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Abstract 

Anxiety disorders are dramatically increasing and are therefore affecting the 
well-being of modern society. The available treatment alternatives are cur-
rently limited because the molecular mechanisms of anxiety are not well un-
derstood. However, with the advance of imaging and genetic manipulation 
techniques, various structural changes have been associated with anxiety 
disorders. Neuroanatomical studies have revealed impairments of the den-
drite architecture, spines and adult hippocampal neurogenesis in anxiety 
disorders. Adult hippocampal neurogenesis has gained much more attention 
in this context. It has been suggested that adult hippocampal neurogenesis 
plays an important role in the pathophysiology of anxiety disorders and it has 
also been implicated in the behavioral efficacy of some antidepressants.  

In recent years, MAP kinases have been linked to the development of mood 
disorders as well as adult hippocampal neurogenesis. The JNK subfamily of 
MAPKs are stress-activated kinases that are activated by various external 
stresses. Basal JNK activity is low in normal cells, but cellular stress induces 
elevated JNK activity, which results in apoptosis. JNK kinases have been 
considered as potential therapeutic targets in neurodegenerative disorders, 
but their role in mood disorders has not yet been addressed.  

The work presented in this thesis addresses the role of JNK signaling in regu-
lating anxiety behavior in mice. Using Jnk1 knockout mice and pharmacolog-
ical inhibition of JNK signaling, JNK was found to regulate adult neurogene-
sis, which underlies anxiety behavior in mice. The Jnk1-/- mice displayed re-
duced anxiety and increased adult hippocampal neurogenesis. The inhibition 
of JNK signaling in mouse brain also reduced anxiety and enhanced adult 
hippocampal neurogenesis, as observed with some antidepressant treat-
ments. Inhibition of JNK activity not only increased adult hippocampal neu-
rogenesis, but also facilitated the maturation of newborn neurons in the 
adult brain of mice. Additionally, dendrite architecture and spine distribution 
of CA3 neurons in the hippocampus of Jnk1-/-mice were found to be altered. 
In a subsequent screen for JNK substrates, two JNK effectors, MARCKSL1 
(an actin-associated protein) and MAP2, (a microtubule-associated protein), 
were found to regulate neuronal architecture. Taken together this implies 
that JNK signaling might control the dendrite and spine changes associated 
with anxiety disorders.  

In summary, the work presented in this thesis provides a deeper understand-
ing of the molecular events that are putatively involved in regulating the neu-
rogenic and dendritic changes implicated in anxiety disorders. Moreover, 
these findings imply that the targeting of JNK signaling might be a potential 
therapeutic strategy for combating anxiety disorders. 
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SAMMANFATTNING (Swedish Abstract) 

I vår moderna värld har förekomsten av ångeststörningar drastiskt ökat, vil-
ket påverkar välfärden i våra samhällen. Eftersom de molekylära mekan-
ismerna bakom ångest är relativt okända, är möjligheterna till behandling av 
ångeststörningar begränsade. I och med utvecklingen av genetiska manipule-
ringmetoder och avbildningstekniker har strukturella förändringar associe-
rade med ångeststörningar kunnat konstateras. Neuroanatomiska studier 
har påvisat störningar i dendritarkitektur, dendrittaggar och i neurogenesen 
hos vuxna individer. Särskilt neurogenesen i hippocampus anses viktig i 
detta sammanhang. Neurogenes i hippocampus har föreslagits spela en viktig 
roll i ångeststörningarnas patofysiologi och för hur vissa antidepressiva lä-
kemedel förmedlar sin effekt. 

Under senare år har MAP-kinaser (MAPK) föreslagits vara involverade både i 
uppkomsten av affektiva störningar och i neurogenes i hippocampus. JNK är 
en grupp kinaser inom MAPK-familjen som aktiveras av olika externa stress-
faktorer. I normala celler är aktiviteten hos JNK låg. Cell-stress ökar aktivite-
ten hos JNK vilket leder till bl.a. apoptos. JNK kinaser anses vara potentiella 
terapeutiska mål för behandling av neurodegenerativa sjukdomar men deras 
potential som mål för behandling av affektiva sjukdomar har tillsvidare inte 
utretts. 

Den här avhandlingen behandlar betydelsen av JNK för ångestrelaterat bete-
ende hos möss.  Med hjälp av Jnk1-knockout möss och farmakologisk inhibe-
ring av JNK-signalering, demonstreras att JNK reglerar neurogenes i 
hippocampus, vilket i sin tur ligger bakom mössens ångestrelaterade bete-
ende. Jnk1-knockout möss var mindre ängsliga och uppvisade ökad neuro-
genes i hippcampus jämfört med kontrollmöss. Inhibering av JNK-signalering 
i hjärnan hos möss gjorde dem också mindre ängsliga och ökade neurogene-
sen i hippocampus på samma sätt som vissa antidepressiva läkemedel. Inhi-
bering av JNK-aktivitet ledde inte bara till ökad neurogenes i hippocampus, 
utan främjade också mognandet av nybildade nervceller hos vuxna möss. 

Resultaten visar också att dendritarkitekturen och fördelningen av dend-
rittaggar hos CA3 neuroner i hippocampus är förändrad hos Jnk1-knockout 
möss. Genom screening av substratmolekyler för JNK hittades två JNK-
effektormolekyler, MARCKSL1 (ett aktin-associerat protein) och MAP2 (ett 
mikrotubulus-associerat protein), som reglerade neuronernas sttruktur. Det 
här tyder på att JNK-signalering kan kontrollera ångeststörningsrelaterade 
förändringar hor dendriter och dendrittaggar. 

Sammanfattningsvis ger resultaten som presenteras i avhandlingen en ökad 
insikt i molekylära mekanismer som kan leda till ångeststörningsrelaterade 
förändringar i neurogenes och dendritstruktur. Därtill föreslås att JNK-
signalbanan har potential som terapeutiskt mål för behandling av ångest-
störningar. 
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Review of Literature 

1. Introduction to Anxiety disorders 

1.1. Anxiety disorders 

Anxiety disorders are currently the most prevalent psychiatric disorders 
and add a great strain upon the health care resources (Alonso et al. 2004; 
Kessler et al. 2009). These comprise a group of psychiatric diseases that 
include acute disorders, such as generalized anxiety disorder (GAD), so-
cial anxiety disorder, phobias, and more devastating pathologies, such as 
panic disorder, obsessive-compulsive disorder (OCD) and post-traumatic 
stress disorder (PTSD) (Fig.1). GAD patients are constantly worried about 
everyday life tasks. This unreasonable persistent worry develops into a 
permanent fear of failing in every task. Patients with social anxiety disor-
der suffer from fear of being judged and of being embarrassed. Patients 
suffering from this condition feel extremely fearful and uncomfortable 
around others. Phobias are very common anxiety disorders, in which a 
person displays persistent and highly disproportionate fear of a particular 
situation or an object. In the more devastating diseases, such as panic 
disorder, a person suffers from sudden and repeated panic attacks that 
can last for several minutes or longer. During the attack, patients lose 
control because of the fear of disaster, even in the absence of real danger. 
OCD patients have a huge problem coping with their daily lives, they al-
ways check and re-check things repeatedly, for example, washing their 
hands over and over again. They find themselves lost in an attempt to 
gain control of their over obsessions. PTSD is the other most disconcert-
ing anxiety disorder, and is observed in war veterans, survivors of sexual 
abuse, or any other serious life event. The death of a loved one can also 
leave individuals with PTSD. It usually results in bad dreams, flashbacks, 
guilt feelings, depression, and hyper-arousal in the patients. There is a 
high degree of comorbidity between mood and anxiety disorders. Fourteen 
percent of the European population is affected with one or both disorders 
in their lifetime (Williamson et al. 2005). As these pathologies can last for 
months or even longer, medication is needed to lessen or prevent their se-
verity. Although a range of  treatments are available, they are ineffective 
in a large number of patients or result in side effects (von Moltke & 
Greenblatt 2003). These disorders also differ in their prevalence and re-
sponse to medication among genders. In many cases, there is a relapse of 
the condition after the treatment. Due to this diversity and ineffective 
drugs, there is the incessant demand for new therapeutic approaches. 
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Figure 1. Different types of anxiety disorders 

1.2. Stress and anxiety disorders 

In the past two decades, there has been an immense increase in epide-
miological studies on humans, as well as research with animal models, to 
know how stress affects emotions and cognition. Stress is a physiological 
response to a threatening or hostile environment. It prepares the body for 
a quick and energetic reaction, which is referred to as a ‘‘flight or fight’’ 
response. However, sustained stress results in severe pathological states, 
which influence brain function and behavior, such as anxiety disorders. 
The stress response accompanies a plethora of changes, including altera-
tion in autonomic function, and release of multiple hormones, which 
eventually affect the behavior. Neuroendocrine responses to stress include 
secretion of chemical mediators, such as corticotrophin-releasing factor, 
vasopressin, serotonin (5-hydroxytryptamine, 5-HT) and catecholamines. 
Additionally, neuropeptides, such as substance P, neuropeptide Y and 
cholecystokinin are released in stress responses (Carrasco & Van de Kar 
2003). The hormones produced in response to stress lead to maladaptive 
changes in the brain. Regions of the brain, including the brain stem, hy-
pothalamus, prefrontal cortex, and hippocampus, are involved in stress 
responses and are altered in stress-related disorders, such as anxiety. 
These regions represent highly interconnected circuits, which influence 
each other directly or indirectly by modifying neural activity (Bremner 
2006). There are various predisposing factors that make individuals more 
vulnerable, for instance, early life experiences have sustained physiologi-
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cal and behavioral effects. There are several genetic or allelic differences 
that are critical in determining  an individual’s response to stressful life 
experiences, for example, the short form of the serotonin receptor gene 
predisposes to chronic stress and can subsequently lead to depressive 
behavior (Luddington et al. 2009). Similarly, the genetic variant (Val66Met 
allele) of brain derived neurotrophic factor polymorphism (BDNF) has 
been associated with anxiety related behavior (Chen et al. 2006b). The lat-
ter polymorphism also affects neuronal plasticity by reducing dendritic 
branching as well as mRNA trafficking, which might underlie these psy-
chiatric disorders (Baj et al. 2013).  

Hypothalamus-pituitary-adrenal (HPA) axis activation is a hallmark of the 
stress response and acts as a normal physiological feedback process that 
maintains homeostasis. The HPA axis consists of the hypothalamus, the 
anterior lobe of the pituitary gland, and the adrenal cortex. Corticotro-
phin–releasing factor (CRF), synthesized and released by neurons in the 
paraventricular nucleus (PVN) of the hypothalamus, is a principal regula-
tor of the HPA axis. In response to stress, CRF initiates a cascade of 
events that leads to the production of glucocorticoids from the adrenal 
cortex. Glucocorticoids normally mediate adaptive effects through the in-
tracellular receptors to increase the cell survival. However, an excessive or 
inadequate HPA axis activation results in the development of stress relat-
ed disorders, such as PTSD (Smith & Vale 2006). CRF deficient mice dis-
play reduced anxiety and a disrupted HPA axis, which suggests that CRF 
plays an important role in regulating anxiety behavior by maintaining 
HPA homeostasis (Smith et al. 1998). Glucocorticoids are the primary 
stress hormones released in response to stress induced activation of the 
HPA axis. Glucocorticoids (cortisol in humans and corticosterone in ro-
dents) regulate various physiological and behavioral responses (Carrasco 
& Van de Kar 2003; Charmandari et al. 2005). Their effects are mediated 
via glucocorticoid and mineralocorticoid receptors (GRs and MRs respec-
tively). These receptors are distributed throughout the limbic structures 
and in the peripheral tissues (Herman et al. 2003). Polymorphisms of the 
glucocorticoid receptors alter sensitivity towards stress hormones, and 
when encountered with environmental stressful events make individuals 
more susceptible to chronic anxiety disorders (Lian et al. 2014). Genetic 
manipulations and pharmacological studies using agonists and antago-
nists have provided evidence that both GRs and MRs modulate anxiety 
responses (Calvo & Volosin 2001; Gass et al. 2001). Based on such evi-
dence, HPA signaling has been considered as a potential target for stress 
related disorders (Anacker et al. 2011). 
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1.3. Neurobiology of Anxiety 

From an evolutionary perspective, it has been postulated that the set of 
interrelated limbic structures, i.e. the septo-hippocampal system, areas of 
the hypothalamus, central nuclei of the amygdaloid complex, and the pe-
ri-aqueductal gray matter of the mid brain, represent the anatomical core 
of anxiety (Charney & Redmond 1983). This anatomical core evaluates 
threatening situations and selects an appropriate defense response. The 
hippocampus, for instance, is thought to process context-related infor-
mation and express anxiety responses. There is consistent literature sug-
gesting the crucial role of the amygdaloid complex of the limbic system in 
producing patterns of behavior resembling responses after fearful stimuli 
(Davis 1997; Davidson 2002). For example, the lesions in the amygdala 
blocked the response to fearful stimuli (Maren 1996). The amygdaloid 
complex consists of functionally and morphologically varying subnuclei 
with multifaceted neural links. The basolateral amygdala (BLA) is glu-
tamatergic, and the central amygdala mostly composed of GABAergic neu-
rons (Tye et al. 2011). The BLA is a locus for fear memory and provides 
information about the environment to central amygdala through robust 
projections (LeDoux 2000). The central amygdala makes projections to the 
hypothalamus and peri-aqueductal gray matter to mediate anxiety re-
sponse, for example the avoidance of open areas by rodents (Adhikari 
2014). The bed nucleus of stria terminalis (BNST), also suggested to be a 
part of ‘‘extended amygdala’’ (Alheid et al. 1998), modulates anxiety by 
processing inputs from the amygdala. Furthermore, the interplay of the 
BLA with the medial prefrontal cortex (mPFC) and the ventral hippocam-
pus provides another level of regulation of anxiety. It has been suggested 
that BLA integrates the contextual and sensory input from the mPFC and 
ventral hippocampus to regulate central amygdala and BNST, leading to 
activation of downstream regions to control anxiety-like behavior 
(Adhikari 2014).  

Anxiety, as a survival mechanism in threatening situations, is intertwined 
with the emotional processes as well as cognitive functions. Therefore, 
many neurotransmitter pathways are involved, including γ-aminobutyric 
acid (GABA), glutamate, serotonin, and norepinephrine. Several studies 
have indicated the critical role of these neurotransmitter pathways in anx-
iety behavior. GABA is a primary inhibitory neurotransmitter in the cen-
tral nervous system and its down regulation has been linked to the path-
ophysiology of anxiety disorders. The pharmacological targeting of the 
GABA receptors has been used in anxiolytics (Lydiard 2003). 

In contrast, glutamate is the major excitatory neurotransmitter in the 
nervous system. The modulation of excitatory glutamate transmission has 
been shown to induce anxiolytic effects (Bergink et al. 2004). Glutamate 
transmission occurs via glutamate gated ions channels, known as N-
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methyl-D-aspartate (NMDA) receptors. Administration of NMDA and non-
NMDA receptor antagonists to the basolateral amygdala reduced anxiety 
in animal models (Kim & McGaugh 1992). Alternatively, the neurotrans-
mission of GABA can be increased to achieve suppression of excitatory 
glutamate output from the amygdala. Thus, an imbalance between gluta-
mate receptor mediated excitation and GABA receptor mediated inhibition 
is associated with anxiety (Sajdyk & Shekhar 1997). Both of these neuro-
transmitters are abundant in the amygdala and other limbic structures, 
and have been targeted for the treatment of anxiety disorders (Lydiard 
2003; Bergink et al. 2004).  

Far more attention, however, has been dedicated to the role of serotonin 
(Jones & Blackburn 2002). Preclinical and clinical studies in the last 50 
years have shown the therapeutic efficacy of drugs targeting serotonin (5-
HT, 5-hydroxytryptamine) receptors in various anxiety disorders. In par-
ticular, 5-HT1A knockout mice showed increased stress sensitivity and 
anxiety (Heisler et al. 1998). 5-HT1A is an auto-receptor and maintains a 
negative feedback loop by inhibiting the release of serotonin. The partial 
agonist of 5-HT1A buspirone has been effective in the treatment of gener-
alized anxiety disorder (GAD). Compounds with antagonistic properties 
against 5-HT2A and 5-HT3 receptors have also reduced anxiety in preclin-
ical studies (Katz et al. 1993; Olivier et al. 2000). Currently, the most ex-
tensively prescribed drugs for treating anxiety-depressive disorders are 
aimed at the modulation of serotonin transmission, and are discussed in 
the next section. 

Noradrenergic systems have also been implicated in stress and anxiety, 
e.g. the noradrenergic neurons of the locus coeruleus play a critical role 
in fear and stress responses (Bremner et al. 1996). Norepinephrine effects 
are mediated via presynaptic α2 receptors and postsynaptic α1 and β1 
receptors. The α2 receptor is also an auto-receptor that inhibits the re-
lease of norepinephrine from the presynaptic terminals. Therefore, α2 re-
ceptor agonists show reduced anxiety-like behavior in mice (Bremner et 
al. 1996).  

1.4. Treatments of anxiety disorders 

Both pharmacotherapy and psychological therapies have been used for 
treating anxiety disorders. There are different classes of psychotropic 
medications that have been used to treat anxiety disorders, with the most 
frequently investigated class being antidepressants. Tricyclic antidepres-
sants (TCAs) have been used in psychiatry since the 1950s. TCAs are re-
ported to damp down the anticipatory anxiety and also reduce the num-
ber of panic attacks (Andersch et al. 1991). Despite notable effects, they 
have unwanted side effects, such as sedation, sexual dysfunction, consti-
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pation and the likelihood of toxic overdose (Ravindran & Stein 2010). Due 
to these side effects, alternative drugs have been sought after. The mono-
amine oxidase enzyme inhibitors (MAOIs), selective serotonin reuptake 
inhibitors (SSRIs) and serotonin norepinephrine reuptake inhibitors 
(SNRIs) are the other class of drugs that has been used frequently. 
MAOIs, SSRIs, and SNRIs have shown improvements in the efficacy of 
treatment, and have fewer side effects than TCAs. Therefore, SSRIs and 
SNRIs are now considered as the front line of pharmacotherapy agents for 
anxiety disorders, due to their overall efficacy, safety, and tolerability 
(Koen & Stein 2011). However, despite being more effective, they increase 
the risk of suicidal behavior in adolescents. On account of this risk, these 
drugs are marked with black-box labeling by the U.S. Food and Drug Ad-
ministration (US Food and Drug Administration, 2007).  

Another line of drugs used for the treatment of psychiatric disorders are 
anticonvulsants. Benzodiazepines and tiagabine are most commonly used 
because of their rapid onset and efficacy (Stevens & Pollack 2005). They 
both have anxiolytic and anticonvulsive effects at lower doses, but higher 
doses produce significant adverse effects such as amnesia, sedation and 
even unconsciousness (Saari et al. 2011). In addition, uncomfortable 
withdrawal symptoms have been reported in patients who discontinued 
benzodiazepine use. Consequently, this therapy becomes more inappro-
priate for individuals having a history of substance abuse (Ravindran & 
Stein 2010). Therefore, non-benzodiazepines anticonvulsants are pre-
ferred for the treatment of psychiatric illnesses. Pregabalin is one example 
which is prescribed for GAD, however, it has also been reported to have 
adverse effects and has led to deaths due to drug abuse (Baldwin et al. 
2013).  

