cells or from regions of interest. “Motility
ratio” refers the ratio of motility indices obtained before and after light
stimulation. ImageJ’s hyper stack colour coding plugin was used to generate
temporal colour code projections with a custom lookup table.
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Cytoplasmic JNK activity was calculated as following: [intensity p-Jun] /
[intensity mCherry-NES-Jun], where intensities are measured from 15 µm
long lines in ImageJ from both channels. Ratio images were generated using
the Ratio Plus plugin for Image J.

To assess JNK activity in live cells, Control (acceptor and donor) and FRET
images were acquired by using the Lambda stack scan mode on the ZeissLSM 780 with spectral separation. Laser lines were 488 nm for the donor
(Clover) and 543 nm for the acceptor (mRuby2). To calculate FRET
efficiency, multiple region of interests were drawn on dendrites and
Youvan’s method was used to calculate the FRET response as follows: Fc =
(fretgv-bgfret) – cfdon*(dongv-bgdon) – cfacc*(accgv-bgacc), where: Fc =
FRET concentration, gv = gray value intensity, bg = background intensity,
don =donor image, acc =acceptor image, cf = correction factor. To compare
FRET efficiency between different cellular compartments, normalized FRET
(N-FRET) values were calculated as following N-FRET: Ff-([doncorr][acccorr])/√[(G(Fd)(Fa)], where Ff the FRET image in FRET channel,
doncorr = donor image with donor excitation, acccorr = acceptor image
with acceptor excitation, Fd = emission crosstalk of the Donor in the FRET
channel, Fa = emission crosstalk of the Acceptor in the FRET channel, G =
Donor emission factor in the Donor channel due to FRET, relative to the
acceptor emission due to FRET in the FRET channel.

Calcium activity from live cells expressing GCaMP6s constructs is shown as
DF/F0, where DF is the change in intensity compared to baseline F0, defined
as the standard deviation of intensity in a region of interest. Background was
subtracted for each recording.

3.6

Animals and behavioural tests

For Study II, adult 8-12 weeks-old mice were used for WT/KO experiments
and 12-16 weeks-old male C57BL/6J WT and Jnk1-/- mice were used for
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chronic infusion or retrovirus expression. Behaviour tests and fiber
photometry readout for Study III were started with adult 8-9 weeks-old male
mice and conducted every second week over an 8-week time course.

3.6.1

Elevated Plus Maze (EPM)

EPM was used to monitor unconditioned anxiety-related behaviours by
placing mice in the centre of the maze with two closed and two open arms
(both 35 x 5 cm) at a height of 50 cm. Mice were allowed to explore the maze
for 5 minutes while their behaviour was recorded using the Ethovision
tracking system (Noldus, The Netherlands).

3.6.2

Open Field

For Study II, behaviour in the open field was done by placing the mice in the
corner of an open field arena (30 x 30 cm) facing the walls and activity was
recorded

over

30

minutes

using

the

Activity

Monitor

System

(MedAssociates, VT, USA) and time spent in the center of the arena was
scored. For Study III, mice were placed in a larger arena (45 x 45 cm), but
open field test consisted individual 10 minute tests recorded using the
Ethovision tracking system (Noldus, The Netherlands).

3.6.3

Light/dark

A dark box, opaque to visible light was inserted to an open field arena,
allowing free movement between the two compartments. Activity Monitor
System or Ethovision software was used to track the behaviour of mice,
which were placed in the light part of the arena at the start of the 10-minutelong test. Time spent in the light and dark compartments was calculated.

3.6.4

Sucrose preference test

8 weeks-old or retroviral transduced 16 weeks-old mice were exposed to two
drinking tubes consisting either water or 2% sucrose for 3 days. Bottles were
placed on opposite side of the feeding grid and were swapped every 24 hours.
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Intake of sucrose was calculated with the following formula: (Δm sucrose)/
(Δm sucrose + Δm water) × 100

3.6.5

Forced swim test

48 hours after any behaviour test mice were acclimatized for 1 hour and
placed in a water containing glass cylinder. Behaviour for 6 minutes was
recorded with a camera and time spent immobile was scored manually from
the last 4 minutes of the recording.

3.6.6

Social interaction

For Study III, anxiety-like behaviour was further assessed using the social
interaction test, in which two mice are allowed to freely interact with each
other. First, GCaMP6s control or +JBD mice were placed in the open field
arena for 1 minute habituation, after which a naïve mouse was placed onto
the same arena. Behaviour was recorded and analysed in Ethovision software
and also manually, counting total interaction times and interaction
frequencies. Direct, active contacts were scored, such as nose-to-nose, orogenital and follow-behaviour with contact.

3.6.7

Enriched environment

Enriched environment test was used to assess the acute response of
GCaMP6s control or +JBD mice to a more novel and complex environment,
which is reported to induce behavioural modifications and cognitive
stimulation (Slater and Cao 2015). For 5 minutes, mice were placed in a
plexiglass cage containing bedding and multiple closed or open plastic tubes,
marbles and shiny metal objects. Behaviour was recorded using Ethovision
software.