Most experts recommend that psychotherapy should be combined with 
pharmaceutical treatment. Currently, there are two different psychother-
apeutic approaches that have been used: 1) Behavioral therapy and 2) 
Cognitive therapy. In such treatments, the therapists strive to help the 
patients to combat undesirable behavior or adapt their disturbing 
thoughts into healthy ones. Both treatment methods are overlapping in 
the sense of educating the mind of the patient, and are broadly classified 
as cognitive-behavioral therapy (CBT). Psychotherapy is used to treat all 
forms of anxiety disorders (American Psychological Association 2004). 
Due to the diverse risks and side-effects of the established anxiolytics, 
there is a need for the development of new therapeutic approaches to 
treat anxiety disorders. Some novel strategies have been suggested recent-
ly, such as the potential use of endogenous modulators of glutamate or 
neuropeptide signaling, as well as the HPA axis. Currently, the glutamate 
antagonists, neuropeptides, such as oxytocin, neuropeptide Y, vasopres-
sin cholecystokinin (CKK), and CRF receptor antagonists, are under in-
vestigation (Mathew et al. 2008; Clynen et al. 2014; Farb & Ratner 2014).  
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1.5. Modeling anxiety 

Animal models have excelled in the research on psychiatric disorders.  In 
vivo models are critical for evaluating novel treatment approaches. With 
the advent of genetically modified mice, a substantial degree of research 
has been focused on developing different knockout models with extreme 
anxiolytic and anxiogenic phenotypes. To develop appropriate models for 
testing new anxiolytics, researchers have concluded that more than one 
behavioral test is required. Also, when considering the heterogeneity of 
these disorders, it is believed that no animal model will be able to com-
bine all the aspects of human anxiety disorders (Cryan & Holmes 2005; 
Rotzinger et al. 2010). For decades, the research in non-humans, primari-
ly rodents, has been central for investigating the neural system mediating 
emotions. Rats have been used extensively for preclinical research, be-
cause of their size and vigor which facilitates invasive manipulations, in-
cluding cannula implantations and catheterizations for testing the efficacy 
of drugs. Moreover, rats also perform well in the cognitive and operant 
tasks, which are the foundation of behavioral pharmacology. Various se-
lective inbreeding strategies have been used to develop high anxiety be-
havior (HAB) and low anxiety behavior (LAB) rats (Landgraf & Wigger 
2002).  

The development of gene targeting approaches has led to the widespread 
use of mice in neuropsychiatric research. Mice are more amenable to 
these genetic manipulations and most importantly offer  an economic and 
practical advantage of breeding and housing in large numbers (Cryan & 
Holmes 2005). There are several different mouse lines that have been de-
veloped by targeting genes of the pathways hypothesized to be involved in 
anxiety disorder, these include 5HT1A, GABAA and CRH receptors (Holmes 
2001). In addition to pharmacological manipulations, these gene mutant 
mice have provided valuable information in understanding the neural 
substrates of anxiety. These mouse models are validated for phenotypes 
using various tests. They are categorized as conditioned response tests or 
unconditioned response tests. Conditioned responses are Pavlovian in na-
ture, involve a stressful event and mostly comprise conflict test, defensive 
burying and active/passive avoidance behavior. The most commonly used 
unconditioned tests are exploration based, startle responses or social 
tests (Belzung & Griebel 2001). Basically, these tests explore the innate 
behavior of rodents to avoid bright, novel, open and/or aversive stimuli. 
These tests are validated by various anxiolytic agents such as SSRIs and 
benzodiazepines (Bailey & Crawley 2009). 

1.5.1. Exploratory-based approach-avoidance conflict tests 

Exploratory-based avoidance tests are most widely used to assess anxiety 
behavior in rodents. The elevated plus maze (Pellow et al. 1985), the open 
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field test (Christmas & Maxwell 1970) and the light-dark box (Crawley & 
Goodwin 1980)  are classical exploratory based anxiety tests. These tests 
provide an environment for rodents in which there is an option to explore 
an adverse area or remain in a less anxiety-provoking location. The ele-
vated plus maze test takes advantage of the natural tendency of mice to 
explore a novel situation. The rodents are allowed to spend time in elevat-
ed open or closed arms. Normally, mice tend to avoid the unprotected 
open areas and spend time in enclosed spaces. This approach-avoidance 
conflict in the elevated plus maze results in behavior that are indicators of 
psychological stress. On the contrary, mice explore the open arms more 
willingly following anxiolytics treatment, without showing any effect on 
their general locomotion. The more sensitive measures of the effects of 
anxiolytic compounds are measured by analyzing additional behavioral 
indices including head dipping, grooming and stretched attend postures 
in elevated plus maze (Borsini et al. 2002). 

The open field test has also been proven to be equally successful in as-
sessing anxiety behavior in rodents. In addition to anxiety behavior, this 
test measures the novel environment exploration and general locomotor ac-
tivity. In this test, subjects are allowed to explore in an open arena. There 
are two major factors that affect the anxiety behavior in this test, the social 
isolation and the brightly lit unprotected test environment. The test indi-
cates anxiety levels by measuring variables such as time spent and dis-
tance travelled by rodents exploring brightly lit open spaces, as usually ro-
dents show thigmotaxic behavior. The Light-dark box test is another explo-
ration based test more similar to elevated plus maze. Here, rodents are 
subjected to a novel environment with light (unprotected area) and dark 
compartments (protected area). A similar inherent tendency of risk avoid-
ance is explored in this test. Mostly rodents prefer to stay in dark and pro-
tected areas. Therefore, a change in the willingness to explore the unpro-
tected illuminated area is a key measure of anxiety in this paradigm. This 
change is reflected in the time spent in each compartment and the number 
of transitions made between compartments during the test. The anxiolytics, 
such as benzodiazepines, show reduced anxiety in all three tests, as meas-
ured by increased exploration in the light compartment of light-dark box, 
the open arms of elevated plus maze, and the center of an open field.  The 
advantage of these tests is that they show good correlation between the typ-
ical behavioral effects of commonly used anxiolytics. Additionally, the pat-
terns of behavior in these tests are relatively replicable across the species 
and studies (Walf & Frye 2007; Griebel & Holmes 2013).  

Even though these tests continue to remain the mainstay of assessing 
anxiety behavior, there are major cautions associated with their use.  As 
they are based on the interplay of  approach  and avoidance, they are un-
able to separate decreased anxiety related avoidance from increased nov-
elty seeking behavior (Cryan & Holmes 2005). The exploration based tests 
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are reliant on the sensory and motor functions. The assessment of loco-
motory, neurological and sensory functions must also be performed and 
taken into account to obtain trustworthy results.  

1.5.2. Other anxiety related tests 

In addition to the above tests, there are a number of others that have 
been used to investigate anxiety-like and/or repetitive-like behavior. The 
marble burying test is one that explores the most commonly referred to 
defensive burying behavior in response to the aversive stimuli in rodents 
(De Boer & Koolhaas 2003). It takes advantage of the innate burying be-
havior of rodents to hide novel, but harmless, objects. Early pharmacolog-
ical studies have established marble burying as a potential model of anxi-
ety because of its sensitivity to the anxiolytics such as benzodiazepines 
(Broekkamp et al. 1986; Nicolas et al. 2006). Hyponeophagia paradigms 
are also being used to assess anxiety, and have been designed on the ba-
sis of the ‘‘bait shyness’’ phenomenon in rodents. Bait shyness is an in-
herent approach evolved in rodents to avoid the potential toxicity of novel 
food. The novelty-induced hyponeophagia (NIH) and novelty-suppressed 
feeding (NSF) (Bodnoff et al. 1988; Dulawa et al. 2004) are two such para-
digms used to evaluate anxiolytic drugs (Merali et al. 2003; Dulawa & Hen 
2005). 

1.6. Neuroplasticity changes associated with anxiety disorders 

Existing treatments for psychiatric disorders provide symptomatic relief 
rather than reversing the underlying abnormalities. Recent reviews pro-
posed that structural and neuroplastic changes might underlie anxiety 
disorders (Myers & Davis 2007; Pittenger & Duman 2008; Tovote et al. 
2015). Neuroimaging has evolved as a new tool for understanding the 
pathophysiology of psychiatric disorders. For instance, functional neu-
roimaging of PTSD patients has revealed many insights into the structural 
and neuroplastic abnormalities involved in such pathological states. The 
most consistent finding is hyperactivity of the amygdala, which is involved 
in the assessment of threatening stimuli and necessary for processing of 
fear conditioning (LeDoux 2000; Davis & Whalen 2001). This heightened 
activity of the amygdala reflects an elevated fear response. In some brain 
regions, such as the hippocampus, cingulate cortex and medial frontal 
cortex, reduced activity has been reported (Shin et al. 2006; Hayes et al. 
2011). The hippocampus and the medial frontal cortex are known to in-
teract with the amygdala for encoding contextual fear memory (Dolcos et 
al. 2004; McGaugh 2004) and processing fear extinction (Morgan et al. 
1993; Quirk et al. 2000; Milad & Quirk 2002), respectively. The altered 
activity in these brain regions reveals disturbed fear and fear extinction 
responses, as well as problems in the identification of safe contexts in 
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anxiety disorders (Deckersbach et al. 2006). Additionally, there are volu-
metric changes reported in the brain regions discussed above (Fig.2). The 
hippocampus volume is reduced in severe anxiety disorders, such as 
PTSD (Gilbertson et al. 2002; Felmingham et al. 2009) (Fig.2). Also, reduc-
tion in the volume and shape of cingulated cortex has been reported, but 
for the amygdala volumetric changes are inconsistent between studies 
(Shin et al. 2006). However, it is unclear whether these changes predis-
pose or cause the pathological condition. 

Due to ethical reasons, there are limitations on mechanistic investigations 
in humans, but the animal models have shed some more light on the in-
tricate mechanisms that underlie these changes and their associations 
with anxiety disorders. Kalisch and colleagues suggested that a positive 
relationship exists between anxiety and hippocampal volume using HAB 
and LAB rats (Kalisch et al. 2005). It has long been apparent that a rela-
tionship exists between stress and the development of psychiatric disor-
ders, such as anxiety and depression (Finlay-Jones & Brown 1981; 
Kendler et al. 1999; Kendler et al. 2001). Stress can have long-lasting ef-
fects on the brain structure and circuitry, which ultimately influence the 
behavior. The intimate association between the effects of stress, mecha-
nisms of neuroplasticity, and the pathophysiology of mood disorders and 
the mechanism of antidepressant action has gained much appreciation in 
the last decades (McEwen 1999; Pittenger & Duman 2008). A sustained 
level of stress induces morphological changes in the brain regions involv-
ing hippocampus, prefrontal cortex and amygdala. Stress induced atrophy 
and retraction of dendritic arborization in the hippocampus (Watanabe et 
al. 1992; Magarinos et al. 1996; Sapolsky 2000) and the prefrontal cortex 
(Wellman 2001; Cook & Wellman 2004), whereas hypertrophy of dendritic 
arborization is reported in the amygdala (Vyas et al. 2002; Vyas et al. 
2003) (Fig.2). Spine density is also altered in response to different stress 
paradigms in animal models. Dendritic spines are small protrusions on 
dendrites, which were first described by Santiago Ramón y Cajal in the 
19th century. They make synapses, which are basic units of information 
transmission and provide another level of plasticity to the brain. Spine 
distribution and morphology is also perturbed in response to stress, as is 
dendritic architecture. The spine density is reduced in the prefrontal cor-
tex (Radley et al. 2006; Goldwater et al. 2009) and increased in the amyg-
dala (Mitra et al. 2005) in response to chronic stress. However, there are a 
number of discrepancies among studies in relation to spine density in the 
hippocampus, because some studies show a decrease in the density, 
whereas others suggest increased spine density in response to stress 
(Christoffel et al. 2011). Post-mortem studies in aged humans with anxiety 
and depressive symptoms but no history of psychiatric illnesses also, re-
vealed neuroanatomic changes, including a reduction in the dendritic ar-
borization and dendritic spines in the hippocampus (Soetanto et al. 2010) 
(Fig.2).  
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The studies in humans and in rodents have clearly shown that structural 
changes in brain areas, such as the prefrontal cortex, amygdala and hip-
pocampus, are associated with anxiety and depressive behavior. The hip-
pocampus has been one of the principal regions of interest in the context 
of anxiety disorders. A more recent structural change in hippocampus 
that impacts neuroplasticity and hence hippocampus function is neuro-
genesis in the adult hippocampus. It has gained considerable interest in 
the field of psychiatry and has been altered by different forms of stress 
(Dranovsky & Hen 2006; Mirescu & Gould 2006). Adult hippocampal neu-
rogenesis has been suggested to be involved in anxiety behavior (Revest et 
al. 2009) (Fig.2) and it appears to be required for the behavioral effects of 
antidepressants (Santarelli et al. 2003), which is discussed in more detail 
in the next section. Overall, these studies suggest that chronic stress al-
ters the structural morphology of the brain and thus affect neuroplastici-
ty.  

 
Figure 2. Neuroplastic changes associated with anxiety disorders. (The figure is adapted 
from Kalisch et al 2005 Neuropsychopharmacology 31 (5) 925-932, Revest et al 2009 Mol 
Psychiatry14 (10) 959-67, Soetanto et al 2010 Arch Gen Psychiatry 67 (5) 448-57. 
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2. Adult neurogenesis 

Traditionally, it was believed that neurogenesis occurs only during em-
bryonic development in the mammalian central nervous system. Only re-
cently, decades after the discovery of newborn neurons in the adult brain, 
the phenomenon of adult neurogenesis is now generally accepted (Ming & 
Song 2005). Joseph Altman observed the presence of newborn neurons in 
the adult brain for the first time in the1960s (Altman & Das 1965). The 
acceptance by the scientific community that new neurons are also formed 
in the adult brain was a slow process, and numerous confirmatory stud-
ies were undertaken to overcome the earlier dogma. In the past few years, 
significant progress has been made in understanding the process of adult 
neurogenesis. Although it was initially difficult to trace the fate of these 
rare dividing cells and prove that they were neurons rather than glia, the 
use of 3H-thymidine, and more recently bromodeoxyuridine (BrdU a syn-
thetic analog of thymidine), has revolutionized the field (Sidman et al. 
1959; Gratzner 1982). These analogs were successfully incorporated into 
the replicating DNA and made the tracing of labeled cells easier. With 
these technical innovations this field has advanced considerably, and now 
more sophisticated methods, such as transgenic mice and retrovirus la-
beling of newborn cells, have further expanded the understanding of ma-
turing neurons (Abrous et al. 2005; Ming & Song 2005). Several inducible 
and non-inducible transgenic mice have been produced to express or 
knockdown particular genes of interest (Dhaliwal & Lagace 2011). The ret-
roviruses, most commonly Muloney murine leukemia viruses, which inte-
grate into the host DNA during mitosis, thus making them good indicators 
of cell division (Lewis & Emerman 1994). The labeling of viruses with re-
porters, such as green or red fluorescent proteins, allowed visualization 
and analysis of newborn cells (Abrous et al. 2005; Ming & Song 2005). 
Further, the identification of specific markers that neurons express dur-
ing maturation, for example, PSA-NCAM, DCX expressed in immature 
neurons and NeuN in mature neurons, enabled the fate specification of 
newly born neurons (Kempermann et al. 2004) (Fig.3). The discovery of 
stem cells in the brain has attracted a great deal of interest, because it 
changed the current concept of brain plasticity and raised possible strate-
gy for brain repair.  

Adult neurogenesis is a process whereby new functional and mature neu-
rons are formed from neural stem cells residing in the discrete locations. 
These new neurons are generated throughout life in their niches where 
neural stem cells undergo such steps as proliferation, differentiation, mi-
gration, maturation and final integration into the established neuronal 
circuits. In mammals, the active neurogenesis occurs in 3 niches: the 
subventricular zone (SVZ) of the lateral ventricle, the subgranular zone 
(SGZ) of the dentate gyrus in the hippocampus and the olfactory bulbs 
(OB) (Fig.3). Adult neurogenesis has been reported in the SVZ and SGZ of 
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rodents (Kaplan & Hinds 1977; Alvarez-Buylla & Garcia-Verdugo 2002), 
in non-human primates (Yuan et al. 2014) as well as in humans (Eriksson 
et al. 1998). However, adult neurogenesis in the OB has been questioned 
in humans (Ernst & Frisen 2015).  

 
Figure 3. A) Neurogenic niches in the mouse brain Subgranular zone, Subventricular 
Zone and Olfactory bulbs. Figure modified from Frankland and Miller 2008 Nature Neuro-
science 11:1124-26). B) The developmental stages of adult born neurons in the dentate 
gyrus of hippocampus with examples of markers expressed at different stages. (Figure 
modified from Josef Bischofberger, 2007 Nature Neuroscience 10:273-75) 
 

Recently, adult-born neurons have also been detected in the striatum 
(Ernst et al. 2014) and hypothalamus (Rojczyk-Gołębiewska et al. 2014) 
regions adjacent to these neurogenic niches. The birth of new neurons in 
the SGZ of the dentate gyrus is termed as adult hippocampal neurogene-
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sis (AHN), which has been extensively studied in the context of mood and 
anxiety disorders. 

2.1. Role of adult hippocampal neurogenesis in brain 

Within the dentate gyrus of the hippocampus, the newborn neurons are 
generated from the neural stem cells in the SGZ. From here they migrate 
to the inner granule cell layer and integrate into the hippocampal circuitry 
(Ming & Song 2005). The detailed analysis of neurogenesis suggests that 
there are approximately 9000 new cells formed per day in the rodent hip-
pocampus (Curlik et al. 2014). Approximately fifty percent of them differ-
entiate and express neuronal markers (Cameron & McKay 2001). These 
newly born neurons in the dentate gyrus make axonal projections with 
CA3 pyramidal cell layer. They extend their dendrites into the molecular 
layer and grow into a complex innervated structure in a month (Vivar & 
van Praag 2013). The functional integration of newly born neurons com-
mences within the first week after proliferation and continues to form 
synaptic contacts in the following weeks. In comparison to mature gran-
ule neurons, the immature or young neurons display distinctive proper-
ties, such as enhanced synaptic plasticity and long-term potentiation 
(Song et al. 2005). These findings indicate that these new neurons with 
distinctive characteristics are sufficient to contribute in a significant 
manner to hippocampal function. The newborn neurons in the hippocam-
pus have been implicated in hippocampal dependent functions, including 
learning, memory and pattern separation (Clelland et al. 2009; Deng et al. 
2010; Sahay et al. 2011). The inhibition of adult neurogenesis in the hip-
pocampus has been shown to alter the long term spatial memory as well 
as the ability to differentiate between highly similar stimuli (Snyder et al. 
2005; Luu et al. 2012). On the other hand, recent reports also suggest 
that AHN regulates the process of forgetting in infants and adults (Akers 
et al. 2014). It appears that neurogenesis in the hippocampus has an an-
terograde impact in facilitating memory acquisition, whereas a retrograde 
impact while erasing old memories. The age-related decline of spatial 
memory has been associated with the decline of neurogenesis with age 
(Lazarov et al. 2010). It is anticipated that due to the finite storage capaci-
ty of the dentate gyrus, the reduced neurogenesis in aged animals is una-
ble to clear the old memories and so the capability of the hippocampus to 
store new information is diminished.  

Hippocampal neurogenesis has been extensively studied in the context of 
emotional and mood regulation. Recent reports support the significant 
role of adult hippocampal neurogenesis in mediating the effects of drugs 
in mood disorders such as anxiety and depression (Samuels & Hen 2011). 
Even though there is considerable evidence for the critical role of hippo-
campal neurogenesis, still there are many open questions, like how exact-
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ly newborn neurons contribute to learning, memory, age- related cognitive 
decline and emotions. 

2.3. Factors regulating the adult hippocampal neurogenesis 

Adult neurogenesis is a highly dynamic process that is regulated at differ-
ent stages by several exogenous factors, including antidepressants, age, 
exercise, early life stress and disease (Zhao et al. 2008; Lucassen et al. 
2010; Kuipers et al. 2015). Research into hippocampal neurogenesis has 
also identified additional endogenous stimuli, numerous proteins, hor-
mones, neurotrophins, neurotransmitters and epigenetic factors that reg-
ulate the multiple steps of neurogenesis (Balu & Lucki 2009; Hagg 2009; 
Yao & Jin 2014). These factors alter adult neurogenesis in different ways 
by acting at distinct steps, and are being investigated extensively.  

Mood improving antidepressants (Malberg et al. 2000; Manev et al. 2001), 
exercise (Praag et al. 2005), environmental enrichment (Kempermann et 
al. 1997; Clemenson GD 2015) and learning (Gould et al. 1999) have been 
reported to increase adult hippocampal neurogenesis, whereas other fac-
tors, such as aging (Klempin & Kempermann 2007), stress (Warner-
Schmidt & Duman 2006), and disease (Winner et al. 2011) reduce neuro-
genesis.  

2.4. Stress and adult hippocampal neurogenesis 

Stress is known to inhibit the adult neurogenesis in various mammalian 
species, including mouse, rat, tree shrew, and marmoset (Mirescu & 
Gould 2006). Different stress paradigms, such as psychosocial stress, res-
ident intruder stress, foot-shock, predator odor and others, inhibit one or 
more phases of adult neurogenesis (Gould et al. 1997; Gould et al. 1998; 
Tanapat et al. 2001; Malberg & Duman 2003). Both acute and chronic 
stress show similar effects and alter all phases of neurogenesis, inhibiting 
both proliferation and survival (Westenbroek et al. 2004; Mirescu & Gould 
2006). The stress-induced reduction in neurogenesis can be a result of 
increased apoptosis of progenitor cells or the cell cycle arrest (Heine et al. 
2004a; Heine et al. 2004b). Therefore, there are many ways in which 
stress can influence neurogenesis. Substantial evidence suggests that the 
stress hormones play an important role by modulating cross talk with 
other stress-related mechanisms (Egeland et al. 2015). Glucocorticoids 
and their receptors GRs and MRs have been pointed out as regulators of 
hippocampal neurogenesis (Wong & Herbert 2004; Wong & Herbert 2005; 
Wong & Herbert 2006). The inhibition of the HPA axis by removing circu-
lating adrenal steroids increased neurogenesis, whereas, in contrast, ex-
ogenous corticosterone administration reduced neurogenesis (Cameron & 
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Gould 1994). Persistent inhibition of neurogenesis has been observed de-
spite restoration of normal glucocorticoid levels. Similarly, the persistent 
reduction in cell proliferation has been reported in adult rats (where basal 
levels of corticosterone were normal) that were subjected to early life ma-
ternal separation. This highlights the effect of early life stress on adult 
neurogenesis (Mirescu et al. 2004).  

Studies also suggest that stress might affect neurogenesis by increasing 
glutamate excitatory neurotransmission in the hippocampus, which re-
duces proliferation (Abraham et al. 1998). Activation of NMDA receptors 
has been observed to inhibit cell proliferation, whereas the blockade had 
the opposite effect (Cameron et al. 1995; Nacher et al. 2003). Stress also 
increases pro-inflammatory cytokines in the hippocampus, for instance, 
interleukin-1β (IL-1β). The hippocampal progenitors express the IL-1β re-
ceptor, and administration of IL-1β has been seen to reduce hippocampal 
cell proliferation, whereas blockade of IL-1β receptors with an antagonist 
attenuates hippocampal neurogenesis after chronic unpredictable stress 
(Koo & Duman 2008). Moreover, the IL-1β receptor knockout mice and 
the IL-1β receptor antagonist over-expressing transgenic mice were pro-
tected against the reduction of neurogenesis after stress. Two other im-
portant cytokines, namely interferons (IFNs) and tumor necrosis factor 
(TNF), also regulate the processes integral to neurogenesis, including pro-
liferation, differentiation (Borsini et al. 2015).  

In addition to cytokines, a reduction of trophic factors might contribute to 
the deleterious effects of stress on hippocampal neurogenesis. Various 
stress paradigms, both acute and chronic, reduce the trophic support in 
the brain. For example, the expression of BDNF, the most well studied 
neurotrophin, is reduced in the hippocampus after stress. The reduction 
of BDNF levels might be due to elevated glucocorticoids in response to 
stress because adrenalectomy increased BDNF expression, whereas the 
chronic administration of corticosterone decreased BDNF levels (Duman & 
Monteggia 2006). Glucocorticoids can also regulate the pathways down-
stream of BDNF, including MAP kinase and phospholipase C pathways. 
Also, glucocorticoids activate the BDNF receptor TrkB, and promote cell 
survival of hippocampal neurons (Jeanneteau et al. 2008). These studies 
have indicated that stress negatively affects neurogenesis via the inhibito-
ry crosstalk of glucocorticoids signaling on BDNF signaling. Stress in-
duced reduction of other neurotrophic factors, such as nerve growth fac-
tor (NGF), NT-3 and vascular endothelial growth factor (VEGF) could also 
influence neurogenesis (Balu & Lucki 2009; Egeland et al. 2015). 

Therefore, it is clear that stress reduces adult hippocampal neurogenesis, 
but the mechanism and functional consequences still require further in-
vestigation. Overall, stress influences diverse cellular processes, including 
neurotransmission, growth factors, dendritic architecture, so it is most 
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likely that inhibition of neurogenesis contributes to stress in concert with 
multiple other mechanisms (Balu & Lucki 2009). 

2.5. Role of adult hippocampal neurogenesis in anxiety 

Stress suppresses hippocampal neurogenesis, while the pharmacotherap- 
ies, such as antidepressants, elevate adult neurogenesis. Such evidence is 
the basis of the neurogenesis hypothesis of depression, which postulates 
that a decrease in newborn neurons in the dentate gyrus is related to the 
pathophysiology of depression. Interestingly, the ablation of adult hippo-
campal neurogenesis alone does not induce a depressed mood (Saxe et al. 
2006; David et al. 2007; Levone BR 2015). Nevertheless, it can prevent the 
ability of some, but not all, antidepressants to protect from behavioral 
changes in response to stress (Santarelli et al. 2003; Surget et al. 2008; 
David et al. 2009). These studies do suggest that adult hippocampal neu-
rogenesis influences and contributes to antidepressant induced recovery 
from stress, but negative findings have also been reported (Petrik et al. 
2012). However, studies also indicate the involvement of neurogenesis-
independent mechanisms in depressive behavior (David et al. 2007; 
Mendez-David et al. 2014). The neurogenesis-independent phenomena, 
including neuronal remodeling, dentate gyrus evoked activity and neuro-
plasticity, have been linked to onset and recovery of depressive behavior 
in rodents (Meltzer et al. 2005; Airan et al. 2007; Bessa et al. 2009). The 
high level of comorbidity and their similarities suggest that depression 
and anxiety may have shared etiology.  

Hippocampal neurogenesis in the milieu of anxiety has shown incon-
sistent outcomes among the different studies. In the paradigms that en-
hance neurogenesis, such as exercise, both increased (Burghardt et al. 
2004; Fuss et al. 2010) and decreased anxiety (Salam et al. 2009) is ob-
served, which suggests a complex relationship. The inconsistency among 
studies might depend on variable rodent strains, housing conditions, ex-
ercise protocol, the timing of tests in relation to running, and the particu-
lar test used to assess anxiety behavior. On the other hand, the suppres-
sion of hippocampal neurogenesis in rodents is unable to clarify the rela-
tionship. In some studies anxiety was heightened (Bergami et al. 2009; 
Revest et al. 2009), while others observed reduced (Uchida et al. 2011) 
anxiety, or no link (Saxe et al. 2006) after suppression of hippocampal 
neurogenesis.  

The hippocampus is functionally dissociated along the dorso-ventral axis. 
The dorsal pole regulates cognition related behavior, while the ventral pole 
mediates emotional responses (Ferbinteanu & McDonald 2001; 
Bannerman et al. 2002). A recent study suggested a similar functional 
dissociation of adult born neurons in the hippocampus, and demonstrat-
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ed that ablation of ventral newborn neurons diminishes the anxiolyt-
ic/antidepressant effect of fluoxetine under chronic stress. Such studies 
advocate that the location of newborn neurons is vital (Satvat et al. 2012; 
Wu & Hen 2014). A more recent study suggested that enhancing adult 
hippocampal neurogenesis is sufficient to reduce both anxiety and de-
pressive behavior in response to stress, but has no effect on the baseline 
anxiety and depression (Hill et al. 2015). Despite these inconsistent out-
comes, the evidence is strong that adult hippocampal neurogenesis is re-
quired for some beneficial effects of antidepressants. The chronic admin-
istration of antidepressant targeting serotonin neurotransmitter system 
requires hippocampal neurogenesis to be effective in the hyponeophagia 
task (Santarelli et al. 2003) and to reverse behavioral effects of chronic 
mild stress (Surget et al. 2008). Moreover, it has also been demonstrated 
that antidepressants, such as fluoxetine, require hippocampal neurogene-
sis for mood improving action in some, but not in all behavioral tests, 
which suggests that drugs can have both neurogenesis-dependent and 
independent actions (David et al. 2009). The drugs that act via different 
mechanisms, however, such as the CRF1 antagonist and the vasopressin 
1B antagonist, are effective in the absence of adult hippocampal neuro-
genesis (Surget et al. 2008). Environmental enrichment is also a mood 
improving stimulus that does not require adult hippocampal neurogene-
sis. It has been observed that environmental enrichment reduced anxiety 
in mice where adult hippocampal neurogenesis was blocked by X-ray ir-
radiation (Meshi et al. 2006). Even though the X-ray irradiation technique 
robustly blocks the neurogenesis, it also influences the proliferation, dif-
ferentiation and microglia activation (Tada et al. 2000; Mizumatsu et al. 
2003). Therefore, this reduction in anxiety could be a consequence of the 
negative effects of X-ray irradiation in the hippocampus and other brain 
regions. The role of adult hippocampal neurogenesis in the treatment of 
mood and anxiety disorders is highly debatable and remains under in-
tense research.  

2.6. Manipulation of neurogenesis in rodents 

To understand the functional relevance of adult neurogenesis, researchers 
have used a number of methods for suppressing or enhancing adult neu-
rogenesis, including chemical treatments, modifications and genetic ma-
nipulations. Chemicals, such as methylazoxymethanol acetate (MAM) and 
cytarabine (cytosine arabinoside), have been used to inhibit the prolifera-
tion of cells. These drugs have been used to demonstrate the cell types 
involved in neurogenesis (Doetsch et al. 1999) and the role of adult born 
neurons in learning and memory (Shors et al. 2002; Bruel-Jungerman et 
al. 2005). Cytosine arabinoside, however, is neurotoxic (Courtney & Coffey 
1999), rendering this approach problematic. 
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The focal X-ray irradiation has been a very popular technique for investi-
gating the functional relevance of neural stem cells in the hippocampus. 
The X-rays suppress neurogenesis for up to 3 months and reduce around 
80 percent of cells (Tada et al. 2000; McGinn et al. 2008). This has been 
shown to be a consistent and reproducible approach and has allowed the 
generation of a large group of neurogenesis deficient mice in a short time. 
The use of X-ray irradiation has some drawbacks, such as increased mi-
croglia activations, disrupted angiogenesis and altered differentiation 
(Tada et al. 2000; Mizumatsu et al. 2003). Nonetheless, the approach has 
been crucial in advancing the understanding of adult neurogenesis. Using 
this approach it has been established that neurogenesis is required for 
the behavioral effects of antidepressants (Santarelli et al. 2003).  

Genetic approaches have been used extensively to develop transgenic 
mice with ablated or enhanced adult neurogenesis to complement the x-
ray irradiation studies. One such transgenic approach is based on the use 
of GFAP-TK mice, where the herpes simplex virus thymidine kinase is ex-
pressed under the control of a GFAP promoter (Saxe et al. 2006). Admin-
istration of ganciclovir eliminates the proliferating GFAP and TK positive 
cells, and thus ablates neurogenesis. More recently, this model was modi-
fied to achieve increased specificity by expressing thymidine kinase under 
the nestin promoter to ablate adult neurogenesis. Another approach in-
volved the doxycycline-induced overexpression of pro-apoptotic Bax pro-
tein in progenitor cells under the nestin promoter. This leads to a signifi-
cant reduction in the adult neurogenesis in the hippocampus and alters 
anxiety-related behavior. On the other hand, the tamoxifen-induced 
knockdown of Bax protein under nestin promoter has been used to en-
hance adult neurogenesis, which improved the pattern separation (Sahay 
et al. 2011) in rodents and also reduced the anxiety-related behavior un-
der chronic stress (Hill et al. 2015).  

Many cell cycle proteins, including cyclin D2, Cdk5, and Bmi1, which are 
necessary for hippocampal neurogenesis, have been deleted to attenuate 
neurogenesis (Kowalczyk et al. 2004; Zencak et al. 2005; Lagace et al. 
2008). A multitude of transgenic mouse lines have been used to alter 
adult neurogenesis by targeting different genes, such as HDAC2, Notch1, 
NeuroD1, Prox1, Smad4, Sox2 and Trkb (Dhaliwal & Lagace 2011). The 
development of constitutive, as well as inducible transgenic models, have 
provided additional clues in our understanding of the function and im-
portance of adult born neurons in naive and disease state. Each model 
has its own strength and limitations in defining the role of adult born 
neurons. However, there is still a need for improvement in the techniques 
used to manipulate adult hippocampal neurogenesis in order to clarify the 
dependency of antidepressant drugs on neurogenesis. 
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3. Mitogen activated protein kinases (MAPKs) 

MAPKs (mitogen activated protein kinases) are a network of serine-
threonine kinases, which transmit extracellular signals into their intracel-
lular targets and regulate numerous cellular activities, including cell pro-
liferation, differentiation, transformation, survival, and cell death (Seger & 
Krebs 1995; Kim & Choi 2010). MAP kinases are evolutionarily conserved 
from yeast to humans and share a three-tiered signaling cascade 
(Kyriakis & Avruch 2012). Malfunctions in this cascade can result in se-
vere disease states. MAPK signaling has been implicated in the pathogen-
esis of various neurodegenerative diseases, such as Parkinson’s disease 
(PD), Alzheimer’s disease (AD) and Amyotrophic lateral sclerosis (ALS) 
(Kim & Choi 2015). 

3.1. Introduction to MAPK signaling pathways 

In the mammalian family of MAPKs, there are three major kinases: c-Jun 
N-terminal kinase (JNK), p38MAPKs, and extracellular signal-regulated 
kinase (ERK). Each of these exists in several isoforms. JNK has three 
isoforms, JNK1, JNK2 and JNK3, which play critical functions in cellular 
physiology as well as in diseases (Johnson & Nakamura 2007; Yamasaki 
et al. 2012; Coffey 2014). p38 MAPK has four isoforms (p38α, p38β, p38γ, 
and p38δ), of which the extensively studied p38α and p38β are implicated 
in neurodegenerative disorders (Correa & Eales 2012; Kim & Choi 2015). 
ERK has eight isoforms, among which ERK1, ERK2, and ERK5 have been 
studied in the context of mood disorders (Einat et al. 2003). The ERK1and 
2 isoforms are activated by different upstream MAPK/ERK kinases 1 or 2 
(MEK1/2), whereas ERK5 is activated via MEK5.  

Each MAPK signaling cascade is composed of three sequential kinase 
components: a MAPK kinase kinase (MAP3K), a MAPK kinase (MAP2K), 
and a MAPK (Fig 4). The hierarchical sequential phosphorylation of these 
components activates the MAPKs, which in turn phosphorylate diverse 
targets, such as c-Jun, c-Myc, ATF2, Bcl-2 and Bad. MAPK pathways are 
activated either via binary interaction between kinase components or by 
the formation of a multiple kinase signaling complex docked to a scaffold 
protein. Such scaffold proteins orchestrate the specificity and subcellular 
localization of MAPK signaling. JNK-interacting proteins (JIPs) 1-3 serve 
as a scaffold for the JNK pathway, whereas JIP4 is specific for the p38 
MAPK pathway. Kinase suppressor of Ras1 (KSR) and MEK partner 
1(MP1) act as a scaffold for the ERK signaling pathway. Β-arrestin1/2 
acts as scaffolding proteins for both the JNK and ERK signaling pathways 
(Brown & Sacks 2009). Both JNK and p38MAPK signaling are triggered in 
response to a variety of cellular stresses, such as oxidative stress, osmotic 
stress, and genotoxic stress. The pro-inflammatory cytokines, interleukin 
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1β (IL1- β) and tumor necrosis factor-α (TNF- α) as well as microbial com-
ponent (eg. bacterial lipopolysaccharide), also activate these pathways 
(Arthur & Ley 2013). The activation of the JNK pathway is mediated via 
the interaction and sequential phosphorylation of its components JNK, a 
MAP2K, e.g. MKK4 or MKK7 and a MAP3K e.g. MEKK1, ASK3, mixed line-
age kinase (MLK) or transforming growth factor-β-activating kinase 1 
(TAK1) (Davis 2000). The same MAP3Ks (AK3, TAK1) phosphorylate the 
distinct MAP2Ks, MKK3 and MKK6 to activate p38 signaling. The ERK1/2 
kinases are activated by the MEK1/2 upstream kinases in ERK signaling 
pathways. The MEK proteins are activated by three isoforms of Raf: A-Raf, 
B-Raf, and C-Raf, which in turn are activated by small GTPase Ras (K-
Ras, H-Ras or N-Ras). The receptor tyrosine kinase (RTK)-Grb2-SOS sig-
naling axis mediates activation of GTPase Ras family proteins, which play 
an important role in the transmission of the extracellular signal  (Dhillon 
et al. 2007) (Fig.4). 

 
Figure 4. A simple schematic of the MAPK cascade. Various extra- and intracellular 
stimuli including growth factors, cytokines, cellular stressors activates the 3 tier cascade. 
(Figure modified from Sweeney and Firestein, 2007, Nature Reviews Rheumatology 3: 651-
660)  
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3.2. MAPK signaling in the central nervous system and 
implications in anxiety behavior 

MAPK pathways play specialized roles in the central nervous system 
(CNS) by regulating cellular processes, including neuronal differentiation, 
neuronal migration, long-term potentiation (LTP), long-term depression 
(LTD), and synaptogenesis. The function of MAPK signaling in the CNS 
has been demonstrated using knockout and conditional mouse models, as 
well as inhibitor treatments and cell culture studies. A plethora of studies 
have demonstrated the role of ERK signaling in learning and memory. 
ERK1 knockout mouse model has shown that ERK signaling is critical in 
striatal mediated learning and memory (Mazzucchelli et al. 2002). The 
forebrain specific conditional deletion of MEK isoform B-raf kinase affects 
the hippocampal LTP and hippocampal dependent learning (Chen et al. 
2006a). The intra-hippocampal administration of JNK inhibitor DJNKI-1 
and knockout of JNK isoforms suggested a role for JNK signaling in asso-
ciative learning (Sherrin et al. 2010). p38 MAP kinases have also been re-
ported to contribute to associative learning and memory consolidation 
(Zhen et al. 2001; Rossato et al. 2006). The suppression of JNK activity is 
proposed to promote LTP indirectly by impairing depotentiation, which 
may serve to enhance synaptic plasticity (Yang et al. 2011). Synapse reor-
ganization is an important cellular event in mediating LTP and LTD for 
maintaining synaptic plasticity. Strong evidence suggests the requirement 
of MAP kinases, including p38, JNKs and ERKs, in synaptic plasticity in 
the hippocampus (Thomas & Huganir 2004). The reorganization of den-
dritic morphology and dendritic spines underlies synaptic plasticity. Elec-
trophysiological studies have implicated the ERK/MAPK pathway in activ-
ity dependent formation of dendritic filopodia (Thomas & Huganir 2004). 
Recent evidence suggested the requirement of JNK kinases in dendrite 
formation and axonal guidance by regulating microtubule and actin dy-
namics (Bjorkblom et al. 2005; Coffey 2014; Komulainen et al. 2014). p38 
MAPK signaling has been postulated to be involved in actin remodeling in 
the spines, which are small protrusions where synapses are formed 
(Correa & Eales 2012).  