3.7

Fiber photometry

Briefly, animals were anesthetized and virus injection and cannula insertion
were done as part of the same surgery aided by a stereotaxic injector (#53311,
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Stoelting, IL, US) and cannula holder (Thorlabs, SE). For recording from DG
using MLV-GCaMP6S-IRES-mCherry-NLS JBD constructs, 400 µm core
diameter cannulae were used, in case of CA3 with the use of AAV-GCaMP6s,
200 µm core diameter was chosen because of anticipated strong expression.
FP measurements were conducted with a system consisting a multichannel
analog/digital acquisition console (Doric, Quebec, CA) which handled LED
output control for GCaMP6s and mCherry through a LED driver with 488
nm and 543 nm light output, respectively. Excitation powers were set that
approximately 40-60 µW was measured at the end of the fiber tip for each
channel. Emission through a filter cube (Doric, Quebec, CA) was recorded
at 0.3 kb/s sampling speed for both channels separately through a set of
Newport 2151 Femtowatt photoreceivers (Irvine, CA, US) in ‘DC-LO’ mode
connected to the acquisition console’s analog inputs. Raw signals were
recorded and sorted in Doric Neuroscience Studio and further normalized
and filtered using a custom Python script. Before actual experiments, fibers
were bleached for 10-15 minutes using full LED power without connected to
animals, and brain autofluorescence was bleached for 5 minutes prior to
experiments with powers set for recording with fibers connected to the
animal.

3.8

Statistical analysis

Statistical significances were determined using two-tailed Student’s t-tests
for normally distributed datasets and where two conditions were compared.
One-way analysis of variance (ANOVA) test were used to determine
significance when more than two datasets were compared. Calculations were
performed using Microsoft Excel or Graphpad Prism. For fiber photometry
measurements, significant calcium peaks in the 95% confidence interval
were determined as events lasting at least 900 ms above a peak threshold,
which was calculated as baseline median absolute deviation (MAD) × 2.91
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4. RESULTS AND DISCUSSION
Study I – OPTOGENETIC INHIBITOR REVEALS A ROLE FOR JNK IN
SYNAPSE RETRACTION IN MOLECULAR MODEL OF DEPRESSION

4.1

Modelling of optogenetic JNK inhibitor suggest

functionality of the tool
To assess the effects of JNK inhibition with controlled spatio-temporal
regulation in neuronal subcompartments, photoactivable and light
insensitive optogenetic JBD tools were generated de novo using PCR as
described in Methods section. We used homology modelling to assess the
possible conformations that LOV2-JBD could adopt upon light stimulation.
The energy minimized, relaxed structure of the lit-state mutant resembled
the structure of JIP1(11) bound to JNK1 when crystallized, although minor
rotational differences are observed (Study I – Fig. 1D). In contrast, the darkstate mutant retained six alpha helical turns similar to crystallographic
Avena sativa structures (Study I – Fig. 1C left vs right hand). C alpha atom
alignment of the lit-state model structure to JNK1 resulted in an overall
Root-mean-square deviation of atomic positions (RMSD) of 1.68
Ångstroms. This suggests that unbound, light stimulated LOV2-JBD could
serve as an optical inhibitor of JNK.

4.2

LOV2-JBD inhibits JNK efficiently in mammalian neurons

Experimental testing of the LOV2-JBD tools in neuronal cells utilized two
reporters of JNK activity, namely mCherry-NES-JUN, a reporter targeted to
the cytoplasm for assessment in fixed cells and mRuby2-JNKAR1EV-Clover,
a FRET probe, which was used in living cells. Immunostaining with pJUN of
lit-state mutant+NES-JUN transfected cells revealed significantly lowered
JNK activity bserved (Study I – Fig. 2A, B), similarly as in light-activated
LOV2-JBD+NES-JUN transfected cells observed (Study I – Fig. 2C-E). In
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contrast, there was no change in JNK activity after light-activation of LOV2
without JBD (Study I – Fig. 2F-G). To visualize JNK activity in real time,
cells were transfected with mRuby2-JNKAR1EV-Clover with LOV2-JBD or
Flag-JBD. Notably, changes in JNK activity were observed also in dendritic
spines, indicating that JNK is catalitically active in those compartments
(Study I – Fig. 3C-D). Flag-JBD transfected cells showed a marked reduction
in JNK activity assessed by FRET response, while baseline JNK activity was
dropped only after 458 nm illumination of LOV2-JBD transfected cells
(Study I – Fig. 3E-F).

4.3

JBD and LOV2-JBD lit state mutant reduces dendritic spine

motility
As JNK is involved in regulating filopodial motility (Björkblom et al. 2012),
we tested if JNK inhibition would modify dendritic spine motility.
Quantification of dynamics were done by measuring intensities of
arithmetical difference projections of time lapse movies, in which more
intense pixel regions indicate more displacement. Hippocampal neurons
transfected with GFP-Actin showed a high amount of displacement in actinrich dendritic spines cells (Study I – Fig. 4A, B), whereas JBD inhibitor
expressing cells showed a substantial reduction of dynamics in these areas
(Study I – Fig. 4A, B). Neurons expressing the lit, but not the dark state
mutant of LOV2-JBD exhibited similarly reduced motility in dendritic
spines (Study I – Fig. 4A, B), indicating that JNK regulates actin dynamics
in mature hippocampal neurons. Next, we utilized a range of illumination
settings to find a condition that would recapitulate the effects seen with
traditional JNK inhibitor, but with avoiding phototoxicity. While
monitoring spine motility as before, we found that a low irradiance, similar
to activation dose ranges reported elsewhere (Wu et al. 2009) is sufficient to
exert changes in dynamics and a scan setting corresponding to 450 µJ/mm2
dose was chosen to be used for subsequent experiments (Study I – Fig. 4C)
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4.4

In situ optogenetic inhibition of JNK reduces dendritic spine

motility
To evaluate which spatial pool of JNK is responsible to the reduction in
motility upon its inhibition, we continued photo-activation of LOV2-JBD,
now regionally restricted to spine heads. In the absence of light stimulus,
spine heads were dynamic and changed their shape within seconds in
mCherry-Actin-expressing cells, and also in dark-state LOV2-JBD mutant
transfected control cells (Study I – Fig. 5A). Neurons expressing
photoactivable LOV2-JBD however showed an instant reduction in actin
motility followed by region of interest illumination (Study I – Fig. 5A-C),
indicating that JNK exerts rapid control of actin dynamics in the spine head.
To characterize which spine-type is regulated by JNK, the motilities were
analysed category-wise by defining spines according to head to neck ratios
during the imaging session. This analysis has shown that JNK inhibition only
affected actin dynamics of spines with the smallest head to neck ratio,
corresponding to thin spines (Study I – Fig. 5D, E). To ensure, that this effect
is due to physiological properties of the spines and not because of poor
penetration of laser in larger, mushroom type spines, a regime of increasing
laser powers was tested for photo activation in this subtype. This did not
have an effect on motility, confirming that the effect is restricted to thin
spines (data not shown). Also, as expected, mushroom spine motility was
lower in general (Study I – Fig. 5D). This is important, as indicates that JNK
activity has a functional impact on motility in thin spines, which are often
referred as ‘learning spines’, as they are more likely to be involved in
information retention and memory, critical functions involved in depression
and also learning (Bourne and Harris 2011; Qiao et al. 2016).
Next, we investigated how fast LOV2-JBD activation reduces actin
dynamics. After a brief 1 s photoactivation pulse, motility was monitored at
6 s intervals (Study I – Fig. 5F, G). A rapid decrease in actin motility was
revealed within 6 s after optical stimulation, which gradually recovered
during the following two minutes (Study I – Fig. 5F, G). This timeframe
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overlaps with the reported relaxation time of AsLOV2 (approximately 80 s,
(Zoltowski and Gardner 2011). To have a more detailed spatial view of
events of the actin cytoskeleton in spines, temporal colour-coded maps were
generated projecting the first minute followed by photoactivation. Dendritic
spines of mCherry-Actin expressing control cells appear whitish by Gaussian
mix of colours, indicating continuous movement, while in JNK inhibited
spines blue and green colours dominate, indicating that movement is ceased
after early time points and only recovered later, represented by warmer
colours. An interesting feature of JNK inhibited spines is a filopodial
protrusion extending from the spine head seconds after optical stimulation
(Study I – Fig. 5H-I). To observe further and fine details of this effect, 10
seconds of temporal colour coding projection was applied to fast 3D
Airsycan recordings with 4 µm z-plane to cover the full volume of dendritic
spines. This unveiled that within a few seconds after photoactivation, a
lateral protrusion is generated and blocked, while motility is prominently
ceased on lateral areas of the spine head (Study I – Fig. 5H-I). Altogether
these data suggest that JNK exerts a rapid control over F-actin dynamics and
spine shape, originating from a proximal location within the spine head.

4.5

Optogenetic inhibition of JNK rescues dendritic spine

retraction by anisomycin and NMDA
As we found that in situ optogenetic inhibition of JNK in dendritic spines
results changes in their dynamics, we were interested what the effect of JNK
upregulation is. We measured dendritic spine area before and 45 minutes
after addition of anisomycin, which is a potent activator of JNK.
Approximately 75% of spines underwent at least 30% area reduction by 45
minutes as measured by area of mCherry-Actin signal (Study I – Fig. 6A-C)
However, only 35% of spines showed similar reduction when JNK was
inhibited with pulses of 1 s light every 3 minutes. (Study I – Fig. 6B, C) This
suggests that JNK inhibition prevents spine head elimination/retraction by
stabilizing actin. We hypothesized that other spine eliminating events
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dependent on actin activity, such as LTD, could be prevented with JNK
inhibition. A short treatment with NMDA has been shown to have effects
similar to LTD (Lee et al. 1998) and it is a strong activator of JNK. Therefore,
we bathed cells for 3 minutes with 20 µM NMDA, which significantly
diminished spine volume instantly by the end of the treatment (Study I –
Fig. 6D, red trace). Interestingly, with intermittent activation of LOV2-JBD
to inhibit JNK in the spine head, this effect was inverted, with an increase in
spine head volumes compared to baseline (Study I – Fig. 6C, light blue trace).
To see whether blocking NMDA receptor activity has an effect on JNK, we
treated hippocampal neurons with 10 µM ketamine and evaluated overall
JNK activity by western blotting (Study I - Fig. 6E, F). This showed a
significant decrease in JNK activity at 0, 5, 2 and 8 hours after ketamine
treatment (Study I – Fig. 6F), which is interestingly within in time frame
when its antidepressant effects are observed in humans (Zarate et al. 2012).
Next, we tested how stress-induction affected JNK activity locally in
dendritic spines using corticosterone , which has been shown to up-regulate
JNK rapidly and is strongly implicated both in acute and chronic stress
signalling leading to anxiety and depressive disorders (Musazzi et al. 2017).
100 nM of corticosterone upregulated JNK activity levels within 10-15
minutes in the shafts and spines of dendrites (Study I – Fig. 6G, H)
4.6