In addition, JNK signaling is required for neuronal migration and axonal 
elongation during brain development and for the stress induced neuronal 
cell death in the adult brain (Yamasaki et al. 2012; Coffey 2014). 
ERK/MAPK signaling influences neuronal differentiation and maturation, 
as well as axonal growth, as has been demonstrated using conditional 
knockout models. The deletion of the ERK2 isoform specifically in the 
neural progenitors reduces the overall cortical neurogenesis by impairing 
the proliferation and differentiation during neural development (Samuels 
et al. 2008).  
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More recently, the ERK5 isoform that shares sequence homology with 
ERK1/2 has emerged as a regulator of adult neurogenesis. The inducible 
and conditional deletion in the neurogenic regions of adult mice attenuat-
ed adult neurogenesis in the hippocampus and disrupted the hippocam-
pal dependent memory. In contrast, the gain of function knock-in mouse 
mutant used to specifically activate ERK5 in the neurogenic regions in-
creased adult born neurons in the dentate gyrus by augmenting the sur-
vival, differentiation and dendritic complexity (Pan et al. 2013).  

Besides its role in the aforementioned processes, in the last decade the 
ERK/MAPK signaling has been implicated in the anxiety and depressive 
behavior (Duman et al. 2007). ERK/MAPK signaling has been activated in 
the patients treated with mood stabilizers, such as lithium or valproic ac-
id (Einat et al. 2003). Preclinical studies revealed an altered activity of 
ERK/MAPK signaling after administration of antidepressants like fluoxe-
tine and imipramine, although the results are inconsistent among studies 
(Tiraboschi et al. 2004; Fumagalli et al. 2005). Moreover, reduced levels of 
pERK1/2 have been reported in the post-mortem brains of patients suf-
fering from depression (Dwivedi et al. 2001). Interestingly, a recent study 
showed increased activity of ERK1/2, JNK and p38MAPK in the hippo-
campus of mice subjected to an acute session of forced swim test and tail 
suspension test. They also showed antidepressant-like effects after acute 
blockade of MAPK signaling using MEK, p38MAPK and JNK inhibitors 
(Galeotti & Ghelardini 2012). Very little is known about the role of MAP 
kinases in regulating emotional behavior, in particular, JNK family of 
MAPK has not been studied in this perspective. The work presented in 
this thesis has mainly addressed the role of JNK subfamily of MAPKs. 

4. c-Jun- N-terminal kinase (JNK) pathway 

The JNK subfamily of MAPKs was first purified as protein kinases from 
the rat liver after cyclohexamide treatment,  and they were able to phos-
phorylate microtubule associated protein 2 (MAP2) on Ser/Thr residues 
(Kyriakis & Avruch 1990). Later, they were renamed as c-jun N-terminal 
kinases (JNKs) due to their strong phosphorylation of the c-jun transcrip-
tion factor (Pulverer et al. 1991). JNKs are also known as stress activated 
protein kinases (SAPKs), as they are activated by many types of external 
stress, including heat shock, UV radiations, and inflammatory cytokines. 
There are three JNK genes encoded in the mammalian genome, namely 
jnk1 (Mapk8), jnk2 (Mapk9) and jnk3 (Mapk10). In humans, the jnk1, jnk2 
and jnk3 genes are mapped to chromosome 10, 5 and 4, respectively. In 
rodents, they are present on chromosome 14, 11 and 5 in mouse, and 
chromosome 16, 10 and 14 in the rat (Haeusgen et al. 2011). There are 10 
alternative transcripts for the jnk gene, jnk1 and jnk2 have four tran-
scripts, whereas jnk3 has two transcripts. All the isoforms arise from jnk 
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gene transcripts after alternative splicing in two subdomains (α and β 
JNK isoform) and the C-termini (JNK type 1 and 2), and fall in the weight 
categories of 46 and 54 kDa (Gupta et al. 1996). The expression pattern of 
JNKs differs significantly during development and adulthood; jnk1 and 
jnk2 expression begins early at embryonic day 8, and jnk1 is detectable at 
embryonic stage 11. JNK1 and JNK2 are ubiquitously expressed in the 
mammals, whereas JNK3 is exclusive to the brain and testis (Kuan et al. 
1999).  

JNK kinases phosphorylate numerous cytoplasmic and nuclear sub-
strates, including the c-jun, and AP-1 transcription factors, various apop-
totic proteins and microtubule associated protein (MAPs) (Bogoyevitch & 
Kobe 2006). Through these substrates, JNKs regulate stress responses as 
well as physiological processes. The activation of JNK signaling follows the 
classical three-tiered-cascade, also known as a core-signaling module. 
JNKs are activated by two upstream kinases, mitogen activated protein 
kinase kinase 4 (MKK4) and MKK7. These are dual specificity Threonine 
(Thr) and Tyrosine (Tyr) kinases, but preferentially MKK4 phosphorylates 
Tyr residues, and MKK7 phosphorylates Thr residues in the activation 
loop of JNKs (Kishimoto et al. 2003). Both of these kinases are activated 
by various MAP3Ks, including mixed lineage protein kinases (MLKs), 
apoptosis signal-related kinases (ASKs) and dual leucine zipper kinases 
(DLK) (Cuevas et al. 2007). In addition, the high degree of specificity of 
JNK signaling is mediated by various scaffold proteins, including JNK in-
teracting protein (JIP)1, JIP2 and JIP3 (JNK/SAP associated protein-1, 
JSAP1) (Yasuda et al. 1999). These scaffold proteins create a multienzyme 
complex and provide a physical conduit for the signal transduction. JNK 
activity is tightly regulated and employed at moderate levels in most of the 
mammalian tissues, yet it is constitutively active in the brain. Gene 
knockout studies of JNKs in mice have revealed diverse and essential 
roles of JNK signaling in the brain. 

4.1. Physiological functions of JNK signaling in the brain 

JNK kinases are multifunctional and are involved in many physiological 
processes. The JNK subfamily plays a crucial role in the fundamental de-
velopmental processes, such as organogenesis by regulating proliferation, 
cell survival, and apoptosis. Both in vitro and in vivo studies have empha-
sized the importance of JNK signaling in the nervous system. Indisputable 
evidence from studies with JNK-knockout mice has highlighted the re-
quirement of JNK activity in brain development. All three JNK isoforms, 
as well as the upstream activators MKK4 and MKK7, have been knocked 
out to understand the importance of JNK signaling. Mice lacking only one 
of these genes, i.e. jnk1, jnk2 or jnk3, survived normally without any de-
velopmental defects. Even the double mutant mice lacking jnk1 and jnk3 
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or jnk2 and jnk3 survived, but the double mutant lacking jnk1 and jnk2 
die between embryonic stages 11 (E11) and E12 and display the exen-
cephaly phenotype due to deregulated apoptosis in the brain (Coffey 
2014). Apoptosis was found to be increased in the forebrain of Jnk1-/-, 
Jnk2-/-mice with increased capase-3 activity, whereas cell death was re-
duced in the lateral edges of hindbrain before the neural tube closure 
(Johnson et al. 1993). Taken together, this suggests that JNK1 and JNK2 
have both pro- and anti-apoptotic functions in brain development. The 
double knockout of Jnk1 and Jnk3 or Jnk2 and Jnk3 does not exhibit any 
neural tube defects (Kuan et al. 1999; Sabapathy et al. 1999). Interesting-
ly, mice with genetic ablation of an upstream JNK activator, MKK4 or 
MKK7, does not display any defects in neural tube development. However, 
the single knockouts of Mkk4 and Mkk7 die between E11.5-E13.5 due to 
impaired liver formation (Asaoka & Nishina 2010). Among the JNK sub-
strates, null mice of c-jun, Atf2 do not phenocopy the neural tube defects 
of Jnk1-/-, Jnk2-/-mice. The mice lacking c-jun die because of hepatic 
abnormalities similar to Mkk4-/- or Mkk7-/- mice, whereas the Atf2-/- 
mice die at birth due to respiratory failure (Johnson et al. 1993; Maekawa 
et al. 1999). To date, only one JNK substrate, myristoylated alanine rich 
C-kinase substrate like protein (MARCKSL1, also known as MacMARCKS) 
has been identified (Björkblom et al. 2012), which causes neural tube de-
fects after ablation (Chen et al. 1996a).  

Studies using JNK inhibitor and Jnk1-/- mice established that JNK1 is 
required during the later stages of brain development. After neural tube 
formation, the neural progenitors proliferate and give rise to immature 
neurons. These further migrate to their final positions, where they extend 
neurites. In the developing cortex, immature neurons migrate to form cor-
tical layers where they extend neurites for proper brain development. 
However, in Jnk1-/- mice the radial migration of cortical neurons is ab-
normally accelerated, which leads to thicker cortical plates and thinner 
ventricular zones. These results suggest that JNK1 regulates neuronal 
migration and is required for proper cortical layer formation during corti-
cal development (Westerlund et al. 2011). Moreover, a large body of evi-
dence from knockout mice and from isolated neurons shows that JNK1 
regulates neurite formation and maintenance. Two types of neurites are 
extended from a developing neuron: dendrites and axons. In the cortex 
and the cerebellum of Jnk1-/- mice, the dendritic complexity was in-
creased and the dendritic length was reduced in comparison to the wild 
type mice. The isolated cerebellar granule neurons from Jnk1-/- mice also 
show evidence of shorter dendrites and more primary dendrites (Coffey et 
al. 2000; Bjorkblom et al. 2005). In contrast, the genetic ablation of JNK1 
does not affect the axon formation during initial embryonic development, 
the corpus callosum and anterior commissures appear normal. However, 
after postnatal day 6, the anterior commissure tract degenerates with 
progressive loss of microtubules in axons and dendrites (Chang et al. 
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2003). Moreover, the neurons lacking jnk isoforms also display signs of 
axonal hypertrophy. In addition, the genetic deletion of JNK pathway 
components creates axonal abnormalities (Xu et al. 2011). For example, 
JIP3-deficient mice display defects in axon guidance (Ha et al. 2005). Tak-
en together, these studies demonstrate the role of JNK1 in maintaining 
the axonal trajectories. The mechanism by which JNK maintains the neu-
ronal architecture has been attributed to both neuronal and cytoskeletal 
substrates. One mechanism is via the phosphorylation of MAPs (microtu-
bule associated proteins), such as MAP1b, MAP2, SCG10 (superior cervi-
cal ganglion 10) and DCX (doublecortin) (Chang et al. 2003; Bjorkblom et 
al. 2005; Tararuk et al. 2006; Westerlund et al. 2011). MAPs are known to 
bind microtubules and modulate their stability. The phosphorylation of 
these MAPs by kinases such as JNK, regulates their binding to the micro-
tubules. Phosphorylation of MAP1B, MAP2 and SCG10 is reduced in 
Jnk1-/- mice. Moreover, the JNK-site phosphomimetic mutants of MAP2 
and SCG10 restore the normal phenotype in brains of Jnk1-/- embryos 
(Westerlund et al. 2011; Komulainen et al. 2014). Overall, JNK is an im-
portant kinase that regulates the critical events during brain develop-
ment.  

In the adult brain, JNK is reported to regulate synaptic plasticity. Synap-
tic plasticity forms the fundamental basis of learning and memory. It is a 
biological process that results in the change in synaptic strength in re-
sponse to stimuli. The vital events that modulate synaptic plasticity in-
volve NMDAR activation (NMDA glutamate receptors), calcium influx and 
AMPARs recruitment. NMDARs are known to activate JNKs (Mukherjee et 
al. 1999), and also the lack of JIPs has been suggested to affect NMDAR 
function (Kennedy et al. 2007). Moreover, JNKs phosphorylate PSD95 
(Kim et al. 2007) and GluA2 (AMPAR subunit) (Ahn & Choe 2010) pro-
teins, which are important regulators of synaptic plasticity. In addition, 
the absence of LTD has also been reported in Jnk1-/- mice and JNK in-
hibitor treated rats. Another study has shown JNK2 is required for late 
phase LTP (Chen et al. 2005). Indeed, the importance of JNK in maintain-
ing synaptic plasticity is evident, but its targets need to be elucidated. To 
gain further understanding of the role of JNK in the adult brain the work 
presented in this thesis has addressed issues of the motor functions and 
emotional functions in Jnk1-/-mice (Study II and III). 

4.2. Role of JNK in regulating neuronal cytoskeleton 

The cytoskeleton is a structural element that defines eukaryotic cells, and 
neurons are very specialized eukaryotic cells that extend neural processes 
to form synaptic connections in the central nervous system. Like other 
eukaryotic cells, neurons comprise of three main polymers: microtubules, 
actin filaments, and intermediate filaments. Each polymer has a distinc-



Review of literature 

36 

tive composition, structure and organization that may be further special-
ized in the particular cell type (Kirkpatrick & Brady 1999).  

Neuronal microtubules are quite similar in their basic structure to the 
ones found in eukaryotes. The core of microtubules is a polymer of tubu-
lin subunits. The alpha and beta-tubulin heterodimers align on their ends 
to form protofilaments. Thirteen of these protofilaments join laterally to 
form a rod-like microtubule structure. These are quite dynamic, and are 
able to undergo repetitive cycles of growth and disassembly, which is con-
trolled by the GTPase activity of tubulin dimers. The tubulin dimers are 
added at the ‘plus’ end where β-tubulin is exposed due to GTP hydrolysis. 
The opposite end, which grows more slowly, is called the ‘minus’ end. The 
balance between assembly and disassembly at both ends defines the net 
growth in free microtubules. In the case of non-neuronal cells, the minus 
end is tethered to a nucleation site, which is associated with the microtu-
bule-organizing center (MTOC). The anchoring and nucleation help to de-
fine the polarity of microtubules.  

However, in the brain the pool of microtubules is composed of a strikingly 
more diverse range of components. These include a variety of tubulin iso-
types, for example, some neuron specific class III and IVa isotypes, many 
post-translational tubulin modifications, and various microtubule-
associated proteins. The brain microtubules also differ in their organiza-
tion according to their location, which enables them to perform designat-
ed tasks in a particular environment. For example, they differ between 
axons and dendrites by at least two aspects. The axonal microtubules ex-
hibit uniform polarity, with their plus ends extending distal to the cell 
body, whereas dendrite microtubules display mixed polarity. In addition, 
they also differ in the composition of the microtubule-associated proteins, 
for example, MAP2 is primarily found in dendrites whereas tau is present 
in axons (Conde & Caceres 2009). The brain microtubules exhibit a varie-
ty of different post-translational modifications (e.g. phosphorylation, acet-
ylation, palmitoylation, polyglutamylation, polyglycylation and detyrosina-
tion), which affect the stability of the microtubule structure (Fukushima 
et al. 2009). In addition, there are some small molecules, such as taxol, 
epothilones, discodermolide, that stabilize the microtubule assembly, 
while others, such as colchicine and vinblastine, destabilize it (Stanton et 
al. 2011). 

The actin cytoskeleton is more diverse in composition and organization. 
Actin microfilaments are made of actin monomers, which get twisted 
around each other to appear like a string of pearls. Actin filaments are 
distributed throughout neurons and glia, and are particularly enriched in 
the presynaptic terminals, dendritic spines and growth cones. They are 
most apparent along the membrane and axonal microtubules as a mesh-
work of short oligomers. Actin filaments are also highly dynamic, under-
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going continuous polymerization and depolymerization. The hydrolysis of 
ATP mediates the switch between the monomeric G-actin form and fila-
mentous F-actin form. The F-actin polymers also display structural polar-
ity with pointed (minus) and barbed (plus) ends. The ATP bound G-actin 
monomers are added at the barbed end to maintain the dynamic growth, 
whereas the ADP bound monomers detach from the pointed end. This 
treadmilling process of actin filament polymerization and depolymeriza-
tion is the basis of filopodia and lamellipodia which are required for such 
processes as adhesion, motility, endocytosis and cell migration.  

Another cytoskeletal element that is found throughout the cell body is the 
intermediate filament. This is a large family of proteins classified into five 
groups and expressed in a wide range of organisms from invertebrates to 
mammals. In neurons, this set of filaments is known as neurofilaments, 
which consist of three subunits, high, medium and low, according to their 
molecular weight. They are expressed by a separate set of genes and clas-
sified under group IV intermediate filaments along with nestin and syne-
min. Some of the brain related intermediate filaments also belong to class 
III, such as vimentin, periphrin, and GFAP. Neurofilaments play an im-
portant role in maintaining cellular and axonal volume and are suggested 
to provide mechanical strength and stabilize cytoskeletal framework to 
eukaryotic cells (Yuan et al. 2012). 

4.2.1. JNK regulates microtubule dynamics via Microtubule 
associated protein 2 (MAP2) 

A large body of evidence suggests that JNK1 is directly involved in the 
maintenance of microtubule integrity in axons and dendrites during de-
velopment and aging of the nervous system. It has been suggested that 
JNK1 regulates microtubule dynamics by phosphorylating MAP2. MAP2 
belongs to a family of microtubule stabilizing proteins that are efficiently 
phosphorylated by several protein kinases, including MAP kinases. MAP2 
is directly phosphorylated by JNK1 in vitro (Kyriakis & Avruch 1990) and 
in vivo (Bjorkblom et al. 2005). Its isoform, JNK2, shares 83% sequence 
homology with JNK1, but does not phosphorylate MAP2 as efficiently as 
JNK1 (Chang et al. 2003). In comparison to other MAP kinases, JNK was 
more efficient than p38 or ERK in phosphorylating MAP2. JNK1 is ex-
pressed ubiquitously throughout the body. However, its microtubule as-
sembly function appears to be specific to neurons, which might be be-
cause MAP2 is primarily enriched in dendritic compartments of the neu-
ronal subpopulation. Moreover, these two proteins colocalize in the soma-
to-dendritic compartments of neurons. Further, it has been demonstrated 
that the cytoplasmic pool of JNK is regulating neurite outgrowth by phos-
phorylating MAP2 (Bjorkblom et al. 2005). Björkblom et al. have also 
shown that activation of JNK increased the specific phosphorylation of the 
Thr-Pro motif in the C-terminal of MAP2 by many fold.  
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In Jnk1-/- mice, MAP2 phosphorylation is reduced on the proline-rich 
domain PRD residues, which have been suggested as the phosphorylation 
sites of JNK1 (Bjorkblom et al. 2005). These Jnk1-/- mice also displayed a 
significantly increased level of immunoreactivity to the antibody raised to 
detect dephosphorylated MAP2 in Thr 1620 and 1623 residues of the PRD 
region (Bjorkblom et al. 2005). 

4.2.2. JNK regulates actin dynamics via Myristoylated alanine-rich C-
kinase substrate like protein (MARCKSL1) 

MARCKSL1, (also known as MacMARCKS and MRP) along with its homo-
log MARCKS, belongs to a distinct family of protein kinase C substrates 
(Aderem 1992). It has been implicated in such processes as cell spreading 
and exocytosis. MARCKSL1 and MARCKS are both known to interact with 
the plasma membrane and bind actin. Both proteins are similar in many 
other aspects, e.g., they are acidic, amphiphilic, have conserved N-
terminal domains with a myristoylation recognition site responsible for 
membrane attachment, and have a central basic effector domain (ED) for 
facilitating actin and Ca+/calmodulin binding. However, the protein 
MARCKSL1 is 30 % smaller than MARCKS, and they differ in their affinity 
towards the plasma membrane. It has been suggested that MARCKSL1 is 
always bound to the plasma membrane after phosphorylation (Verghese et 
al. 1994; van den Bout et al. 2008). Their expression patterns also differ. 
MARCKSL1 is expressed prominently in the brain and reproductive tis-
sues, whereas MARCKS is omnipresent (McNamara & Lenox 2000). 
MARCKSL1 plays a critical role during the development of the nervous 
system, as was illustrated in MARCKSL1 knockout animals, which pre-
sented  a range of neural tube defects, including exencephaly and spina 
bifida, resembling Jnk1-/- Jnk2-/- mice phenotype. These studies suggest 
that MARCKSL1 knockouts might be a model to understand the underly-
ing mechanism of neural tube defects. The neural tube closure is basical-
ly mediated by events that are highly dependent on the coordinated con-
trol of actin dynamics.  