Pulsed JNK inhibition blocks the effect of corticosterone on

AMPAR dynamics and dendritic spine volume
Elevated levels of corticosterone is a hallmark of both acute and chronic
stress leading to depression and used to induce the condition in animal
models. To dissect acute molecular events upon stress in relation to JNK and
its inhibition, we set up a molecular model of stress in hippocampal neurons
by treating neurons with corticosterone and monitoring dendritic spine and
AMPA receptor dynamics in control and JNK inhibited conditions.
Corticosterone treatment reduced dendritic spine volume with a brisk action
approximately 7-8 minutes after addition, slightly later than AMPA
delocalisation (Study I – Fig 7B vs E). Cycled JNK inhibition prevented
50

Results and discussion

dendritic spine shrinkage by corticosterone, interestingly with a rescue effect
above control condition, suggesting again that JNK’s role might be
potentiated for the actin pool involved in stress (Study I – Fig 7A, B). The
decrease in spine volume could be prevented both with 10 and 20-minute
delay shifts of LOV2-JBD light cycle initiation (Study I – Fig 7A, B),
indicating that this effect of corticosterone on actin is reversible, JNK
dependent and mechanistically different from the one involved in AMPAR
relocalization.
Application of 100 nM corticosterone steadily and rapidly relocated
membrane-bound AMPA assessed by SEP-GluR2/mCherry-Actin within 5
minutes of addition (Study I – Fig. 7A, E – red trace), while intermittent
optogenetic JNK inhibition reversed this effect, with a similar ‘overshoot’ as
seen with the NMDA treatment (Study I – Fig. 6E, Fig 7A, E). When
intermittent activation cycle of LOV2-JBD was shifted 10 minutes after the
start of the imaging session, loss of AMPA from the spine was prevented for
approximately half an hour (Study I – Fig 7A, E – orange trace). Shifting the
light cycle 20 minutes after the start had no rescue effect on corticosterone
treatment (Study I – Fig 7A, E – purple trace), indicating that a more acute
inhibition of JNK is necessary to reduce molecular stressor effects of
corticosterone.

4.7

Time dependent action of ketamine for preventing stressor

effects of corticosterone.
To address the antidepressant properties of JNK inhibition in a molecular
context, we compared its effect to the rapid-acting antidepressant ketamine.
We pre-treated cells with 10 µM ketamine for 2 hours after which we added
corticosterone as before. Ketamine pre-treatment prevented AMPA
internalization significantly for 30 minutes (Study I – Fig 7C, F), after which
GLuR2 levels were similar in the spine head as corticosterone only treated
cells (Study I – Fig 7C, F). There was no difference in spine head volumes
between

corticosterone

and

ketamine+corticosterone
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Ketamine+corticosterone together with cycled JNK inhibition by LOV2-JBD
prevented AMPA internalization and volume reduction as before (Study I –
Fig 7C, D, and F). As we observed a dynamic, “shuffling” behaviour of
AMPA in conditions where corticosterone was added to ketamine pretreated cells (Study I – Fig. 7D, F), we suspected that ketamine evokes an
uneven response acutely and might have prolonged effects at slightly later
time points. In addition, Ketamine treatment started to reduce JNK levels
significantly at 2 hours when assessed by western blotting of hippocampal
lysates (Study I – Fig 6E-F). To follow up on this, we pre-treated cells for 2
hours by either ketamine, corticosterone or ketamine + corticosterone and
analysed GLuR2 levels after additional 2-hour treatment with corticosterone
or ketamine, respectively. Interestingly, both 2-hour ketamine pre-treatment
or simultaneous ketamine addition significantly rescued corticosterone
induced GLuR2 internalization and spine head volumes (Study I – Fig. 7G,
H). Altogether this suggest that acute Ketamine rapidly up-regulate AMPAR
by synthesis and/or stabilize existing synaptic receptors possibly via JNK
inhibition by a yet unidentified direct interaction with actin or through
multiple actin-related JNK effectors, such as MRP or PSD-95. In support of
this, previous studies have shown that ketamine positively alters both
filopodial and dendritic spine density in vivo, and most dynamic changes
occur acutely, on the day of the administration (Liu et al. 2012;
Phoumthipphavong et al. 2016).
Study II – JNK1 CONTROLS ADULT HIPPOCAMPAL NEUROGENESIS
AND IMPOSES CELL-AUTONOMOUS CONTROL OF ANXIETY
BEHAVIOUR FROM THE NEUROGENIC NICHE

4.8

Anxiety is reduced and neurogenesis is enhanced in Jnk1-/-

mice
As reviewed before, genetic anomalies concerning the JNK pathway have
been shown in relation to psychiatric diseases, however genetic deletion of
JNK in the context of depressive behaviour have not yet been investigated in
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mice. In order to follow up on this, we subjected Jnk1 knockout and WT
mice to a battery of behavioural tests to identify any irregular behaviour.
Multiple of these tests identified Jnk1-/- mice as a low anxiety phenotype,
notably they spent more time in open arms of the EPM and also entered to
these arms more frequently while head dipping and rearing was increased
(Study II – Fig. 1a, b). All these behavioural traits are generally associated
with low levels of anxiety (Lezak et al. 2017). When subjected to light-dark
test, WT mice showed a preference towards the ‘safer’, dark area as expected,
while Jnk1-/- mice was more explorative in the illuminated area, also
suggesting lower levels of unconditioned anxiety (Study II – Fig. 1f). Using
the open field test, this phenotype was confirmed further: Jnk1-/- displayed
low-latency to enter to the centre of the arena and spent more time there
compared to WT animals (Study II – Fig. 1f). Interestingly, there was no
difference for total distanced travelled in either of the tests (Study II –
Supplementary Fig. 1a-d), which supports the idea that mice lacking Jnk1
are generally more explorative and less anxious in aversive environments.
As anxiety and depression are interconnected, we next chose to test
behavioural despair by forced swim test, which is thought to measure the
susceptibility to negative mood and thoughts. Moreover, this test has been
used widely to predict antidepressant efficiency. Immobility time in the
water was significantly reduced in Jnk1-/- mice, again indicating a lower level
of depressive behaviour (Study II – Fig. 1j). Anhedonia is also a hallmark of
depression and it is often modelled by measuring sucrose intake in rodents,
which measures the extent of response to a positive, rewarding stimulus.
This showed an increased trend in mice lacking Jnk1 (Study II – Fig. 1k),
altogether encouraging to further investigate the effect of JNK inhibition in
models of depression.
Neurogenesis has been correlated with the effects of antidepressants and also
higher number of newborn granule cells in the DG have been associated with
low anxiety phenotype in rodents, therefore we tested if cell proliferation is
altered in Jnk1-/- mice. 28 days following labelling dividing cells with BrDu
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revealed increased number of cells in the DG, indicating an enhanced
survival or increased proliferation of cells in that region (Study II – Fig. 1n,
o). To determine that if there was a specific increase in cells with neuronal
linage, we counted cells, which were positively labelled for DCX, a marker
for neuroblasts. This revealed a 30% increase in this specific sub-population
of cells, moreover there was an increase in the number BrDu+NeuN
population after 28 days of labelling, implying an elevated rate of
neurogenesis in the DG of Jnk1-/- mice (Study II – Fig. 1p-s).

4.9

Infusion of JNK inhibitor (DJNKI-1) lowers anxiety and

increases neurogenesis in the ventral dentate gyrus
To exploit possible antidepressant properties of JNK inhibition, we utilized
a d-amino acid retro-inverso peptide inhibitor of JNK, DJNKI-1, fused with
a TAT sequence for efficient intracellular delivery. Acute treatment by
transcranial

infusion

confirmed

JNK

inhibition

as

assessed

by

immunostaining for phospho-S295 of PSD-95 in the DG, but not strongly in
the PFC (Study II – Fig. 2b, c). However, this treatment was unable to
produce antidepressant effects. Notably, there were no differences in EPM
or light/dark behaviour test scores 6 hours after inhibitor injection (Study II
– Fig. 2d-i). This suggest that a longer process, for example neurogenesis or
circuitry changes underlie the phenotype with lower anxiety and depressive
traits in the Jnk1-/- mice. For that reason, we implemented a chronic
treatment with DJNKI-1 using mini-pumps and osmotic infusion was set to
a 6-week long period. This, similarly to the acute treatment, effectively
reduced phospho-S295 of PSD95 in the hippocampus, but again, not in the
PFC (Study II – Fig. 3h, i). One explanation of this might be the difference
in expression levels of JNK between the hippocampus and the cortical lobe,
with the latter being characterized with generally lower levels (Lee et al.
2014). However, when behaviour tests were repeated for anxiety traits,
chronically treated mice performed similarly in these as Jnk1-/- animals,
indicating that chronic inhibition of DJNK-1 has anxiolytic effects.
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Specifically, the frequency to enter to the open arms of the EPM was higher
and they spent more time there than vehicle only-treated control mice
(Study II – Fig. 3d, g). Other traits also showed similarity to mice lacking
Jnk1, such as increased head dipping and rearing, with less grooming (Study
II – Fig. 3d-f).
Alike in knockout mice, neurogenesis was also enhanced in the DG of
chronically treated animals, with increased number of DCX-positive cells
(Study II – Fig. 3h, i). Interestingly, this increase was prominent only in the
ventral hippocampus and increase of BrdU + NeuN positive cells was
apparent only in the ventral DG (Study II – Fig. 3l, m), while the inhibitor
treatment exerted a more uniform neuroprotective feature (Study II – Fig.
3n-p). Altogether, this suggest that JNK inhibition is capable to enhance
neurogenesis and to reduce anxiety-related behaviour. Furthermore, to test
if the behaviour related changes are due to the increased neurogenesis, we
subjected mice to AraC infusion, a mitotic inhibitor that is often used to
block cell division. This treatment abolished anxiolytic effect by DJNK-1 as
measured by grooming, head dips and also in EPM and light/dark tests
(Study II – Fig. 4b-e ), indicating that the low anxiety phenotype evoked by
DJNK-1 is dependent on new, adult born neurons.