The MARCKS family proteins regulate actin bundling through the ED, 
which contains the actin binding site (Wohnsland et al. 2000). PKC phos-
phorylates MARCKS on serine 152, 156 and 163 and MARCKSL1 on 
ser93 and ser104 in the ED, and modulates their interaction with actin. 
MARCKS has been studied broadly for its role in actin bundling. The actin 
binding and polymerization is disrupted when the ED of MARCKS is 
phosphorylated by PKC or upon Ca+/calmodulin binding. The phosphory-
lation leads to conformational changes, which detach MARCKS from the 
plasma membrane and also inhibit cross-linking with the actin cytoskele-
ton. It has also been shown that a peptide containing the MARCKSL1 ED 
cross linked the actin cytoskeleton and increased polymerization and 
bundling in vitro while the full length intact MARCKSL1 did not affect the 
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actin polymerization (Wohnsland et al. 2000; Arbuzova et al. 2002). This 
discrepancy suggests that intact MARCKSL1 has to undergo another level 
of regulation, such as conformational change or proteolytic cleavage, to 
make the ED accessible.  

There is still much to learn about the role of MARCKS family proteins in 
the regulation of actin bundling in cells. It has been proposed that the ac-
tin regulating potential of MARCKS and MARCKSL1 is a secondary effect 
of their capability of sequestering acidic phospholipids at the membrane. 
Basically, the hypothesis suggests that upon PKC phosphorylation 
MARCKS is translocated to the cytosol and exposes other actin regulating 
proteins to acidic phospholipids, such as PIP2 (Arbuzova et al. 2002). 
However, MARCKSL1 does not translocate to the cytosol upon PKC medi-
ated phosphorylation (Chen et al. 1996a), so the proposed hypothesis 
seems to be incorrect for MARCKSL1. In the work presented as Study I of 
this thesis, the interactions of MARCKSL1 and actin filaments were inves-
tigated in further details.  

4.3. Stress and JNK signaling 

JNK signaling has been implicated in various stress responses. Stress is 
the most potent inducer of JNK. Such forms of stress as heat shock, UV 
radiation, inflammatory cytokines, brain injury and ischemic stress acti-
vate JNK pathways. A large body of evidence has indicated that JNK sig-
naling is required or involved in stress related responses (Devary et al. 
1992; Derijard et al. 1994; Kyriakis et al. 1994; Ferrer et al. 1996). For 
instance, heat shock and anisomysin (a protein synthesis inhibitor) 
treatment of the cells leads to activation of JNK and phosphorylation of 
heat shock factor 1 (HSF1). In contrast, the inhibition of JNK reduced the 
phosphorylation of HSF1 after heat shock and anisomysin treatment 
(Park & Liu 2001). Similarly, UV induced apoptosis is also mediated by 
JNK activation. The mechanism underlying JNK activation has not yet 
been well elucidated, but overexpression of dominant negative JNK 
blocked the UV-induced apoptosis (Chen et al. 1996b). However, these 
studies did provide some insight by suggesting that the membrane related 
components and oxidative damage involved in UV-induced JNK activation. 
Also, some mitochondrial related cellular sensors might play a role in the 
heat shock induced JNK activation. In addition, the combination of envi-
ronmental stress and inflammatory cytokines of the TNF (tumor necrosis 
factor) superfamily strongly activate the JNK pathway (Kyriakis & Avruch 
2001). The JNK signaling pathway has therefore been considered as a po-
tent target for novel anti-inflammatory drugs.  

Brain injuries, such as stroke, traumatic brain injury, ischemic brain in-
jury, that occur in living organisms and can be neurodegenerative, can 
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cause massive brain damage. Ischemic brain injury has been correlated 
with activation of JNK signaling. In vivo models of global ischemia have 
shown activation of JNK and other MAP kinases, including p38 and ERK 
within 5 min in CA1 and CA3 of the hippocampus. The activity of JNK 
and p38 was enhanced 72 hrs after reperfusion (Sugino et al. 2000), while 
the JNK inhibition in a transient model reduced apoptosis in the CA1 re-
gion of the hippocampus. Similar observations were made in another 
model of transient focal cerebral ischemia, where 60 min of cerebral oc-
clusion of middle artery induced JNK activity while inhibition of JNK us-
ing SP600125 inhibitor reduced apoptotic death (Guan et al. 2005). JNK 
suppression has been considered as the prominent choice for treatment 
in stroke. The inhibition of JNK using a D-retroinverso peptide inhibitor 
(DJNKI-1) in an in vivo transient stroke model has led to significant re-
duction in the size of the lesion. Moreover, this reduction of lesion size al-
so improved the animal behavior (Borsello et al. 2003). Additionally, 
Borsello et al., showed that inhibition of JNK conferred protection against 
the excitotoxic stress induced by the NMDA administration in cortical 
cells. These results implicate the critical role of JNK signaling in excitotox-
ic and ischemic stress.  

Recently, other forms of stress, such as psychological stress or physical 
stress, which are more relevant to psychological disorders, have been 
shown to induce JNK activation. Studies have shown that forced swim 
stress, which involved both physical as well as psychological distress, ac-
tivates MKK4 and JNK. The activation of both kinases has been observed 
in different brain regions, including the hippocampus, hypothalamus, and 
amygdala. Another paradigm of restraint stress with less physical and 
more psychological stress components also induced activation of MKK4 
and JNK in the mouse brain (Liu et al. 2004). More recently, Galeotti & 
Ghelardini demonstrated regionally differentiated activation of JNK along 
with other MAPK signaling in the hippocampus and the prefrontal cortex 
after forced swim stress and tail suspension stress paradigms (Galeotti & 
Ghelardini 2012). In addition, chronic isolation stress paradigm in rats 
compromised JNK signaling in the hippocampus and the prefrontal cortex 
(Filipovic et al. 2012). These studies clearly point out that anomalous acti-
vation of JNK signaling might be one of the underlying mechanisms in the 
pathogenesis of stress related disorders like anxiety and depression. 

4.4. JNK in neuropsychiatric disorders 

Neuropsychiatric disorders are a constant challenge for neurobiologists. 
With the advent of new technology, the psychiatric conditions have been 
associated with specific brain structures and some genetic abnormalities. 
Human genetic studies have revealed genes associated with JNK signaling 
that confer susceptibility to schizophrenia, intellectual disability and au-
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tism spectrum disorders (Shoichet et al. 2006; Weiss et al. 2008; Kunde et 
al. 2013). A truncation in JNK3 has been found in patients with intellec-
tual disability and seizures. It has been claimed that this truncation re-
duced the JNK signaling which results in deleterious effects on neuronal 
function (Kunde et al. 2013). A genetic association study identified two 
SNPs (single nucleotide polymorphisms) in the MKK7 (kinase directly up-
stream of JNK) that confer genetic susceptibility to schizophrenia. One of 
the polymorphisms was found in the 3´untranslated region of the MKK7 
and is required for its targeting into the growth cones. Moreover, de-
creased expression of MKK7 was also observed in the prefrontal cortex of 
post-mortem brains of patients suffering from schizophrenia (Winchester 
et al. 2012). This suggests that reduced JNK signaling may be responsible 
for some of the neurochemical anomalies and core symptoms of the disor-
der.  

Dendrite and spine structure anomalies are the hallmark of neuropsychi-
atric disorders. Recently, the microdeletion and microduplication of 
chromosomal region 16p11.2 have been associated with autism spectrum 
disorders (Weiss et al. 2008). The protein TAOK2 (thousand and one ami-
no acid 2), is located on chromosome 16p11.2 and regulates basal den-
drite formation in the mouse cortex. Downregulation of TAOK2 impairs 
the formation of basal dendrites (Weiss et al. 2008). Moreover, TAOK2 is 
reported to activate the JNK family kinases to modulate the basal den-
drites in the cortex (de Anda et al. 2012). A study of the gene encoding 
IL1RAPL1 (interleukin-1 receptor accessory protein-like 1), provides an 
additional clue that JNK signaling may play a key role in the psychiatric 
disorders. A mutation in the IL1RAPL1 protein has been associated with 
intellectual disability. Recently, this mutation has been found to impair 
the synaptogenesis (Ramos-Brossier et al. 2015). In addition, the loss of 
this gene reduced the number of excitatory synapses as well as lead to 
defects in long term synaptic plasticity. Interestingly, the IL1RAPL1 medi-
ates its action through JNK activation (Pavlowsky et al. 2010). Altogether, 
these findings highlight the relevance of JNK signaling in psychiatric dis-
orders. 

4.5. The JNK pathway as a therapeutic target 

Due to the critical role of JNK in regulating events commonly associated 
with the pathogenesis of many human diseases, JNK inhibitors have 
gained considerable interest as therapeutics. In the last few decades, high 
throughput screening of chemical libraries for kinase activity and struc-
ture based drug design has revealed several ATP-competitive JNK inhibi-
tors. The determination of X-ray structures of the MAPK family proteins 
also provided new approaches for designing potent and selective inhibi-
tors of JNKs. The pyrazoloanthrone derivative SP600125 was the first 
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small molecule JNK inhibitor reported. SP600125 has been tested in ani-
mal models of stroke, where it showed neuroprotective effects, even when 
administered one hour after global transient ischemia (Guan et al. 2005). 
It also improved the functional recovery of mice subjected to spinal cord 
injury (Yoshimura et al. 2011). However, the specificity of SP600125 has 
been questioned. When SP600125 was tested under different conditions 
for a broad range of kinases, it was found to inhibit several other kinases 
with similar or greater potency (Bain et al. 2003).  

Another chemical compound that has been reported is CEP-1347, which 
is a semi-synthetic MLK inhibitor. It is derived from the naturally occur-
ring K52a and blocks the upstream components of the JNK pathway. 
CEP-1347 prevented neuronal death in in vivo models of Parkinsons and 
Alzheimer’s disease (Wang et al. 2004; Silva et al. 2005). Recently, thio-
phene and aminopyridine based JNK inhibitors have been developed with 
enhanced specificity, selectivity and pharmacokinetics (Szczepankiewicz et 
al. 2006; Hom et al. 2010; Bowers et al. 2011). These chemical inhibitors 
showed increased potency in the nanomolar range and suitable pharma-
cokinetics for in vivo use. The pyridine based compounds showed a 1000 
fold higher selectivity for the JNK1 and JNK2 isoforms than other MAP 
kinases (Szczepankiewicz et al. 2006). The aminopyridine inhibitors are 
JNK3 specific and demonstrate good CNS permeability as well as bioavail-
ability. However, the JNK inhibitors that are not isoform specific showed 
most neuroprotective effects in vivo (Graczyk 2013).  

The ATP-competitive inhibitors have the potential disadvantage that their 
efficacy is reduced under conditions of high levels of endogenous ATP, as 
has been reported for SP600125 (Bennett et al. 2001). Therefore, alterna-
tive inhibitors have been developed to target the peptide substrate binding 
sites to inhibit the kinases. DJNKI-1 is one such peptide inhibitor (Bonny 
et al. 2001) that blocks the access of kinase to its targets, by causing an 
allosteric modulation in the JNK kinase. It prevents the protein-protein 
interaction between kinase and substrate without affecting the activity of 
kinase. It is made by linking 20 amino acid sequence from JIP1 (JNK in-
hibitory scaffold protein) to the 10 amino acid TAT peptide sequence (HIV-
transport sequence). The JIP1 and JNK targets, including c-jun share the 
same binding motif, but JNK has a 100 fold higher binding affinity for 
JIP1 than for c-jun, which is the reason why this peptide blocks the ac-
cess of the other substrates. The TAT delivery sequence helped in pene-
trating the membrane and D-amino acids confer stability to the peptide. 
DJNKI-1 confers strong neuroprotection in both in vitro and in vivo mod-
els. It completely inhibited neuronal death in cortical neurons, as well as 
in organotypic tissue cultures after excitotoxic stress with NMDA. In ro-
dent models of ischemia, the peptide showed strong protection. In a tran-
sient ischemia model, the intracerebroventricular injection of DJNKI-1 af-
ter 6 hours of occlusion reduced the infarct volume significantly. Intraper-
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itoneal and intravenous injection of the peptide after 6 hours in the per-
manent middle cerebral artery occlusion model (MCAO) also showed a 
significant reduction in infarct volume (Borsello et al. 2003; Wiegler et al. 
2008). At the present, the only approved therapy for ischemic stroke is 
tissue plasminogen activator (tPA), which needs to be administered within 
3 hours of onset of ischemia. Therefore, the protection observed after 6 
hours following the onset of stroke makes DJNKI-1 a promising therapeu-
tic option for treatment of stroke. 
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Objectives 

Architectural defects in the dendrites and altered distribution of spines 
have been reported in association with anxiety disorders. Recently, adult 
hippocampal neurogenesis has achieved considerable attention in the 
pathophysiology and treatment of anxiety disorders. Also, although the 
current parmacotherapies offer relief from the symptoms of these disor-
ders, they do not reverse the underlying changes.  

JNK signaling has been studied in both the physiological and pathological 
context, and JNKs have been shown to be involved in the maintenance of 
axodendritic architecture and have a role in neuronal death induced by 
cellular stress. Recently, human genetic data has shown that genes in-
volved in the JNK pathway are deregulated in various neuropsychiatric 
disorders.  

The role of JNK signaling has also been indicated, although not studied, 
in the context of mood disorders. Therefore, the main focus of the work 
presented in this thesis was to directly address whether JNK signaling 
regulates the structural and neurogenic changes associated with anxiety 
disorders.  
This thesis focused on the following research questions: 

 To validate that JNK signaling regulates anxiety behavior, (based 
on findings in a pilot study) by i) performing anxiety behavioral 
tests on Jnk1-/-mice and, ii) measuring anxiety in mice treated 
with a JNK inhibitor. 

 To elucidate if JNK controls adult hippocampal neurogenesis, 
which is associated with anxiety behavior in mice. 

 To investigate if JNK phosphorylation of actin bundling protein 
MARCKSL1 affects the migration of neurons  

 To test whether the JNK1 alteration of dendrite architecture in the 
motor cortex correlates with motor behavior defects in Jnk1-/- 
mice. 

 To investigate the role of JNK in regulating dendritic spines and to 
screen for potential downstream substrates. 
 

In particular, the results from these experiments provide a deeper under-
standing of JNK signaling in anxiety-related behavior. These findings sug-
gest that JNK is a major player in regulating the neurogenic changes as-
sociated with anxiety disorders. Moreover, the results also shed light on 
the role of JNK signaling in determining the dendrite and spine architec-
ture, which are also impaired in anxiety related behavior. 
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Experimental Procedures 

The experimental material and methods are discussed briefly in this sec-
tion. More details concerning the specific experiment are described in the 
publications and manuscripts (1-IV) 

1. Materials 

1.1. Plasmids 

iMARCKSL1 wild type, iMARCKSL1S120A,T148A,T183A, and iMARCKSL1 

S120D,T148D,T183D insensitive mutants were prepared by insertional overlap 
into p1xCherry-N1(gift from C.Verhey, Department of Cell and Develop-
mental Biology, University of Michigan, USA) and pEGFP-N1 (Clonetech) 
for Study I.  

The wild type HMW-MAP2, GFP-HMW-MAP2-T1619D,T1623D,T1625D, or  GFP-
HMW-MAP2-T1619A,T1623A,T1625A were prepared using the strategy described 
in more detail in Study II. For in utero electroporations, the CMV promoter 
was changed to a CAG promoter for better expression in the brain. 
pcDNA3-MKK7-JNK1, used in studies I and II, was a gift from Roger J 
Davis and pCMV from Harvey McMahon. The EGFP-DCX was bought from 
Clontech and EGFP-PSD95 was provided by Michael Courtney (A.I. Vir-
tanen Institute, University of Eastern Finland, Kuopio) for Study IV. The 
EGFP-DCX-S334DT331D and PSD95-S295D mutants used were prepared 
in the lab using the mutagenesis protocol described in the in Study IV. 

1.2. siRNAs and shRNAs 

To silence MARCKSL1, two sequences (seq#5::-5´-GAACGGAACAGAUGA 
GGCA-3´ and seq#6::-5´GGCCUGUCCUUCAAGAGAA-3´) were used. One 
non-targeting (NT) shRNA was designed and cloned into the pGIPz len-
tivector (OpenBiosystems, Huntsville, AL-US) as described in Study I. The 
non-targeting shRNA and silencing shRNA for DCX used in Study IV were 
provided by Lo Turco, University of Connecticut, USA. The 5´-
GCUAAUACCUAUCAAAU-3´non targeting and 5´UCUAGCUGCUAUCAU 
UGAA-3´siRNA sequences were used for SCG10 knockdown in neuronal 
cultures in Study IV. 
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1.3. Antibodies 

List of antibodies used in the studies: 

Name Source/Type Supplier Application
Phospho-JNK Rabbit/polyclonal Cell signaling WB
pan-JNK Rabbit/polyclonal Upstate Biotechnology WB
JNK1/2 Mouse/monoclonal Pharmingen WB
Phospho PSD95 Rabbit/polyclonal Millipore WB
PSD95 Mouse/monoclonal Millipore WB
DCX Rabbit/polyclonal Cell Signaling WB, IHC
BrdU Mouse/monoclonal Thermoscientific IHC
Ki67 Rabbit/polyclonal Novacastra IHC

p27
kip1 Mouse/monoclonal BD Biosciences WB,IHC

SOX2 Goat/polyclonal R&D systems IHC
GFAP Rabbit/polyclonal DAKO IHC
MARCKSL1 Rabbit/polyclonal Coffey lab production WB, IHC

MRPL11 Rabbit/Polyclonal Proteintech WB,IHC
MAP2 Mouse/monoclonal Leinco Technologies WB
SCG10 Rabbit/polyclonal Coffey lab production IHC
β-Tubulin Mouse/monoclonal Millipore WB  
WB: Western Blotting, IHC: Immunohistochemistry 

1.4. Special reagents 

Bromodeoxyurdine (BrdU) and Cytarabine (Ara-C) were purchased from 
Sigma. The peptide JNK inhibitor DJNKI-1 was ordered from GeneCust 
(Laboratoire de Biotechnologie du Luxembourg, SA). The JNK kinase in-
hibitor SP600125 was purchased from Calbiochem. Hoechst 33342 dye to 
stain nuclei and mounting medium Mowiol was ordered from Hoechst 
Marion Roussel (Frankfurt, Germany). Alexa 488 and 568 dyes were from 
Molecular probes. MARCKSL1 siRNA oligonucleotides were synthesized by 
MWG-Biotech AG. 

2. Methods 

i) Cell cultures: The human prostate cancer (PC-3) and COS-7 cell lines 
were used. The culturing and transfection methods are described in detail 
in the studies I and II. 
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The primary cultures of hippocampal and cortical cells were prepared 
from the newly born (P0) Sprague-Dawley pups for studies I and IV. The 
procedure for neuronal culture and transfection has been followed ac-
cording to the previous studies (Tararuk et al. 2006), which involves dis-
section of hippocampus and cortices from P0 brains in the dissociation 
medium and maintenance in respective growth mediums. 

ii). Immunoblotting and quantification: Study I, II and III. 
iii). Immunostaining and Immunohistochemistry: Study I, II, III and 
IV. 
iv). Migration assays:  i) Transwell assay and ii) Wound healing assay are 
used in study I. 