4.10

Inhibition of JNK promotes newborn neurons to mature in

the DG
JNK has been shown to regulate dendritic complexity both in the cerebellum
and the cortex (Komulainen et al. 2014; Björkblom et al. 2012; de Anda et al.
2012) and also as shown in Study I, JNK inhibition has an effect on dendritic
spine plasticity which is crucial for creating both short and long-term
synaptic connections in the brain. Following up on these findings, we were
interested if ablation of Jnk1 or DJNKI-1 treatment alters dendritic
arborisation, a major determinant of electrochemical signal propagation.
Intriguingly, inhibitor treatment enhanced the complexity of DCX positive
cells in the ventral hippocampus, while in Jnk1-/- mice both in ventral and
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dorsal hippocampus (Study II – Fig. 5a-f). Newly generated neurons have
been shown to have a net excitatory input to CA3 pyramidal neurons and to
interneurons located in the hilus (Scharfman 1995). As this synaptic
innervation is capable to maintain and mature dendritic arborisations, we
looked for an indirect measurement of this enhanced input and measured
the pyramidal cell dendritic complexity of CA3 neurons. We found, that
consistent with the higher number of adult born granule cells, the CA3
pyramidal neuron dendritic field size was also increased in Jnk1 deficient
mice (Study II – Fig. 5f-l), suggesting that newborn granule cells functionally
integrate to the existing circuitry. Further functionality of these cells is more
directly investigated in Study III.

4.11

Specific inhibition of JNK in adult born granule cells

reduces depressive phenotype
Since the use of AraC, irradiance, and other methods, which block
neurogenesis, are spatially unspecific regarding their distribution in the
brain, we sought for a tool that would specifically target only newborn
neurons in the DG without other regions or cells being affected. To achieve
this, we generated retroviral constructs that deliver a JNK inhibitor sequence
(JBD) exclusively to dividing cells, moreover with the use of a mammalian
CAG promoter, so that expression is limited to cells, which are fated to be
neurons after proliferation in the hilus of the DG. First, we characterised two
constructs, a cytoplasmic and a nuclear-targeted JNK inhibitor fused with
GFP and validated their compartment specificity in 293FT cells (Study II –
Fig. 6e). 5 weeks after in vivo stereotactic injection of these viruses to the DG,
expression and localization was further confirmed by fluorescence
microscopy of brain slices (Study II – Fig. 6b, c insets). Interestingly, when
we performed behaviour testing 4 weeks after injection, GFP-NLS-JBD
significantly reduced anxiety-related behaviour in the EPM test, while GFPNES-JBD injected mice shown no significant change, except rearing (Study
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II – Fig. 6d, e). This suggest that specific, nuclear JNK activity in the soma of
newborn neurons is an important regulator of anxious behaviour.
Considering, that specific nuclear JNK inhibition in adult born cells by the
retroviral tool reduced anxiety phenotype, we were interested if we can also
replicate low depressive phenotype seen in Jnk1-1- or DJNKI-1 treated mice.
4-week long expression of GFP-NLS-JBD or GFP-NES-JBD did not have an
effect regarding immobility time in the forced swim test; nonetheless, we
observed a minor trend (Study II – Fig. 6f). Extending the expression time
for 8 weeks however had an impact, and GFP-NLS-JBD significantly altered
immobility time in this test (Study II – Fig. 6h), consistent with increase in
sucrose preference (Study II – Fig. 6i) – implicating a reduced depressive
phenotype and lowered anhedonia, respectively. Expression of GFP-NESJBD had not significantly change behaviour, but showed a trend in both tests
(Study II – Fig. 6h, i), which might indicate a secondary or additive role of
cytoplasmic JNK activity. It is very likely that the principal mechanism of
anxiolytic and antidepressant action is associated with nuclear transcription
effectors (e.g gluococorticoid receptors, bHLH and BZIP families) of JNK,
which are balanced under baseline conditions, but supressed upon stress,
preventing differentiation and integration of cells from the neurogenic
niche. This is supported also by the fact that upon DJNKI-1 delivery, the
peptide is passively concentrated in the nuclei of neurons (Repici et al. 2007);
however, nuclear inhibition indeed can act also on cytoplasmic targets. For
example, JNK/c-Jun pathway inhibition was shown to downregulate
Epidermal growth factor receptor (EGFR) through p27Kip1 (Fang et al. 2014),
implicating far-reaching effects of nuclear transcript alternations.

Since

neurons generated in the adulthood are limited, and the cells that we target
with retroviral tools are a sub-population of them, we performed a
stereological count for cells, which are GFP positive in the DG. This showed,
that expression of nuclear JNK inhibitor in only about 200 newborn neurons
(Study II – Fig. 6j) in the DG per hemisphere was enough to exert anxiolytic
and anti-depressant effect in mice subjected to behavioural tests. This
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finding has identified JNK as a novel, possible therapeutic target for mood
disorders and also highlights the importance of the small population of
newly generated neurons, which are probably determinants of important
circuitry inputs to regions implicated in anxiety or depression, such as
amygdala and mPFC from the ventral hippocampus (Thierry et al. 2000).
Study III – JNK INHIBITION INDUCES ALTERED HIPPOCAMPAL
CIRCUIT DYNAMICS REVEALED BY FIBER PHOTOMETRY IN AWAKE
BEHAVING MICE