2.1. Animal experiments 

The procedures for animal experiments were approved by the National An-
imal Experiment Board (ELLA) and the guidelines from Finnish (62/2006 
Act and 36/2006) and European (86/609/EEC, 2010/63/EU, 1986/ETS 
123) directives were strictly followed. C57BL/6J wild type and Jnk1-/- 
mice were used in these studies. The Jnk1-/- mice and C57BL/6J were a 
gift from Tuula Kallunki (Sabapathy et al. 2001) and were maintained as 
heterozygote colonies in the animal facility of  the University of Turku. For 
stereotactic surgeries the wild type C57BL/6J were purchased from the 
commercial vendors, including Harlan Netherlands and Charles River 
Germany. All animals were group housed (except for the ones that had 
surgery), provided food and water ad libitum, and maintained on a 12hr 
light-dark cycle. 

i). Mouse anatomical measurements: described in Study II 
ii). Mouse Perfusions: described in Study II 
iii). Sholl analysis: described in Study II 
iv). In vivo labeling of newborn cells with BrdU: described in Study 
III 

2.1.1. Stereotactic surgery in mice 

Stereotactic surgeries were performed for drug treatments in Study III. 
Animals were aneasthetized with isofluorane (4% for induction and 2% for 
surgery), and placed in a stereotactic device. A local anesthesia was given 
(0.1ml of 1 mg/1 μg lidocaine) subcutaneously around the incision point 
before initiating the surgery. The top of the head was shaved and an inci-
sion was made along the midline, the scalp was retracted and the area 
surrounding the bregma cleaned and dried. Thereafter, the cranium was 
drilled using a dentist's drill to generate holes in defined coordinates ac-
cording to the mouse brain atlas (Paxinos G 2008). 
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2.1.2. Intracerebroventricular injections 

For the short-term intracerebroventricular administration of compounds, 
a cannula (Agnthos) was implanted (anterior-posterior -0.6mm, medial 
lateral 1.5mm, dorsoventral -2.0mm to the lateral ventricle). The addi-
tional anchorage was provided via dental cement (Agnthos) and screws in 
the additional hole drilled closed to the cannulation site. After surgery the 
mice were single housed in the cages to avoid damage to the cannulas 
that might be caused by other inmates. After seven days of surgery, 2µl of 
JNK inhibitor or vehicle was injected at a rate of 0.25µl/min using CMA 
microdialysis for acute treatments.  

2.1.3. Implantation of osmotic minipumps 

For long term intracranial administration of the compounds (JNK inhibi-
tor, Ara-C and vehicle) a small miniosmotic pump (Alzet model 2006, Cu-
pertino, CA) was inserted subcutaneously at the back and attached to the 
brain infusion cannula implanted intra-cerebroventrically, according to 
the above coordinates. The screws were not used with the miniosmotic 
pumps. The additional support was provided by gluing the cannula to the 
skull using a small amount of dental cement. The incision point was su-
tured with absorbable silk. After surgery the mice were returned back to 
the cage and housed in isolation. Further care was taken by injecting sa-
line and analgesics after 12 hrs of the surgery. The mini-pumps injected 
inhibitor at a rate of 0.15µl/hr for six weeks after which the mice were 
subjected to behavioral testing. 

2.1.4. Animal Behavioral tests 

In studies II and III, behavioral tests were performed to measure the mo-
tor coordination and anxiety, respectively. Here is a list of tests used in 
the thesis, more detail of the specific tests can be found in studies II and 
III. For all these procedures the observers were unaware of the treatments 
or genotypes. 

i) Suspended bar test: described in Study II 
ii) Beam test: described in Study II 
iii) Foot print analysis: described in Study II  
iv) Elevated plus maze: described in Study III 
v) Light-dark test: described in Study III 
vi) Open field test: described in Study III 
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2.2. Stereology 

Stereology provides information about the 3-D structure by making 
measurements on the 2-D planar sections of tissues. It has been widely 
recognized as one of the best practices in biological research for quantify-
ing different biological features. A stereological-based study design was 
followed in order to quantify the total number of adult born neurons and 
for measuring the volumetric changes in Study III. 

2.2.1. Optical fractionator method for quantifying adult neurogenesis 

The optical fractionator was used to quantify adult born neurons labeled 
with DCX, Ki67 and BrdU in Study III (West et al. 1991; Gould et al. 
1999). The major considerations of the stereology method were to avoid 
counting labeled cells twice and to be consistent with the region in each 
section. Every fifth section throughout the rostral-caudal extent of the 
hippocampus (Bregma −1 to −4) (Paxinos G 2008) was processed for BrdU 
(Malberg et al. 2000) and Ki67 immunohistochemistry. Then the immuno-
positive cells were counted using the optical fractionator workflow of the 
Stereoinvestigator (MBF Biosciences). The tissue thickness was measured 
at five regions on a single slice in order to account for the shrinkage due 
to tissue processing. The final calculation was made according to the ste-
reological equation. 

(N=(1/tsf x 1/ssf x 1/asf) x ƩQ) 

where ƩQ is total number of cells counted using dissector in optical frac-
tionator, tsf is the thickness sampling factor, ssf is the section sampling 
factor, and asf is the area sampling factor. The workflow of the optical 
fractionator takes into account these parameters and provides the final 
number N. 

A modified unbiased stereology protocol was used to quantify the BrdU 
labeled cells in the dentate gyrus. To make BrdU a sufficient neural pro-
genitor marker, the likelihood of over representation was reduced by limit-
ing the quantification of +ve cells to the inner side of granular cell layer 
corresponding to SGZ of DG. On account of the small number of cells, ex-
haustive counting was performed for BrdU, which ruled out the area 
sampling factor from the equation.  

For the phenotypic analysis of BrdU-labeled cells, every fifth section was 
selected from the dentate gyrus of animals and subjected to double im-
munolabeling for the BrdU and the neuronal phenotypic marker NeuN. 
The BrdU-positive cells were first identified and then checked by confocal 
microscopy for an overlapping fluorescent signal from NeuN (Zeiss 
LSM780). The images were sampled through a Z-series multitrack mode 
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with emission filters chosen to diminish the bleed-through from the fluo-
rescent probes. This approach has been used in previous studies for the 
analysis of the phenotype of BrdU-labeled cells (Malberg et al. 2000; 
Madsen et al. 2005).  

The maturity index of newborn neurons was also assessed using the opti-
cal fractionator. The DCX+ve cells were categorized into DCX+ve cells and 
DCX+cells with dendrites. During counting, the DCX+ve cells with den-
dritic branching were marked separately in the dissector to account for 
mature neurons. The branching was analyzed throughout the tissue 
thickness. The total numbers were quantified using the stereological pa-
rameters described above. The count of total DCX cells with dendrites 
provides an indication of the maturity of the neurons. A maturity index 
was calculated by dividing the former value by the total number of 
DCX+ve neurons in the dentate gyrus. 

2.2.2. Volumetric measurements using Cavalieri method  

The volumetric estimations of the dentate gyrus of wild type and Jnk1-/- 
mice were made using the Cavalieri method in Study III. The sections 
were stained with Cresyl violet in the same stereological manner with an 
interval of every fifth section. The dentate gyrus was traced in each sec-
tion by placing contours with the Steroinvestigator software (MBF Biosci-
ence). After tracing the dentate gyrus in all the slices, the set of slices of 
each animal was subjected to the Cavalieri workflow of volumetric analy-
sis. The final numbers were averaged to estimate the total volumetric dif-
ferences between the genotypes. 

2.3. Statistical analysis 

Analysis of variance (ANOVA) was used to analyze the dendritic architec-
ture data. The Levene´s test has been performed to check the distribution 
of the data which was followed by one-way ANOVA or Student t-test to de-
termine the significance levels in all the studies. In every study, the signif-
icance levels are indicated as follows: *p<0.05, **p<0.01, ***p<0.001. 
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Results and Discussion 

1. JNK phosphorylation of MARCKSL1 regulates actin 
stability and migration in neurons (Study I) 

The role of JNK signaling in various physiological processes has been ex-
tensively reviewed in this thesis. There is convincing literature available 
which indicates that JNK activity mediates migration in many cell types 
including glioblastoma, epithelial and fibroblast cells (Johnson & 
Nakamura 2007). Moreover, JNK is also involved in regulation of neuronal 
migration during brain development (Westerlund et al. 2011). In the work 
presented in this thesis, MARCKSL1 was identified as a new JNK sub-
strate affecting actin dynamics and migration. 

1.1. MARCKSL1 identified as a novel substrate of JNK and its 
phosphorylation induces actin bundling and actin 
stabilization 

A 40 kDa protein MARCKSL1 was identified as a novel physiological sub-
strate of JNK by screening brain lysates using an in vitro phosphorylation 
assay. All the JNK isoforms phosphorylated MARCKSL1 in vitro, but 
phosphorylation was not detected with the other MAP kinases (Fig 1B, 
Study I). Three specific JNK phosphorylation sites (S120, T148, and T183) 
were found on the C-terminus by MS/MS sequencing of phospho-
enriched MARCKSL1 (Fig.1D, Study I).  

The MARCKS family proteins are known to bind actin filaments and in-
duce actin bundling through their effector domain (Arbuzova et al. 2002). 
The isolated ED of MARCKSL1 also induces actin polymerization in vitro, 
but the full length intact MARCKSL1 does not (Wohnsland et al. 2000). It 
has been speculated that additional posttranslational modifications of 
MARCKSL1 may be required for actin binding. The functional conse-
quences of JNK phosphorylation of MARCKSL1 on actin dynamics were 
tested. All the JNK sites on MARCKSL1 were mutated to aspartate to 
mimic phosphorylation. This phosphomimetic mutation of MARCKSL1 
(MARCKSL1S120D,T148D,T183D) resulted in the delayed initiation of the actin 
polymerization, as observed with the actin modifier cofilin (Fig.2A, Study 
I). On the contrary, the wild type MARCKSL1 and its alanine mutant 
(MARCKSL1S120A,T148A,T183A) had no effect on actin polymerization. Further, 
by transmission electron microscopy, we discovered that the phosphomi-
metic mutant stimulated actin filament bundling. A dense and complex 
actin mesh-work with an increased thickness (up to 100nm in some are-
as) was observed in the presence of the MARCKSL1S120D,T148D,T183D mutant 



Results and Discussion 

52 

(Fig.2B, Study I). These results indicated that JNK phosphorylation of 
MARCKSL1 induces actin bundling and delays growth of actin filament. 

In addition, we also observed that wild type, alanine and aspartate mu-
tants of MARCKSL1 bound to filamentous actin (F-actin) but not to mon-
omeric actin (G-actin) (Fig.2C and 2D, Study I). Even though all the vari-
ants of MARCKSL1 bound to filamentous actin, only the phosphomimetic 
mutant of MARCKSL1 was capable of inducing actin polymerization. 

Due to lack of crystallographic data, how MARCKSL1 facilitates actin 
bundling is not known, but our molecular modeling indicates that the 
JNK phosphorylation sites are surface accessible and surround the ED 
(Fig.S3 Supplemental material, Study I). Phosphorylation introduces a 
negative charge, which leads to a conformational change and exposes the 
ED to facilitate actin bundling via a mechanism similar to that explained 
by Tang & Janmey (Tang & Janmey 1998). 

To evaluate if JNK influences the actin dynamics by phosphorylating 
MARCKSL1 in living cells, we expressed MARCKSL1 mutants along with 
the fluorescently labeled actin (venus-actin) in the MEF (mouse embryonic 
fibroblast) cells and measured the actin turnover using FRAP (Fluores-
cence recovery after photobleaching) . With this technique, the venus ac-
tin rich regions were photobleached and the recovery of fluorescence 
measured. We observed a faster actin turnover with the 
MARCKSL1S120A,T148A,T183A mutant, whereas the delayed actin turnover ob-
served with the MARCKSL1S120D,T148D,T183D mutant (Fig.3, Study I) indicated 
decreased actin dynamics, which  is most likely due to actin bundling 
caused by the phosphomimetic mutant. 

To further examine this, we used digitonin permeabilization to compare the 
digitonin soluble and insoluble actin as an indicator for actin stabilization. 
The phosphomimetic mutant consistently resulted in a three-fold increase 
in the insoluble actin (Fig.4A and 4B, Study I). Furthermore, we addressed 
whether active JNK stabilizes actin by expressing the active JNK chimera 
(MKK7-JNK1/2) with wildtype MARCKSL1. The levels of stable actin were 
subsequently found to be increased in the cells expressing wildtype 
MARCKSL1. However, active JNK was unable to alter the actin turnover in 
the cells lacking MARCKSL1 (Fig 4C and 4D, Study I). These results firmly 
indicate that JNK is regulating actin dynamics by modulating MARCKSL1.  

1.2. The JNK phosphorylation of MARCKSL1 inhibits migration 
in neurons 

Cell migration is an event driven by active remodeling of the actin cyto-
skeleton at the leading  edge of the cells (Horwitz & Webb 2003). 
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MARCKSL1 has been implicated in macrophage cell spreading and found 
to be colocalized with actin in the lamellipodia (Li et al. 1996).   

Moreover, we found that MARCKSL1 is predominantly expressed in the 
brain and enriched in the neurons isolated from cortex and hippocampus 
(Fig.6A, Study I). To identify the role of JNK phosphorylation of MARCKSL1 
in neuronal migration a transwell migration assay was used. The JNK 
phosphomimetic mutant of MARCKSL1 reduced the migration of neurons 
relative to the alanine mutant in fibroblast cells, but in contrast the 
wildtype MARCKSL1 mirrored the MARCKSL1S120D,T148D,T183D phenotype in 
neurons. This effect is most likely due to the high level of JNK activity in 
neurons (Coffey 2014), which phosphorylated the wild type MARCKSL1. 

Consistent with this, the MARCKSL1S120D,T148D,T183D mutant was able to res-
cue the migration phenotype where JNK activity was suppressed using a 
JNK inhibitor, SP600125 and NES-JBD, (Fig.6C and 6D, Study I). In addi-
tion, on the basis of its selective knockdown in neuronal cells, MARCKSL1 
was shown to be a critical regulator of neuronal migration. This resulted in 
increased migration of neurons in transwells, however, it was notable that 
iMARCKSL1 (a mutant of MARCKSL1 insensitive to the siRNA5 designed to 
knockdown MARCKSL1) rescued the normal migration phenotype. Together 
these results highlight the key role of MARCKSL1 in neuronal migration, 
which is further regulated by JNK phosphorylation. 

2. JNK regulates dendritic field, cell soma and influences 
fine motor coordination (Study II) 

The dendritic architectural abnormalities are a common hallmark of the 
neuropsychiatric disorders. Although the genetic basis of these disorders is 
largely unknown, there are, however, some indications that JNK pathway 
genes are deregulated (Weiss et al. 2008; Winchester et al. 2012; Kunde et 
al. 2013). Moreover, it has previously been demonstrated that JNK controls 
dendritic architecture in cerebellar (Bjorkblom et al. 2005) and hippocam-
pal (Rosso et al. 2005) neurons. In Study 2, dendritic architecture was 
characterized in Jnk1-/- mice, and the critical role of JNK phosphorylation 
of MAP2 in mediating dendritic changes was established. In addition, the 
altered motor functions in mice devoid of Jnk1 were observed.  

2.1. JNK phosphorylates the proline rich domain (PRD) of MAP2 
and influences the formation of protrusions and binding of 
MAP2 to microtubules 

Both JNK1 and JNK3 were found to efficiently phosphorylate high molec-
ular weight MAP2 (HMW-MAP2), although for JNK1 this was with slightly 
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higher efficacy (Fig.1A, Study II). Tandem mass spectrometry analysis of 
enriched phosphopeptides revealed three JNK phosphorylation sites 
(T1619,T1622 and T1625) on the proline rich C-terminal domain of rat 
GST-HMW-MAP2 (Fig.1B, Study II). 

In addition in vivo phosphorylation was characterized using a commercial 
antibody that detects the phosphorylated PRD of HMW-MAP2. The anti-
body only recognized the GFP-HMW-MAP2 and did not recognize the GFP-
HMW-MAP2-T1619A,T1623A,T1625A  (Fig.1E, Study II), indicating its specificity 
for JNK phosphorylated MAP2. Using this antibody it was shown that the 
phosphorylation of these sites is decreased on HMW-MAP2 in the hippo-
campus and cortex of immature Jnk1-/-mice brains (Fig.1F and 1G, 
Study II). 

It has been shown in previous work from our lab that exogenous expres-
sion of GFP-HMW-MAP2 in COS-7 cells (which lack MAP2) induces pro-
trusions from the soma (Bjorkblom et al. 2005). In the light of these earli-
er observations the influence of JNK phosphorylation on the formation of 
these protrusions was investigated (Study II). The expression of the JNK 
phosphomimetic mutant GFP-HMW-MAP2-T1619D,T1623D,T1625D led to an in-
crease in the number of COS-7 cells with processes. Moreover, the ex-
pression of active JNK along with the wild type HMW-MAP2 increased the 
number of protrusions in cells (Fig.2A and 2B, Study II). Whereas, the 
cells expressing GFP-HMW-MAP2-T1619A,T1623A,T1625A  were not able to gener-
ate protrusions, even after JNK activation (Fig. 2A-C, Study II), indicating 
that JNK phosphorylation of HMW-MAP2 is required for the outgrowth of 
these protrusions. As an interpretation of this, it is speculated that this 
phosphorylation by JNK1 is somehow mediating the strong interaction of 
HMW-MAP2 with microtubules and supporting protrusion growth. Earlier 
it has been observed that a general increase in the HMW-MAP2 phos-
phorylation results in its increased interaction with microtubules 
(Sanchez et al. 2000). To confirm whether JNK phosphorylation of MAP2 
alters the microtubule binding, wild type HMW-MAP2, GFP-HMW-MAP2-
T1619D,T1623D,T1625D, or GFP-HMW-MAP2-T1619A,T1623A,T1625A mutants were ex-
pressed along with venus tubulin in fibroblasts. Cells were lysed in a TX-
100 containing medium, and the TX-100 soluble and insoluble fractions 
were analyzed. Microtubules are known to settle in the insoluble fraction, 
and wild type HMW-MAP2 and GFP-HMW-MAP2-T1619D,T1623D,T1625D were 
found together with the microtubules in the TX-100 insoluble pellet 
whereas GFP-HMW-MAP2-T1619A,T1623A,T1625A was found in the soluble frac-
tion (Fig.2D and 2E, Study II). Moreover, the GFP-HMW-MAP2-
T1619D,T1623D,T1625D also increased the proportion of stable microtubules (pol-
ymerized tubulin) in the TX-100 insoluble fraction, while the GFP-HMW-
MAP2-T1619A,T1623A,T1625A reduced  this significantly (Fig.2F, Study II). These 
results confirm that JNK phosphorylation of HMW-MAP2 increases its 
binding to the microtubules, thereby leading to it inducing protrusions.  
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2.2. Jnk1-/-mice show altered dendritic architecture and cell 
soma in the primary motor cortex 

Previously, our lab has demonstrated that dendritic architecture is regu-
lated by JNK in cerebellar granular neurons and in the cerebellum, and 
also indicated some alteration in the dendritic structure of the motor cor-
tex by Golgi-Cox staining (Bjorkblom et al. 2005; Tararuk et al. 2006). In 
Study II, dendritic morphology was investigated in greater detail by label-
ing neurons using Lucifer yellow in the primary motor cortex of adult wild 
type and Jnk1-/-mice. Sholl analysis was performed on the 3-dimensional 
confocal images traced in Neurolucida software to analyze the dendritic 
architecture. This method places concentric circles around the cell soma 
and allows the measurement of intersections, nodes and the length of 
each dendritic arbor. Only basal dendrites of pyramidal neurons were 
considered for analysis due to incomplete labeling in the apical dendrites. 
In Jnk1-/- mice reduced dendritic complexity  was found in the neurons 
of layer 2/3 of primary motor cortex (residing in the rostral and caudal 
forelimb areas, medial agranular cortex AGm, and lateral agranular cortex 
of the mouse primary motor cortex, M1) with fewer intersections, nodes 
and reduced dendritic length (Fig.3B-G, Study II). In striking contrast, the 
layer 5 (L5) neurons of Jnk1-/-mice showed a highly complex dendritic 
architecture with an increased number of intersections, nodes and overall 
dendritic length (Fig.3H-L and 3N, Study II). The increase in L5 dendritic 
complexity may be due to the reduced number of synaptic inputs from the 
L2/3 layer. The opposite effects may be partly due to different cellular 
contexts and most likely the effects depend on the substrate composition 
in the layer. Regardless, the JNK1 seems critical in shaping the M1 layer 
which is central in controlling motor functions. 

In addition to the increased dendrite load in L5 M1 layer, we observed 
that the cell soma area in L5 M1 pyramidal neurons is 35% larger in 
Jnk1-/- mice. The cell perimeter and the cell soma were measured by ste-
reological measurements of 3-dimensional confocal images of neurons la-
beled with Lucifer yellow. This increase is consistent with the previous 
studies which correlate the cell soma with dendrite load (van Pelt et al. 
1996). 

2.3. JNK phosphorylation of MAP2 in vivo increased the 
dendritic architecture of L2/3 pyramidal neurons 

To study the effect of MAP2 phosphorylation on the dendritic structure 
during development, in utero electroporation of CAG-MAP2-WT and CAG-
MAP2- T1619D,T1623D,T1625D was done for, targeting the developing cortex in 
the wild type embryos at E15. The L2/3 cells were efficiently labeled by 
the technique, but there was insufficient labeling of  the deeper L5 layer. 
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The labeled neurons of L2/3 expressed GFP and were analyzed for den-
dritic architecture at postnatal day 21, when the basal dendrites have de-
veloped most of their adult features (Romand et al. 2011). The dendritic 
branching was noticeably increased, especially of 2nd and 3rd order in 
CAG-MAP2- T1619D,T1623D,T1625D (Fig.4, Study II), as compared to the CAG-
MAP2-WT, which showed a pattern similar to the Lucifer yellow labeled 
L2/3 neurons. We also observed increased dendritic dendrite length of 
higher order dendrites (3rd and 4th order) in the L2/3 neurons expressing 
CAG-MAP2- T1619D,T1623D,T1625D, although the length of the primary dendrites 
remained unaltered (Fig 4E-L, Study II). Overall, there was a 50% increase 
in the total dendrite length because of an extensive increase in branching. 
It may be worth noting that the CAG-MAP2- T1619D,T1623D,T1625D  expressing 
neurons were located at a different distance from the pial surface as com-
pared to CAG-MAP2-WT expressing neurons. It has been shown previous-
ly that JNK retards the radial migration (Westerlund et al. 2011), so JNK 
mediated HMW-MAP2 phosphorylations may halt migration prematurely. 

2.4. Motor coordination skills are impaired in Jnk1-/- mice 

The primary motor cortex is central in controlling the motor coordination 
functions. Jnk1-/-mice displaying alterations in the dendritic architecture 
in L2/3 and L5 of the motor cortex were subjected to a battery of behav-
ioral tests to assess motor coordination and strength. The mice were first 
tested in the raised beam test, which evaluates motor activity and bal-
ance. The Jnk1-/- mice performed poorly and showed reduced latency to 
fall when compared to wild type mice (Fig.6A, Study II). Notably, while 
crossing the beam, Jnk1-/- mice had trouble in placing their hind paws 
and moving forward, which implies a defect in balance and motor coordi-
nation (Fig.6B, Study II). Further mice were subjected to the suspended 
bar test to analyze grip strength and fine motor skills. Mice were hung 
with their forelimbs on the coat hanger. The Jnk1-/-mice showed reduced 
latency to fall. Most of the Jnk1-/- mice did not complete the task, and 
those that completed took longer than wild type mice, which suggested 
weakened grip strength (Fig. 6C and 6D, Study II). The grip strength was 
also measured using the inverted grid test, where both forelimbs and 
hindlimbs are used to grip the inverted grip. The results were very similar, 
with reduced latency to fall in Jnk1-/- mice (Fig.6E, Study II). Taken to-
gether, the above tests indicated impaired motor coordination and grip 
strength in Jnk1-/- mice. 

The motor coordination and synchrony of these mice was studied in more 
detail by measuring gait using footprint analysis (Brooks & Dunnett 
2009). A reduction in stride width was observed in the 3-months old 
Jnk1-/-mice compared to wild type (Fig.6F, Study II). Interestingly, this 
defect was not apparent in the 7 month old Jnk1-/-mice where changes 
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were not significant. However, in 7 month old Jnk1-/-mice the stride 
length was significantly reduced. Our anatomical measurements of these 
mice identified a minor increase in the hindlimb length, which is unlikely 
to account for the reduction in stride length in old Jnk1-/-mice (Fig.6F 
and 6G, Study II). An osteoclast deficit may explain this difference, since 
JNK has been previously shown to regulate osteoclast differentiation 
(David et al. 2002), though no defects in bone structure has been reported 
in Jnk1-/- mice. 

The mice were then subjected to a rotarod test to further look into their 
gross motor coordination and balance. The test revealed no phenotypic 
differences between knockouts and wild type on the accelerating rod 
(Fig.6I, Study II). The rotarod test is considered to be less sensitive to co-
ordination because heavy mice perform poorly in this test (Brooks & 
Dunnett 2009). As the Jnk1-/-mice were observed to be lighter in weight 
than the wild type (Fig.6J, Study II), there is a possibility that the under-
lying defects might be masked due to this offset. Altogether, the battery of 
tests suggest defects in fine motor coordination in the Jnk1-/-mice, 
whereas in their home cages these mice showed no abnormalities, such 
as tremors, abnormal walking, or running behavior. 

3. JNK regulates the adult hippocampal neurogenesis and 
structural changes underlying anxiety behavior in mice 
(Study III) 

Numerous studies have reported structural abnormalities in the brain as-
sociated with anxiety-related behavior, such as altered dendrite architec-
ture, spine distribution, and more recently adult hippocampal neurogene-
sis (Revest et al. 2009; Soetanto et al. 2010). MAP kinases have been im-
plicated in stress related disorders, but the role of the JNK kinase sub-
family has not been explored in context to anxiety behavior. In Study III, 
using Jnk1-/- mice and a pharmacological JNK inhibitor, a relationship 
was found between JNK and anxiety behavior, as well as its influence on 
the adult hippocampal neurogenesis. 

3.1. Jnk1-/- mice display reduced anxiety-like behavior and 
increased adult hippocampal neurogenesis 

The results from recent studies suggest the potential involvement of JNK 
subfamily in mood modulation (Galeotti & Ghelardini 2012). To address 
the contribution of the JNK pathway in anxiety-related behavior, jnk1 de-
ficient mice were subjected to three independent anxiety tests, i.e. the ele-
vated plus maze, the light-dark test, and the open field test. A reduction 
in anxiety behavior was observed in Jnk1-/-mice compared to wild type 
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mice in all behavior paradigms. In the elevated plus maze, the Jnk1-/-
mice spent more time in the open arms and also showed increased head 
dipping and rearing behavior when compared to wild type mice (Fig. 1a 
and 1b, Study III). These parameters suggest a high level of exploratory 
activity and reduced anxiety.  Next we tested mice in the light-dark test, 
which explores the innate aversive behavior of rodents to illuminated are-
as and their competing exploratory instinct. The Jnk1-/- mice spent sig-
nificantly more time and traveled longer distance in the light box as com-
pared to the wild type mice (Fig. 1c, Study III) which further indicated re-
duced anxiety. 

The Open field test, which measures normal activity and anxiety in mice, 
also showed similar results.  Jnk1-/- mice entered more frequently in the 
center of the open field chamber (Fig.1d, Study III), and also traveled sig-
nificantly longer distance in the centre. The total distance traveled in the 
box was also higher in Jnk1-/-mice in comparison to wild type mice 
(Fig.1d, Study III). Altogether, these results suggest that Jnk1-/- mice dis-
play reduced anxiety and hyperactivity in comparison to wild type mice. 

Recent studies suggest that adult hippocampal neurogenesis is altered in 
anxiety behavior (Revest et al. 2009; Snyder et al. 2011). We therefore 
evaluated the basal adult hippocampal neurogenesis in Jnk1-/-mice. We 
used a gold standard method to measure neurogenesis where newborn 
cells are labeled with a thymidine analog BrdU (Bromodeoxyuridine), sac-
rificed after 28 days and immunostained with BrdU antibody to quantify 
neurogenesis in the dentate gyrus. The stereological estimation showed 
an increased number of BrdU positive cells in the dentate gyrus of Jnk1-/- 
mice compared to wild type mice (Fig.1e and 1f, Study III). The cells sur-
vived for 28 days and their neuronal identity was confirmed by co-
immunostaining with the neuronal marker, NeuN and quantified by ste-
reology (Fig.1i and 1k, Study III). Notably, there was no difference in the 
BrdU +ve cells after 24 hrs in wild type and Jnk1-/- dentate gyrus, which 
suggests that proliferation was not altered (data not shown). To further 
confirm our observations, we assessed young adult-born neurons in wild 
type and Jnk1-/- , which express doublecortin (DCX), a protein expressed 
for about one month after neuronal birth (Mendez-David et al. 2013). In 
line with the above results, we also found an increased number of DCX+ 
cells in the Jnk1-/-mice, compared to the wild type litter mates (Fig.1g 
and 1h, Study III). In conclusion, the results indicate that mice devoid of 
Jnk1 have increased basal adult hippocampal neurogenesis, which might 
explain the reduced anxiety behavior as it is suggested elsewhere that 
adult hippocampal neurogenesis is reduced with the increase in anxiety 
(Revest et al. 2009). 

In addition, the volumetric changes were also investigated in the dentate 
gyrus of Jnk1-/-mice, as volumetric alterations in the hippocampus have 
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been implicated in the anxiety disorders. Our stereological analysis re-
vealed a minor increase in dentate gyrus volume in Jnk1-/-mice, although 
this was not significant (Fig.1j, Study III).  

3.2. JNK inhibition shows the anxiolytic effect by increasing 
adult hippocampal neurogenesis in mice 

Since mice devoid of JNK showed reduced anxiety and increased adult 
hippocampal neurogenesis, the therapeutic potential of the JNK inhibitor 
DJNKI-1 was tested (Fig.2a, Study III). Initially, acute treatment was made 
by infusing 100µM DJNKI-1 intracerebrally to the ventricles (Fig.2a, Study 
III). This was to avoid problems associated with blood brain barrier pene-
tration. The behavioral tests were performed after 6 hours of infusion. 
This treatment did not alter the anxiety phenotype in mice when assessed 
in the elevated plus maze (EPM) and light-dark paradigms. In the EPM 
analysis, DJNKI-1 treated mice were not different from vehicle treated 
mice in any of the scored parameters (Fig.2d, Study III). Similarly, in the 
light-dark test the behavior of DJNKI-1-treated mice was almost similar to 
that of vehicle-treated mice (Fig 2e, Study III). However, the acute dose of 
100µM DJNKI-1 efficiently reduced the phosphorylation of JNK substrate 
PSD95 (Fig.2b and 2c, Study III). In conclusion, the acute treatment of 
100µM DJNKI-1 blocked the JNK activity but had no effect on anxiety be-
havior. On the basis of these observations, it was proposed that if adult 
hippocampal neurogenesis is an underlying mechanism the longer treat-
ments are required. 

To investigate this hypothesis, 6 week long treatments were performed us-
ing 100µM DJNKI-1 by infusing in ventricles via mini-osmotic pumps 
(Fig.3a, Study III). After 6 weeks of treatment mice were subjected to the 
elevated plus maze (EPM), which is a pharmacologically validated behav-
ioral paradigm for testing anxiolytic drugs. Surprisingly, after 6 weeks of 
chronic DJNKI-1 treatment, significant changes were observed in almost 
all the parameters of the elevated plus maze test. DJNKI-1 treated mice 
spent more time in the open arms and showed increased frequency to en-
ter into the open arms of the elevated plus maze (Fig. 3d-e and 3i Study 
III). Moreover, DJNKI-1 treated mice also showed increased head dipping 
and rearing (Fig. 3f, Study III) and in contrast, they showed reduced 
grooming and stretched attend postures (Fig. 3f, Study III), which overall 
suggests reduced anxiety in these mice. The treatment did not affect the 
body weight and mice showed no abnormal behavior such as increased 
running or tremors in their home cage.  

Furthermore, the chronic DJNKI-1 treated mice were evaluated for adult 
hippocampal neurogenesis by quantifying BrdU labeled neuronal marker 
(NeuN) positive cells and the total number of young adult-born neurons 
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which express DCX.  Interestingly, the DJNKI-1 treated mice showed an 
increased the number of BrdU-NeuN positive cells (Fig.3i-k, Study III), as 
well as DCX positive adult-born neurons (Fig.3g-h, Study III) in the den-
tate gyrus of the hippocampus. Finally, the efficacy of DJNKI-1 treatments 
was also tested in reducing JNK activity by quantifying the phosphoryla-
tion status of the JNK substrate PSD95. There was a significant reduction 
in phosphorylation levels in hippocampus and amygdala but, interesting-
ly, the levels were unaffected in the prefrontal cortex (Fig.3b and 3c, 
Study III).  

Altogether, these results indicate that chronic DJNKI-1 treatment facili-
tates adult hippocampal neurogenesis and shows an anxiolytic effect, 
suggesting adult hippocampal neurogenesis as an underlying mechanism. 
However, results can be confounded by hyperactivity which is limiting in 
above experiments even though there was no heightened activity in ele-
vated plus maze and in their home cage.  

3.3. Anxiolytic Effects of JNK inhibition are adult hippocampal 
neurogenesis dependent 

Previous conclusions also raised the possibility that an increase in adult 
hippocampal neurogenesis might be a secondary effect of JNK inhibition. 
To investigate if the anxiolytic effects after genetic or pharmacological ab-
lation of JNK are dependent on adult hippocampal neurogenesis, 2% cy-
tarabine (Ara-C) was infused for 6 weeks to completely block neurogenesis 
in mice. After 6 weeks the mice were tested for the phenotype in the ele-
vated plus maze and light-dark test (Fig.4a, Study III). The use of DJNKI-1 
alone showed increased open arm entries, head dips and reduced 
stretched attend postures and grooming (Fig. 4b-e, Study III), suggesting 
reduced anxiety, as was observed in our  previous experiments, whereas 
the addition of Ara-C  diminished the above effects (Fig. 4b-e, Study III).  
Therefore, DJNKI-1 administration did not show any anxiolytic effect in 
the absence of adult hippocampal neurogenesis. Similarly, in the light-
dark test there was a strong trend towards increased time spent in the 
light box and increased latency to enter in the dark box in mice injected 
with DJNKI-1 alone, in comparison to the vehicle, but no change in com-
bination with Ara-C (Fig. 4f-g, Study III). Notably, the cohort of mice in-
jected with Ara-C alone did not demonstrate any effect on anxiety parame-
ters. This is consistent with other studies demonstrating that ablation of 
adult neurogenesis has no effect on basal anxiety (Santarelli et al. 2003; 
Saxe et al. 2006; Mendez-David et al. 2013). Also, these treatments did 
not alter the body weight, general activity and food intake in mice. Taken 
together, these results advocate that the effects of JNK inhibition are me-
diated by adult hippocampal neurogenesis. 



Results and Discussion 

61 

3.4. JNK inhibition increased the adult neurogenesis in the 
ventral pole of the dentate gyrus 

Recent studies show a functional dissociation of adult newborn neurons 
along the dorso-ventral axis of the dentate gyrus (Kheirbek et al. 2013; 
Wu & Hen 2014). This was also previously described by lesion studies 
showing that the dorsal pole of the DG regulates cognitive-related behav-
ior and ventral pole modulates mood-related responses (Ferbinteanu & 
McDonald 2001; Bannerman et al. 2002; Kjelstrup et al. 2002). We ana-
lyzed dorsal and ventral sections separately to evaluate neurogenesis on 
both poles upon JNK inhibition. After 6 weeks of DJNKI-1 treatment, we 
observed a significant increase in BrdU labeled cells expressing NeuN in 
the ventral dentate gyrus, but no change in the dorsal pole (Fig.3j-k, 
Study III). Interestingly, we observed that JNK inhibition affects the pro-
cess of adult neurogenesis at an early stage. The number of dividing Ki67 
expressing precursor cells were increased in the dorsal as well as the ven-
tral dentate gyrus of DJNKI-1 treated mice (Fig.4h-I, Study III).  In addi-
tion, the total number of adult born neurons (DCX+ve cells) was increased 
in the ventral dentate gyrus upon DJNKI-1 treatment, whereas the dorsal 
pole remained unaffected (Fig.4j-k, Study III). The Ara-C treatment alone 
and in combination with DJNKI-1 resulted in almost complete ablation of 
Ki67 and DCX positive cells, which confirms the blockade of adult hippo-
campal neurogenesis (Fig.4h-l, Study III). These conclusions highlight 
that JNK regulates adult neurogenesis at the ventral pole and thus alters 
anxiety behavior. 

We also subcategorized DCX +ve adult born neurons into DCX+ve cells 
and DCX+ve cells with dendrites, which are named tertiary DCX+ve cells 
as described by others to assess the maturity index (David et al. 2009; 
Mendez-David et al. 2014). DJNKI-1 treatment not only augmented the 
number of DCX+ve cells but also increased the proportion of DCX+ve cells 
displaying tertiary dendrites cells in the ventral dentate gyrus. However, 
there was no alteration in the tertiary DCX+ve cells in the dorsal dentate 
gyrus.  The maturity of newborn neurons was assessed by dividing the 
number of tertiary DCX+ve cells by the total number of DCX+ve cells, as 
described elsewhere (David et al. 2009; Mendez-David et al. 2014). DJNKI-
1 treated mice showed a higher maturation index in the ventral DG, 
which means more mature newborn neurons with tertiary dendrites in 
the ventral dentate gyrus than in vehicle treated mice (Fig.5a, Study III). 
These results indicate that DJNKI-1 induces maturity in adult born neu-
rons by allowing dendritic growth in the ventral dentate gyrus, which may 
underlie the anxiolytic effects. However, these region-specific effects of 
DJNKI-1 in the ventral portion need to be further investigated. Our re-
sults lack the confirmation as to whether DJNKI-1 is inhibiting JNK activ-
ity equally on both poles of the dentate gyrus. Interestingly, it has been 
observed that pharmacological and non-pharmacological effectors have a 
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differential effect on neurogenesis in a region-specific manner. For exam-
ple, fluoxetine preferentially enhances neurogenesis in the ventral pole, 
whereas environmental factors, such as exercise, augment the dorsal pole 
neurogenesis (Tanti et al. 2012). Our results are exciting and further ex-
periments might indicate the underlying reasons and mechanism of these 
region-specific effects. 

3.5. The genetic ablation of JNK1 increased the dendritic 
complexity in hippocampus of mice 

JNK kinases have been implicated in regulating dendritic architecture 
(Coffey 2014), and we have shown previously that inhibition and knock-
out of JNK1 alter the dendritic architecture in vitro and in vivo 
(Bjorkblom et al. 2005; Komulainen et al. 2014). Moreover, the altera-
tions in hippocampal CA3 region dendritic architecture have been asso-
ciated with anxiety-depressive disorders (Soetanto et al. 2010). Stress 
being the major determinant also has been reported to induce a reduc-
tion in dendritic arborization in CA3 pyramidal neurons in the hippo-
campus (Vyas et al. 2002). 