4.12

A GCaMP6s based tool to measure calcium activity directly

from JNK inhibited cells
Study II defined a small population of JNK inhibited cells from the
neurogenic niche, which were necessary and sufficient to exert anxiolytic
and anti-depressive behaviour in mice. We were interested in what kind of
impact JNK inhibition has on synaptic activity both in vitro and in vivo in
situ, and if the innervation of these cells modifies activity of others in
different regions. For that purpose, we generated calcium-activity reporter
tools based on GCaMP6s, namely GCAMP6s-IRES-mCherry and CAG-

Figure 6. A bicistronic retroviral plasmid developed for calcium imaging directly from JNK
inhibited cells
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GCaMP6s-IRES-mCherry-NLS-JBD (Study III – Fig. 1A) inserted to the
same MLV-CAG retroviral plasmid backbone used in Study II with a high
expression profile optimized IRES sequence to deliver sufficient JNK
inhibition. These tools were validated for localization and response to
ionomycin treatment in 293FT cells and hippocampal neurons by confocal
microscopy (Study III – Fig. 1B upper and lower panels, respectively).

4.13

JNK inhibition modifies baseline calcium recovery rate after

stimulation in mammalian neurons
Fast wide-field fluorescence imaging of GCaMP6s-IRES-mCherry-NLS-JBD
transfected hippocampal neurons revealed that these cells respond to
ionophore ionomycin treatment differently when compared to controls
expressing GCaMP6s-IRES-mCherry. Specifically we find a more prolonged
calcium plateau and a greater amplitude of calcium influx upon ionomycin
addition (Study III – Fig. 1C, near 0 mins). Also there was an altered pattern
in the decay phase with elevated spike frequency (Study III – Fig. 1C, 4-6
mins, magenta verses blue trace). When we looked at resting baselines,
calculated using the first 60 s of the recording, NLS-JBD traces revealed
higher amplitude dynamics compared to control conditions (Study III Fig.
1D). Calcium reporters provide a field measure of calcium dynamics that
may represent multiple firing events up to tens of action potentials
(Akerboom et al. 2013). It is therefore of future interest to investigate JNK
inhibitor expressing cells by electrophysiology or with genetically encoded
voltage indicators (GEVIs). Altogether, these results suggest that nuclear
JNK inhibition modifies electrochemical sensitivity or calcium homeostasis
of neurons through an unknown mechanism. One simple explanation might
be the increased complexity of dendritic trees via MAP2’s JNK dependent
actions (Björkblom et al. 2012), providing a larger field size for calcium
sensors and ion channels. Alternatively, JNK may regulate other signalling
events e.g. MAPK related calcium signalling events, such as hippocalcin
(Hyun et al. 2000) and IL1RAPL1-NCS1 interaction (Gambino et al. 2007).
59

Results and discussion

4.14

Inhibition of JNK in the DG alters calcium dynamics in CA3

revealed by fiber photometry
We tested if inhibiting JNK in the dentatge gyrus would affect activity of
neurons in the CA3 region. To do this, we infused GFP-NLS-JBD retrovirus
in the DG as in Study II and performed AAV-GCaMP6s virus injection
together with cannula implantation in the CA3 (Study III – Fig. 3A higher
panel). After 2 weeks expression of NLS-JBD, we found no differences in
behaviour in control and NLS-JBD expressing mice when tested for open
field or social interaction test (Study III – Fig. 2A-C), interestingly however,
there were significant changes in neural activity. We observed larger
amplitude dynamics in resting open field conditions (Study III – Fig 2E). In
addition, the frequency of calcium events was significantly higher in the
open field and social interaction test in the NLS-JBD group (Study III – Fig.
2I), and peaks were more frequent during interaction bouts (Study III – Fig.
2J). This indicates that CA3 pyramidal neuron activity is affected by the
inhibition of JNK in the nucleus of newborn dentate granule cells already
after two weeks, though this has not yet translated to altered behaviour
detected. This is consistent with previous reports, which show that impaired
DG/CA3 activity is a subclinical susceptibility trait for depression (Fujii et
al. 2014) and our finding that JNK inhibition in DGGC nuclei has an antidepressant effect (Mohammad et al. 2016). Interestingly, we found less
activity when activity was measured directly from the granule cells of the DG
(Fig. S1 B-D), consistent with their expected decrease in feedback inhibition
(Anacker and Hen, 2017).
To get a more precise insight into the relationship of altered neural activity
and behaviour in DG granule cell-NLS-JBD-expressing mice, we performed
a correlation analysis across multiple neural activity and behaviour. This
revealed distinct patterns between behaviour and neural activity
characteristics during the maturation timeline of DG granule cells. At 2
weeks, the amplitude of calcium peaks correlated negatively significantly
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with time spent in OF center in NLS-JBD expressing animals (Study III –
Fig. 3A). A significant negative correlation between amplitude and social
interaction time during interaction bouts was lost in NLS-JBD compared to
control group (Study III – Fig. 3B). Altogether this suggests JNK inhibition
for 2 weeks in the DG is sufficient to alter CA3 neural activity without
apparent change in behaviour. DGGC are expected to markedly change their
intrinsic properties during maturation in 4-6 weeks, including increased
burst activity, lowered input resistance and a change in their NMDA
receptor composition. During, and after this critical time window in
maturation, these adult-born DGc are considered to be influential on local
DG network dynamics (Piatti et al. 2013).
By 6 weeks expression, mice expressing NLS-JBD in DG granule cells were
more explorative in the EPM test, indicated by significantly higher distance
moved, also more time spent in the open arms (Study III – Fig. 4-D) –
altogether showing a less anxious phenotype, similarly as reported in Study
II. A very interesting feature of NLS-JBD expressing mice at 6 weeks is the
persistent increase in non-thresholded (raw) peak amplitudes of the calcium
signal (Study III – Fig. 4F), suggesting elevated spontaneous activity, which
might mask underlying test-dependent differences in neural activity due to
a stringent peak thresholding. Notably, there were indications of different
neural activity between control and NLS-JBD group at 6 weeks; however,
these were only at edge of significance (Study III – Fig. 4I, J). In light of this,
upon increasing statistical power, behavioural changes might emerge which
are associated with modified neural activity.
At 6 weeks, neural activity amplitude positively correlated with time spent
in the center of the open field arena (Study III - Fig. 5A) and also social
interaction times were positively correlated with higher frequency of peaks
(Study III – Fig. 5B) in NLS-JBD expressing mice. Importantly, we observed
calmer baseline directly from DG cells at 6 weeks, indicating that by this time
point they passed a critical active period and the modified dynamics seen in
CA3 are long-lasting results from earlier events (Fig. S1 B). Open field and
61

Results and discussion

social interaction behaviour paradigms are spatially similar by the arena
used and the correlates indicate that elevated neural activity in the NLS-JBD
mice is associated with less anxious behavioural traits. In the EPM test
calcium peak amplitudes in NLS-JBD mice correlated negatively with
frequency (Study III – Fig. 5C), and this association was apparently
strengthened compared to control animals. This suggest a higher frequency
neural activity associated with lower amplitudes. Similarly, beta oscillations
are associated with engaged mental activity and tasks, characterized with
higher frequency and low amplitudes (Brinkman et al. 2014). Also, in line
with an engaged mental state, NLS-JBD mice were more explorative in the
EPM test at 6 weeks, indicating a less anxious phenotype (Study III – Fig.
4A, D).
We propose that JNK activity in the DG is a determinant of circuit activity
in the hippocampus. By inhibiting JNK specifically in the new born cells of
the DG, CA3 baseline activity is changed and mice subjected to behavioural
tests scoring for anxious behaviour show alternations in their calcium
activity frequencies. Moreover, our correlation analysis reveal distinct
behaviour/activity patterns between control and NLS-JBD expressing mice
at 2 and 6 weeks, critical time windows of DG granule cells maturation.
These results are novel as they identify a molecular driver of altered circuit
dynamics in the neurogenic niche, a region highly implicated with
antidepressant action. Multiple evidence shows that JNK controls dendritic
architecture and field size (Björkblom et al. 2005; Komulainen et al. 2014),
which implicates that an altered dendritic architecture in JNK inhibited cells
could explain changes in neural activity circuit-wide. Importantly, it has
been shown recently, that primary architecture of dendrites is a determinant
for sparse activity of DGGCs (Diamantaki et al. 2016). Specifically, active
network members are characterized with higher dendritic orders and the
complexity predicted activity with more than 85% accuracy. If inhibition of
JNK increases adult-born granule cell dendrite complexity, net excitatory
input to the CA3 would increase and promote local synaptic plasticity,
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overall enhancing spatial arbitrary associations and spatial pattern
separation (Yassa et al. 2011), which are putative markers of MDD (Gandy
et al. 2017). This is consistent with increased maturation of the CA3
architecture reported by us in Jnk1-/- mice (Mohammad et al. 2016).
Alternatively, the same microcircuit could be strengthened without an
apparent increase in JNK inhibited DGGC dendritic architecture, rather,
transcriptional changes leading to an increased sensitivity to calcium influx
would provide increased local responses, which in turn modify CA3
pyramidal cells and their activity.
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5. CONCLUDING REMARKS
The work presented in this thesis focused on elucidation of the role of JNK
in models of anxiety and depression. It provided new understanding of
molecular and brain circuitry changes during the maladaptive state
associated with these conditions in mouse models. As current therapies are
often ineffective, there is a clear need for increased understanding in order
that effective new treatments and indicative new avenues will be identified.
This work investigated the role of JNK kinase in anxiety disorders in three
ways, using a bottom-up approach. The function of JNK locally at synaptic
sites; the impact of inhibiting JNK in the neurogenic niche in the dentate
gyrus of the hippocampus, a ‘hotspot’ associated with the effects of
antidepressant; and lastly, the changes that this specific JNK inhibition
induces to local and circuit-wide neural activity dynamics.
The most important and novel findings of this thesis are summarized as
follows:
·

JNK is a regulator of rapid actin-based plasticity and catalytically
active in dendritic spines

·

Acute JNK inhibition prevents spine retraction and AMPA receptor
internalization in response to corticosterone

·

Inhibition of JNK in a few hundred of newborn granule cells in the
dentate gyrus reduces anxiety and depressive behaviours

·

Inhibition of JNK in the neurogenic niche of the dentate gyrus
modifies local neural activity and induces circuit-wide dynamic
changes to CA3 neurons in the hippocampus
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