It is believed that mature and immature neurons of the dentate gyrus 
extend their projections towards the CA3 region in the hippocampal cir-
cuitry for information processing. To further explore the role of JNK1 on 
the integration of adult born neurons in this circuitry, CA3 pyramidal 
neurons of Jnk1-/-mice were labeled with lucifer yellow dye to trace 
dendritic projections and performed sholl analysis on 3D confocal sec-
tions. The intersections, nodes and length of dendritic arbors were 
mapped in both apical and basal dendrites. This analysis indicated in-
creased complexity in apical and basal dendrites of the CA3 region in 
Jnk1-/-mice, with more intersections, a higher number of nodes and in-
creased dendrite length (Fig. 5b-d, Study III). Interestingly, the differ-
ences were more prominent in the apical dendrites than in the basal 
dendrites of CA3 hippocampal neurons (Fig.5c-d). Increased neurogene-
sis may be an explanation for this increase in apical dendritic complexity 
due to more axonal input from newly born neurons in the dentate gyrus. 
It seems clear from these results that JNK1 regulates the innervations of 
newly born neurons in the hippocampal circuitry by maneuvering the 
dendritic skeleton of neurons. 
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4. Identification of JNK substrates regulating dendritic 
spine architecture (Study IV) 

In this study, another structural change associated with the anxiety phe-
notype was explored. The small membranous protrusions on the den-
drites are called dendritic spines and are critical for transmission of in-
formation through chemical and electrical synapses. The role of JNK in 
regulating the morphology and distribution of dendritic spines was inves-
tigated, in addition to screening for potential effectors. 

4.1. Jnk1-/- mice display altered dendritic spine architecture in 
the hippocampal CA3 region 

Dendritic spine morphological changes have been reported in various psy-
chiatric disorders. The CA3 region of the hippocampus receives incoming 
projections from the dentate gyrus and is important in the context of 
mood-related behavior, as well as memory formation. The distribution and 
morphology of dendritic spines was evaluated with Lucifer yellow labeled 
CA3 pyramidal neurons. The different morphological forms of the spines 
were counted from the 3D confocal images using Neurolucida software. 
The density of mushroom spines was significantly reduced, whereas the 
density of immature, filamentous spines was increased in the CA3 neu-
rons of Jnk1-/-mice as compared to wild type mice (Fig. 1a-c, Study IV). 
The increased dendritic architecture in the apical region of CA3 pyramidal 
neurons might be an explanation for the reduction of mushroom spines 
(Study III). As adult neurogenesis was observed to be increased in Jnk1-/- 
mice in Study III, more projections from the newborn neurons onto the 
CA3 might be a reason for increased immature spines. On the basis of 
these observations it is proposed that overall the hippocampal circuitry 
may be maintaining the balance of synaptic transmission by modulating 
the dendrite and spine architecture in Jnk1-/-mice. It seems that JNK1 is 
critical in maintaining the spine morphology and distribution. 

4.2. Blocking JNK activity in neuronal cultures also disrupted 
the spine density 

Neuronal cultures were used to further investigate the role of JNK in regu-
lating spine density. The hippocampal neurons were transfected with a 
construct blocking JNK activity. The hippocampal cultures were trans-
fected at DIV7 with control CAG-GFP and GFP-NES-JBD constructs tar-
geting the cytosolic JNK activity and were fixed at DIV21. The GFP-NES- 
JBD allosterically binds to the substrate binding domain of JNK and in-
terrupts the interaction with the downstream substrates. It was found 
that the density of total spines and mushroom spines has been decreased 
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drastically in the cultures. Similarly, there was a significant increase in 
the filamentous immature spines in the neurons transfected with NES-
JBD (Fig. 2a-b, Study IV). The effects were more pronounced in cultures 
treated with the JBD inhibitor than in the CA3 neurons of Jnk1-/- mice in 
vivo. This is likely due to inhibition of other JNK isoforms, as the JBD in-
hibitor is not known to be JNK1-specific. Interestingly, this altered spine 
distribution after JNK inhibition also phenocopied the in vivo effects. We 
also tested the impact of nuclear JNK inhibition using NLS-JBD, although 
we did not observe any changes in spine density, which suggested that 
cytosolic JNK modulates spine changes. 

4.3. Identification of potential JNK substrates regulating the 
dendritic spine architecture 

On the basis of the previous observations, experiments were designed to 
study the events downstream of JNK, which might be responsible for this 
change in dendritic spines. Previously, it has been shown that JNK phos-
phorylates actin-associated and microtubule-associated proteins to regu-
late neuronal cytoskeleton (Chang et al. 2003; Bjorkblom et al. 2005; 
Tararuk et al. 2006; Coffey 2014). siRNA screening was performed to de-
termine the potential downstream substrates that might affect dendritic 
spine distribution. siRNAs for DCX, MARCKSL1 and SCG10 have been 
designed and used in previous studies (Cohen et al. 2008; Björkblom et al. 
2012), and with their transfection they efficiently reduced the expression 
of DCX, MARCKSL1 and SCG10 protein (Fig. 3a-c). It was found that 
DCX, MARCKSL1 and SCG10 were potential JNK substrates, and they 
resulted in a reduction in total and mushroom spine density when 
knocked down (Fig. 4a-b). The immature spines were also increased, par-
ticularly after knocking down DCX and MARCKSL1. This analysis sug-
gests that JNK regulates dendritic spines via its substrates DCX, 
MARCKSL1 and SCG10. 

5. Limitations and future directions 

The results of this study highlight the novel underlying mechanism that 
might be involved in regulation of neurogenic changes associated with 
anxiety. There are promising anxiolytic effects in Jnk1-/- mice and upon 
JNK inhibition using DJNKI-1 inhibitor. In addition, the knockouts and 
inhibitor treatments both increased the adult hippocampal neurogenesis 
in mice. As recent studies have emphasized that adult neurogenesis is in-
volved in anxiety (Revest et al. 2009) and also required for anxiolytic effect 
of antidepressants (Santarelli et al. 2003), the results presented in this 
thesis suggest that JNK signaling may be therapeutically relevant for anx-
iety disorders.  
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In keeping with recent behavioral studies, which have indicated increased 
exploratory behavior in Jnk1-/- mice (Reinecke et al. 2013), strong explor-
atory activity in Jnk1-/-mice was observed in the open field test. Hence, 
there is a possibility that DJNKI-1 inhibitor treatments lead to hyperactiv-
ity, which might induce neurogenesis and anxiolytic effects in mice. Due 
to experimental limitations of the presented studies, there is no data to 
support the exploratory behavior from open field test after JNK inhibition. 
However, it is noteworthy that there was no change in the normal activity 
and body weight of these inhibitor treated mice in home cage, whereas 
Jnk1-/- mice do differ in their body weight. Although no heightened activi-
ty was observed in the elevated plus maze and light dark tests, the results 
could be confounded by altered locomotor activity, which would need fur-
ther investigation. 

The Jnk1-/-mice show defects in fine motor coordination (Study II), and 
information about motor coordination as well as cognitive phenotypes in 
DJNKI-1 treated mice was also lacking.  The altered motor functions and 
cognitive disability can influence the performance of mice in anxiety tests. 
Therefore, additional experiments are necessary to address the impact of 
JNK inhibition on motor functions and cognitive behavior to support the 
anxiolytic effect of DJNKI-1. Moreover, it is clear that JNK activity is ba-
sally high in brain and involved in key brain processes (Coffey 2014). It 
has been shown that JNK is regulating the neuronal cytoskeleton, which 
consequently affects the synaptic transmission and brain functioning 
(Bjorkblom et al. 2005; Westerlund et al. 2011; Coffey 2014; Komulainen 
et al. 2014). Thus, inhibiting JNK might have off-target effects that need 
to be elucidated in the future. For instance, the fear learning and anxiety 
circuits are overlapping, so fear conditioning tests after JNK inhibition are 
required to confirm these anxiolytic effects. 

It seems clear that the location of adult neurogenesis in the hippocampus 
is vital, e.g., fluoxetine treatment enhances neurogenesis in ventral den-
tate gyrus, which induces emotional improvement but no effect on spatial 
learning (Satvat et al. 2012). The regional effects of DJNKI-1 increasing 
adult neurogenesis and maturation of new born neurons in the ventral 
pole are considerably intriguing. These results require additional region 
specific targeting of JNK in the future in order to confirm that they are not 
due to unequal JNK inhibition. New tools would be needed to efficiently 
dissect the dorsal and ventral pole of the dentate gyrus and measure the 
JNK inhibition on separate poles. Furthermore, studies are required to 
specifically inhibit JNK in the dorsal and ventral dentate gyrus to support 
its regional neurogenic and anxiolytic effects. The microenvironment of 
newborn neurons in the ventral and dorsal dentate gyrus might be one 
reason for such region-specific effects of JNK inhibition. The effect of 
DJNKI-1 on non-neuronal cells in both poles of the dentate gyrus should 
also be addressed. 
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Besides, the combinatorial treatments along with fluoxetine (neurogenesis 
-dependent) and rapidly acting drugs, such as benzodiazepines (neuro-
genesis-independent), will be valuable. It would be interesting to see if the 
anxiolytic effects are augmented or curtailed. Such experiments will also 
bring forth more knowledge on the downstream signaling of the antide-
pressants. In the future, more focused studies on JNK signaling in re-
sponse to antidepressants like fluoxetine and stressors will be very useful.   

In line with the other neuroplastic alterations reported in anxiety disor-
ders dendrite and spine changes were observed in the hippocampus of 
Jnk1-/- mice and with JNK inhibiting constructs in ex vivo cultures. In ex 
vivo studies potential JNK substrates were screened, which might be 
regulating these structural changes. To follow up these in vivo studies it 
would be important to validate whether these JNK targets that have 
shown spine and dendrite changes are associated with anxiety disorders. 
In future studies, technological advancements, such as region specific 
fMRI (functional magnetic resonance imaging) and optogenetics in clinical 
and basic research, respectively, will be helpful in determining these neu-
roplastic changes in stress-related disorders.  

On the perspective of using JNK inhibitors in therapeutics, significant 
progress has been made in the pharmaceutical industry and academia. As 
JNK pathways are induced by cellular stress and neuronal death, several 
pharmacological interventions have been tested to target such neuro-
degenerative disorders as stroke and Parkinson’s disease (Kuan & Burke 
2005; Chambers et al. 2011). Several JNK inhibitors have been designed 
and tested in preclinical studies, which have subsequently been tested in 
clinical trials (Koch et al. 2015). The peptide based inhibitors are the most 
potent that showed neuroprotective effects in stroke (Borsello et al. 2003; 
Repici et al. 2007). The future direction for targeting JNK pathways in 
neuropsychiatric disorders has gained attention and created excitement. 
The spotlights have also focused on developing JNK-isoform selective, 
non-ATP competitive inhibitors or to target interactions between JNKs 
and individual substrates (Koch et al. 2015). In addition to this, the com-
partment-specific JNK targeting is another step forward, since it is quite 
clear that the cellular localization of JNK drives its physiological function 
(Coffey 2014). In conclusion, novel and innovative strategies are required 
to develop and investigate these JNK inhibitors for the treatment of neuro-
logical disorders.
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Concluding Remarks 

The work presented in this thesis was dedicated to understanding the mo-
lecular regulation of structural changes associated with anxiety behavior. 
The structural hallmarks of anxiety disorders are known, but the molecu-
lar events leading to such alterations in anxiety behavior are still un-
known. The current anti-anxiety drugs are also either ineffective or lead to 
unnecessary side-effects. It is becoming important to understand the mo-
lecular signaling involved in anxiety behavior to develop better drugs. The 
research in the last decade has indicated that many anxiolytics show 
their anti-anxiety effects through adult hippocampal neurogenesis. There 
have been clear indications in various studies suggesting that neurogene-
sis is involved in anxiety disorders and anxiolytic effects are blocked in 
the absence of neurogenesis (Santarelli et al. 2003; Revest et al. 2009). 

The MAP kinases are gaining attention with respect to their role in the 
molecular mechanism of anxiety-depressive behavior (Fumagalli et al. 
2005; Engel et al. 2009; Todorovic et al. 2009; Wefers et al. 2012). The ge-
netic and pharmacological inhibition of MAPKs, such as ERK and its up-
stream regulators, MEK (Mitogen activated and extracellular signal regu-
lated kinase), PKA (protein kinase A) and PKC (protein kinase C), showed 
their potential involvement in the regulation of emotional behavior. The 
JNK family of MAP kinases has been previously discussed in this context 
(Galeotti & Ghelardini 2012) but has not been studied. 

The results of this work gave novel insights into the role of JNK kinases in 
anxiety behavior. The mice lacking Jnk1 displayed reduced anxiety in a 
battery of anxiety tests. Moreover, these Jnk1-/- mice also show increased 
adult hippocampal neurogenesis, which suggests that JNK1 regulates 
anxiety by controlling neurogenesis. Investigating further the link between 
JNK and anxiety, JNK was pharmacologically inhibited in adult mice and 
observed reduced anxiety behavior. After chronic inhibition, the adult 
hippocampal neurogenesis was also increased in the dentate gyrus. The 
anxiolytic effects of JNK inhibition were subsequently confirmed to be de-
pendent on adult hippocampal neurogenesis. The blockade of neurogene-
sis completely abolished the anxiolytic effects of JNK inhibition, which is 
consistent with the prevailing hypothesis suggesting that antidepressants 
require adult hippocampal neurogenesis for their behavioral effects 
(Malberg et al. 2000; Santarelli et al. 2003).  

The inhibition of JNK not only increased the number of adult born neu-
rons but also facilitated maturation of newborn neurons. More mature 
newborn neurons with tertiary dendrites were observed in the ventral por-
tion of dentate gyrus functionally connected with emotional behavior (Wu 
& Hen 2014). JNK may be controlling the neurogenesis as well as the in-
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tegration of adult born neurons by manipulating dendritic growth in the 
hippocampus, which is critical for information processing. Previous data 
from the lab has shown that JNK inhibition enhances neurite outgrowth 
and branching (Bjorkblom et al. 2005). The role of JNK in dendritic inner-
vations regulation is further supported by the data from CA3 hippocampal 
neurons Jnk1-/-mice. Increased dendritic branching was found in the 
CA3 region, which forms the trisynaptic connection and is vital for emo-
tional information processing in hippocampus (Scharfman 2007). Stress, 
as one of the mediators of anxiety-depression disorders, has also reported 
to decrease the dendritic arborization in CA3 (Vyas et al. 2002), and JNK 
signaling is highly upregulated in stressed conditions. Taken together, 
these data indicate that JNK inhibition most likely reduces anxiety by en-
hancing neurogenesis as well as the integration of newborn neurons in 
the dentate gyrus.   

While studying the dendritic architecture regulation by JNK, the dendrite 
architecture was found to be altered in the primary motor cortex of Jnk1-
/-mice. The dendritic fields were strikingly deregulated in the cortical lay-
ers 2/3 and 5. These data indicate that JNK phosphorylation of microtu-
bule stabilizing protein MAP2 in vivo might be underlying this alteration 
in the dendritic architecture. These layers constitute the major excitatory 
pathway in the motor cortex by receiving input from other cortical areas 
and sending the processed information to subcortical regions (Hooks et al. 
2013; Kaneko 2013). The layer 2/3 and 5 are directly involved in affecting 
the voluntary movements and regulating motor functions in mice 
(Tennant et al. 2011; Levine et al. 2012). Therefore, when tested Jnk1-/-
mice in commonly used behavioral tests to assess fine motor skills, these 
mice showed deficits in their fine motor coordination. These results fur-
ther highlighted the importance of JNK1 in regulating the dendrite archi-
tecture and its influence on the behavior. 

In addition to dendritic changes, the spine distribution and maturation 
has also been regarded as a hallmark in anxiety and other neuropsychiat-
ric disorders. In keeping with this, altered spine distribution was found as 
well as maturation in the CA3 neurons of the hippocampus. Also, neu-
ronal cultures transfected with plasmids inhibiting the JNK signaling 
showed altered spine distribution. The spines mainly consist of the actin 
cytoskeleton, which is regulated by actin associated proteins. These pro-
teins regulate actin bundling and provide dynamicity and structural plas-
ticity to dendritic spines. In one part of the work in this thesis, JNK1 
phosphorylation of MARCKSL1 was found to induce actin bundling and 
regulate filopodial dynamics. This might be one of the downstream candi-
dates by which JNK1 regulates spines. In addition, localization of 
postsynaptic protein PSD95 (Kim et al. 2007) and AMPA receptor subunits 
GluA2L and GluA4 (Thomas et al. 2008) has also been shown to be regu-
lated by JNK mediated phosphorylation. We cannot rule out the microtu-
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bule associated proteins which can also be responsible for entry of micro-
tubules in developing spines. The dynamic microtubules and JNK are 
possibly involved in localization of PSD95 in spines (Jaworski et al. 2009; 
Hu et al. 2011). The altered density of spines similar to Jnk1-/- mice has 
also been observed in neurons lacking MAP1B (Tortosa et al. 2011).   

To understand the role of JNK signaling in the regulation of dendritic 
spines, siRNA knockdown of potential downstream candidates was per-
formed. Similar abnormalities were observed in spine distribution after 
knocking down JNK substrate microtubule associated protein SCG10 and 
DCX and actin bundling protein MARCKSL1 (Study IV). Further experi-
ments targeting and rescuing the phosphorylation sites would be needed 
to confirm that the above JNK effectors are involved in the regulation of 
spine distribution and morphology. 

To summarize, the results presented in this thesis suggest that JNK sig-
naling is central in regulating the neurogenic changes associated with 
anxiety disorders. Additionally, it reinforces the fascinating hypothesis 
that adult hippocampal neurogenesis is pivotal for both the physiology 
and the pathophysiology of anxiety. Most importantly, this work high-
lights a new link between JNK and adult hippocampal neurogenesis in 
anxiety behavior. Additional studies on the molecular mechanism by 
which JNK regulates adult neurogenesis might provide new avenues of 
investigation for developing anxiety treatments. 
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Figure 5: Schematic representation to summarize the results of this thesis. The 
genetic and pharmacological inhibition of JNK kinase reduced anxiety behavior in 
mice. This behavioral change is mediated by increased adult hippocampal neuro-
genesis and increased dendritic arborization (Mouse images are adapted from 
Nader K and Balleine B 2007 Nature Neuroscience 10:807-808). 
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Table 1: Summary of the results of this thesis.Major results of the thesis from 
Jnk1-/- mice and from DJNKI-1 and NES-JBD inhibitor treatments  
 

Geno-
type/Treat
ment 

                  Results Study 

1) Jnk1-/- i) Reduced anxiety (EPM,LD,OF) 
 

III 

 ii) Increased adult hippocampal neuro-
genesis 

III 

iii) Altered dendritic complexity in primary 
motor cortex and CA3 pyramidal 
neurons 

II, III 

iv) Altered fine motor coordination (SBT, 
BT, FPA) 

II 

v) Altered spine architecture in CA3 neu-
rons of hippocampus 

IV 

2) DJNKI-1      i)  Reduced anxiety (EPM) III 

 ii) Increased adult neurogenesis in ventral 
DG 

III 

iii) Increased proliferation in dorsal and 
ventral DG 

III 

iv) Increased maturation of newborn neu-
rons in ventral DG 

III 

3)NES-JBD i) Altered spine architecture in   hippocam-
pal neurons 

IV 

EPM:elevated plus maze, LD:light dark, OF:open field, SBT:suspeded bar test, BT:beam 
test, FPA:footprint analysis, DG:dentate gyrus 
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